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A hallmark of autoimmune retinal inflammation is the infiltration of the retina with cells of 
the innate and adaptive immune system, leading to detachment of the retinal layers and 
even to complete loss of the retinal photoreceptor layer. As the only optical system in 
the organism, the eye enables non-invasive longitudinal imaging studies of these local 
autoimmune processes and of their effects on the target tissue. Moreover, as a window 
to the central nervous system (CNS), the eye also reflects general neuroinflammatory 
processes taking place at various sites within the CNS. Histological studies in murine 
neuroinflammatory models, such as experimental autoimmune uveoretinitis (EAU) and 
experimental autoimmune encephalomyelitis, indicate that immune infiltration is initial-
ized by effector CD4+ T cells, with the innate compartment (neutrophils, macrophages, 
and monocytes) contributing crucially to tissue degeneration that occurs at later phases 
of the disease. However, how the immune attack is orchestrated by various immune 
cell subsets in the retina and how the latter interact with the target tissue under in vivo 
conditions is still poorly understood. Our study addresses this gap with a novel approach 
for intravital two-photon microscopy, which enabled us to repeatedly track CD4+ T cells 
and LysM phagocytes during the entire course of EAU and to identify a specific radial 
infiltration pattern of these cells within the inflamed retina, starting from the optic nerve 
head. In contrast, highly motile CX3 1CR+ cells display an opposite radial motility pattern, 
toward the optic nerve head. These inflammatory processes induce modifications of the 
microglial network toward an activated morphology, especially around the optic nerve 
head and main retinal blood vessels, but do not affect the neurons within the ganglion 
cell layer. Thanks to the new technology, non-invasive correlation of clinical scores of 
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inTrODUcTiOn

Autoimmunity against compartments of the central nervous 
system (CNS) can lead to the development of chronic neuroin-
flammatory diseases, of which multiple sclerosis (MS) is the main 
representative. Frequently, the very first clinical signs of MS dis-
ease course are related to transient loss of vision (1–3). In the case 
of neuromyelitis optica (NMO), another chronic neuroinflam-
matory disease with strong involvement of the retina, permanent 
damage of visual function represents a clinical hallmark (4–6). 
Thinning of the neuronal retina, i.e., retinal neural fiber layer and 
the ganglion cell layer (GCL), has been demonstrated using opti-
cal coherence tomography (OCT) both in MS and NMO patients 
(7, 8). Whether this loss of neuronal tissue in the retina is caused 
by immune infiltration at distal parts of the optic nerve or by a 
direct immune attack on neuronal retina components remains 
unclear.

Although experimental autoimmune uveoretinitis (EAU) is 
not a classical model of neuroinflammation, it mimics CNS auto-
immunity within the retina and resembles complementary fea-
tures of chronic neuroinflammation as compared to experimental 
autoimmune encephalomyelitis (EAE). Various EAU models in 
mouse and rat have been developed to highlight the contribution 
of different immune cell subtypes to autoimmunity in the eye 
(9). In this study, we use an EAU model with immunization of 
C57/B6-J mice against the first peptide sequence (1–20) of the 
interphotoreceptor retinoid-binding protein (IRBP). The latter 
protein is found in the extracellular space between photoreceptors 
and the retinal pigment epithelium (RPE). Previous histological 
studies have shown that in this model autoreactive CD4+ T cells 
pass the blood–retina barrier, infiltrate the retina, and attract cell 
subsets of the innate immune system from the periphery and from 
within the CNS. Presumably, visual loss is caused by retinal tissue 
degeneration, especially detachment of the photoreceptor layer. 
This hypothesis is supported by fundoscopy, histology, OCT, and 
electroretinography results of other studies (10, 11). However, the 
dynamics of the immune infiltrate and its effects on the function 
of the neuronal retina, as the central tissue responsible for intact 
visual function, have not yet been investigated, due to the lack of 
suitable technologies. In this context, technologies—such as the 
longitudinal intravital two-photon imaging—are needed, which 
open the possibility for non-invasive, dynamic 3D image acquisi-
tion in the mouse retina.

While two-photon microscopy of retinal whole mounts has 
already been established and applied to elucidate central ques-
tions in neurosciences and neurobiology (12–14), intravital reti-
nal imaging in the mouse has only recently been demonstrated 
as viable in the context of ophthalmologic diseases (15–17). 

In studies using the technology, either adaptive optics (16) or a 
periscope-based setup (18) was used to visualize changes to the 
RPE in various mouse models. However, the complexity of the 
optical setup limited the imaging results to single static images.

In this work, we describe a new approach for intravital retinal 
two-photon imaging and demonstrate its advantages in the con-
text of chronic inflammation in the eye. The main benefit of the 
approach as compared to established techniques such as OCT, 
electroretinography (19–21), or scanning laser ophthalmoscopy 
is its ability to assess cellular motility patterns as well as tissue 
function and dysfunction over the whole disease course, at cel-
lular and subcellular resolution. Additionally, our setup does 
not require adaptive or other complex optics, thus, allowing for 
easy and intuitive use. Employing our intravital retinal imaging 
approach, we quantified the specific motility pattern of CD4+, 
LysM+, and CX CR3 1

+  cells in the inflamed retina and observed 
the morphologic shift within the glial network induced by the 
immune infiltrate in EAU. No sustained neuronal dysfunction 
of the ganglion cells associated with sustained increased cellular 
calcium was detected during the first phase of EAU, in contrast 
to the results found under similar inflammatory conditions in the 
brain (22). This finding indicates that the intracellular calcium 
signaling in the neuronal retina is not primarily affected by the 
inflammation in our EAU disease model. Although intracellular 
calcium is generally accepted to be associated with neuronal 
function and dysfunction, we do not exclude that neuronal retinal 
dysfunction may appear later during disease course.

resUlTs

clinical scoring and characterization 
of cellular Markers during eaU
We employed fundoscopy in C57/Bl6-J mice immunized with 
IRBP (peptide 1–20) to resume previous findings regarding the 
clinical symptoms of EAU at the onset and peak of the disease, up 
to day 28 after immunization and, thus, to validate our experimen-
tal setup (Table 1). We observed perivascular cellular accumula-
tions (cuffing), changes in the optic disc aspect due to immune 
infiltration and widening of the main retinal blood vessels (Figure 
S1A in Supplementary Material), which are previously described 
hallmarks of the disease (10). Clinical scoring considering these 
criteria—summarized in Table 2—shows an exacerbation of the 
disease over time (n = 10 mice, three independent EAU experi-
ments, Figure S1B in Supplementary Material).

In line with previous reports (9, 10, 19), immunofluorescence 
and histology (HE) analysis of the retina at peak of EAU cor-
roborated our fundoscopy results. As highlighted by DAPI and 

CNS-related pathologies with immune infiltrate behavior and subsequent tissue dys-
function is now possible. Hence, the new approach paves the way for deeper insights 
into the pathology of neuroinflammatory processes on a cellular basis, over the entire 
disease course.

Keywords: longitudinal retina imaging, experimental autoimmune uveoretinitis, neuronal calcium imaging, chronic 
inflammation, multiphoton microscopy
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Table 2 | experimental autoimmune uveoretinitis grading criteria in mice 
with c57bl/6 background adapted from Xu et al. (23).

score Optic disc 
inflammation

retinal vessels retinal tissue

1 Minimal Engorged vessels 1–4 small lesions

2 Mild Engorged vessels and  
1–4 mild cuffings

>4 small lesions or  
2–3 linear lesions

3 Moderate >4 mild cuffings or  
1–3 moderate cuffings

>4 small lesions and 
>3 linear lesions

4 Severe >3 moderate cuffings 
or severe cuffings

Linear lesion 
confluent

Table 1 | Mouse strains and experimental autoimmune uveoretinitis 
(eaU) experiment code for all mice included in longitudinal multiphoton 
imaging of the retina.

Mouse strain experiment iD

CerTN L15 × LysM tdRFP EAU-1
CerTN L15 × LysM tdRFP EAU-2
CerTN L15 × LysM tdRFP EAU-2
LysM tdRFP EAU-5
LysM tdRFP EAU-5
LysM tdRFP EAU-5
CerTN L15 × LysM tdRFP Healthy
CerTN L15 × LysM tdRFP Healthy
CerTN L15 × LysM tdRFP Healthy
CerTN L15 × LysM tdRFP Healthy
CX CR3 1

+ −/
 EGFP EAU-4

CX CR3 1
+ −/

 EGFP EAU-4

CX CR3 1
+ −/  EGFP EAU-4

CX CR3 1
+ −/

 EGFP Healthy

CX CR3 1
+ −/

 EGFP Healthy

CD4+ eYFP EAU-3
CD4+ eYFP EAU-3
CD4+ eYFP EAU-3
CD4+ eYFP Healthy
CD4+ eYFP Healthy

The mice were also scored by fundoscopy and analyzed at day 28 after immunization 
using histology and immunofluorescence techniques.
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HE staining in cross sections of the eye, the highly ordered retinal 
layer structure common to healthy controls becomes wave-shaped 
(Figure S1C in Supplementary Material) and massive immune 
cell infiltration was found throughout all retinal layers and in the 
vitreous humor in the EAU mice, but not in healthy controls.

Immunofluorescence analysis showed an increase of Iba1+ 
cell number, indicating microglial activation. Similarly, the glial 
fibrillary acidic protein (GFAP) signal (astrocytes) within the 
GCL increased, indicating astrocytic activation as previously 
found in the inflamed brain (24) (Figure S1D in Supplementary 
Material).

setup for longitudinal intravital 
Multiphoton imaging of the Mouse retina
In this study, we present a novel in vivo microscopy setup that 
facilitates the study of immune system dynamics in the retina. 
The new technology, based on time-lapse multiphoton fluores-
cence imaging of the retina at subcellular resolution, allows not 

only quantification of immune infiltration but also monitoring of 
tissue dysfunction.

Since the eye of the mouse is highly myopic, focusing the 
excitation laser beam of a multiphoton microscope on the retina 
is challenging due to spherical aberrations, especially due to 
third order spherical aberration (25). The mouse eye was mod-
eled as an optical multilens system comprising cornea, aqueous 
body, lens, vitreous humor, and retina, taking into account 
typical refractive indexes of the single components and their 
curvature [Figure 1A; (25)]. We found that the spherical aber-
rations in the myopic mouse eye can be corrected if focusing the 
excitation beam through a water-immersion objective lens, thus 
allowing for high-quality imaging of the retina (Figure 1B). The 
use of air objective lenses to image the retina is only possible if 
using an additional contact lens (in our case, a plano-concave 
lens, diameter: 3  mm, center thickness: 1  mm, radius of cur-
vature: −1.6 mm, TT Optics GmbH), to correct the spherical 
aberrations (Figure 1C).

In order to avoid damage of the cornea due to dehydration 
during imaging, we decided to use a water-immersion objective 
lens in our microscopy setup. The challenge in this respect is 
the necessity for large working distances of the objective lenses 
(>4 mm), as the average diameter of the mouse eye at 10 weeks 
of age is approximately 3.2  mm (25). Additionally, to ensure 
non-invasive repeated imaging of the same mouse, we avoided 
direct mechanical contact between cornea and objective lens and 
limited the image acquisition time to 20 min.

We designed a water-immersion objective lens with a work-
ing distance of 6 mm and an effective NA of 0.28 (Figure 1B), 
using nearly the aperture of the mouse eye (0.32) made pos-
sible by pharmaceutically widening the pupil (mixture of 2% 
phenylephrine and 0.4% tropicamide) directly before starting 
the imaging experiments. The spatial resolution of the 10× air 
objective (NA = 0.3) was 1.25 μm laterally and 14.1 μm axially 
at 850 nm excitation wavelength, which allowed visualization of 
three-dimensional cellular details. Similarly, the resolution of the 
4× water-immersion objective (NA = 0.28) was 1.33 μm laterally 
and 16.3 μm axially after excitation at 850 nm.

In order to find the orientation of the eye during repeated 
imaging sessions, we developed a positioning stage with two 
translational and two rotational axes (Figure 1D). The mouse was 
fixed onto this stage using a biocompatible titanium alloy head-
post mounted onto the skull 2 weeks prior to performing experi-
ments (Figure 1D, inset). The head-post was glued to the skull 
using dental cement, which ensures high stability of the fixation 
and does not have any side effects on the mouse. The positioning 
system additionally contained an inhalation mask, which enables 
highly accurate control of the anesthesia and, hence, of the eye 
movement. The mechanical reproducibility of the positioning 
system using our system was 2 ± 1.5 μm for the translation axes (x 
and y). The repeated eye positioning under in vivo conditions was 
strongly influenced by the level of animal anesthesia (Figure 1E), 
but does not exceed 10 μm under optimal anesthesia conditions 
(Figures 1E, N = 100 repositioning steps). The displacement can 
be easily corrected using the vasculature of the eye as reference 
system. In summary, thanks to the positioning system, data were 
generated at the same imaging position during repeated imaging 
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FigUre 1 | longitudinal intravital retinal imaging setup for monitoring cellular dynamics and functions over time. (a) Simulation of the myopic mouse 
retina shows that spherical aberration hampers focusing on the mouse retina. (b) A simple and robust solution, as demonstrated by the simulation in the upper 
image, is the use of water-immersion objectives with large working distances (touchless imaging). The objective lens used is a 4× magnification water-immersion 
objective lens, NA = 0.28, and WD 6 mm, as shown during imaging in the lower image. Lateral resolution: 1 μm, axial resolution 11 μm at excitation wavelength 
850 nm. (c) Simulations of the optical path (upper image) show that using corresponding plan-concave lenses together with an air objective lens also allow 
focusing onto the mouse retina. We placed a plan-concave lens of 3 mm diameter using hydrogel on the eye of the mouse and focused the excitation beam using 
a 10× air objective NA = 0.3 and WD 18 mm. The insets show x and z projections of the point spread function of the system measured on 100 nm fluorescent 
beads (emission 605 nm), at 850 nm excitation wavelength. (D) The mouse positioning system allows translation on three different axis (x, y, and z) and rotation 
around two axes with a mechanical reproducibility of 2 μm. The fixation on the positioning system is based on a titanium alloy head-post mounted on the skull of 
the mouse 2 weeks before starting the experiments [inset of (D)]. (e) The tables overview the positioning reproducibility of the setup in (D) during 100 repeated 
acquisition steps of the vasculature labeled with FITC dextrane, when varying the anesthesia depth given by the isoflurane concentration (upper table) and shifting 
the rotational axis (middle table) and the translational axis (x and y, lower table). Comparison of image quality of the retina vasculature (FITC dextrane) as visualized 
in flat mounts (F) and by longitudinal intravital microscopy (g). Whereas the imaging quality is similar, the two-photon microscopy allows for 3D visualization of the 
central region of 1 mm × 1 mm in the retina.
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sessions. This allowed us to compare the data sets acquired at 
various time points from the same animal. Repeated intravital 
imaging experiments in healthy CD4+.eYFP, CX CR3 1

+ −/  EGFP, and 
CerTN L15 × LysM tdRFP mice—summarized in Table 1—using 
our setup showed no evident signs of either retinal inflammation 
or calcium-associated neuronal retinal dysfunction, as is often the 
case of repeated anesthesia, surgery, or mechanical stress during 
the imaging process (Figure S2 in Supplementary Material).

In order to verify the optical performance of our device, we 
compared the image of a retinal flat mount with the two-photon 
image of the retina in a living anesthetized mouse after injection 
with FITC dextrane for labeling of the vasculature (Figures 1F,G). 
Both imaging methods were able to resolve even fine capillar-
ies with high accuracy, while only the multiphoton imaging 
restored the curvature of the retina by 3D imaging (Video S1 in 
Supplementary Material). The effective field of view under in vivo 
conditions reached 1.5 mm × 1.5 mm, which was, as expected, 
smaller than that of the flat mount.

The key advantage of the multiphoton microscopy is the abil-
ity to longitudinally image the retina in living animals, i.e., over 
weeks, so that the entire disease course can be investigated in a 
single animal. We also employed our technology to gain novel 
insight into the pathologic processes during EAU as a model of 
chronic inflammation in the eye.

Dynamics of retinal infiltration with 
Peripheral immune cells in eaU
We performed repeated intravital multiphoton imaging of 
CD4.eYFP mice during the course of EAU at 7, 11, 14, 21, 
and 28  days after immunization with IRBP1–20. In line with 
previous immunofluorescence data and with our fundoscopic 
clinical score, we found an increase in CD4+ T cell number 
over the course of EAU in all investigated mice (Figures 2A,B; 
n = 3 mice, Table 1) beginning from day 14 (onset of disease). 
Longitudinal intravital imaging revealed that CD4+ T cells 
infiltrated the retina starting from the optic disc and diffused 
radially. Analysis of the CD4+ cell infiltration in a concentric 
zonal sectioning of the retina (area I 430 μm diameter, centered 
the middle of the optic disc, area II 430 to 860 μm diameter, and 
area III 860 to 1,250 μm diameter) showed that the immune 
infiltration increases in the peripheral areas and decreases at 
the optic nerve head during EAU (Figures 2C,D). Interestingly, 
most of CD4+ T cells in the retina are not showing strongly 
directed displacement during the imaging window of 20 min 
(Figures 2E,F,J); Videos S2 and S3 in Supplementary Material), 
neither at day 21 nor at day 28 after immunization. At day 14 
after immunization, the CD4+ cells were clustered at the optic 
nerve head and no trajectories could be recorded. The global 
displacement vector of CD4+ cells at all investigated time 
points during EAU, describing either centrifugal or centripetal 
motion, showed no preferential short-term motion of these 
cells. The mean displacement rate of CD4+ cells infiltrating 
the retina was reduced as compared to that of CD4+ T cells in 
the brain stem, during EAE (22). These findings imply that the 
CD4+ T cell infiltration of the retina, although a highly directed 
overall process, is rather slow.

Repeated intravital imaging experiments in the retina of LysM 
tdRFP mice affected by EAU (n = 4 mice, Table 1, Figures 2G–I, 
Videos S4 and S5 in Supplementary Material) revealed that 
LysM+ cells (peripheral phagocytes—macrophages, monocytes, 
and neutrophils) behave similar to CD4+ cells. The LysM+ cells 
enter the retina at the optic nerve head and the main retinal 
blood vessels at day 14 after immunization (Figure 2G). The time 
point of their entry was slightly later than that of CD4+ cells, as 
proportionally less LysM+ cells than CD4+ T cells were found at 
day 14 after immunization as compared to later time points (days 
21 and 28). This observation lends weight to the hypothesis that 
CD4+ T cells initiate the retinal inflammation in EAU and attract 
cells of the innate immune system to the eye, e.g., LysM+ cells.

The displacement rates of LysM+ cells were slower than the 
displacement rates of LysM+ cells in the brain stem of EAE 
mice, but significantly higher than that of CD4+ T cells in the 
retina during EAU (***p < 0.001, ANOVA statistical evaluation). 
Interestingly, both the displacement and the displacement rate of 
LysM+ cells were significantly higher at day 21 than days 28 and 
14 (onset EAU) (Figure 2K). The global displacement vector for 
highly motile LysM+ cells in EAU, at days 14 and 21, amounted 
to 117.1 and 146.8 μm, respectively. This indicates a preferential 
centrifugal motion, away from the optic nerve. At day 28, the 
LysM+ cells showed a slight centripetal motion (global displace-
ment vector −34.6 μm).

The typical second harmonics generation signal of highly 
ordered collagen fibers were not detectable (Figures 2B,G) at any 
point during the EAU course. The collagen fibers typically build 
the conduits in secondary lymphoid organs and serve as highways 
for immune cells in the inflamed brain.

retinal cX3cr1 subset shifts toward an 
activated Morphology and exhibits 
centripetal Motion during eaU
Longitudinal intravital multiphoton imaging of the retina in 
CX3CR1.EGFP mice affected by EAU revealed a change in the 
behavior of CX CR3 1

+  cells from a probing toward a phagocytic 
morphology. In healthy controls as well as in mice at days 7 and 
11 after immunization (pre-onset), most of the CX CR3 1

+  cells were 
microglia and had a highly ramified morphology. In contrast, 
amoeboid cells (phagocytes, mainly activated microglia, and 
macrophages) appeared, particularly around the vessels and at 
the optic nerve head, starting from day 14 after immunization, 
i.e., EAU onset (Figures 3A,B) but were practically absent in the 
parenchyma. Time-lapse imaging after immunization revealed a 
leaky retinal vasculature in EAU mice, but not in healthy controls, 
which indicates disruption of the blood–retina barrier (Videos 
S6–S9 in Supplementary Material). Most CX CR3 1

+ −/  EGFP cells 
remained mostly sessile, showing low displacement and reduced 
displacement rate (Figures 3C–F). The values of both displace-
ment and displacement rate of the cells reached a maximum 
at day 14 after immunization (EAU onset) and were decreased 
at later time points (days 21 and 28 after immunization, EAU 
peak). During onset and peak EAU, i.e., in mice having clinical 
symptoms, these values were significantly higher than during the 
pre-onset phase (days 7 and 11 after immunization), i.e., in mice 
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FigUre 2 | longitudinal intravital imaging pinpoints cD4+ T cells and lysM+ phagocytes infiltration of the retina as a slow but highly oriented 
process during experimental autoimmune uveoretinitis (eaU).  

(Continued )
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(a) Representative three-dimensional projections of fluorescence retinal images (1,400 μm × 1,400 μm × 300 μm) in a healthy mouse and a EAU mouse at days 
11 (pre-onset), 14 (onset), 21 (peak), and 28 (peak) during the disease course. Autofluorescence mainly originating from retinol in the retinal pigment epithelium 
(RPE) is depicted in blue and serves for orientation, since blood vessels and the optic nerve head do not fluoresce and appear as shadows. CD4+ eYFP cells 
are depicted in green and first appear within the retina at EAU onset (day 14 after immunization), starting from the optic nerve head. λexc = 960 nm, 
λdetection = 593 ± 20 nm (eYFP), and 525 ± 25 (autofl. retinol). Scale bar = 200 μm. (b) Increase of the total number of CD4 eYFP cells in the single mice affected 
by EAU during the course of the disease (n = 3 EAU mice; n = 2 healthy mice). (c) Representative 3D projection of the retina infiltrated by CD4 eYFP cells at 
day 21 after immunization and object recognition in the same image, following fluorescence intensity and object size criteria. The white circles define three 
concentric regions around the optic nerve head (Region I: 0—226 μm; Region II: 226—452 μm; Region III: 452—678 μm from the center of the optic nerve 
head), in which the cells were counted to quantify the distribution of the CD4+ population in EAU mice. (D) Spatial distribution of CD4 eYFP cells within the 
concentric regions defined in (c) during the course of EAU. The infiltration of the retina with CD4+ T cells is a slow but highly oriented process, starting from the 
optic nerve and spreading toward the retinal edge. Overview retinal fluorescence image of CD4 eYFP cells at day 21 after immunization (e) and 20 min 
time-lapse images of the white square inset (F) show that the cells are mostly sessile (Videos S2 and S3 in Supplementary Material). Acquisition 
rate = 1,400 μm × 1,400 μm × 300 μm z-tack/min. Scale bar (e) = 200 μm. Scale bar (F) = 50 μm. (g) Representative three-dimensional projections of 
fluorescence retinal images (1,400 μm × 1,400 μm × 300 μm) in a healthy mouse and in a mouse affected by EAU at time point days 11 (pre-onset), 14 (onset), 
21 (peak), and 28 (peak) during the course of the disease. Autofluorescence mainly originating from retinol within the RPE is depicted in blue and serves for 
orientation, since blood vessels and the optic nerve head do not fluoresce and appear as shadows. LysM tdRFP cells are depicted in red and first appear within 
the retina at EAU onset (day 14 after immunization), starting from the optic nerve head and from the main vessels. λexc = 1,100 nm, λdetection = 593 ± 20 nm 
(tdRFP), and 525 ± 25 (autofl. retinol). Scale bar = 200 μm. (h) 3D projection of fluorescence images of LysM + tdRFP cells (red) infiltrating the retina (retinol 
autofluorescence, blue) at day 21 after immunization. (i) Five minutes time-lapse image of the white square inset in (h) show that LysM+ cells are also moving 
only slowly (Videos S4 and S5 in Supplementary Material). Acquisition rate = 1,400 μm × 1,400 μm × 200 μm z-tack/min. Scale bar (h) = 200 μm. Scale bar 
(i) = 50 μm. (J) Displacement and displacement rate of CD4+ T cells within the retina at days 21 and 28 after immunization (n = 4 EAU mice, n = 4 healthy 
mice). (K) Displacement and displacement rate of LysM tdRFP phagocytes within the retina at days 14, 21, and 28 after immunization. Statistical evaluation 
was determined by ANOVA one-way tests and Bonferroni post hoc test for multicolumn analysis (*p < 0.05, **p < 0.01, and ***p < 0.001).
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showing no clinical signs. The small population of CX CR3 1
+  cells 

showing significant displacement (>10  μm) moved exclusively 
in the perivascular space of main retinal vessels (Figure  3D; 
Videos S6–S9 in Supplementary Material) in both healthy con-
trols and mice affected by EAU. Their mean displacement rate 
(9.55 ± 2.63 μm/min in healthy controls and 10.55 ± 4.80 μm/min 
mice affected by EAU) was similar to that measured for CD4+ cells 
moving within the perivascular space, in the brain stem of mice 
affected by EAE (26). The displacement vectors of all motile cells 
were summed up in healthy and EAU-affected mice, respectively, 
to determine the global displacement vector with respect to the 
optic nerve head for each condition (Figure 3G). In healthy mice, 
the displacement of the CX CR3 1

+ −/  EGFP cells was not directional 
(Figures 3F,G), suggesting that cells are not preferentially moving 
toward or away from the optic nerve. In EAU, most of the motile 
cells moved centripetally, toward the optic nerve (Figures 3G,I), 
as revealed by the global displacement vector oriented toward the 
optic nerve head. This implies that a subset of CX CR3 1

+  cells were 
activated within the retina and migrated through the optic nerve 
head, probably gaining access to inner parts of the CNS.

In order to determine the directionality of CX CR3 1
+  cells 

relative to the optic nerve, we calculated the vectors defined by 
the optic nerve head and the starting and end point of the cell 
trajectory, respectively, for each motile CX CR3 1

+  cell (Figure 3H). 
The vector sum of these two vectors projected on one dimension 
results in the displacement vector toward or away from the optic 
nerve (Figure 3H) for each cell.

longitudinal calcium imaging reveals 
no evident signs of calcium-associated 
neuronal retinal Dysfunction during 
Onset and Peak of eaU
As previously demonstrated by us and others, sustained elevated 
calcium levels in neurons, i.e., 1 μM intracellular calcium over 

an hour, lead to strong morphological changes and ultimately to 
neuronal death, both in primary neuronal cultures and under 
in vivo conditions (22, 24). We have shown that enhanced contact 
of axons with peripheral immune cells in the brain stem of mice 
affected by EAE correlates with an increased calcium baseline in 
axons (22, 24, 27). Since the TN L15 construct reacts slowly to 
calcium, over hundreds of milliseconds, it is able to specifically 
track only long-lasting increases of intracellular calcium. Thereby, 
it reports non-physiological, lasting elevations of the intracel-
lular calcium concentration, but not the physiologic calcium 
oscillations within neurons. Under physiologic conditions, the 
construct records only the low average baseline (≈100 nM) (27). 
In CerTN L15 mice mainly the ganglion cells, which expressed 
Thy1 (28), encode the TN L15 construct as we demonstrated 
by immunofluorescence analysis (Figure S3 in Supplementary 
Material).

Repeated neuronal calcium measurements in CerTN L15 
mice affected by EAU revealed a significant increase of neuronal 
calcium in the GCL at day 21 after immunization as compared to 
the pre-onset phase (days 7 and 11 after immunization) and onset 
phase (day 14 after immunization), which faded at day 28 after 
immunization (Figures 4A–C; Videos S10–S12 in Supplementary 
Material). This result may reflect a sustained pathology of the 
retina, as previously shown in other organs of the CNS. However, 
despite strong immune infiltration with CD4+ and LysM+ cells, as 
well as alterations of the microglial network toward an activated 
morphology, the increase of neuronal calcium in the retina of 
EAU mice did not reach the typical intracellular calcium level 
of pathologic neuronal dysfunction found in the brain stem 
of mice affected by EAE under qualitatively similar immune 
infiltration conditions (24). Moreover, the neuronal calcium 
levels were similar in all cells within the concentric areas I–III 
around the optical nerve head and did not increase during the 
imaging period of 20 min (Figures 4B,D) at any stage of the dis-
ease. Hence, retinal inflammation at the onset and peak of EAU 
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FigUre 3 | cX3cr1 cell subset shifts toward an activated morphology and shows preferential centripetal motion during experimental autoimmune 
uveoretinitis (eaU). Sample three-dimensional projections of fluorescence retinal images (1,400 μm × 1,400 μm × 300 μm) in a healthy mouse (a) and in a 
CX CR3 1

+ −/eGFP mouse affected by EAU at time points days 7 (pre-onset), 11 (pre-onset), 14 (onset), 21 (peak), and 28 (peak) during the course of the disease 
(b). Blood vessels are labeled by rhodamine (red) and CX CR3 1

+ −/  eGFP microglia/macrophages are shown in green. During EAU, some CX3CR1 cells shifted from the 
typical resting microglial morphology toward an amoeboid morphology, which is typical for the phagocytic phenotype. λexc = 850 nm, λdetection = 525 ± 25 nm (eGFP), 
and 593 ± 20 (rhodamine). z-step = 15 μm. Scale bar = 200 μm. Overview (c) and corresponding time-lapse of 3D projections of fluorescence images of CX3CR1 
eGFP cells and of the vasculature in white square inset within the retina (D) over 20 min. Acquisition rate = 1,400 μm × 1,400 μm × 300 μm/min. z-step = 15 μm. 
The depicted CX3CR1 cell (white outline) is moving within the perivascular space with a speed of 31 μm/min. (e) Displacement rate and displacement of eGFP+ cells 
during the course of EAU at days 7, 11, 14, 21, and 28 after immunization (n = 3 EAU mice, n = 2 healthy controls). (F) Tracks of cells showing a displacement 
larger than 20 μm over 20 min in healthy mice and mice affected by EAU. Scale bar = 200 μm. (g) Displacement vectors of single motile cells toward/away from the 
optic nerve head and the global displacement vector for each situation: health and EAU. (h) Principle of assessing the displacement vector toward/away from the 
optic nerve head for single cells. Statistical evaluation was determined by ANOVA one-way tests and Bonferroni post hoc test for multicolumn analysis (*p < 0.05, 
**p < 0.01, and ***p < 0.001).
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FigUre 4 | immune infiltration and microglial activation do not lead to calcium-associated neuronal dysfunction in the retina during onset and 
peak of experimental autoimmune uveoretinitis (eaU). (a) Representative three-dimensional projections of fluorescence retinal images (upper row) and FRET 
ratio images (lower row) of 1,400 μm × 1,400 μm × 300 μm in a healthy and in a CerTN L15 mouse affected by EAU at time point days 7 (pre-onset), 14 (onset), 
21 (peak), and 28 (peak) during the course of the disease. TN L15, a FRET-based Ca-sensor, is genetically encoded in neurons and expressed under the Thy1 
promoter. The sensor contains Troponin C as Ca-sensitive protein and Cerulean and Citrine as FRET-donor and FRET-acceptor molecules, respectively. The FRET 
ratio, which scales with the intracellular calcium concentration, does not change during the course of EAU. λexc = 850 nm, λdetection = 466 ± 30 nm (Cerulean), 
525 ± 25 nm (Cerulean, Citrine), and 593 ± 20 (Citrine). z-step = 15 μm. Scale bar = 200 μm. (b) Time courses of the mean FRET ratio within the marked regions 
of interest (1–6) over 20 min for all time points depicted in (a). No changes in the neuronal calcium was observed during the imaging time period, indicating that 
our two-photon microscopy of the eye did not disturb tissue function and is a reliable probe for identifying possible physiologic or pathologic changes. 
(c) Quantification of the mean FRET ratio of the whole imaged volume in the retina in healthy and in mice affected by EAU at different phases of the disease (n = 3 
healthy mice, n = 4 EAU mice, two independent EAU experiments). The mean FRET ratio indicative for neuronal calcium increases transiently up to day 21 after 
immunization (peak EAU) but remains under the boundary of neuronal dysfunction (1 μM calcium, corresponding to 47% FRET ratio). (D) Adopting the same 
principle of concentric segmentation of the retina around the optic nerve head as in Figure 2  the mean FRET ratio in the Regions I–III was quantified for each 
measured time point after immunization, in all CerTN L15 mice affected by EAU. In contrast to the immune infiltrate, which shows directed concentric spreading 
kinetics starting from the optic nerve head, the neuronal calcium shows an almost constant value all over the imaged retinal volume during both onset and peak 
EAU. (e) The retina of a healthy CerTN L15 treated with ionomycine (40 μM) for 5 min shows increase of neuronal calcium above the threshold of neuronal 
dysfunction, i.e., 1 μM intracellular calcium corresponding to 47% FRET ratio. Statistical evaluation was determined using ANOVA one-way tests and Bonferroni 
post hoc test for multicolumn analysis (*p < 0.05, **p < 0.01, and ***p < 0.001).
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(up to day 28 after immunization) did not correlate temporally 
or spatially with neuronal tissue dysfunction related to calcium 
signaling and did not appear to primarily target the neuronal 
retina (GCL). We cannot exclude that neuronal dysfunction may 
develop independently of a disturbance of intracellular calcium, 
in which case our approach would fail. Furthermore, although we 
found in our experiments that the maximum neuronal calcium 
increase is reached at day 21 after immunization, repeated imag-
ing experiments using our approach during the chronic phase of 
EAU (e.g., between days 28 and 60 after immunization) would 
shed light on possible delayed effects of inflammation on the 
neuronal retina.

As we did not observe any pathologic increase of neuronal 
calcium during the time-lapse imaging experiment (20  min, 
Figure 4B; Figure S2C in Supplementary Material), we conclude 
the retina of healthy and EAU mice are not functionally affected 
by exposure to the focused laser beam of the multiphoton micro-
scope. Moreover, we were able to induce calcium-associated 
neuronal dysfunction and damage in the retina, i.e., FRET ratio 
of up to 70% corresponding to neuronal calcium of 3 μM, by local 
application of ionomycine 40  μM in healthy CerTN L15 mice 
(Figure 4E). Hence, our approach can reliably quantify calcium-
associated functional state in retinal neurons. Furthermore, we 
confirmed in this way that distorted calcium signaling in retinal 
neurons during onset and peak of EAU is only a minor aspect of 
the disease.

DiscUssiOn

As the only part of the CNS exposed to the outer environ-
ment, the eye is the ideal candidate for non-invasive intravital 
imaging of autoreactive attacks of the immune system on the 
CNS, typical for chronic neuroinflammatory pathologies. 
Independent of the specific CNS region being the direct 
target of the immune attack, the clinical involvement of the 
neuronal retina has been demonstrated in various contexts of 
neuroinflammation. Accordingly, the thinning of the GCL and 
of the retinal neuronal fiber layer are well described in MS 
and NMO and represent promising diagnostic approaches to 
evaluate the disease course (29). On the other hand, models 
of autoimmunity in the mouse eye are particularly relevant to 
understand the pathological mechanisms of neuroinflamma-
tion. They are necessary to evaluate the relation between brain 
and retinal inflammation and, thus, to take full advantage of 
the eye as a window to the CNS.

Multiphoton microscopy allows unique access to informa-
tion on cellular dynamics within living organisms beyond the 
information on cellular composition and morphological tissue 
changes provided by static histology. Up to now, the technology 
has been widely used to elucidate basic physiologic processes as 
well as patho-mechanisms in various organs and disease models 
(30–32). In the context of neuroinflammation, which involves 
highly dynamic, tissue-dependent processes, the relevance of 
intravital multiphoton microscopy as a central investigation 
tool becomes obvious. Moreover, since neuroinflammatory 
processes are lasting days, weeks, or even months, whereas 
typical imaging time-windows in intravital microscopy are 

several hours, technologies allowing for repeated imaging in 
one and the same animal are requested. The potential of retinal 
two-photon imaging has been underlined by several recent 
publications (16, 18); however, to our knowledge, this is the first 
report demonstrating repeated time-lapse imaging of the retina, 
allowing us to monitor cellular dynamics, cellular interactions, 
and tissue function longitudinally in one mouse. Our approach 
reduces the number of animals needed for experiments and 
decreases inter-individual variance due to different responses to 
immunization across mice. Tissue and even cellular fate can be 
tracked over weeks and seemingly static processes are revealed 
as slow but dynamic.

Using our novel approach, we found dramatic differences 
in the motility behavior of effector cells—CD4+ T cells and 
phagocytes (LysM+ cells)—in the eye compared to the brain stem 
and spinal cord under comparable inflammatory conditions. In 
the brain stem and spinal cord, effector cells from the periphery 
moved directionally and rather rapidly (5–7 μm/min), especially 
along de novo built collagen fibers, similarly to their movement 
within secondary lymphoid organs (33). They enter the immune-
privileged brain tissue via meninges or leaky blood vessels and 
accumulate at lesion sites (22, 33). In the eye, these cell subsets 
show a reduced displacement rate (approximately 1  μm/min). 
However, during the course of the disease (days to weeks), they 
move in a highly directed manner from the optic nerve head 
toward the retinal periphery. In line with this finding, we could 
not detect the collagen fibers characterized by second-harmonic 
generation at any time point, although they have previously been 
shown in imaging studies of the CNS (33) and of lymphoid organs 
to be used for directed cell movement.

Confirming previous findings, we observed that CD4+ T cells 
invaded the retina slightly earlier than LysM+ cells (phagocytes) 
and presumably initiate the inflammation. The immune infiltra-
tion typically began at the head of the optic nerve head, indi-
cating cell migration from inner areas of the CNS through the 
optic nerve as a main pathway of retinal infiltration next to the 
immune infiltration through the disrupted blood–retina barrier. 
Interestingly, CD4+ T cells are significantly slower than LysM+ 
cells during the whole course of EAU. Considering the lack of 
collagen fibers in the inflamed retina, a possible explanation of 
this observation is that CD4+ T cells depend on the collagen fib-
ers as highways facilitating their movement stronger than LysM+ 
cells do.

Taken together, our findings lead to the hypothesis that the 
CD4+ T cells, as initiators of the retinal inflammation, are locally 
reactivated directly at the optic nerve head and not within the 
perivascular space, as we do not see a compartmentalization 
to the retinal vasculature, unlike in the inflamed brain (26). 
Moreover, we hypothesize that LysM+ cells attracted to the retina 
by CD4 T cells deliberately search for tissue-specific targets for a 
direct attack, as they show invasive migration patterns similar to 
those in the brain.

Which CD4 T cells subsets, e.g., Th17 or Th-GMCSF cells, are 
relevant for the induction of autoimmunity in the eye, and how 
do they dynamically interact with the retina and with antigen 
presenting cells? What role do other cellular subsets, such as CD8 
T cells and other soluble factors (e.g., CXCL12 or TNFα), play 
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in this context? These are still open questions to be addressed in 
future studies.

In terms of pathological changes in the CNS compartments 
during neuroinflammation, a shift of the microglial network from 
a probing toward an activated morphology revealed the same 
local signs of gliosis previously described in the brain stem and 
spinal cord (34). In contrast to the results of intravital imaging 
studies of the inflamed brain (35, 36), phagocytic CX CR3 1

+  cells 
(characterized by amoeboid shape) only moved rapidly in the 
perivascular space of the inflamed eye, probably because there 
were no conduits to orient their motion in the retinal parenchyma. 
Which factors inhibit or trigger the conduits for immune cells in 
the CNS is not yet known. Interestingly, during inflammation the 
CX CR3 1

+ cells move perivascularly toward the optic nerve head, 
implying that cell immigration can be initiated in the eye during 
neuroinflammation and that the cells then move on via the optic 
nerve toward the inner regions of the CNS. This suggests that the 
fiber tracks of the optic nerve can act as a bidirectional highway 
for migrating cells.

Based on these observations, we assumed that in our 
model, not only the microglial network in the retina but also 
the neuronal compartment may be affected. Surprisingly, the 
GCL seems to be able to compensate damaging mechanisms 
associated with neuronal calcium in our model. Repeated neu-
ronal calcium imaging, using a FRET-based calcium indicator 
genetically expressed under the Thy1 promoter in CerTN L15 
mice (37), showed rather low and only transient dysfunctional 
calcium signaling in these neurons. In the inflamed brain, the 
highly dynamic peripheral immune inflammation and gliosis 
lead to neuronal dysfunction (34, 38), neuronal damage, and 
finally to neuronal death already at early stages of the disease. 
In contrast, the inflamed eye showed massive, slow but directed 
immune infiltration from the optic nerve head toward the retinal 
periphery, similar gliosis, but only negligible calcium-associated 
neuronal dysfunction at onset and peak of EAU. It should be 
noted that, due to the differential expression of the calcium 
sensor in our model, not all neuronal cells were visible, par-
ticularly rods and cones. A delayed effect of the inflammation 
on the calcium signaling of the retinal ganglion cells cannot be 
excluded. Repeated retinal intravital imaging experiments during 
the chronic phase of the disease will shed light on a possible 
accumulation of calcium-associated neuronal stress leading to 
late neuronal damage.

Moreover, the extent of neuronal damage to inner CNS 
compartments in our model, the EAU, is unclear. Similarly, 
reversible or irreversible effects of pathogenic CD4+ T cells, 
phagocytes (macrophages and activated microglia) and acti-
vated astrocytes on the neuronal function of the retina, in 
EAE, have not been investigated yet and are also unclear. If the 
latter is confirmed, the novel technology presented here will 
make non-invasive monitoring over time of treatment effects in 
chronic neuroinflammation and therapeutic tracing on single 
cell level in one individual possible. On the one hand, this will 
lead to a better understanding of relevant patho-mechanisms 
and, on the other hand, to a dramatic reduction of experimental 
animals.

The newly developed retinal imaging approach presented 
here promises to yield new insights not only into neuroinflam-
matory but also into neurodegenerative mechanisms. Retinal 
pathology has recently been intensively discussed in the context 
of Alzheimer disease, Parkinson disease, and amyotrophic lateral 
sclerosis (39, 40). Furthermore, unprecedented breakthroughs are 
possible in the context of pathologies such as genetic vasculature 
diseases and diabetes type I (41, 42), which are associated with 
changes of the retinal vasculature, including main blood vessels 
and capillaries. In terms of elucidation of immune responses, the 
combination of our approach with genetic EAU models (11), in 
which tertiary lymphoid organs have been detected within the 
retina, will allow monitoring of lymphocytic maturation over the 
whole duration of the immune reaction.

MaTerials anD MeThODs

Two-Photon laser-scanning Microscopy 
(TPlsM)
Multiphoton fluorescence imaging experiments were performed 
using a specialized laser-scanning microscope based on a com-
mercial scan head (TriMScope II, LaVision BioTec, Bielefeld, 
Germany). The detection of the fluorescence signals was accom-
plished with photomultiplier tubes in the ranges of 466  ±  20, 
525  ±  25, and 593  ±  20  nm. Cerulean was excited at 850  nm 
and detected at 466 ± 30 nm simultaneously with citrine emis-
sion at 525 ± 25 and 593 ± 20 nm. Blood vessels were labeled 
with sulforhodamine 101 (excited at 900  nm and detected at 
593 ± 20 nm) or FITC dextrane (excited at 800 nm and detected at 
525 ± 25 nm). EGFP labeled microglia were excited at 900 nm and 
detected at 525 ± 50 nm. eYFP labeled CD4+ T cells were excited 
at 900 or 960 nm and detected at 525 ± 20 nm. tdRFP labeled 
LysM+ cells were excited at 1,100 nm and detected at 593 ± 20 nm. 
In all imaging experiments, an average maximum laser power of 
50  mW was used to avoid photodamage. The acquisition time 
for an image with a field of view of 1,400 μm × 1,400 μm and a 
digital resolution of 994 pixel × 994 pixel was 1.6 s. To observe cell 
movement in different retinal layers, we acquired 300 μm large 
z-stacks each minute over a total time course of 20 min. Longer 
imaging sessions are possible with our setup; however, we limited 
the imaging time window to 20 min to avoid possible side effects 
due to mechanical stress or long-term laser damage on the retina.

Data analysis
As previously described, we defined the area of neuronal dysfunc-
tion as the area of free neuronal calcium exceeding a concentra-
tion of 1 μM. The neuronal calcium concentration was measured 
in vivo in mice expressing the FRET-based calcium biosensor TN 
L15 in Thy1+ cells. The FRET efficiency, which directly correlates 
with the intracellular calcium concentration, was measured 
ratiometrically as previously described by us (27). Briefly, the 
intensity I of the three acquisition channels 466, 525, and 593 
were background corrected IB, smoothed with a Gaussian filter 
and corrected for spectral sensitivity η of the photomultiplier 
tubes. The 525 and 593 channels were additionally corrected for 
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the spectral overlap α originating from Cerulean. The relative 
acceptor FRET signal FRET acceptor was calculated as follows:
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Image segmentation and tracking of all cells were performed 
using existing segmentation, object-recognition and tracking 
plugins in FIJI, ImageJ. Statistical analysis of the data was per-
formed using Graph Pad Prism.

Mice
All mice used were on a C57/Bl6 background. The CerTN 
L15  ×  LysM tdRFP mouse expresses a FRET-based calcium 
biosensor consisting of Cerulean (donor) and Citrine (acceptor) 
bound to troponin C, a calcium-sensitive protein present in 
certain subsets of neurons. Additionally, tdRFP was expressed 
in LysM+ cells. The CX CR3 1

+ −/  EGFP mouse was used to detect 
microglia and CD4+ eYFP mouse was used to detect effector 
T cells.

eaU induction
Experimental autoimmune uveoretinitis was induced as previ-
ously described. Briefly, mice were immunized subcutaneously 
with 200–300  μg of IRBP1–20 (AnaSpec, Belgium) emulsified 
in CFA (BD Difco, Germany) and were administered 200  ng 
pertussis toxin (List Biological Laboratories, Inc.) intraperito-
neally at the time of immunization and 48  h later. Intravital 
multiphoton microscopy was performed at different stages of 
the disease, i.e., pre-onset, onset and peak (days 7, 11, 14, 21, 
and 28). According to the grading system of Xu et al. (23), we 
performed clinical scoring for lesions and infiltration in the 
optic disc, retinal vessels, and retinal tissue for both eyes (days 
7, 14, 21, and 28).

surgical Preparation for longitudinal 
intravital imaging
Animal experiments were approved by the appropriate state 
committees for animal welfare (G0093/15, LAGeSo—Landesamt 
für Gesundheit und Soziales) and were performed in accordance 
with current applicable guidelines and regulations. All TPLSM 
experiments were performed under deep isoflurane (1.5%) 
breathing anesthesia. Before each imaging session the pupil 
were widened with a drop of sterile eye drop solution (mixture 
of 2% phenylephrine and 0.4% tropicamide). The mounting of 
the mice to the positioning system and alignment of the retinas 
relative to the objective lens were performed in less than 10 min 
for each mouse, so that the required total anesthesia time was 
less than 30 min. A drop of sterile transparent eye salve (Vidisic, 
Bausch&Lomb) between cornea and objective lens were used to 
prevent eye dehydration. In some mice, the blood vessels were 

labeled by i.v. injection of 50 μl solution FITC dextrane or sul-
forhodamine 101.

he histology
Eyes were harvested at day 28 after immunization, fixed in 4% 
paraformaldehyde, embedded in optimal cutting tissue, and fro-
zen with liquid nitrogen. The 10-μm thick retinal cross sections 
were stained with standard hematoxylin and eosin. The severity 
of EAU was evaluated by a blinded operator based on the number 
and size of lesions and infiltrates. Nine mice were included in the 
histological examination.

retinal Flat Mounts
Whole retinas were surgically isolated from explanted, unfixed 
eyes as described previously (18), flattened on a glass slide, 
covered by medium, and finally sealed with a cover slip. For 
vasculature labeling, mice received an i.v. injection with labeled 
dextrane prior to sacrifice.

immunofluorescence
Cryosections were prepared for immunofluorescence staining 
as follows: sections were rehydrated in PBS and blocked with 
PBS containing 1% BSA, 1% Tween, and 10% FCS. Six retina 
cross sections per eye were used for each staining. Astrocytes 
were investigated with an Alexa 488 conjugated GFAP antibody. 
Activated microglia and macrophages were stained with Iba1 as 
the primary antibody followed by Alexa 647 as the secondary 
antibody. Cell nuclei were stained with DAPI. Between each 
staining step sections were washed with PBS solution containing 
1% BSA and 1% Tween. Sections were embedded with DAKO 
fluorescent mounting medium.

Fundoscopy
All fundoscopy experiments were performed directly before the 
TPLSM experiments under deep isoflurane (1.5%) breathing 
anesthesia. Pupils were dilated and kept moist as described above. 
Fundus images were acquired under a circular illuminated bright-
field ocular equipped with a reflex camera (EOS600D Canon). To 
compensate the refractive power of the cornea air interface a thin 
cover slide was placed in front of the cornea. Fundus images were 
taken for both eyes in less than 5 min.

eThics sTaTeMenT

Landesamt fuer Gesundheit und Soziales, Berlin, Germany. 
Animal experiment license G0093/15.
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FigUre s1 | characterization of disease symptoms in the experimental 
autoimmune uveoretinitis. (a) Fundoscopy of C57/Bl6-J mice healthy or 
affected by EAU induced by immunization with IRBP peptide (1–20) reveals 
differences in health and different phases of the disease. (b) Clinical score in EAU 
assessed by fundoscopy (n = 10 mice encompassing, three EAU experiments). 
The error bars represent SD. (c) HE histology analysis of the retina in healthy 
mice and mice affected by EAU, 28 days after immunization shows dramatic 
immune infiltration all through the retinal layers and in the vitreous body as well as 
disorganized, wave-shaped retinal layers. Scale bar = 200 μm. 
(D) Immunofluorescence analysis of retina in health and in EAU shows an 
increase of Iba1 signal indicative for microglial activation towards a phagocytic 
phenotype and disorganization of the GFAP (astrocytic) structures as well as 
enhancement within the GCL. Scale bar = 200 μm. The retinal layer 
abbreviations: RPE, retinal pigment epithelium; RC, layer of rods and cones; 
ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, 
inner plexiform layer; GCL, ganglion cell layer.

FigUre s2 | Mouse surgery and handling for repeated intravital imaging 
of the retina do not induce inflammation or evident neuronal retina 
damage (a) 3D fluorescence images of the retina of a healthy cX cr3 1

++//−−  
egFP mouse acquired at days 21, 25, 28, 35, and 42 after gluing the 
positioning cap on the skull. The time points correspond to days 7, 11, 14, 
21, and 28 after immunization in EAU experiments, since the immunization is 
always performed 2 weeks (14 days after gluing the positioning cap). (b) 3D 
fluorescence images of the retina of a healthy CD4.eYFP mouse acquired at days 
21, 25, 28, 35, and 42 after gluing the positioning cap on the skull. Scale bar = 
200 μm. (c) Results of time-lapse imaging (20 min) of the FRET signal within the 
retina of a healthy CerTN L15 × LysM tdRFP mouse showing no changes in the 
neuronal calcium after five consecutive imaging sessions (days 21, 25, 28, 35, 
and 42 after gluing the positioning cap on the skull). (D) 3D fluorescence image 
within the same mouse at day 42 (after the last imaging session) shows intact 
neuronal processes and somata as well as no signs of infiltration with LysM 
tdRFP cells (mostly phagocytes). Scale bar = 200 μm.

FigUre s3 | Tn l15 construct is expressed in the ganglion cells (gcl),  
in the retina of cerTn l15 mice. Fluorescence image of the native, fixed  
retina (transversal section) of a healthy CerTN L15 mouse shows only in the  

GCL-specific citrine fluorescence (green). The other retinal layers as well as the 
eye lens are visible due to their autofluorescence (blue). Scale bar = 200 μm.

ViDeO s1 | In vivo two-photon imaging of the vasculature of the mouse 
retina. The 1,000 μm × 1,000 μm fluorescence images series of retinal blood 
vessels labeled by FITC dextrane acquired at tissue depths between 0 μm (retina 
surface) and 300 μm. z-step = 6 μm. The main blood vessels (veins and arteries) 
meet in the optic nerve head (ON head).

ViDeO s2 | longitudinal time-lapse intravital imaging of the retina of a 
cD4 eYFP mouse affected by experimental autoimmune uveoretinitis 
(eaU) 21 days after immunization with irpb peptide 1–20 (peak of 
disease). Three-dimensional 1,400 μm × 1,400 μm × 300 μm fluorescence 
images were acquired every minute, over 20 min in the retina of CD4 eYFP mice 
affected by EAU, at day 21. The CD4 T cells are depicted in green, whereas the 
autofluorescence of retinol especially from the retinal pigment epithelium is 
depicted in blue. z-step = 6 μm.

ViDeO s3 | longitudinal time-lapse intravital imaging of the retina of the 
same cD4 eYFP mouse affected by experimental autoimmune 
uveoretinitis (eaU) as in Video s2 in supplementary Material, 28 days 
after immunization (peak of disease). Three-dimensional 
1,400 μm × 1,400 μm × 300 μm fluorescence images were acquired every 
minute, over 20 min in the retina of CD4 eYFP mice affected by EAU, at day 28. 
The CD4 T cells are depicted in green, whereas the autofluorescence of the 
retinal pigment epithelium is depicted in blue. z-step = 6 μm.

ViDeO s4 | longitudinal time-lapse intravital imaging of the retina of a 
lYsM.TDrFP mouse affected by experimental autoimmune uveoretinitis 
(eaU), 21 days after immunization (peak of disease). Three-dimensional 
1,400 μm × 1,400 μm × 300 μm fluorescence images were acquired every 
minute, over 20 min in the retina of LysM.tdRFP mice affected by EAU, at day 
21. The LysM cells are depicted in red, whereas the autofluorescence of the 
retinal pigment epithelium is depicted in blue. z-step = 6 μm.

ViDeO s5 | longitudinal time-lapse intravital imaging of the retina of the 
same lYsM.TDrFP mouse affected by experimental autoimmune 
uveoretinitis (eaU), 28 days after immunization (peak of disease). 
Three-dimensional 1,400 μm × 1,400 μm × 300 μm fluorescence images were 
acquired every minute, over 20 min in the retina of LysM.tdRFP mice affected by 
EAU, at day 28. The LysM cells are depicted in red, whereas the autofluorescence 
of the retinal pigment epithelium is depicted in blue. z-step = 6 μm.

ViDeO s6 | longitudinal time-lapse intravital imaging of the retina of a 
cX cr3 1

++//−− egFP mouse affected by experimental autoimmune 
uveoretinitis (eaU) at day 7 after immunization with interphotoreceptor 
retinoid-binding protein PePTiDe 1–20 (pre-onset of disease). Three-
dimensional 1,400 μm × 1,400 μm × 300 μm fluorescence images were acquired 
every minute, over 20 min in the retina of CX CR3 1

+ −/  EGFP mice affected by EAU, 
at day 7, 11, 14, 21, and 28 after immunization. The CX CR3 1

+ −/  EGFP cells, 
microglia and macrophages, are depicted in green, whereas the vasculature 
labeled by rhodamine is depicted in red. z-step = 6 μm. The sessile cells with a 
high number of processes are resting microglia. Activated microglia and 
peripheral macrophages adopt an amoeboid morphology indicative for their shift 
towards an activated phenotype.

ViDeO s7 | longitudinal time-lapse intravital imaging of the retina of the 
same cX cr3 1

++//−− egFP mouse affected bY experimental autoimmune 
uveoretinitis (eaU) as in Video s4 in supplementary Material, at day 14 
after immunization (onset of disease). Three-dimensional 
1,400 μm × 1,400 μm × 300 μm fluorescence images were acquired every 
minute, over 20 min in the retina of CX CR3 1

+ −/  EGFP mice affected by EAU. The 
CX CR3 1

+ −/  EGFP cells, microglia and macrophages, are depicted in green, 
whereas the vasculature labeled by rhodamine is depicted in red. z-step = 6 μm.

ViDeO s8 | longitudinal time-lapse intravital imaging of the retina of the 
same cX cr3 1

++//−−  egFP mouse affected bY experimental autoimmune 
uveoretinitis (eaU) as in Videos s4 and s5 in supplementary Material, at 
day 21 after immunization (peak of disease). Three-dimensional 
1,400 μm × 1,400 μm × 300 μm fluorescence images were acquired every 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://journal.frontiersin.org/article/10.3389/fimmu.2016.00642/full#supplementary-material
http://journal.frontiersin.org/article/10.3389/fimmu.2016.00642/full#supplementary-material


14

Bremer et al. Longitudinal Retinal Imaging in Autoimmunity

Frontiers in Immunology | www.frontiersin.org December 2016 | Volume 7 | Article 642

reFerences

1. Chen L, Gordon LK. Ocular manifestations of multiple sclerosis. Curr Opin 
Ophthalmol (2005) 16:315–20. doi:10.1097/01.icu.0000179804.49842.e2 

2. Pérez-Rico C, Ayuso-Peralta L, Rubio-Pérez L, Roldán-Díaz I, Arévalo-
Serrano J, Jiménez-Jurado D, et al. Evaluation of visual structural and func-
tional factors that predict the development of multiple sclerosis in clinically 
isolated syndrome patients. Invest Ophthalmol Vis Sci (2014) 55:6127–31. 
doi:10.1167/iovs.14-14807 

3. Sinnecker T, Oberwahrenbrock T, Metz I, Zimmermann H, Pfueller CF, 
Harms L, et al. Optic radiation damage in multiple sclerosis is associated 
with visual dysfunction and retinal thinning – an ultrahigh-field MR pilot 
study. Eur Radiol (2015) 25:122–31. doi:10.1007/s00330-014-3358-8 

4. Jarius S, Wildemann B, Paul F. Neuromyelitis optica: clinical features, immu-
nopathogenesis and treatment. Clin Exp Immunol (2014) 176(2):149–64. 
doi:10.1111/cei.12271 

5. Schneider E, Zimmermann H, Oberwahrenbrock T, Kaufhold F, Kadas EM, 
Petzold A, et al. Optical coherence tomography reveals distinct patterns of 
retinal damage in neuromyelitis optica and multiple sclerosis. PLoS One 
(2013) 8:e66151. doi:10.1371/journal.pone.0066151 

6. Metz I, Beißbarth T, Ellenberger D, Pache F, Stork L, Ringelstein M, et  al. 
Serum peptide reactivities may distinguish neuromyelitis optica subgroups 
and multiple sclerosis. Neurol Neuroimmunol Neuroinflamm (2016) 3(2):e204. 
doi:10.1212/NXI.0000000000000204 

7. Bock M, Brandt AU, Kuchenbecker J, Dörr J, Pfueller CF, Weinges-Evers N, 
et al. Impairment of contrast visual acuity as a functional correlate of retinal 
nerve fibre layer thinning and total macular volume reduction in multiple 
sclerosis. Br J Ophtalmol (2012) 96(1):62–7. doi:10.1136/bjo.2010.193581 

8. Bennett JL, de Seze J, Lana-Peixoto M, Palace J, Waldman A, Schippling 
S, et  al. Neuromyelitis optica and multiple sclerosis: seeing differences 
through optical coherence tomography. Mult Scler (2015) 21:678–88. 
doi:10.1177/1352458514567216 

9. Caspi RR. Experimental autoimmune uveoretinitis in the rat and mouse. Curr 
Protoc Immunol (2003) Chapter 15:Unit 15.16. doi:10.1002/0471142735.
im1506s53 

10. Chen X, Kezic JM, Forrester JV, Goldberg GL, Wicks IP, Bernard CC, et al. 
In vivo multi-modal imaging of experimental autoimmune uveoretinitis 
in transgenic reporter mice reveals the dynamic nature of inflammatory 
changes during disease progression. J Neuroinflammation (2015) 12:17. 
doi:10.1186/s12974-015-0235-6 

11. Kielczewski JL, Horai R, Jittayasothorn Y, Chan CC, Caspi RR. Tertiary lym-
phoid tissue forms in retinas of mice with spontaneous autoimmune uveitis 
and has consequences on visual function. J Immunol (2016) 196:1013–25. 
doi:10.4049/jimmunol.1501570 

12. Borghuis BG, Marvin JS, Looger LL, Demb JB. Two-photon imaging of non-
linear glutamate release dynamics at bipolar cell synapses in the mouse ret-
ina. J Neurosci (2013) 33:10972–85. doi:10.1523/JNEUROSCI.1241-13.2013 

13. He S, Ye C, Sun Q, Leung CK, Qu JY. Label-free nonlinear optical imaging 
of mouse retina. Biomed Opt Express (2015) 6:1055–66. doi:10.1364/
BOE.6.001055 

14. Newkirk GS, Hoon M, Wong RO, Detwiler PB. Response properties of a 
newly identified tristratified narrow field amacrine cell in the mouse retina. 
PLoS One (2015) 10:e0137702. doi:10.1371/journal.pone.0137702 

15. Maeda A, Palczewska G, Golczak M, Kohno H, Dong Z, Maeda T, et  al. 
Two-photon microscopy reveals early rod photoreceptor cell damage in 
light-exposed mutant mice. Proc Natl Acad Sci U S A (2014) 111:E1428–37. 
doi:10.1073/pnas.1317986111 

16. Palczewska G, Dong Z, Golczak M, Hunter JJ, Williams DR, Alexander NS, 
et  al. Noninvasive two-photon microscopy imaging of mouse retina and 
retinal pigment epithelium through the pupil of the eye. Nat Med (2014) 
20:785–9. doi:10.1038/nm.3590 

17. Sharma R, Yin L, Geng Y, Merigan WH, Palczewska G, Palczewski K, et al. 
In vivo two-photon imaging of the mouse retina. Biomed Opt Express (2013) 
4:1285–93. doi:10.1364/BOE.4.001285 

18. Stremplewski P, Komar K, Palczewski K, Wojtkowski M, Palczewska G. 
Periscope for noninvasive two-photon imaging of murine retina in  vivo. 
Biomed Opt Express (2015) 6:3352–61. doi:10.1364/BOE.6.003352 

19. Chen J, Qian H, Horai R, Chan CC, Caspi RR. Use of optical coherence 
tomography and electroretinography to evaluate retinal pathology in a mouse 
model of autoimmune uveitis. PLoS One (2013) 8:e63904. doi:10.1371/
journal.pone.0063904 

20. Chu CJ, Herrmann P, Carvalho LS, Liyanage SE, Bainbridge JW, Ali RR, et al. 
Assessment and in vivo scoring of murine experimental autoimmune uve-
oretinitis using optical coherence tomography. PLoS One (2013) 8:e63002. 
doi:10.1371/journal.pone.0063002 

21. Gadjanski I, Williams SK, Hein K, Sättler MB, Bähr M, Diem R. Correlation 
of optical coherence tomography with clinical and histopathological findings 
in experimental autoimmune uveoretinitis. Exp Eye Res (2011) 93:82–90. 
doi:10.1016/j.exer.2011.04.012 

22. Siffrin V, Radbruch H, Glumm R, Niesner R, Paterka M, Herz J, et al. In vivo 
imaging of partially reversible th17 cell-induced neuronal dysfunction in 
the course of encephalomyelitis. Immunity (2010) 33:424–36. doi:10.1016/j.
immuni.2010.08.018 

23. Xu H, Koch P, Chen M, Lau A, Reid DM, Forrester JV. A clinical grading 
system for retinal inflammation in the chronic model of experimental 
autoimmune uveoretinitis using digital fundus images. Exp Eye Res (2008) 
87:319–26. doi:10.1016/j.exer.2008.06.012 

24. Mossakowski AA, Pohlan J, Bremer D, Lindquist R, Millward JM, Bock M, 
et al. Tracking CNS and systemic sources of oxidative stress during the course 
of chronic neuroinflammation. Acta Neuropathol (2015) 130:799–814. 
doi:10.1007/s00401-015-1497-x 

25. Schmucker C, Schaeffel F. A paraxial schematic eye model for the 
growing C57BL/6 mouse. Vision Res (2004) 44:1857–67. doi:10.1016/j.
visres.2004.03.011 

minute, over 20 min in the retina of CX CR3 1
+ −/  EGFP mice affected by EAU. The 

CX CR3 1
+ −/  EGFP cells, microglia and macrophages, are depicted in green, 

whereas the vasculature labeled by rhodamine is depicted in red. z-step = 6 μm.

ViDeO s9 | longitudinal time-lapse intravital imaging of the retina of the 
same cX cr3 1

++//−− egFP mouse affected by experimental autoimmune 
uveoretinitis (eaU) as in Videos s4–s6 in supplementary Material, at day 
28 after immunization (peak of disease). Three-dimensional 
1,400 μm × 1,400 μm × 300 μm fluorescence images were acquired every 
minute, over 20 min in the retina of CX CR3 1

+ −/  EGFP mice affected by EAU. The 
CX CR3 1
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