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a b s t r a c t

Microglia play a major role in retinal neovascularization and degeneration and are thus potential targets
for therapeutic intervention. In vivo assessment of microglia behavior in disease models can provide
important information to understand patho-mechanisms and develop therapeutic strategies. Although
scanning laser ophthalmoscope (SLO) permits the monitoring of microglia in transgenic mice with
microglia-specific GFP expression, there are fundamental limitations in reliable identification and
quantification of activated cells. Therefore, we aimed to improve the SLO-based analysis of microglia
using enhanced image processing with subsequent testing in laser-induced neovascularization (CNV).

CNV was induced by argon laser in MacGreen mice. Microglia was visualized in vivo by SLO in the
fundus auto-fluorescence (FAF) mode and verified ex vivo using retinal preparations.

Three image processing algorithms based on different analysis of sequences of images were tested. The
amount of recorded frames was limiting the effectiveness of the different algorithms. Best results from
short recordings were obtained with a pixel averaging algorithm, further used to quantify spatial and
temporal distribution of activated microglia in CNV. Morphologically, different microglia populations
were detected in the inner and outer retinal layers. In CNV, the peak of microglia activation occurred in
the inner layer at day 4 after laser, lacking an acute reaction. Besides, the spatial distribution of the
activation changed by the time over the inner retina. No significant time and spatial changes were
observed in the outer layer. An increase in laser power did not increase number of activated microglia.

The SLO, in conjunction with enhanced image processing, is suitable for in vivo quantification of
microglia activation. This surprisingly revealed that laser damage at the outer retina led to more reactive
microglia in the inner retina, shedding light upon a new perspective to approach the immune response in
the retina in vivo.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The activation of macrophages plays an important role in the
pathology of AMD. From their origin, these can be resident mac-
rophages such as dendritic cells or microglia as well as systemic
macrophages invading the area of tissue damage and stimulate
thalmology, Charit�e Uni-
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.

VEGF-A secretion by the retinal pigment epithelium (Grisanti and
Tatar, 2008; Witmer et al., 2003). However, the functional pheno-
type of macrophages seems to be more important than their origin.
The functional phenotyping of macrophages has gained more and
more attention in the analysis of patho-mechanisms in the retina
and has overcome the classic M1/M2 classification (Chambers
et al., 2013; Murray et al., 2014). Recent data suggest that activa-
tion of microglia cells in the retina might play a central role in the
coordination of pathological events including neovascularization
(Eter et al., 2008). Investigation of microglia behavior in mouse
models for inherited retinal degeneration revealed that microglia
becomes active already before first pro-apoptotic genes are up-
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regulated (Stoecker et al., 2009). Under subtle changes in the
retina, microglia cells seem to be one of the cell populations to
preserve its integrity. Thus regulation of microglia activity repre-
sents an ideal target to develop strategies to prevent retinal
degeneration and likely neovascularization at very early stages of
the disease.

Translational research depends on identification of patho-
mechanisms in vivo and precise follow-up of disease progres-
sion. The first is important because the complexity of an organism
cannot be simulated in cell culture, but is required for develop-
ment of therapeutic strategies. The latter is essential to define time
points for intervention and to precisely monitor possible beneficial
effects. Some animal models, combined with refinement of clinical
imaging tools that are commonly used for AMD patients, enable
analysis of cellular and molecular events non-invasively and in
real-time. These models reduce significantly the amount of ani-
mals needed for experimentation and increase the reliability of
the data in terms of translational medicine (Contag and
Bachmann, 2002; Edinger et al., 2002; Rudin and Weissleder,
2003). In order to define a strategy to inhibit microglia activa-
tion as therapeutic target, the accurate knowledge on time-
dependence macrophage activation, their spatial distribution and
their phenotypes in vivo is needed. This kind of data can be ob-
tained by using transgenic mice expressing a microglia/
macrophage-specific fluorescence reporter. MacGreen mice spe-
cifically expressing EGFP in macrophages, mouse models with
injected GFP-positive bone marrow cells (chimeric model) or the
CX3CR1GFP/þ knock-in mice, in which GFP expression is under
control of the fractalkine receptor CX3CR1, are the most
commonly used animal models for this purpose (Eter et al., 2008;
Joly et al., 2009; Muther et al., 2010; Sasmono et al., 2003). In
these mouse models, microglia can be visualized by their GFP
fluorescence using scanning laser ophthalmoscopy (SLO). The
active microglia can be roughly identified by their change in cell
morphology from ramified surveying phenotype to the amoeboid
invading one. However, the resolution must be high enough to
permit a clear and valid identification and separation between
active and surveying microglia. Using a confocal SLO, Alt and
colleagues (Alt et al., 2014) obtained images which provide the
required resolution to safely identify activated microglia and could
even establish automated counting of the activated cells. When
using conventional SLO, which is also used in the clinic to permit
an easy translation of the data from animal model to patients, the
raw output doesn't have a high enough resolution for a valid
discrimination between surveying and active cells. For example
Eter and colleagues (Eter et al., 2008) could visualize the microglia
by conventional SLO, but were relying on FACS analysis for their
quantification.

In summary, recent publications demonstrated the need and the
feasibility of in vivo techniques for translational research in retinal
degeneration. The combination of transgenic mouse models and
standard SLO was shown to permit in vivo analysis of cellular im-
mune responses in retinal degenerations. However, using a con-
ventional SLO, the output resolution is too poor to obtain a
complete description of the cellular immune response in terms of a
reliable in vivo quantification as well as spatial and temporal dis-
tribution patterns. Thus, the aim of the study is to improve SLO-
based in vivo imaging to obtain such a complete assessment. We
used laser-induced CNV in MacGreen mice to mimic the most
threatening AMD complication, and analyzed the spatial and tem-
poral behavior of microglia with a conventional SLO. By comparing
several algorithms for enhanced image analysis, we not only
established a method for quantification of microglia activation for
translational purposes, but also discovered new aspects of micro-
glia behavior in laser-induced CNV.
2. Methods

2.1. Animal model

B6N.Cg-Tg(Csf1r-EGFP)1Hume/J mice, commonly referred as
MacGreen transgenic mice, were kindly provided by H. Ketten-
mann (Max-Delbrück-Center for Molecular Medicine, Berlin, Ger-
many). MacGreenmice express enhanced green fluorescent protein
in macrophages and trophoblast cells by using the transgene re-
porter EGFP under the control of Csf1r promoter (Sasmono et al.,
2003). C57/Bl6J mice purchased from Janvier (Cedex, France)
were used as negative controls for GFP detection. All mice were
10e12 weeks old and weighed over 20 g at the time of the exper-
iment. All animal experiments complied with the guidelines of the
ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research and were approved by the local governmental authorities
(Landesamt für Gesundheit und Soziales, LaGeSo, Berlin).

2.2. Laser-induced choroidal neovascularization

Mice pupils were dilated using tropicamide eye drops before
being anesthetized with 1% ketamine hydrochloride (Actavis,
München, Germany) and 0.1% xylacine (Rompun, Bayer Vital
GmbH, Leverkusen, Germany) in a concentration of 0.1 ml/10 mg
bodyweight. CNV was induced by an argon ion laser using the
following parameters: either 120 mW (low power) or 240 mW
(high power) for 0.1 s, 50 mm spot diameter. Three distinct laser
spots were performed in one hemisphere of the fundus, avoiding
the large vessels. The appearance of a bubble confirmed the rupture
of the Bruch's membrane. Fluorescence angiography (FA) and OCT
scanning verified the development of the CNV (Semkova et al.,
2014).

2.3. SLO imaging

Pupil dilatation and anesthesia were performed as it has been
described above at the laser-induced CNV paragraph. The imaging
protocol was conducted using Spectralis HRA-OCT (Heidelberg
Engineering, Heidelberg, Germany) (GmbH, 2007). The conven-
tional scanner laser ophthalmoscope (SLO) was used at high reso-
lution mode with an objective adapted for rodents. The maximum
scan depth of the setup was 8 mm. All eyes were scanned at
different time-points after laser (D0, D1, D4, D7, D14). Scanning was
performed with the optic nerve head (ONH) positioned in the
center of the image field. Near-infrared reflectance (IR; diode laser,
wavelength 820 nm) and OCT scanning pictures were obtained
using a mean automatic real time of 30 frames, while auto-
fluorescence imaging (FAF, solid state laser, wavelength 488 nm)
was displayed by recording videos from 5 to 15 s with a mean
automatic real time of 5 frames focusing on two differentiated
layers: inner and outer.

In the healthy retina, the localization of the inner plexiform
layer (Focus A, IPL) of microglia can be accomplished by starting
with the visualization of larger blood vessels as first orientation
point (Fig. 2B, left and central panels); the second layer can be
visualized by adjusting the focus with the knob from that level into
deeper layers (Focus B, outer plexiform layer or OPL), where auto-
fluorescent ramified microglia appear in a distinct position from
the previous one (Fig. 2B, left and right panels). Using ramified
microglia to assess the focus has a main advantage: Ramified
microglia are exclusively residential and not migrating macro-
phages, and therefore, a reliable indicator of the layers where they
are located. After laser injury we used the untreated area of the
retina to position the focus into the Focus A and further assess the
Focus B from that.



Fig. 1. Identification of Activated Microglia and Image Processing. A (Raw) depicts a video frame from a SLO auto-fluorescence recording obtained roughly. B Comparison of the
different output images from the same recorded eye: (Heidelberg) when averaging through the SLO setup option, (Average) applying frame averaging post-recording. C Result of a
before (left) and after (right) processed video with the averaging method to reduce the impact of mobile and transient elements, as well as noise. Black arrowhead indicates the
position of a transient element before and after processing. D Staining of retina whole-mount against Iba-1 (red) showing different mononuclear phagocyte populations ex vivo: on
the left, ramified-like and amoeboid-like in the right. Scale bar represents 100 mm. E Magnification of SLO auto-fluorescence image representing the different populations of
mononuclear phagocyte in vivo: on the left, ramified, on the middle, amoeboid and on the right, an intermediate transient state. Scale bar represents 100 mm.

Fig. 2. Identification of Macrophages in Different Retinal Layers. A Left panel: Scanning laser ophthalmoscope (SLO) near-infrared reflectance (IR) image of a control MacGreen
mouse. Central panel: SLO auto-fluorescence image showing EGFP fluorescent macrophages due to the transgenic background. Right panel: Fluorescence angiography (FA) illus-
trating the retinal vessels and the auto-fluorescent signal from macrophages. Scale bar represents 100 mm. B Left panel: Schematic illustration of the focusing technique used at SLO
to distinguish the two layers of fluorescent macrophages: Focus A in the inner retina and Focus B in the outer. Central and right panel: SLO auto-fluorescence images matching with
the Focus A, assigned as the inner plexiform layer (IPL; central panel) and Focus B, or outer plexiform layer (OPL; right panel). Scale bar represents 100 mm. C Paraffin section of a
MacGreen retina reveals merging of Iba-1 reactivity (red) in macrophage auto-fluorescent signal (green). Nuclei were counterstained by DAPI (blue). Scale bar represents 100 mm.

S. Crespo-Garcia et al. / Experimental Eye Research 139 (2015) 13e21 15



S. Crespo-Garcia et al. / Experimental Eye Research 139 (2015) 13e2116
Mentioned FAF measurements were complemented with fluo-
rescence angiography (FA). Images were reviewed and analyzed
using Heidelberg Eye Explorer 1.7.0.0. software. Image J 1.44p
software (NIH, USA) was used for calculating the percentage of scar
auto-fluorescent tissue in FAF images. We considered as scar tissue
the auto-fluorescent area which appears on the laser spots in the
outer focus, where the laser has a higher impact (Supp. Fig. 1AeB).

2.4. Image processing

The data is composed by grayscale videos acquired with a
Spectralis HRA-OCT in the fundus FAF recording mode, with vari-
able duration and a resolution of 496 � 596 pixels.

To reduce the impact of some of the transient components of the
image as well as noise, and to obtain a clearer image for the
quantification, image processing was applied.

Several techniques were compared. Besides offline frame aver-
aging, the temporal median filter (Huang, 1981) and Rosseeuw's
Least Median of Squares (LMedS) (Rousseeuw and Leroy, 1984)
were tested in search of a more robust result, protected against
intensity outliers. Due to the small number of frames in the videos,
the impact of the statistical advantages of these methods was
minute as results were numerically equivalent to offline frame
averaging.

As it will be discussed later, the frame averaging technique
appeared to be best applicable for further in vivo analysis. With this
method, images in which the value of each pixel is the average
value of that pixel for each frame of the video, were produced as
indicated by:

Iðx; yÞ ¼
Pn

i¼1 Iiðx; yÞ
n

where I(x,y) is the intensity of the pixel at the coordinates (x,y) of
the resulting image, n is the amount of frames in a video and Ii(x,y)
is the intensity of the pixel at the coordinates (x,y) of the i-th frame
of the video.

In the temporal median filter (Huang, 1981), the value of each
pixel is the median value of that pixel for each frame of the video.

Iðx; yÞ ¼ medðci2n : Iiðx; yÞÞ
In Rousseeuw's LMedS (Rousseeuw and Leroy, 1984), the in-

tensity value that minimizes the median of the residuals is calcu-
lated such that:

Iðx; yÞ ¼ minmed
Iiðx;yÞ

r2i ci2n : Iiðx; yÞ

The software implementation of the image processing algo-
rithms was developed by the authors in the Cþþ programming
language, following the equations that describe each of them.

2.5. In vivo quantification of microglia

For determination of the microglia activation status as well as
their temporal and spatial activation pattern, it is crucial to differ-
entiate between surveying and activated microglia. This is possible
by their morphological switch between ramified and amoeboid
phenotype (Hanisch and Kettenmann, 2007; Langmann, 2007; Xu
et al., 2007). This differentiation was applied in the following
way: a.) non-activated cells: the soma of the cell is small in asso-
ciation with multiple prolonged ramifications (Fig. 1D, left panel);
b.) activated cells: the soma of the cell is rounded (amoeboid) with
no ramifications (Fig. 1D, mid panel); c.) cells with transitory
phenotype between resting and activated status: the soma is
prominently rounded with still few and thick ramifications (here
referred as intermediate, Fig. 1D, right panel).

For the analysis, the fundus of each eyewas divided in two equal
parts, separating the side with laser spots from the opposite un-
treated side. Blinded counting was performed by observer for each
SLO auto-fluorescence picture (total area of the visual field imaged:
0.7 mm2) at the two layers imaged at several time points.

2.6. Immunohistochemistry on paraffin sections

Eyeswere enucleated at different time-points after laser (D1, D4,
D7, D14), fixated in Davidson fixative and embedded in paraffin.
Sections of 5 mm thickness were deparaffinized and heat mediated
antigen retrieval was performed using TBS-Triton 0.4% (pH ¼ 9).
After blocking the sections with 5% BSA they were incubated with a
solution containing antibodies against ionized calcium-binding
adapter molecule 1 (Iba-1, rabbit polyclonal, 1:500, WAKO chem-
icals, Richmond, VA) and against GFP (goat polyclonal FITC-
conjugated, 1:250, Abcam, Cambridge, UK) over night at 4 �C.
Species appropriate secondary antibody for Iba-1 (goat anti rabbit
Texas Red, 1:2000, Invitrogen, Karlsruhe, Germany) was applied for
1 h at room temperature and nuclei were counterstained using
DAPI (3 mM, Invitrogen). Sections were subjected to an Axio Imager
M2 fluorescence microscope (Zeiss, Jena, Germany) and data was
analyzed by ZEN lite 2012 Software (Zeiss).

2.7. Preparation and visualization of eye whole-mounts

Eyes were enucleated and fixated in PFA 4% solution for 13 min
at RT. Cornea was dissected with a circumferential limbal incision,
followed by removal of the lens and vitreous. 4 radial cuts were
needed to flatten the eye cup and divide it into two parts by
sectioning the optic nerve: the neural retina and the sclera con-
taining the choroid. Retina and sclera were incubated separately
over night at 4 �C in a permeabilization solution containing 5%
Triton X-100 and incubated in a blocking solution containing 5%
BSA for 1 h. For staining the microglia, anti Iba-1 (WAKO) staining
was performed as described in the paraffin section. Mononuclear
phagocytes were stained using anti-CD11b (anti-ITGAM, 1:100,
antibodies-online GmbH, Atlanta, USA); specie secondary antibody
was Cy3-conjugated goat anti-rat (1:200, Dianova GmbH,
Hamburg, Germany). Blood vessels were visualized using Isolectin
B4 e AlexaFluor488 (1:200, Invitrogen). Same procedure applied
for the sclera. Retina and sclera samples were mounted onto glass
slides usingMounting Fluorescence Medium (DAKO) and examined
using an Axio Imager M2 fluorescence microscope and Zen lite
2012 software (Zeiss).

2.8. Statistical analysis

All results are given as mean (±SEM). Two-tail analysis of vari-
ance (ANOVA) and ratios were calculated of all experimental data
obtained during the study. Statistically significant values are indi-
cated by asterisks (* means p < 0.05, ** means p < 0.01, *** means
p < 0.001).

3. Results

3.1. Computational enhancement of SLO recordings

Usage of in vivo data from FAF pictures of a conventional SLO for
microglia identification and quantification is hampered by moving
elements (e.g. monocytes), pixel noise and thus uncertain cell
shape definition (Fig. 1A), the main discriminative criteria for the
counting analysis. Image processing is the primary approach to
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solve this problem. For that purpose we tested the proposed algo-
rithms given in the Section 2.4. The criteria for selection of one
processing algorithm were: a.) accuracy in microglia cell
morphology assessment comparable to ex vivo analysis, b.) reduc-
tion of pixel noise and c.) removal of moving elements. The built-in
image processing algorithm of the Heidelberg SLO reduces the pixel
noise (comparing Fig. 1A and B) but neither enhances cell shape
resolution nor removes transient elements. Performing frame
averaging after recording, the image processing significantly
eliminated mobile elements (Fig. 1C, black arrowhead) as well as
image noise. This enhancement corrected the microglia phenotype
before its analysis. Some cells which appeared as amoeboid before
image processing looked clearly ramified afterwards. In long-
duration videos, the refining result of the three algorithms was
similar. However, when videos had a small amount of frames,
LMedS and temporal median filter resulted in too low quality to
clearly differentiate between the microglia morphologies. This was
not the case with the frame averaging algorithm. Short videos are
mandatory to keep experimental times as short as possible to
diminish the duration of anesthesia and avoid corneal haze, which
further reduces the quality of the images. Thus the two algorithms
LMedS and temporal median filter, were discarded from further
experiments.

The twomajor phenotypes that can be observed in the retina are
the ramified, surveying microglia and the amoeboid, activated
microglia (Langmann, 2007). Ex vivo, we were able to detect these
two types of different activation by Iba-1 staining (Fig. 1D) indi-
cating the reliable quality of the results obtained from frame
averaging algorithm. The same features were observed in vivo by
using SLO: ramified and amoeboid microglia (Fig. 1E). In vivo, we
also detected a third type that we classified as intermediate be-
tween incipient and highly activated (Fig. 1E). For further analysis
we considered the intermediate and the amoeboid types as acti-
vated microglia.

3.2. In vivo imaging of macrophages and microglia cells in the
retina

The in vivo imaging of the retina was performed using a con-
ventional scanning laser ophthalmoscope (SLO) (Fig. 2A). In the
fundus auto-fluorescence mode or during fluorescence angiog-
raphy, wewere able to image microglia cells in MacGreen mice due
to their EGFP signal (Fig. 2A, center and right, Video 1 and Video 2).
Two major layers of stationary microglia were detected as it has
been detailed in Section 2.3 and according to the schematic illus-
tration (Fig. 2B, left panel). These two layers were the major ones
containing both vessels and defined fluorescent macrophages. We
identified these two layers as the inner and outer plexiform layers
(IPL and OPL respectively; Fig. 1B, central and right panels),
described in the literature as the layers that contain the major
populations of microglia in the retina, and, at the same time, the
major vessels (Xu et al., 2007). The localization of microglia pop-
ulations and its matching with the fluorescence signal (EGFP) was
verified ex vivo by co-staining of Iba-1, a commonly known marker
for mononuclear phagocytes, and endogenously expressed GFP
(Sasmono et al., 2003) in sagittal sections (Fig. 2C). The two cell
populations (in the inner and the outer retina) found in vivo
correspond to the two layers (IPL and OPL) verified ex vivo.

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.exer.2015.07.012.

3.3. Analysis of microglia activation in laser-induced CNV

In order to show that our method enables the time-course
analysis of macrophage activation, retinas were lasered as
described above, placing 3 laser spots in one half of the eye and
objected to SLO imaging at distinct time points after laser proce-
dure (Fig. 3A). Based on the quantification of non-activated cells at
the different time-points, we observed a slight increase in the
amount of ramified cells among the time, only significant at D4 in
the IPL (133 ± 15 cells per total fundus area of 0.7 mm2, p ¼ 0.039).
Considering the analysis of activated cells in the outer layer (Fig. 3B,
OPL), significant differences were only found at D4 (14 ± 2 cells per
total fundus area; D4 respect to D1, p¼ 0.041). The major activation
took place in the inner layer: one hour after laser treatment no
active microglia was detected, whereas the turnover to an activated
stage became evident at D1 (25 ± 5 cells per total fundus area; D1
respect to D0, p ¼ 0.017). At this time point, we noticed predomi-
nantly the intermediate phenotype of microglia (Fig. 1E, right
panel). At the following time-points this phenotype was no longer
observed, turning the amoeboid phenotype to be the predominant
one. The peak of activated cells was reached at D4 (39 ± 3 cells per
total fundus area; D4 respect to D1, p ¼ 0.045) which then
decreased reaching significant reduced numbers at D7 (28 ± 4 cells
per total fundus area; D7 respect to D4, p ¼ 0.047) and sustained at
D14 (32 ± 4 cells per total fundus area; D14 respect to D7, p¼ 0.476)
(Fig. 3B, IPL). Calculating ratios of activated against not activated
cells supported the significant increase in activated cells between
D4 respect to D14 whereas the differences between D7 and D14 are
not (data not shown).

To prove that the number of activated cells in vivo correlates
with a quantification ex vivo, we determined the same analysis in
retina whole-mounts at the end-point of the experiment, D14, us-
ing themononuclear phagocyte marker CD11b (Ma et al., 2009).We
found a correlation of the rates in activation (Suppl. Table 1). The
distribution of cells was the same in our observation ex vivo and
in vivo.

As the presence of activated cells was not limited to the area of
laser impact, we compared the time-course of distribution of
activated macrophages in the outer and the inner layer in both the
treated and the non-treated parts of the retina (Fig. 3C). Calculating
the ratio of activated cells in untreated side (half of the total fundus,
0.35 mm2) versus laser side (the other half, 0.35 mm2), we found
that the levels of activated microglia in outer layer remained stable
over the observation time. However, in the inner layer we observed
a significant increase (D7 respect to D4, p ¼ 0.013) in the ratios
between activated and non-activated microglia, demonstrating
that activation spreads all over the retina with time. In control eyes
from untreated animals, we barely observed activated cells, and
when that happened, it was always in the outer and never in the
inner layer (data not shown).

We correlated the number of cells (both non-activated and
activated) to the tissue damage. Damage was quantified as per-
centage of auto-fluorescent area among the total fundus area
(Fig. 3B, Suppl. Fig. 1 AeB). At D0 after laser injury, the auto-
fluorescent tissue was 3 ± 0.3% of the total fundus area visualized
(0.7 mm2). The peak in relative tissue damage was detected at D4
(5.9 ± 0.7% of the total fundus area), decreasing to 2.8 ± 0.5% at D14.
Again these in vivo data correlates with in situ observations: in
sagittal sections, we found intense auto-fluorescence in the area
belonging to the scar at D4 (Fig. 3D).

We correlated the SLO imaging results with ex vivo staining of
mononuclear phagocytes with Iba-1 (Fig. 3D). By selecting sagittal
sections containing the laser scar, both the localization of the
mononuclear phagocytes and the disruption of the RPE were
evaluated. The laser injury progressed from a small rupture at D1 to
a disruption of the outer neural retina at D7. Abundant presence of
Iba-1 positive cells was detected at the scar area from D4 on
(Fig. 3D, black arrowheads) as well as in the neural retina, some of
them migrating (Fig. 3D, white arrowheads).

http://dx.doi.org/10.1016/j.exer.2015.07.012


Fig. 3. Time-Course of Microglia Activation. A SLO auto-fluorescence images at selected time points after applying three laser spots on one half of the eye: D0, D1, D4, D7 and D14
showing differences in macrophage behavior. Scale bar represents 100 mm. B Bar chart (left axis) represents the mean value of counted cells in the total fundus area at selected time
points in both IPL and OPL. Bars in white refer to non-activated cells and bars in black to the activated ones. The line (right axis) shows the percentage of auto-fluorescent scar tissue.
All error bars represent SEM. (N ¼ 5e6) C Analysis of the ratios of activated cells regarding their distribution in the not lasered (half of the fundus) versus lasered side (the other half)
at OPL (black) and IPL (white) at selected time points. (N ¼ 5) D Staining of sagittal sections of retina against Iba-1 (red) locating mononuclear phagocytes in the neural retina (white
arrowheads) and in the vicinity of the scar (black arrowheads) at different time points: D1, D4, D7 and D14 at the laser scar area. Nuclei were counterstained by DAPI (blue). Scale
bar represents 100 mm.
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3.4. Laser power impact in microglia activation

The intensity of laser power was considered as one critical
trigger for severity of microglia activation. In order to assess its
physiological relevance, we compared the impact of 120 mW, an
established power for inducing CNV in rodents, (Semkova et al.,
2014) used in our previous experiments to a higher one of
240 mW. No obvious differences between both energies were
detectable in vivo (Fig. 4A). Comparing the number of activated cells
from SLO recording, we did not find significant differences at D7
respect to D4 (p ¼ 0.57) and D14 respect D7 (p ¼ 0.053) (Fig. 4C).
Considering the peak of activation at D4 in the inner layer in our
study, choroid whole-mount preparations showed no differences in
CNV, and Iba-1 positive cells behaved similarly (Fig. 4B).

4. Discussion

In this study we provide evidence that conventional SLO can be
used for reliable in vivo monitoring of temporal and spatial
behavior of activated macrophages in a retinal neovascularization
process. Post experimental image processing permitted safe iden-
tification and quantification of activated cells. Using this method
we found new features of macrophage/microglia activation in
response to laser injury: absence of an acute reaction, a transitory
phenotype of microglia and involvement of activated microglia
predominantly in the inner retina.

To approach translational research targeting microglia activa-
tion, transgenic mouse models which display either macrophage-
specific (MacGreen) or microglia-specific (CX3CR1GFP/þ) GFP
expression have successfully contributed to a better understanding
of pathogenic mechanisms in retinal degeneration. In vivo analysis
of microglia behavior might provide additional information
required for defining therapeutic strategies. Using conventional
SLO, the in vivo assessment of microglia activation in retinal
degeneration was so far inconclusive due to the bad quality and
resolution of the acquired pictures. The main reasons for the poor
quality are moving elements (e.g. monocytes) and pixel noise
leading to uncertain cell shape definition.

As SLO allows the visualization of all EGFP positive cells, some
flowing cells might be wrongly captured during a static imaging as
the focus of the camera stays on the vessels. Furthermore, the
limitations of camera resolution produce considerable pixel noise.
Spectralis HRA-OCT has its own frame averaging option while
capturing images. This method performs the same processing as
the averaging algorithm, but with the limitation of a maximum of
100 frames. Hereby not all the transient elements are removed and



Fig. 4. Comparison of Time-Course of Microglia Activation at Different Laser Power. A SLO auto-fluorescence images focusing IPL at D4 lasered animal using different laser powers
(120 and 240 mW). B Co-staining of retinal choroid flat-mount against IB4 (green) to show vessels and Iba-1 (red) pointing microglia sitting at the choroidal scar (marked with
arrowheads). Staining was performed at D4 in lasered animals, comparing different laser power conditions. Bars represent 100 mm. C Bar chart represents the mean value of
activated cells at different conditions of low laser power (120 mW, in white) and high laser power (240 mW, in yellow) at D7 and D14 in both the IPL and OPL. Error bars represent
SEM. (N ¼ 4e6).
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some areas remain too noisy due to subtle movements of the ani-
mal. We addressed this problem by employing the offline frame
averaging technique described in Section 2.4. The method of frame
averaging from recorded videos allowed elimination of moving
elements, such as monocytes, and reduction of pixel noise. Using
that algorithmwe could more reliably identify and classify the cells,
and it can be applied on already processed Heidelberg videos
obtaining a better resolution (Fig. 1B). In future, it might be inter-
esting to investigate how diverse image processing techniques,
such as histogram equalization and Otsu's adaptive threshold (Otsu,
1979), can further improve the manual and semi-automatic clas-
sification and quantification of microglia.

The uncertain identification of cell phenotypes, and thus their
quantification, is a common problem using imaging methods. One
might think about quantifying the fluorescence signal intensity.
This, unfortunately, has two main problems: The first is that the
laser intervention produces a basal auto-fluorescence that differs
from spot to spot (Suppl. Fig.1C). The second is that it is not possible
to use a standard exposure during the measurements as not all the
samples present optimal conditions for imaging (Bell et al., 2014;
Bermudez et al., 2011; Calderone et al., 1986; Ridder et al., 2002).
Because of these reasons, using a quantification based on pheno-
type provides us more reliable information. To select the appro-
priate algorithm for that purpose, the following criteria, in addition
to those described above, were applied: accuracy of cell
morphology identification compared to ex vivo analysis and mini-
mal acquisition time. We selected the frame averaging algorithm
because its output was the most optimal with the smallest number
of frames.

In addition to identification of cell morphology, the EGFP-
fluorescent cells can be also localized in two different layers. Us-
ing the focus strategies described in Section 2.3, scanning through
the tissue in vivo, one layer was assigned close to the photorecep-
tors, while the other one was in the inner retina. Sagittal sections of
the retina, stained against Iba-1 as a marker for microglia cells
(Chen et al., 2015; Howlett et al., 2011; Imai et al., 1996; Karlstetter
et al., 2014; Rojas et al., 2014; Wang et al., 2013; Xu et al., 2007),
revealed that all GFP positive cells are also Iba-1 positive and
exclusively merge in the inner and outer layers of the retina.
Although the in situ confirmation of in vivo data has already been
reported by other groups (Alt et al., 2014; Eter et al., 2008; Joly et al.,
2009; Xu et al., 2008), the in vivo assignment of the mononuclear
phagocytes to the two layers was so far not accomplished by others.

The activation of microglia in retinal degenerative processes
includes both the morphology switch from ramified to amoeboid
phenotype and the change in spatial distribution (Langmann,
2007). Using laser-induced CNV we observed the transition from
ramified to amoeboid phenotype and the change of cell distribution
in relation to the side of laser impact. These phenotypes are clearly
distinguished ex vivo in retina whole-mounts. In FAF, a third
phenotype could be observed, representing an intermediate state
between the ramified and the amoeboid one. That one could not be
recognized ex vivo. The fixation procedure for immunodetection
might render the detection of subtle changes in cell shape impos-
sible. Nevertheless, the physiological role of activated microglia in
general but also that of microglia displaying the intermediate
phenotype requires further in situ analysis.

The follow-up investigation of microglia by FAF revealed sur-
prising aspects of microglia activation after laser-injury. One hour
after laser-treatment, no acute reactionwas detected. That was also
observed by Eter (Eter et al., 2008), although they found a shorter
period of latency. It needs to be mentioned that Eter et al. did not
use enhanced image analysis. After 24 h, an increase in the number
of activated microglia was manifest. The peak of activation was
detected at D4 after laser treatment which decreased at D7 andwas
sustained at D14. Astonishingly, the majority of activated cells was
found in the inner retina whereas the laser scar is located at the
outer retina (Guthrie et al., 2014). Most of the cells counted at D1
were found surrounding the scar. After D4 we observed a spreading
of the activated cells reaching a homogenous distribution at D14 in
the inner retina. This observation might be biased by the fact that
activated cells were only counted at lesion sides and not in relation
to untreated sides, which might also contain activated cells espe-
cially when comparing IPL and OPL. Thus we extended the analysis
towards calculating the ratios of activated cells in untreated versus
laser-treated sides. The ratio increased most significantly in IPL at
D7 and D14 and not at D4. This indicates that at D7 not only the
total number has increased but now also activated cells are more
homogenously distributed and not exclusively concentrated in
laser-treated areas. To our knowledge, the overall activation of
microglia in the inner and not in the outer retina, where the laser
scar is present, has not been analyzed and shown so far. We suggest
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that microglia subpopulations in the retina have a highly defined
role which is still not well understood. Thus the inner retina
microglia subpopulation might have a predefined and specific
protective role against retinal damage. Although lacking a concrete
mechanism, this finding could have an impact for the safety and
clinical relevance of low threshold laser treatments such as in
diabetic retinopathy (Luttrull et al., 2005).

When correlating the number of activated microglia to the tis-
sue damage taken as auto-fluorescent tissue, we found that the
major leap in the number coincided with the peak of auto-
fluorescent tissue. Given the fact that we did not observe an
acute reaction, this coincidence might help to better understand
mechanisms of microglia activation, which are beyond the scope of
this study.

The laser power to elicit CNV might affect the strength of re-
action of microglia. Since we didn't detect any acute reaction one
hour after laser treatment, we doubled the power in order to pro-
voke a faster and stronger response. Under these conditions we
were not able to perform in vivo analysis as the treatment caused an
increase in the opacity of the cornea until D4. However, the
quantification of activated cells at D7 and D14 showed the same
pattern of spatial and temporal distribution of activated microglia.
Interestingly, we found no differences in the quantity of activated
microglia cells between the moderate and the severe laser power.
Analyzing the choroid ex vivo, we tracked mononuclear phagocytes
using Iba-1, detecting their migration out of the neural retina
(Combadiere et al., 2007), showing similar behavior in both laser
treatments. This is supported by other works, where it is shown
that, independent of the retinal and RPE damage, Iba-1 positive
cells are attracted to the injured area (Muther et al., 2010).

In summary, this study provides evidence that conventional SLO
can be used for in vivo analysis of microglia activity in the degen-
erating retina by comparing in situ and in vivo data. Our study
highlights that image processing is required for accurate identifi-
cation of the functional microglia phenotype. Moreover it even
enables the detection of phenotypes which cannot be observed in
immunohistochemistry probably due to the fixation methods.
However, a large number of questions cannot be answered by SLO
imaging. Furthermore, the activated microglia are known to display
a large variety of functional phenotypes which all have the same
morphological phenotype (Murray et al., 2014). Thus even
advanced in vivo imaging requires in situ verification and additional
information about cellular behavior and molecular classification of
their functional phenotype.
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