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Abstract: Microglia are an essential population of resident immune cells in the central nervous
system (CNS) and retina. These microscopic cells possess sub-cellular processes that make them
challenging to image due to limited resolution and contrast. The baseline behavior of microglial
processes in the living retina has been poorly characterized, and yet are essential to understanding
how these cells respond under conditions of health, development, stress and disease. Here we
use in vivo adaptive optics scanning light ophthalmoscopy combined with time-lapse imaging
and quantification of process motility, to reveal the detailed behavior of microglial cells in a
population of healthy mice. We find microglial processes to be dynamic at all branch-levels, from
primary to end-protrusions. Cell-processes remodel at average speeds of 0.6 + 0.4 um/min with
growth and deletion bursts of 0—7.6 um/min. Longitudinal imaging in the same mice showed
cell-somas to remain stable over seconds to minutes, but show migration over days to months. In
addition to characterizing in vivo process motility and Sholl analysis using a microglial reporter
mouse, we also demonstrate that microglia can be imaged without fluorescent labels at all.
Phase-contrast imaging using safe levels of near-infrared light successfully imaged microglia
soma and process remodeling with micron-level detail noninvasively, confirmed by simultaneous
imaging of fluorescent microglial cells in transgenic mice. This label-free approach provides a
new opportunity to investigate CNS immune system noninvasively without requiring transgenic
or antibody labeling which could have off-target effects of changing normal microglial behavior.
Additionally, CNS microglia study can now be conducted without the need for cranial window
surgery which have the potential to change their behavior due to local or systemic inflammation.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Microglia are resident immune cells in the retina and brain. The healthy central nervous system
(CNS) contains millions of microglial cells; and comprises as much as 5-12% of all of the
neuro-glial cells within the brain [1]. Healthy baseline microglia have microscopic cell bodies
and thin branching processes that give them a ramified appearance. In the last two decades, it was
discovered that these cells undergo dynamic and frequent process remodeling as the cells interact
with their neural, glial and vascular neighbors in the healthy neural parenchyma [2,3]. When
considering the density, constant structural remodeling and motility of microglia, the metabolic
demands of this activity must serve an essential part of development, healthy brain wiring and
response to foreign bodies and inflammatory threat to the nervous system [2—5]. Studies in the
brain and in vitro have now established that this constant surveillance is a part of healthy neuronal
function.

Less is known, however about microglia dynamics in the living retina, an extension of the
central nervous system. While there are vast similarities in these tissues, there are also notable
differences. Retinal microglia exhibit a more uniformly distributed appearance laterally, yet
strong segregation axially with cell somas and processes highly confined to the plexiform layers
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of the retina which also happen to contain the dominant retinal vascular stratifications. It is
tempting to speculate that this association may be attributed to the affinity of these cells to assist
with synaptic remodeling which is expectedly rich at the plexiform layers. Still other reasons
may have to do with a “no room” hypothesis in which cell somas have little room to compete
with the densely packed somas of neuro-glia in the outer and inner nuclear layers. There are
clearly many mysteries that are yet poorly characterized in the retina, and many may be revealed
only through detailed study in the living retina, where neural, glial and vascular function remain
intact and at physiological homeostasis.

Study of the dynamism of retinal microglia is essential to understanding the retina not only
in health, but also to monitor the response to the myriad of diseases that impact retinal vision.
In retinal disease such as glaucoma, diabetic retinopathy, age-related macular degeneration,
uveitis and quite possibly all retinal disease that manifests as cell loss, retinal remodeling and
inflammation may have a corresponding microglial response that may help or hinder disease
progression and normal neural function.

Much of our understanding of retinal microglia have been from ex vivo studies of retinal
microglia that have confirmed morphological activity of the cell processes [6,7]. However,
histological artifacts and removal of retinal tissue have the potential to strongly impact the native
activity of these cells. In the in vivo retina, studies have followed the response of cell bodies as a
whole in health and disease [8—11], using transgenic mouse lines such as the CX3CR1-GFP which
contain fluorescently labelled microglia, monocytes and natural killer cells. Studying microglia
in the eye has the advantage that the imaging is noninvasive and the eye’s optical transparency
avoids the scattering media complications of deep tissue imaging in the brain. Despite the
theoretical benefits of studying retinal microglia in vivo, microglial cell-processes have been
challenging to image in the living eye due to their microscopic size and limitations in imaging
contrast to render these cells’ processes visible. Moreover, the activity of these subcellular parts
is uniquely interesting due to their role in immune health and disease [5]. Wave aberrations of
the anterior optics of the eye severely confound the imaging of these cells in the living retina.
Left uncorrected, the spatial resolution of in vivo retinal imaging is often worse than ~10-15
um, insufficient to image the details of cell processes of microglia. Adaptive optics technology
[12—14] has overcome that barrier, giving high spatial resolution imaging to structurally resolve
cells in vivo with micron-level resolution [10,15-18].

Despite the recent advances, in vivo imaging studies have reported a surprising lack of process
motility in retinal microglial cells in their baseline state, using scanning laser ophthalmoscopy
(SLO) [19,20]. This is a surprising finding given that both the retina and the brain display
an intact blood-brain-barrier and each tissue is derived from the same ontogenetic origins [5].
Moreover, retinal microglia studied with high power microscopes in vitro also show substantial
process remodeling [6]. Microglia imaged in the living brain are well documented to have
motile processes in the baseline state [2,3]. There are several reasons that could explain the
surprising lack of process motility reported in vivo [19,20]. The first may be attributed to limited
spatio-temporal resolution of the SLO imaging which would blur dynamic cellular changes at
this level. Another complication may arise from the high light levels (100-230 uW) required to
excite the exogenous fluorescence of these cells that must be recorded over long periods of time
to image the glacial pace of remodeling [18,19]. Such imaging approaches have the potential to
create a phototoxic environment of the retina that could alter baseline kinetics.

In this study, we use a custom-built adaptive optics scanning light ophthalmoscope (AOSLO)
designed for the mouse eye which provides ~1 micron lateral resolution in vivo [21]. We used this
to image microglial cells in the healthy retina to find that the cell processes are in fact dynamic
and remodel over all branch orders. We quantify the process motility of microglia in a population
of living mice to better characterize this remodeling under baseline conditions. To appreciate the
temporal dynamics over both large and small time-epochs, we characterize microglia kinetics
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over seconds to months. Such imaging of baseline dynamics of single cells was facilitated by a
number of critical advances important for imaging these cells unperturbed. First, for fluorescence
imaging of CX3CR1-GFP, we used detailed time-lapse videography using low levels of in vivo
imaging light (53 pW of 488 nm ex., and 200-500 uW of 796 nm reflectance). These low light
levels in a human eye would compare to ANSI-safe light exposures [22-24]. Secondly, our dual
registration approach [25-27] provided sufficient signal in the near infrared channel to facilitate
micron-level registration based on retinal landmarks that do not change over months in health
(nerve fiber bundles, vascular landmarks). Such registration not only allowed us to provide
stable registration within the same imaging session lasting hours, but also allowed us to return
to the same location with micron precision to perform imaging follow up at the scale of days,
weeks and even months which revealed process motility and cell migration. Third, we present a
detailed quantification of microglial process motility in a population of seven healthy mice, using
a custom semi-automated image-analysis approach.

In a final advance, we report an exciting finding that microglial dynamics can be imaged and
quantified without fluorescent labels at all. Using our recently developed phase-contrast AOSLO
imaging [28,29], the dynamics of individual processes of CX3CR1-GFP positive cells were
imaged label-free using near infrared light alone, and the process velocities were quantified.
Study in the mouse allowed us to confirm that the dynamics cells imaged label-free co-localized
with fluorescent protein under CX3CRI1 expression, confirming that these immune cells can be
imaged label-free and can be identified through morphology and kinetics alone. Additionally,
other sub-cellular dynamics inside the cell could be visualized in the label-free channel alone, and
were not observed with simultaneous fluorescence imaging. Combined, these advances enable
a new level of study of microglia in their natural environment without many of the negative
confounds of prior limits of resolution, surgery, contrast, or requirements of fluorescent agents.

2. Methods
2.1. Animals

Two strains of mice were purchased from pure stock repositories at Jackson Labs. CX3CRI1-
GFP homozygous knock-in mice, which express EGFP (enhanced green fluorescent protein)
in microglia, monocytes and other immune cells that contain the chemokine CX3 receptor 1,
and C57BL/6J (The Jackson Laboratory, stocks 005582 and 000664 respectively, Bar Harbor,
Maine, USA). The progeny of paired C57BL/6J and CX3CR1-GFP homozygote mice produced
litters of CX3CR1-GFP positive heterozygote mice. Seven CX3CR1-GFP+ heterozygous mice
from multiple litters were imaged (4 males and 3 females; age 7.0 +£ 2.9 months old, weight
29.1 £6.0 g (mean + SD)). Mice were fed standard chow and water ad libitum, and housed in
12-hour light-dark cycles. Mice were treated in accordance with the Association for Research in
Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research.
Guidelines of the University Committee on Animal Resources at the University of Rochester
(Rochester, NY, USA) were followed.

2.2. Animal preparation for imaging

A detailed protocol of mouse preparation is given in our previous publication [30]. Briefly, mice
were anesthetized with a cocktail of ketamine-xylazine (100 mg/kg and 10 mg/kg respectively),
via an intraperitoneal (IP) injection. A gas mixture of 1% (v/v) isofluorane and supplemental
oxygen was used to give stable anesthesia over ~2 hours of imaging. Body temperature was
maintained at 37°C using a supplemental heat-pad. Pupil dilation was achieved with a drop of
1% tropicamide (Sandoz, Switzerland) and 2.5% phenylephrine (Akorn, Illinois, USA). Our
custom AOSLO imaging system operates in free-space, meaning there is no physical contact
between the system and the mouse eye — thus ensuring no disruption of the normal internal
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pressure of the eyeball, and therefore the physiological state of the retina. Corneal hydration
was achieved with 1) a rigid contact lens with +10 D power and 1.6 mm base-curve (Advanced
Vision Technologies, Colorado, USA), and 2) by applying an ophthalmic lubricant (GenTeal,
Alcon Laboratories Inc., Texas, USA) on the exposed outer-rim of the cornea/sclera, every ~20
minutes. This ensured stable imaging for >2 hours without clouding of the cornea which can lead
to increased light-scattering and therefore reduced image quality. The mouse head was stabilized
on a stereotaxic stage with bite-bar (Bioptigen, North Carolina, USA), with three translational
and three rotational degrees of freedom to allow alignment of mouse pupil and navigation to
different retinal locations, with field size ranging —5° over extended periods of time. In a subset of
experiments, C57BL/6J mice were IP injected with fluorescein (AK-FLUOR 10%, 100 mg/mL,
0.1 mL of 2.5% w/v injected, Akorn, Illinois, USA), for calibration of longitudinal chromatic
aberration (LCA), as described below.

2.3. AOSLO system for imaging fluorescence and label-free phase-contrast

The custom mouse AOSLO for simultaneous imaging of fluorescence and near-infrared reflectance
has been described in detail previously [21,30]. The system relays a raster-scan onto the mouse
retina using five 4-f afocal telescopes and two orthogonal scanners, and collects the reflected and
fluorescent light in double-pass configuration. Wavefront sensing is performed using a Hartmann-
Shack wavefront sensor with a 904 nm laser (QFLD-905-10S, QPhotonics, Michigan, USA), and
closed-loop adaptive optics correction at 13 Hz is achieved with a membrane-based deformable
mirror (DM97-15, ALPAO, France). EGFP and fluorescein fluorescence were excited using a
488 nm laser (iChrome Multi-Laser Engine, Toptica Photonics, New York, USA), and emission
collected using a bandpass filter (two stacked 520A35 nm filters, FF01-520/35-25, Semrock, New
York, USA). Simultaneous reflectance imaging was performed using a near-infrared 796A17 nm
superluminescent diode (S790-G-I-15, Superlum, Ireland).

Light from the retina was detected by two photomultiplier tubes (PMTs), one each for visible
and near-infrared (NIR) wavelengths (H7422-40 and -50 respectively, Hamamatsu, Japan).
Fluorescence was detected through a confocal pinhole (4.9 Airy disk diameters, ADD). NIR
reflectance was imaged both in confocal mode (2.1 ADD) and in label-free phase-contrast
mode. The phase-contrast approach imaged forward refracted and multiply-scattered light from a
detection plane conjugate to the RPE/choroid complex to enhance the contrast of translucent
cells, as recently published by our group [28]. The raster scanning system collected videos at a
frame-rate of 25 Hz, over fields of view of 3 to 5 degrees (102 to 170 um) [31], over typically
480 x 608 pixels. Videos were desinusoided in real-time [32]. The measured in vivo imaging
resolution was: lateral: 0.77 um for 520 nm fluorescence and 1.2 um for 796 nm reflectance, and
axial: 10.5 um and 16.1 um for fluorescence and reflectance respectively, based on calculations
from our group previously published [21,30]. This ensured near-diffraction limited imaging
in the lateral dimension, limited only by the numerical aperture of the eye, and sufficient axial
sectioning to isolate the fluorescence of each of the three stratified layers of microglial cells in
the retina [6].

2.4. Commercial SLO imaging

Wide field imaging was performed with commercial confocal SLO (Heidelberg Spectralis HRA,
Heidelberg Engineering Inc., Carlsbad, CA). AOSLO fields are super-imposed on the same
in Fig. 1. For the SLO, two modalities were used: NIR confocal reflectance and blue-light
fluorescence (ex: 488 +2 nm, em: 505 nm long-pass). Field size 55 degrees. NIR focus was
positioned on structures in nerve fiber layer (NFL)/superficial vasculature. Fluorescence focus
was optimized for best visual contrast of microglial cells.
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NIR reflectance Fluorescence

Fig. 1. Adaptive optics (AO) resolves details of single microglial cell processes in
vivo, in NIR label-free and fluorescence channels. Top: Wide-field images of the
retina captured with a commercial SLO, with NIR confocal reflectance (left) and EGFP
fluorescence (right) in a CX3CR1-GFP mouse. Overlaid inset (white border) shows montage
of AOSLO dual-channel images from the same mouse (with simultaneous collection of
confocal reflectance and fluorescence). Middle: Zoom-in of top images, to compare SLO
images with overlaid AOSLO montages from the same mouse (white border). AOSLO offers
much higher axial sectioning, therefore isolating fluorescence from a single stratification
of microglia, unlike the SLO. Bottom: High-resolution AOSLO images (single fields)
showing microglial cell soma and its processes, in both label-free NIR phase contrast
(left) and fluorescence (right). (Bottom panel shows two different locations. Figure 8
shows simultaneous the CX3CR1-GFP fluorescence from same cell imaged in the label free
configuration on the left.)
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2.5. In vivo correction of longitudinal and transverse chromatic aberrations

Before imaging fluorescent microglia in a CX3CR1-GFP mouse, a C57BL/6] mouse of similar
age was injected IP with fluorescein (details above) and imaged on the AOSLO for coarse
calibration and correction of the large chromatic aberrations of the mouse eye [21], which has an
optical power of ~520 D. Because fluorescein has approximately same excitation and emission
spectra as EGFP, we used this strategy to coarsely optimize the excitation plane of focus to
the inner retina and align the conjugate pinhole to maximize confocal contrast and efficiency
of the AOSLO. Using a C57BL/6J mouse with similar age to the target CX3CR1-GFP mouse
(littermates when possible) provided best matching of axial length [31] and chromatic properties.
We used known anatomical structures (retinal capillary stratifications, ~5 pm diameters) to align
focal planes of 520 nm fluorescence (blood plasma) and 796 nm reflectance. The two wavelength
channels were independently focused. The visible light was focused on a laminar capillary
stratification. Depending on the experiment need, the near-infrared reflectance channel was
either focused on the same layer, to simultaneously image the same cell in two wavelengths, or
intentionally focused on a reflective layer with high structural contrast (typically nerve fiber layer
(NFL)), to help in online and offline registration of imaging location. This approach facilitated
the best dual-channel registration based on cross-correlation [26,33]. The detector pinholes were
placed conjugate to the illumination planes, for confocal imaging.

After the approximate chromatic calibration in a C57BL/6J mouse using fluorescein, the
CX3CR1-GFP mice were subsequently imaged using the same AOSLO and reoptimized for the
small LCA shifts known to exist in different mice [21]. We navigated to a 3-5° field-of-view
retinal location, typically in the superficial or intermediate laminar layer of microglia [6], with 1
to 4 visible microglial cells within the imaging field. Navigation was done using only 13 uW
of 488 nm light, for brief ~10 s durations, to minimize phototoxicity and microglial activation.
For fine calibration, the visible fluorescence channel was focused on the microglial cells, with
the near-infrared reflectance focused either on the same layer or the NFL layer. For the former
case, to know which layer the fluorescence was coming from, the channel was briefly turned into
a visible reflectance channel, using 515 nm laser excitation (7 uW) which passed through the
fluorescence emission filters.

After correction for LCA the following steps were taken for in vivo correction of transverse
chromatic aberration (TCA). TCA is mainly impacted by change in the optical path in the pupil
plane. Therefore, TCA correction was done each time we navigated to a new imaging location,
which has the potential to shift the entrance pupil position at the eye. To adjust for TCA a 515
nm laser light source was turned on briefly to align a capillary or blood vessel in visible and
near-infrared reflectance. Lateral alignment was done by laterally translating the mouse pupil
only, without rotating the head of the mouse. Finally, for precise micrometer level correction,
linescan mode (15 kHz imaging) [34] was turned on to visualize individual blood cells flowing
through capillaries, which gave the imaging operator high contrast features to help align the two
wavelength channels to within an error of the 3—7 um size of a flowing red blood cell, in both the
axial (LCA) and lateral (TCA) dimensions.

2.6. Time-lapse imaging of microglia

Once a field with 1 to 4 cells was selected, steps were taken to ensure that the imaging location
did not change for the duration of time-lapse imaging. During imaging, we marked the computer
monitor (with real-time AOSLO video-feed) with erasable markers to help the operator track
and keep the field of view locked on the same region of interest. Features marked included
fluorescent microglia somas and capillaries and NFL bundles in the reflectance channel. Where
possible, structures with different orientations were marked, to increase sensitivity to translational
movements of the mouse due to breathing or mouse-holder positional drift. The imaging protocol
used for time-lapse imaging is visualized in Fig. 2(A). For the population analysis of process
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motility, EGFP fluorescence was continuously recorded for 40 seconds using only 53 pW of 488
nm light. Such recording was repeated every 5 minutes, for a total duration of between 35 to 95
minutes in seven CX3CR1 mice (mean=67.2 + 18.9 minutes), depending on image quality, depth
of anesthesia and animal cooperation. Continuous imaging of near-infrared reflectance helped
the user visually maintain the same imaging location using small translational and rotational
adjustments to the mouse head position.

A Data acquisition 488 nm ex. 796 nm reflectance
520A35 nm em.
S 200
2
§ LN
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Fig. 2. Experimental protocol for time-lapse imaging of microglia with in vivo AOSLO.
A) Plot of power levels of multiple imaging wavelengths impinging on the retina during one
imaging session in a mouse. The same retinal location (3—5° FOV) was imaged and tracked in
5-minute intervals. Near-infrared reflectance provided continuous registration throughout the
imaging session, while fluorescence imaging for 40 seconds each (per timepoint) visualized
the microglial cells. B) Images of the same microglial cell imaged at 5-minute intervals, with
each timepoint given a unique color. Scale bar is 20 um. A maximum projection image of
such a stack of colored images gives the image on the right with the custom color-map at the
bottom representing time. Moving parts of the cells (its processes) are thus represented in
color (single or combinatorial hue) while the stationary part (soma) is represented as white.

2.7. Registration of images from multiple time-points

The near-infrared reflectance channel was used for registration of respiration and other eye motion
[33] over seconds to hours. The same channel was also used to precisely register locations
imaged across days to months. To account for any remaining uncorrected TCA due to small
eye/pupil movements, augmented registration was performed on the binned time-lapse images of
fluorescent microglial cells, with the cell somas acting as the dominant registration landmarks,
providing exceptional sparse point sources for registration. This enabled determination of process
displacement and speed relative to the soma. This additional step was only performed for the
population process motility analysis, where the maximum imaging interval was 95 minutes.
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2.8. Data visualization

The motility of the processes of microglial cells are best appreciated in videos (Visualization
1, Visualization 2, Visualization 3, Visualization 4, Visualization 5, Visualization 6 and
Visualization 7). To represent motion in a static image (Fig. 2(B)), we used a custom color-code
in MATLAB (Version 9.2, MathWorks, Massachusetts, USA) that we defined previously [17]
(ARVO abstract). Each timepoint was given a unique color, with each color in the map always
adding to white. Thus, in a maximum projection image (Fig. 2(B), right) of the stack of time-lapse
images, white pixels represented static parts of the cells, while colored pixels represented moving
parts of the cells; with each color indicating the time at which the process was present at that
location. This methodology was used in future figures to visualize motility in primary to tertiary
end-processes of microglia (Fig. 3-Fig. 4).

2.9. Quantification of cell-process displacement and speed

For each image location, a maximum intensity projection (MIP) image was computed from the
stack of registered frames from the same focal plane. The MIP image rendered all microglial
process-paths visible, regardless of their persistence. On this MIP image, processes-paths were
manually traced, from soma to the tip of the process (representative traces shown in Fig. 5(A),
labelled a-d). Next, for each process-path, the tip of the process was tracked at all time-points of
time-lapse acquisition, typically in 5-minute intervals.

The image intensity along each path was plotted on a vertical axis, representing space (in
pum). This path intensity was plotted for each of the subsequent imaged time points, producing a
space-time image of process path intensities over time, with time on the horizontal axis (Fig. 5(B)).
Thus, a unique space-time image of path intensity profiles was created for every cell-process
analyzed, across 129 processes in 26 cells at 9 imaging locations in 7 mice. Four representative
space-time images are shown in Fig. 5(B). These images were quantitatively analyzed for process
displacement and speed using methodology developed by our lab [30]. Next, the displacement
of the tip of the process was plotted as a function of time, with extending processes marked in
green, stable ones marked in yellow and retracting processes marked in red. Processes with
instantaneous displacement less than 15 um (the typical size of a cell soma) over 35-95 minutes
were categorized as ‘stable’. All other processes were categorized as extending or retracting
based on the direction of motion relative to the soma. The local slope of the displacement profile
gave the instantaneous cell-process speed, while total displacement divided by total time gave the
average speed. The histogram of a population of microglial process displacement magnitudes
from seven mice was computed.

The net-displacement of each process is defined as the displacement of a cell-process (relative
to soma) at the end of an imaging session, relative to the beginning of the time-lapse session.
Conversely, the maximum displacement of each process was defined as the difference between
the minimum and maximum displacement of the cell-process (relative to soma) over the entire
imaging session.

2.10. In vivo Sholl analysis

AOSLO videos of microglia (n=4 cells, chosen for their exemplary process resolution) were each
averaged over 40 seconds and the resultant time-projected image was used for Sholl analysis. The
Image] plugin, Simple Neurite Tracer (SNT v 3.2.3, [35,36]), was used for assisted tracing of
microglial processes (Fig. 7, magenta) and performing Sholl analysis. For each cell, the number
(#) of intersections were recorded at 2-micron radial intervals from the center of the soma. Next,
to track process dynamics over time, Sholl analysis was performed for one cell (cell 2, Fig. 7,
Visualization 8) over a duration of 75 minutes; this cell was chosen for its excellent resolution
throughout the imaging session. For this case, one-minute videos were recorded at 5-minute
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intervals and the first 40 seconds were binned to the produce time-projected images (16 images
total), before performing Sholl analysis.

2.11. Longitudinal imaging over seconds to months

Because the imaging approach is non-destructive/noninvasive, we were able to return the mice
healthy and uninjured to the cage for subsequent imaging. This allowed longitudinal imaging of
the same mouse over days to months. The high spatial resolution of AOSLO imaging allowed
returning to the same 3-5° retinal location with micrometer precision, using anatomical markers
of vasculature and nerve fiber bundles to guide precise spatial follow-up under the presumption
that these structures do not remodel in the healthy mouse over this time scale. Multiple temporal
bandwidths were imaged: The same individual cell was tracked in vivo over intervals of 40
seconds, 5 minutes and 1.6 hours (Fig. 8). Separately, the same 5° retinal locations were tracked
in vivo over intervals of 1 week and 3 months.

Next, red-green merges were used to visualize changes in cells over multiple temporal
bandwidths, with t=0 labelled red and t=At labelled green. Thus, red represented deletion of
cellular structures, while green, addition, and yellow, no change. The interval At was set to 40
seconds, 5 minutes, 1.6 hours (duration of typical continuous imaging session), 1 week and 3
months. The near-infrared confocal reflectance channel was used to ensure co-localized imaging
over time, using anatomical markers. To visualize registration efficacy, red-green image merges
were used, such that yellow image-regions would indicate exceptional structural registration.

2.12.  Near-infrared label-free imaging of microglial cell process motility

Cells were imaged simultaneously in two wavelength channels (Fig. 9, Visualization 6-Vi-
sualization 7). The first collected CX3CR1 fluorescence as described above, to confirm the
precise location of the EGFP+ cells. The second channel, for near infrared (796 nm) imaging,
was modified to collect forward and multiply scattered light from the RPE/choroid complex,
as described in our recent publication [28]. This imaging channel will be referred to as the
‘label-free’ or ‘phase contrast’ modality. It images translucent cell parts not visible in conventional
confocal imaging at the same wavelengths. After a single EGFP+ cell was identified, time-lapse
imaging was performed for ~60 minutes at the same cell, with near continuous recording. Raw
data was recorded as 60 videos of 1 minute duration, with <1 second gap between videos.
(Note: this was different from the 5-minute interval time-lapse recording done for the population
analysis of fluorescent cells in the previous sections. Time-lapse video frames were generated by
averaging every 10 s (250 frames) of registered AOSLO video data. Registration of images was
performed as described in Section 2.7. Process motility was tracked and quantified independently
for both the label-free and fluorescence channels.

3. Results

3.1. Retinal microglial processes are motile over all branch orders, in the healthy eye
in vivo
The details of individual processes of retinal microglial cells were successfully imaged in vivo
with adaptive optics. All imaged cells in the study showed evidence of motility on the order
of minutes. While some processes were more motile than others (discussed below), no cells
showed lack of dynamism, consistent with the high turnover of cellular processes in the living
animal as shown in other brain tissues. Images captured were from a mono-layer of microglia;
this was attributed to the known anatomy/stratification of these cells and also to the tight axial
resolution of AOSLO. AOSLO images were empirically of better quality than that of SLO, as
seen in Fig. 1, yielding higher signal to background ratio as well as the detailed structure of single
microglial processes. Time-lapse imaging with AOSLO revealed microglial processes to be highly
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motile (Fig. 2, Visualization 1). Processes were motile over all branch orders, from primary
to tertiary end-processes (Fig. 3 and 4, Visualization 2, Visualization 3, Visualization 4 and
Visualization 5). Over time, processes remodeled to show both new formations and deletions
of extended processes. A few representative time points are shown in Fig. 3; the complete
time sequences are shown in Visualization 1, Visualization 2, Visualization 3, Visualization

Start Time (min) End

A Primary process retraction

Composite

w

Composite

Composite

Fig. 3. Heterogeneity in process motility in healthy retinal microglial cells of the living
mouse, from primary to tertiary end-processes. A) Rare primary process retraction
observed in a microglial cell (all timepoints shown in Visualization 2). Yellow arrow-heads
mark the same retinal landmarks. B) In another cell, secondary and tertiary processes
remodel (Visualization 3). In Fig. 5 and Fig. 6, these observations of motility are quantified
at the microscopic process level, using spatio-temporal image analysis. C) Left: Stable
imaging of a single microglial cell over 1.6 hours (95 minutes) (further explored in Fig. 8),
with maximum intensity projection computed over the imaging time-course. Gray inset shows
a single branch of the cell further investigated in subsequent panels to right. High-resolution
view of a branch shown in gray inset in first panel, showing motile end-processes, only a few
microns long, successfully tracked over 95 minutes (Visualization 5). Yellow arrow-heads
mark the same retinal landmarks.
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4 and Visualization 5. We show the temporal complexity of the remodeling by assigning a
hue saturated value (HSV) value to each unique measurement in time. Prominent changes in a
specific time epoch are thus colored in the composite image. Stable branches are manifest as
‘white’, containing all HSV values. The resultant composite images, Fig. 3 (right) show the
dynamism in a single spectral image where red-yellow-orange-green represent process deletion,
and cyan-blue-purple-magenta show process formation relative to the middle imaging time point.
Hue combinations show a graded response in time.

Downward bias Upward bias

Fig. 4. Changing directionality of ramified processes may indicate bias towards
dynamic and invisible cytokine/chemokine gradients. In one microglial cell, imaged
within the nerve fiber layer, processes are observed to attain a directional bias at certain
timepoints (Visualization 4). Dark yellow arrow show change in directional bias of processes
of one cell, over tens of minutes.

The yellow arrowheads in Fig. 3 illustrate several key features that remodel over time.
Microglial cells showed process motility in all branch orders imaged, from primary processes
(first branch that extends from the soma) (Fig. 3(A)) to secondary and tertiary process movements
(Fig. 3(B)) to the ‘bulbous tips’ or end-processes (Fig. 3(C)). This finding is new in comparison
with prior reports of lack of process motility in the healthy eye [19,20] (Reference 20 is an ARVO
abstract). The finding is more consistent with in vivo reports in the brain [2,3] and ex vivo reports
in the retina that all processes are motile [6]. Such remodeling is presumably the product of
F-actin skeleton remodeling which both forms and resolves the process skeleton over time [37].

Our imaging approach even captured the motility of microglial terminal-protrusions with
bulbous tips (Fig. 3(C)). The limits to which the spatial resolution and temporal bandwidth of our
imaging approach could be pushed is shown by tracking the dynamics of these smallest resolvable
structures on the microglial cells over 1.6 hours. Stable image tracking of a single microglial
cell was confirmed with micrometer precision (Fig. 3(C), left). This enabled investigation of
motility in branches of that cell, across image areas as small as 39 X 31 um (Fig. 3(C), gray inset
in leftmost panel). Dynamic and microscopic end-protrusions along the cell processes were
thus imaged (Visualization 5 shows all 20 imaged time-points, subset of time-points shown in
Fig. 3(C)).

In addition to progressive remodeling that appeared directionally stochastic, we also observed
one cell where there was apparent intentional directionality of ramified processes over time
(Fig. 4, Visualization 4). All process limbs appeared to change direction in temporal concert,
we speculate on one interpretation further in Discussion.

Process movements were often compensatory in nature, to conserve cell volume, given the
sequential nature of the retraction of one process being followed by the extension of another
(Visualization 3 and Visualization 5); such putative conservation of cell volume/area being
consistent with the quantification of linear process displacements in Section 3.4. Whereas process
formation and deletion were dynamic over the course of minutes, microglia somas were relatively
stable over seconds to minutes (Soma activity over days to months is investigated in Section 3.6).
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3.2. Measurement of microglial process motility—displacement

To complement the empirical observations of motile processes in time-lapse sequences, we
also quantified process motility using in vivo space-time images of individual cell processes
(Fig. 5). High-resolution imaging, coupled with stable imaging over long periods of time, allowed
time-lapse registration with minimal distortions, warp or artefact to enable tracing of individual
process paths (Fig. 5(A)) and the measurement of process motility relative to the cell soma
(Fig. 5(B)). Such space-time analysis revealed processes to undergo extension (green), retraction
(red), de novo sprout formation or remain stable (yellow) (Fig. 5(B)-(C)).

A Max. projec%\'

)
8

1 mouse,
4 cells, 15 processes

Extension;/,‘——
O ———

Displacement (um)
o

Retractions
-100 + v v v ¥

B Process motility Y Time (min) 50

20 min

Fig. 5. Quantification of cell-process motility and speed using space-time image
analysis in a representative mouse. A) Maximum projection image of a time-lapse
sequence at one AOSLO field. Process paths are traced and overlaid as shown with
representative traces a-d. B) Four representative space-time images, each corresponding to a
unique cell-process, showing the intensity across a process path as a function of time. The
tip of the process is traced in color (green: extension, yellow: stable, red: retraction). C)
Similar displacement vs time curves are plotted for all processes analyzed in one mouse.

Three broad types of motile processes were identified (Fig. 5(C), representative mouse),
spanning extensions, retractions and stable processes. A more detailed analysis of process
displacement was then done over a population of 7 mice, with a wider spectrum of changes
visualized, as described in the next section and in Fig. 6.

3.3. Population analysis of microglial process displacements show that process re-
modeling is not impacted by our imaging approach

In 129 processes from 26 microglial cells in 7 mice, the measured process displacement
magnitude ranged between O um (representing no movement) and 99.1 um (representing a rare
primary process retraction), over 35-95 minutes of time-lapse imaging (Fig. 6(A), extensions-to-
retractions represented in a green-to-red colormap). The maximum process extension measured
was 44.4 uym. The histogram of net displacements showed an even distribution of process
extensions and retractions across the population over time (Fig. 6(B)). This was quantified in the
following way. A normal distribution fit well to the histogram (R?=0.97); the mean of the fit
distribution was near zero (—1.3 um). The raw mean histogram was also similarly small, at —4.3
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Fig. 6. Population analysis of ir vivo retinal microglial process motility. A) Space-time
plots (displacement vs time) plots of 129 processes across 7 mice, with extensions-to-
retractions shown in a green-red colormap. B) Histogram of net-displacements of these
processes, showing overall balanced extensions and retractions of microglial processes across
a population. Blue fit is a normal distribution. C) Histogram of maximum displacement
magnitude per process, as defined in the Methods section 2.8. D) Histogram of the average
microglial process speeds of 129 processes across the population studied.
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um). This result indicates a relative balance between process extractions and retractions and
indicates a state of homeostasis in the healthy retina [6], and no perturbation of process geometry
due to either the imaging light or other animal preparation factors. While two processes showed
substantial net retraction of their processes (of —99.1 and —70.3 um respectively), they were
outliers compared to the 129 processes analyzed, as shown by the above population analysis.
This net change close to zero indicates that cells are not becoming progressively more ameboid
in shape which would indicate a net process retraction.

Despite an overall net zero formation/deletion ratio, quantification of process motility shows
dynamic process remodeling in the healthy retina. The magnitude of the maximum displacement
per process (Fig. 6(C)) across the population was 16.7 + 13.0 um (mean + 1 SD), representing
motile processes in the healthy retinal microglial cell.

3.4. Measurement of microglial process velocity

The displacement-time profiles above were analyzed to determine the velocities of cell-processes.
For instantaneous speed, the first derivative of the position was computed, over 5-minute imaging
intervals. Over the population of seven mice, the instantaneous speed ranged from 0 um/min
(representing no motion) to a maximum instantaneous speed of 7.6 um/min. We did not observe
faster speeds in our dataset, even when examining finer temporal intervals. Traced processes
were not biased to only the moving elements because maximum projection images were used for
process path determination. This presumably included all visible processes regardless of their
motion. Next, for each process, we computed the mean of all instantaneous velocities to reveal
the average remodeling speed per process. This revealed a robust distribution of the average
speed per cell-process (Fig. 6(D)), with a population average of 0.6 + 0.4 um/min (mean + 1 SD,
n=129 processes). These measurements are much lower than those reported in the in vivo brain
and ex vivo retina; we contrast these differences in the Discussion. For completeness, a histogram
of all measured instantaneous speeds (n=1718 instances) is also shown, in Supplement 1 Fig. S1.

3.5. In vivo Sholl analysis

Sholl analysis was performed for four retinal microglial cells (Fig. 7) to assess in vivo process
arbor complexity. For these cells, the maximum mean number of intersections occurred at 12
um from the soma with a max radial distance of 52 pm from the soma (Fig. 7(A)). Some cells
exhibited a large, broad process arbor (cell 1; total intersections detected = 189, maximum number
of intersections at 30 um from the soma, maximum radial distance = 52 um) and some were small
and compact (cell 4; total intersections detected = 65, maximum number of intersections at 12
um from the soma, maximum radial distance = 24 um).

In vivo AOSLO allowed for tracking the same microglia for >1 hour. Sholl analysis was
performed on cell 2 for images acquired at 5S-minute intervals for 75 minutes. The dynamic nature
of this microglia was captured (with respect to distance from the soma) and the change over
time is seen in Fig. 7(B) and Visualization 8. At t=0 minutes, the total number of intersections
detected was 106. The maximum number (#) of intersections was at 12 um from the soma and the
maximum radial distance was 50 pum. At t=75 minutes, the total number of intersections detected
was 109, maximum number of intersections was at 14 pm from the soma and the maximum radial
distance was 66 um.

3.6. Imaging single-cell microglial changes in vivo, from seconds to months

Microglial cell dynamics were imaged in temporal epochs of seconds, minutes, hours, weeks
and months, and represented as red-green merges of the two furthest timepoints (Fig. 8). In
an imaging interval of 40 seconds, no substantial changes to a microglial cell’s structure were
observed (Fig. 8(A)), represented by the mostly yellow soma and processes. In an imaging
interval of 5 minutes in the same cell, end-processes can be clearly seen to be motile, with green


https://doi.org/10.6084/m9.figshare.16565871
https://doi.org/10.6084/m9.figshare.16530570

Research Article

Vol. 12, No. 10/1 Oct 2021/ Biomedical Optics Express 6171 |

Biomedical Optics EXPRESS

15 - Individual microglia

# of intersections

60 70
Radial distance from the soma (microns)

15 /\ Cell 2 - 75 minutes tracked

# of intersections

Fig. 7. Sholl analysis for assessing microglial complexity and dynamics. Top: Fluo-
rescent AOSLO images (cells 1-4) used for Sholl analysis (scalebar =20 um). Concentric
2 um radii (green) and process tracings (magenta) are overlayed. A. The number (#) of
intersections for each cell (gray) plotted for every consecutive 2 um distance from the center
of the soma. Black line represents the mean +1 SD. B. The number (#) of intersections vs.
radial distance from the soma tracked in cell #2 for 75 minutes (5-minute intervals). Also

see Visualization 8 for a time-lapse video of the fluorescence data and the corresponding
cell tracings which enabled this time-varying Sholl analysis.
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colored formations and red deletions (Fig. 8(B)). Figure 8(C) shows the longest we ever tracked
a single cell in the same imaging session: 1.6 hours. The yellow color of the soma indicates
stability of imaging location, with red and green remodeled processes surrounding it.

To examine microglial activity beyond a single imaging session we also longitudinally tracked
the same retinal locations over weeks-months. The same location was navigated to using
anatomical features (capillaries and nerve fiber bundles) imaged in the near-infrared confocal
reflectance channel. This allowed us to image microglial cell dynamics at the same location over a
very large temporal bandwidth of seconds to months, representing about five orders of magnitude
in time. The same mice and same locations were successfully imaged one week (Fig. 8(D)) and
three months apart (Fig. 8(E)). To achieve this, image registration not only needed to account for
respiration motion and biological eye motion within a single imaging session, but also needed to
register to the same location across repeat sessions which often yielded slightly different head
orientations, native field orientations due to new gaze locations and optical stability over months.
Despite these challenges, we achieved exceptional registration using the near-infrared channel to
lock onto the same anatomical landmarks over time. Notably, retinal nerve fiber bundles and
capillary maps were relatively unchanged over this time epoch in the healthy mouse and facilitated
good cross-correlational registration [33]. The grayscale images of the NIR reflectance channel,
and the yellow features in the red-green merges thereof, show the successful registration of
imaging location (Fig. 8(D)-(E), top panels). Having confirmed correct registration of imaging
location, the EGFP fluorescence channel showed that microglial somas are displaced over these
time periods (Fig. 8(D)-(E), bottom panels), showing that somas migrate at least locally over
these temporal scales. Further characteristics of somas could be explored: in the three-month
example, a putative perivascular microglia which was oriented along one major blood vessel
disappeared, while either the same or a different cell appeared three months later, now oriented
along the neighboring vessel (Fig. 8(E)).

3.7. Label-free (phase-contrast) imaging of process motility of EGFP+ immune cells
using NIR light in vivo

Having characterized and confirmed process motility in fluorescently tagged microglial cells,
we also applied recent advances in NIR phase-contrast AOSLO [28]. In this paradigm, no
fluorescence is needed to provide contrast of translucent cells, instead using scattered or cellular-
refracted light alone. Using this approach, we successfully imaged an EGFP+ cell and the
motility of its individual processes without any exogenous contrast (Fig. 9(A)); the cell was
located in the nerve fiber layer. Process remodeling was observed in the label-free channel
(Visualization 6—7). Despite eye motion and drift over the continuous recording of 1 hour, our
image registration approach provided complete stability of the background structures including
a stationary capillary network over the hour-long recording (Fig. 9(A), Visualization 6). To
confirm that this cell was indeed either a microglia, hyalocyte or perivascular macrophage, we
performed simultaneous label-free and EGFP fluorescence imaging. Dynamic remodeling was
observed in both imaging modalities (Fig. 9(B)-(C), Visualization 7). Cell process motility can
be clearly seen in both channels in the time-lapse sequences. The visualizations show much
finer temporal resolution of 10 seconds per video-frame, to show the detail of motion. This fine
temporal resolution was enabled by the exceptionally high SNR of the phase contrast imaging
that uses NIR light rather than the comparatively low SNR fluorescence imaging (Supplement 1
Fig. S2).

Given the anatomy and location, the cell is most likely a microglial cell rather than a hyalocyte
or perivascular macrophage, which may also express CX3CR1-GFP. We discuss this further in
Section 4.5.

Next, process motility was measured independently in the two channels for the same cell-process,
marked by arrowheads in Fig. 9(B)-(C): purple (label-free) and dark-yellow (fluorescence). We
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Fig. 8. Imaging single-cell dynamics of microglia, from seconds to months. Each
image is a red-green merge of two timepoints at the same imaging location, with imaging
interval given by At. Thus, parts of the cell/image that don’t move in a certain interval
appear yellow. A-C) At=40 seconds, 5 minutes and 1.6 hours (95 minutes) respectively.
The same cell is tracked, in the same imaging session. A ‘zoom-in’ of the top-right branch
of this cell is shown in Visualization 5 and Fig. 3(C). D-E) At=1 week and 3 months
respectively. In each case, the EGFP fluorescence channel is shown on the bottom panel
while the near-infrared reflectance channel is shown on the top. The reflectance channel
provided precise registration of imaging location.
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Fig. 9. Label-free imaging of EGFP+ cell process motility. A) Label-free imaging with
near-infrared light (796 nm) using phase-contrast AOSLO. An EGFP+ cell is observed in the
top-right quadrant of the image; and confirmed with positive CX3CRI1 labelling in C. The
cell is tracked in vivo for ~1 hour. B) Zoom-in of dotted black box region in A, shown at four
representative times. Complete time-lapse (10 second resolution) shown in Visualization 7.
Cell soma and processes can be visualized without use of any exogenous contrast agents. C)
Simultaneously imaged fluorescence showing positive CX3CR1 labelling. Cell processes
visible are visible in both the infrared label-free and visible channels, showing the potential
use of our label-free approach for noninvasive imaging in both mice and humans. Power
levels at cornea: label-free 796 nm: 212 uW, fluorescence 488 nm ex.: 53 uW. D) Measured
process displacement (disp.) as a function of time, measured independently in the label-free
and fluorescence channels. The cell-process tracked is shown with arrowheads in B-C,
purple (label-free) and dark-yellow (fluorescence). Instantaneous velocity (V) of the process
is similarly shown on the bottom panel.
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found that process motility can be successfully quantified using label-free imaging (Fig. 9(D),
purple plot), with an average process speed of 0.8 um/min and a total displacement of 16.3 um
over the analyzed time of 20 mins (displacement measured every one minute). An independent
measurement using only the fluorescence channel (dark-yellow plot) showed that the measurements
in the two channels matched, with an error less than the optical resolution limit (mean absolute
difference in measured displacements in two channels = 0.60 + 0.41 ym, mean+1SD, n=20 time
instances). Furthermore, a subset of the measurements were repeated; the measurement variability
in process displacement (in a single channel) was found to be 0.56 + 0.33 um (mean+1SD, n=15
measurements). While the same cell was imaged, not all processes visible in the fluorescence
channel yielded high contrast in the NIR image. Conversely, subcellular features visible in the
phase-contrast modality were not visible in fluorescence, as detailed in the next section.

3.8. Label-free imaging reveals subcellular dynamics missed in fluorescence

Having confirmed that process displacement and speed can be quantified even with label-free
imaging, we next sought out differences between the fluorescence and label-free imaging of
microglia. In the cell in Fig. 9 and Visualization 6-Visualization 7, we observed putative
subcellular features and their dynamics were visible in the label-free channel which were not
visualized with fluorescence. These putative sub-cellular features were seen to rapidly move in
the label-free time-lapse sequence, especially in the top-right portion (orange arrowhead, Fig. 10)
of the putative cell soma, whereas such subcellular motility was not visible in fluorescence
(Visualization 7 and Fig. 10(B)). This is possibly due to the higher SNR of the phase contrast
approach, but it is also possible that visualization of such subcellular motility is not dependent
on the surface/volumetric expression of transgenic mice that have fluorophores tagged to the
surface protein. In addition to videos, such subcellular dynamics can also be visualized by
computing the motion contrast (standard deviation of pixel values in time dimension) of the
above video stack (Fig. 10(B)-(C)). The top-right part of the soma (orange arrowhead) is very
bright in label-free motion contrast (Fig. 10(B)), representative of the high motility of subcellular
structures here (visible in Visualization 7, left channel). In contrast, the fluorescence motion

Label free Motion contrast, At = 60 min Fluorescence

. =
0

Time (min) 60
Fig. 10. Label-free imaging reveals subcellular dynamics which may be missed in
fluorescence. A) An intensity image of near-infrared label-free imaging of a microglia at a
single time-point (same as in Fig. 9(B)). B) A motion contrast image of the label-free channel,
computed from 60 minutes of time-lapse imaging. The bright area (orange arrowhead) in the
top-right of the putative soma shows high motility of subcellular features, likely filopodia.
C) Motion contrast image of the EGFP fluorescence channel, computed over 60 minutes
of imaging. All process paths are visible as bright areas. The central soma is dark, due
to relative immobility. D) Color-coded maximum intensity projection of the fluorescence
time-lapse sequence, shown for consistency with how microglial motility is represented in
previous figures.
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contrast (Fig. 10(C)) misses this high activity happening in this top-right region of the putative
soma (orange arrowhead), showing only a dark region corresponding to the central part of the
soma which is relatively stable/immobile. (Note: one may wonder why the other processes are
not readily visible in the label-free motion contrast (Fig. 10(B)). This is due to limits of image
dynamic range: the changes in pixel intensity of the putative filopodia are much higher than that
of the other processes. However, those processes are still readily visible in the label-free intensity
images of the same cell shown in Fig. 9(B).)

4. Discussion
4.1. Summary

Microglial dynamics are essential to understand the composition of the healthy and diseased
retinal phenotype. Here we have focused our attention on the aspects of the healthy phenotype to
identify the baseline characteristics from which disease can be better understood. Moreover, this
provides a foundation from which normal microglial activity may facilitate normal homeostasis in
the steady state [38], with a renewed focus on retinal microglia which have been less studied than
cerebral microglia. In pursuit of this goal, we have developed the imaging strategy to the point
where the detailed complexity as well as process and cell soma dynamics are visualized from
seconds to months in the same animals in vivo using time-lapse adaptive optics ophthalmoscopy.
We found process motility to be highly active and measured substantial process remodeling from
primary through terminal branches over time. This is in stark contrast to recent in vivo reports in
the retina which found a surprising lack of process motility in ~95% of GFP+ cells in the normal
retina [19]. The simultaneous capture of two imaging modalities (NIR and fluorescence) allowed
us to achieve micron-level registration to create stable time-lapse images not only over hours in
the same animals, but also facilitated return to the same retinal area with micron-level accuracy
months later (Fig. 8).

The motility of subcellular features was tracked from primary branches to the smallest micron-
sized end (terminal) processes. A space-time image analysis approach was developed to quantify
the displacement and velocity of cell-processes. Process motility was analyzed over a population
of microglia, across 7 mice. Twenty-six cells were identified and AOSLO imaging was optimized
so that the imaging field was positioned over the cells and focus optimized for the soma and
process arbor. Data was recorded as long as the mouse preparation remained stable. All data
was used for the quantification analysis so long as a cell could be imaged continuously for >35
minutes, and the complete cell remained within the FOV after post-processing. In total 129
processes were tracked in all data collected. Process deletions and formations were in balance
indicating at least two essential findings critical for the interpretation of this study. First, the
relative conservation of mass is indicative of a remodeling process that both forms and deletes
branches in a way that preserves cellular resources. For example, remodeling of the f-actin
cytoskeleton and its components appear to remain roughly conserved [37]. Secondly, this net-zero
formation/deletion balance indicates that the imaging light we employ is non-destructive. It is
expected that phototoxic light levels would induce a cytokine or chemotaxic gradient that would
tip microglia from a ramified to more ameboid state [2,39]. Instead, we found dynamic activity
with balanced formation and deletion suggestive of a safe imaging modality that leaves microglia
in their native state.

Moreover, interesting dynamics were observed within the process arbors of single immune
cells (Fig. 4) such that local processes from a single cell would form a polarized geometry as
though a local invisible gradient were driving process formation and deletion in concert. Here,
we have no direct evidence from our experimental protocol, yet posit that local chemokine
gradients may drive this apparent motion at the microscopic scale (as has been demonstrated
in the brain). Further work is needed to determine whether this directional polarization reveals
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invisible gradients that may be tracked within small locations in the retinal tissue by tracking this
behavior in microglia in the living retina.

Having benchmarked these functions in healthy CX3CR1 mice with EGFP labelled microglia,
we were able to apply recent advances in phase-contrast AO imaging to image EGFP+ immune
cells and their dynamic processes label-free with near-infrared light alone. Process motility
was quantified in label-free phase-contrast imaging, and shown to match measured motility in
fluorescence. In addition to confirming the non-destructive nature of imaging, the NIR imaging
provides the exciting possibility of future noninvasive imaging of microglia in humans. Finally,
immune cell motility was tracked over a large temporal bandwidth, of seconds to months, by
registering to stable vascular and retinal landmarks with near-infrared imaging. While beneficial
in this study, we expect that such registration may be challenging in longer-duration studies in
diseases where vascular and retinal anatomy is also undergoing remodeling over long intervals.

4.2. High resolution AOSLO allowed quantitative imaging of process motility previously
missed by SLO

A required discussion item is the discrepancy of our findings with recent studies that have
reported a surprising lack of process motility in ramified microglia [19,20], using SLO alone
(without adaptive optics). Our findings are quite the opposite. We found remarkable remodeling
of ramified microglia, from primary to terminal branches.

The following may explain the difference in findings. It is possible that the limited spatio-
temporal resolution of SLO imaging restricted the prior studies to visualizing only the most
prominent branches which would lead to an underestimation of the branch turnover due to focus
on only the brightest processes. We believe therefore that the uncorrected optical aberrations of
the eye prevented such studies from visualizing the native process motility of retinal microglia
due to optical blur and the resulting less-precise spatial registration. Our approach, using adaptive
optics and space-time image quantification, now enables visualizing and quantifying this motility
in the in vivo retina. Our findings are more similar to the reports of microglial dynamism in the
in vivo brain [2,3] and ex vivo retina [6]. For comparison and as a resource, we summarize the
relevant studies and our own findings in Table 1.

In our study, we find that while the process displacement over the population may have an
average near zero, there are visibly highly dynamic segments that rapidly remodel. This begs
another scientific question: what signaling at the genetic, structural or chemotactic level signals
some processes to rapidly remodel while others (extensions of the same cell) remain stationary?
Further study is needed to unveil this remarkable behavior.

4.3. Comparison with process motility reported in brain and ex vivo retina

One of the leading questions is how similar are retinal and brain microglia? If it were possible to
identify key similarities, imaging retinal microglia could help infer the activity of these immune
cells in the brain. In general, we found that the motility of retinal microglia we imaged were
roughly on-par with the motility observed in the brain (Table 1). A clear confound in doing the
direct comparison is that each study performed velocimetry in a unique way. Moreover, average
velocities can be biased by the selection process of the chosen microglial processes which is
usually grader-facilitated. For example, there may be a tendency to mark and measure only
the most dynamic processes which would lead to an overestimation of the population velocity
by overlooking the more stationary and “uninteresting” branches. The converse is also true.
Therefore, future work on the heels of imaging innovations will need to build more robust and
automated quantification strategies that are independent of human bias.

Recognizing this, we marked and measured all visible branches in imaged microglial cells. We
measured the average retinal microglial process velocity in mice to be 0.6 + 0.4 um/min (mean + 1
SD, n=129 processes from 26 cells in 7 mice), averaged across 35 to 95 minutes of time-lapse
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Table 1. Comparison of reports which studied microglial process motility in the healthy retina and
brain. Notes: Measured velocities are mean + standard deviation, except for Nimmerjahn et al. 2005,
which reported standard error of mean. ‘Inst.’ is instantaneous.

Study Species | Organ | Technique | Conclusion | Measured Inst. A Power | Sample size
about velocities velocity | (nm) | levels
process (um/min) range (UW)
motility (um/min)
i 488 53 7 mice, 26
CS“t{lrgm Mouse (Re“,na) AOSLO | Motile | 06+04 | 0-7.6 cells. 129
in vivo i
Y 796 212 processes
Nimmerjahn | Mouse | Brain Two- Motile 1.5+0.1 04-38 840 -| 9000 - | 8 mice, 14
et al. 2005 (in vivo) photon 930 | 18000 cells, 242
imaging measures
Leeetal. | Mouse | Retina | Microscopy Motile 54+23 - - - 3 mice, 37
2008 (ex vivo) retinal cells, 367
explant processes
Altetal. | Mouse | Retina AOSLO Motile Not - 491 500 - -
2010 (in vivo) quantified 1000
Altand Lin | Mouse | Retina SLO Motile 7.8+2.1 - 491 - -
2012 (in vivo)
Wahl et al. | Mouse | Retina AOSLO Motile 1.3 and 4.8 - 488 100 - 1 cell, 2
2019 (in vivo) 230 processes
Miller et al. | Mouse | Retina SLO Not motile | Not motile - 488 100 -
2019 (in vivo)
Hammer et | Human | Retina | AO-OCT Motile 159+2.0 - - - 6 subjects,
al. 2020 (in vivo) 36 cells, 75
processes

imaging per process. The instantaneous process velocity (measured in 5-minute intervals) ranged
from O pm/min (representing no motion) to a maximum of 7.6 um/min. Our measured process
velocities are similar to that reported in the in vivo mouse brain (1.47 +0.09 um/min, mean + 1
SEM, 242 measurements in 14 cells across 8 mice) [2]. Comparably, microglia in the brain
showed a range of 0.4 to 3.8 um/min.

At the detailed level, our measured mean velocity is ~2.5x less than that reported in the
brain and may represent a real or limited sample comparison. However, the observed range of
velocities is well within the same order of magnitude in both retina and cortex which is noteworthy,
especially given that data arises from different laboratories, using different imaging modalities,
anesthetics and in different CNS tissues. Further investigations are warranted to tease apart the
nuanced differences between retinal and cortical microglia. Because AOSLO is non-invasive, we
are excited to think that a future experiment may choose to image microglia motility in the retina
first, and then perform cranial window two-photon imaging of brain microglia in the same mouse
that would further reduce biological variability in this crucial measurement.

Another interpretation of the subtle differences in the brain and retina findings is that brain
imaging of microglia inherently requires surgery in order to visualize this cell population [2,3],
whereas our AOSLO approach is completely non-invasive. Despite the care of the surgical
preparation of a craniotomy or thinned-skull preparation, it is possible that the surgical intervention
may alter the global or local baseline immune response in brain studies. Furthermore, a common
technique used for brain imaging employs near infrared light (in vivo two-photon microscopy).
While the wavelength is beneficial to mitigate scatter, this approach uses very high light-levels
(9-18 mW of 840-930 nm two-photon excitation [2]). At these power levels and wavelength,
there is also potential for changes in tissue due to thermal heating which may alter baseline
microglial process motility dynamics. By comparison, our approach uses 42 to 84 times less
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NIR light power, thus having fewer confounds, including mitigation of thermal or photochemical
alterations of the tissue homeostasis. We used 212 uW of 796 nm light in our AOSLO imaging,
which we have found can be used to image continuously without damage in the retina. This strict
imaging light-budget is required as the retina is one of the most light-sensitive tissues in the body.
Towards clinical application, similar power levels used over similar radiant exposure areas in the
in vivo human eye correspond to ANSI-safe light levels and is regularly used in human imaging
without damage [22,23]. For fluorescence imaging, we used limited periods (40 s each) of 53 yW
of 488 nm excitation, which is the lowest light level reported to date for microglia fluorescence
imaging.

It is worthwhile mentioning that recent evidence in 2020 has suggested that the founder stock
of the CX3CR1 homozygous mice may contain a mixed C57BL/6J and C57BL/6N lineage (as
performed by a single nucleotide polymorphism panel analysis, Jackson Labs) which could
produce a fraction of mice with the RdS8 retinal degeneration mutation. As our mice are
backcrossed onto the pure C57BL/6]J, it is unlikely the imaged mice contain the Rd8 phenotype
[40]. While we do not have genotypic data to rule this out, we do have phenotypic evidence
(Fig. 1(A)) that our imaged mice did not have geographical lesions in their fundus after that
is characteristic of the Rd8 retinal degeneration phenotype that appears as early as 6 weeks of
age [40]. Our mice much older (7 + 2.9 months) when imaged and lack of fundus phenotype
indicated no underlying degeneration. We therefore deem it unlikely that mice had underlying
retinal degeneration that would skew our microglial measurements from normal.

In the ex vivo mouse retina, process velocity has been reported to be 5.44 +2.33 um/min
(mean + 1 SD, n=367 processes from 37 cells in 3 mice) [6]. While this early seminal work
advanced our understanding of microglia process dynamics in the retina, the approach is
understandably limited by the ex vivo preparation, which can induce inflammatory cues and
release of cytokines and chemokines, which are among the key drivers of process remodeling.
Thus, there is always the concern that ex vivo microglia behavior may not accurately represent
the baseline state of these cells in vivo. Our in vivo measurements are consistent with this, with
average process velocities measured to be around 9 times smaller than that reported in ex vivo
microglia. For reader convenience, we provide Table 1 as a helpful summary of these different
studies in the retina and brain, compared with our own.

4.4. Sholl analysis reveals process turnover complexity

Sholl analysis provides a measure of microglial process arbor complexity. Recently, 2-photon
imaging in the murine brain has been used to image microglia in vivo and perform Sholl analysis
[4,41-43], but to our knowledge, there is no such analysis in the living retina. Sholl analysis
for cell 1 (Fig. 7) exhibited higher complexity at radial distances further from the soma when
compared with to cell 2 and 3. This shows the heterogeneity of microglial complexity.

Recent studies using Sholl analysis in mice/post-mortem human ex vivo tissue reported larger
numbers of intersections at radial distances further from the soma [44,45] compared with our
study. This may be due to the reported homo/hetro-zygous differences in microglial density
[19], differences in species or the possibility that the in vivo preparation potentially may miss the
finest of processes that go unmissed in ex vivo preparations. Regardless, we demonstrate that not
only can Sholl analysis be performed on microglia within the living retina, but the dynamism of
process turnover can be revealed through the same analysis performed over time. Figure 7(B)
and Visualization 8 show that the arbor complexity changes over time. Such analyses may serve
to characterize microglial process turnover in health and disease.
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4.5. Label-free imaging of EGFP+ immune cell dynamics: intracellular study and
clinical translation potential

An exciting finding of our study is that EGFP+ immune cell dynamics can be readily imaged and
quantified in the healthy retina using label-free imaging with NIR light alone, using phase-contrast
AOSLO [28,46—48]. Cell-type was confirmed using simultaneous imaging of CX3CR1 EGFP
fluorescence. Beyond just process dynamics and somatic migration, the phase-contrast approach
revealed what appears to be putative sub-cellular constituents of the cytosol and organelle
movement (Fig. 9,10, Visualization 7). In particular, the cellular contents of microglia are an
essential target to image as one of the primary functions of this immune cell population is to
engulf, digest and remove debris through lysosomal breakdown [49]. To our knowledge, such
tentative sub-cellular study has not been possible using single or multi-photon approaches due
either to limitations of imaging, or lack of sub-cellular specificity of current fluorescent markers
to components within the immune/microglial cell. While further work is required to test whether
these are features of the surface of the cell or true intracellular organelles, the dynamic videos
shown here in addition to evidence from Joseph et al. 2020 (Video 6) [29] are suggestive of
internal cellular features, since the boundary geometry of the cell is changing while the putative
internal contents are moving at a different rate. Future work may combine organelle fluorescence
with phase contrast images to establish the potential of imaging this putative label-free organelle
motility.. Sub-cellular pH labels or other markers may also facilitate confirmation of this finding.
Regardless, imaging the contents of any cell population has utility and we expect further study
using the phase-contrast approach will reveal yet more about the in vivo behaviors of these
remarkable cells.

Given the anatomy and location, the EGFP+ cell imaged label-free in Fig. 9,10 and Visualiza-
tion 6-Visualization 7 is most likely a microglial cell rather than a hyalocyte or perivascular
macrophage, which may also express CX3CR1-GFP. Hyalocytes are most commonly found over
50 microns above the vitreo-retinal surface [50]. A cell 50 microns above the ganglion/RNFL
plane would not be resolved due to substantial optical defocus blur in the AOSLO which has
a narrow depth of field. Moreover, the identity of a perivascular macrophage is unlikely as
these cells are typically in close abluminal contact with vessels whereas the cell in Fig. 9 is
20-30 micrometers away from the nearest vessel and far from the glia limitans where they are
found in the central nervous system [51]. Thus, the combination of CX3CRI1 expression, axial
location within the ganglion cell/NFL and distance far from the vessel make this imaged cell
most consistent with a retinal microglial cell.

In the translational domain, our imaging with ANSI-safe levels of NIR light [22-24] opens
the door to imaging the same in human beings, using phase-contrast AOSLO systems for the
human eye [22,46,47], and builds upon reports of imaging immune cells in the human eye using
other modalities [52—55]. The two main challenges we see to the implementation of our AOSLO
approach in human beings is the ~4x poorer axial resolution due to the ~2x smaller numerical
aperture of the human eye [21], and having good image registration due to the more pronounced
eye movements in the awake human compared to the anesthetized mouse, both of which are not
insurmountable in the near future. In a recent advance [55], a population of putative macrophage
dynamics could be imaged in the living human retina, through the use of optical coherence
tomography. This study showed that through a different modality, cell dynamism can be imaged
and tracked using safe levels of light in a clinical setting. This finding is synergistic with our
current study. Our study in the mouse affords the important advantage that we can both image
cells label-free, and confirm their identity using positive protein fluorescence confirmation with
transgenic mice. In this way, mice may provide the critical intermediary to confirm cell identity to
aid in clinical interpretation and application. With such confirmations, our study offers structural
and functional biomarkers of these cells that can now be tracked in the human eye without
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interpretive dispute. We expect further improvements from machine learning approaches as well
to facilitate quantification of such dynamism.
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