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Background: Experimental autoimmune uveitis (EAU) is a widely used animal model for uveitis research. 
The C57BL/6 mouse strain is the most commonly used mouse strain in the research of genetic modification, 
but C57BL/6 mice are not sufficiently susceptible to EAU induction, partly due to experimental factors. This 
work aims to optimize relevant factors to improve the efficiency of EAU induction in C57BL/6 mice.
Methods: To induce EAU, mice were immunized via intraperitoneal injection with pertussis (PTX) and 
subcutaneous injection with interphotoreceptor retinoid-binding protein peptide 1–20 (IRBP1-20) emulsified 
with complete Freund’s adjuvant (CFA). The severity of inflammation was assessed using several approaches. 
The relevant experimental factors were evaluated, including methods of emulsification and doses of peptide 
and PTX.
Results: Uveitis occurred at 8–12 days after immunization and reached its peak at 18–20 days, while 
T helper type 17 (Th17) cells peaked earlier at 14–18 days after immunization. Based on clinical and 
histological scores, 500 μg of IRBP peptide was the optimal dose required to induce EAU. The PTX dose 
demonstrated no influence on EAU incidence, but potentially affected the severity of uveitis. A single 
injection of 1,000 ng of PTX induced the most severe EAU and the highest proportion of Th17 cells. 
Compared to extruded emulsion, sonicated emulsion produced a higher incidence, higher histological score, 
and a 2-day-earlier onset of EAU. Electron microscopy showed a significantly different microstructure 
between the 2 emulsions.
Conclusions: This work optimized the protocols of EAU induction and obtained a high and stable 
induction rate with severe inflammation in the C57BL/6 mouse strain. Our results facilitate future 
experimental research involving uveitis.
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Introduction

Uveitis is one of the most common ocular diseases causing 
blindness (1). Based on causes of the disease, uveitis 
can be categorized into 2 types: infectious uveitis and 
noninfectious uveitis. Infectious uveitis is usually caused 
by viruses, bacteria, parasites, and other infectious reasons, 
while noninfectious uveitis is generally associated with 
autoimmunity (2,3). However, the specific etiology of 
uveitis is far from being fully elucidated. Understanding the 
exact etiology is of great importance for the treatment of 
uveitis and the prevention of vision loss.

Experimental autoimmune uveitis (EAU) induced in mice 
is the most widely adopted rodent model in the research of 
autoimmune uveitis by active immunization with human 
interphotoreceptor retinoid-binding protein (IRBP) (4). 
The susceptibility and the severity of EAU can vary among 
different mice strains (5), among which B10.BIII and 
C57BL/6 are the most commonly used. These 2 strains 
differ greatly with respect to EAU reactions. B10.RIII is 
the most susceptible strain for EAU. After immunization, 
B10.BIII mice exhibit a quick and severe inflammatory 
response, which can be potentially complicated with retinal 
detachment and subretinal hemorrhage (6). Despite the 
merit of consistent and robust inflammatory reaction, the 
weakness of EAU established in B10.BIII mice strain is also 
obvious. The rapid destruction of the retina and permanent 
loss of visual function in B10.BIII mice are not consistent 
with the natural course of human uveitis, which usually 
develops slowly and has a prolonged course (7). In contrast, 
immunized C57BL/6 mice develop chronic inflammation 
with recurring and persistent retinitis combined with mild 
to moderate destruction of visual function (8). Moreover, 
the inflammation mainly involves the posterior segment of 
the eyes, which is the most common form of human sight-
threatening uveitis. Importantly, the C57BL/6 mouse strain 
offers the most complete, commercially available model of 
transgene and gene knockout, allowing multiple approaches 
to the in-depth study of EAU. Thus, the C57BL/6 mouse 
strain is currently thought to be an ideal mouse strain for 
uveitis research.

Nevertheless, a dilemma still exists. The unstable incidence 
of EAU and the low to moderate levels of inflammation 
limit the broad application of C57BL/6 mice (9).  
Compared with B10.BIII mice, C57BL/6 mice have only 
moderate susceptibility to EAU induction and require 
additional intraperitoneal injections of pertussis (PTX) 

while being subcutaneously immunized (10). Owing to the 
unstable susceptibility, the incidence of EAU, the severity 
of inflammation, and the peak of uveitis are highly variable 
across different studies using the C57BL/6 mouse strain, 
leading to indeterminacy for induction (11-14). Multiple 
factors, especially emulsification and the dose of IRBP1-20  
peptide and PTX, can influence the incidence of EAU (9). 
Therefore, optimizing relevant factors to obtain a stable 
and high induction rate of EAU is essential for uveitis 
research. This work investigated the effects of several 
major determinants on the induction of EAU in C57BL/6 
mice, including a dose of peptide, dose and usage of PTX, 
and methods of emulsification. The progress of EAU 
inflammation was evaluated via ophthalmoscopy, hematoxylin 
and eosin (HE) staining, retinal whole flat mounts, and 
lymphocyte flow analysis. The conditions of peptide, PTX, 
and emulsion were optimized to obtain the stable and 
sufficient induction of EAU in the C57BL/6 strain. We 
present the following article in accordance with the ARRIVE 
reporting checklist (available at https://atm.amegroups.com/
article/view/10.21037/atm-22-2293/rc).

Methods

Animals

Female C57BL/6J mice (stock No. 000664), aged 6–8 weeks, 
were purchased from Shanghai Model Organisms Center 
Inc. (Shanghai, China). Mice were kept in accordance with 
the Association for Research in Vision and Ophthalmology 
(ARVO) statement for the Use of Animals in Ophthalmic 
and Vision Research. All mice were housed in high-level 
sterilization, specific pathogen-free (SPF) facilities and were 
randomly assigned a group. All animal experiments were 
approved by an animal experimental ethical inspection of 
the First Affiliated Hospital, College of Medicine, Zhejiang 
University (Ethical Approval No. 2019-23-1) and were 
carried out in accordance with the Guide for the Care and 
Use of Laboratory Animals, 8th edition. The animal numbers 
and the results obtained via different assessment approaches 
are summarized in Table 1. The number of mice is normally 
around 10 per group in an in vivo study. We prepared more 
than 10 mice for each group to allow for accidental death. 
Based on the high quality of antigen-adjuvant emulsion, 
enough samples for each group were obtained if at least 10 
mice were successfully immunized and survived until the day 
for sacrifice. 

https://atm.amegroups.com/article/view/10.21037/atm-22-2293/rc
https://atm.amegroups.com/article/view/10.21037/atm-22-2293/rc
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EAU induction and preparation of the antigen-adjuvant 
emulsion

To induce EAU, different doses of IRBP1-20 peptide 
(GPTHLFQPSLVLDMAKVLLD) suspended in 100 μL 
of phosphate-buffered saline (PBS) were emulsified with an 
equal volume of complete Freund’s adjuvant (CFA; Sigma-
Aldrich, St. Louis, MO, USA) containing 2.5 mg/mL of 
Mycobacterium tuberculosis strain H37RA (Sigma-Aldrich). 
Mice were immunized with a subcutaneous injection 

of 200 μL of emulsion mixture and an intraperitoneal 
(i.p.) injection of 100 μL of PTX toxin of different 
concentrations. A protocol was prepared before the study 
without registration. The mice were killed humanely 
by cervical dislocation at different time points after 
immunization. 

To prepare the antigen-adjuvant emulsion, extrusion 
was performed with 2 syringes connected by a 3-way 
cock, and the quality of emulsion was taken as good if the 

Table 1 Overview of animal numbers and results obtained via different approaches

Induction protocol
Total number  

of mice
Number of  
EAU mice

Mean clinical scores  
(mean ± SEM) 

Mean histological scores 
(mean ± SEM)

CD4+ IL-17A+% (n=5) 
(mean ± SEM)

IRBP1-20: 200 μg; PTX: 500 ng; extruded emulsion; days post immunization as indicated

Day 7 15 1 0.00±0.00 0.03±0.03 1.12±0.10

Day 10 10 2 0.05±0.05 0.10±0.07 1.19±0.26

Day 14 10 3 0.20±0.11 0.20±0.11 3.50±0.34

Day 18 12 5 0.55±0.26 0.38±0.18 3.85±0.34

Day 22 11 4 0.40±0.22 0.27±0.12 2.99±0.16

Day 26 11 3 0.25±0.13 0.18±0.10 1.65±0.32

IRBP1-20: as indicated; PTX: 500 ng; extruded emulsion; 18 days postimmunization

200 μg 17 7 0.60±0.26 0.29±0.10 3.99±0.33

500 μg 19 8 0.90±0.34 0.55±0.14 4.45±0.31

700 μg 16 3 0.35±0.21 0.13±0.07 3.91±0.43

IRBP1-20: 500 μg; PTX: as indicated; extruded emulsion; 18 days postimmunization

300 ng 17 7 0.35±0.15 0.24±0.08 1.84±0.13

500 ng 18 8 0.75±0.29 0.56±0.18 4.49±0.57

1,000 ng 19 10 1.10±0.38 1.08±0.28 5.26±0.16

1,500 ng 17 7 0.65±0.26 0.50±0.17 2.96±0.07

2,500 ng 16 7 0.80±0.29 0.81±0.28 4.72±0.65

IRBP1-20: 500 μg; PTX: 1,000 ng; 18 days postimmunization

Extruded emulsion 18 9 1.60±0.45 1.06±0.29 5.31±0.55

Sonicated emulsion 17 14 2.20±0.44 1.97±0.34 7.53±0.36

IRBP1-20: 500 μg; PTX: 1,000 ng; sonicated emulsion; days postimmunization: as indicated

Day 7 12 2 0.20±0.11 0.08±0.06 1.39±0.18

Day 14 12 8 2.00±0.37 0.88±0.23 3.58±0.86

Day 18 17 14 2.20±0.44 1.97±0.34 7.53±0.36

Day 22 11 8 1.60±0.31 1.80±0.42 6.08±0.56

EAU, experimental autoimmune uveitis; IRBP, interphotoreceptor retinoid-binding protein; PTX, pertussis; SEM, standard error of the 
mean; IL-17, interleukin 17.
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emulsion did not spread and remained as droplets on the 
water surface for 2 hours. Sonication was performed in a 
round-bottomed plastic tube with a probe immersed under 
the liquid level and at 50% amplitude (VXC130, Sonics & 
Materials, Newtown, CT, USA) adopted for 5 min with a 
pulse of 5 s/6 s (on/off). The quality of sonicated emulsion 
was also evaluated on the water surface in similar fashion to 
that of the extruded emulsion.

Assessment of EAU by fundoscopy and histology

Under anesthetization by pentobarbital sodium (i.p.), 
clinical scoring of ocular inflammation was constructed 
by fundoscopy on a scale of 0 to 4, as described previously 
(8,15). The 2 eyes of each mouse were evaluated, and the 
average score of the 2 eyes was used.

For histology, eyes were harvested at different time 
points after immunization, fixed in ophthalmic fixation 
solution [80% isopropanol, 25% acetic acid, and 37% 
formaldehyde (8:1:1; v/v/v)] overnight, and embedded 
in paraffin. Eyes were sectioned through the pupillary-
optic nerve axis and stained with HE. All the histological 
samples were processed by 1 person following the same 
staining protocol. Experienced investigators (blinded to 
the immunization groups) evaluated the severity of EAU 
on a scale of 0 to 4 according to the published criteria 
including the number, type, and size of lesions (15,16). Two 
independent investigators completed the assessment based 
on the low and high magnification images. Scores that were 
obviously different between the 2 independent investigators 
were arbitrated by a third experienced investigator.

Flow cytometry

The single-cell suspension was isolated from the draining 
lymph node (dLN) by the traditional method. Cells were 
cultured with 200 ng/mL of phorbol 12-myristate 13-acetate 
(PMA; Merck, Darmstadt, Germany) and 500 ng/mL of 
ionomycin (Merck) for 4 hours, which was followed by the 
addition of brefeldin A (BFA; 1 μg/mL; Sigma-Aldrich) 0.5 h 
later. After being rinsed, cells were resuspended with 50 μL 
of PBS, and extracellular staining was performed with 0.3 μL 
of CD4-fluorescein isothiocyanate (FITC; BD Bioscience, 
San Jose, CA, USA). Cells were then fixed and permeabilized 
with the intracellular fixation buffer (Fix/Perm Cell 
Permeabilization Kit; eBioscience, San Diego, CA, USA) 
for 20 min, which was followed by intracellular staining with 
interleukin 17 A (IL-17A) for 30 min. The relevant isotype 

mAb (eBioscience) was used as the fluorescence minus one 
(FMO) control. The positive cells were detected by the 
ACEA Novocyte flow cytometry (ACEA Biosciences, San 
Diego, CA, USA), and data were processed with the FlowJo 
software v. 10.4.0 (FlowJo LLC, Ashland, OR, USA)

Electron microscopy

To visualize the emulsion by transmission electron 
microscopy (TEM), the samples were dispersed in double-
distilled water (ddH2O) and processed by negative staining. 
To this end, 10 μL of emulsion was pipetted onto carbon 
film and preliminarily hydrophilized by a glow discharge 
instrument and then incubated for 1 min. The carbon 
film was washed twice by ddH2O and stained with 5 μL of 
2% uranium acetate for 1 min. The staining solution was 
discarded, and the carbon film was dried. The images were 
acquired with a 120 kV transmission electron microscope 
(Tecnai G2 Spirit; FEI Co., Hillsboro, OR, USA) (17).

Immunofluorescence

The isolated eyeballs were fixed in 4% paraformaldehyde 
for 1 h, and the retinal whole mounts were prepared. After 
being treated with the blocking buffer [15% normal goat 
serum plus 1% Triton X-100 (Sigma-Aldrich) in PBS] for 
4 h at room temperature, the mount was incubated with 
rabbit anti–CD4 antibody (1:100; Abcam, Cambridge, 
UK) and FITC-conjugated isolectin B4 (1:100; Sigma-
Aldrich) overnight at 4 ℃. After a wash with PBS 3 times, 
Alexa Fluor 555 goat anti-rabbit (1:1,000; Invitrogen Inc., 
Thermo Fisher Scientific, Waltham, MA, USA) was used 
as the secondary antibody. The stained retina was then 
flattened and mounted onto a glass slide and covered by 
a coverslip with fluorescent mounting medium using 4, 
6-diamidino-2-phenylindole (DAPI; ZLI-9557, ZSGB-Bio, 
Beijing, China). 

Statistical analysis

The data were processed with GraphPad Prism software 
(GraphPad Software Inc., La Jolla, CA, USA) and are 
presented as mean ± standard error of the mean (SEM). 
Histopathological results were analyzed by the Mann-
Whitney or Kruskal-Wallis test. The flow cytometry data 
were analyzed by the Student’s t-test or one-way analysis 
of variance (ANOVA). A P value of <0.05 was considered 
statistically significant. 
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Results

Indicators and relevant time windows for the evaluation of 
inflammation in EAU

According to the previous literature (Table 2), the protocol 
of commonly used dosages (200 μg IRBP1-20 and 500 ng 
PTX) was adopted. The eye fundus score was recorded via 
fundoscopy throughout the induction process. The eyeballs 
and dLNs were collected at different time points. The EAU 
inflammation was assessed by histology section, retinal flat 
mounts, and flow cytometry.

Fundoscopy showed that the onset of clinical symptoms 
started 8 to 12 days after immunization, and inflammation 
was aggravated continuously and reached a peak level at 
days 18 to 20 after immunization and was followed by the 
fading of inflammation (Figure 1A). Consistent with the 
clinical score, the HE score reached a peak level at day 18  
(Figure 1B,1C). Our data were in line with previous reports 
in the literature on the EAU peak on days 16–21 (26,27). For 
retina flat mounts, FITC-conjugated isolectin-B4 (IB4) was 
adopted to identify both blood vessels and leukocytes, and 
CD4+ cells were identified by the specific immunofluorescent 
staining. The retinal flat mounts revealed that a large 
number of CD4+ T cells infiltrated the large blood 
vessels in the optic disc zone, which coincided with the 
progression pattern of pathological scores (Figure 1D).  
The flow cytometry showed that the proportion of T helper 
type 17 (Th17) cells reached a high level at 14–18 days and 
decreased at day 22 (Figure 1E,1F).

Overall, our data revealed that EAU inflammation 

peaked at around day 18 and then dissipated. Day 18 might 
be the optimal time point to assess EAU inflammation. 
The peaks of inflammatory cell infiltration and pathological 
scores in the retinal tissue were highly consistent. The 
expansion of Th17 cells in the dLN occurred prior to the 
relevant inflammatory manifestations in the retina.

The optimal dosage of IRBP1-20

To explore the effect of IRBP1-20 dosages on EAU induction, 
3 different doses (low: 200 μg; moderate: 500 μg; high: 
700 μg) were used. C57BL/6 mice were immunized using 
a subcutaneous injection with peptide emulsion and an 
intraperitoneal injection with 500 ng of PTX simultaneously. 
The mice were sacrificed 18 days after immunization. 

The clinical scores evaluated by fundoscopy showed that 
the severity of inflammation in the moderate-dose group 
(500 μg) was higher than that in the low-dose (200 μg) and 
high-dose groups (700 μg; Figure 2A). According to the 
histological results, the incidence of EAU in the low-dose 
(200 μg) and moderate-dose group (500 μg) was around 
40%, while the incidence in the high-dose group (700 μg) 
was lower (approximately 19%; Figure 2B). Histological 
scoring showed more severe inflammatory damage in the 
moderate-dose group (score approximately 0.5) than in 
the low-dose (score approximately 0.3) and high-dose 
groups (score approximately 0.1; P<0.05; Figure 2C,2D). 
For the retina flat mounts, the most obvious infiltration 
of CD4+ T cells was observed in the moderate-dose group 
(500 μg; Figure 2E). The proportion of Th17 cells in the 

Table 2 Immunization protocols in different studies

Researcher Dosage of IRBP1-20 (μg) Dosage of PTX (ng) Incidence Histological scoring

Yadav et al. (12) 100 500 Not mentioned 3.12

Avichezer et al. (18) 150 1,500 86% 0.7

Fukushima et al. (19) 150 1,500 40% 0.29

Fang et al. (11) 150 500 Not mentioned ~0.7

Santeford et al. (20) 200 300 Not mentioned ~0.4

Ke et al. (21) (an adoptive transfer model of EAU) 200 500 Not mentioned Not mentioned

Hsu et al. (22) 200 1,500 78% 2.3

Cortes et al. (23) 300 400 40% 0.5

Mattapallil et al. (10) 300 500 82% ~0.4 

Pan et al. (24) 350 1,000 Not mentioned ~0.7 

Huang et al. (25) 500 1,000 Not mentioned ~1.7

IRBP, interphotoreceptor retinoid-binding protein; PTX, pertussis; EAU, experimental autoimmune uveitis.
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Figure 1 Different observational indices used to estimate inflammation in EAU. EAU was induced in C57BL/6 mice (female, 6–8 weeks) by 
immunization with 200 μg of IRBP1-20 emulsified in CFA, with an intraperitoneal injection of 500 ng PTX simultaneously. (A) Clinical scores 
at indicated time points postimmunization (n≥10). (B) Mean pathological scores of HE retinal sections. The overall pathological scores 
include mice with EAU and mice without EAU (score 0). The number (for example “2/10”) represents EAU mice/total immunized mice. (C) 
Representative HE staining of the retinal section at different time points (black arrow: retinal folds; white star: edema; scale bar: 200 μm). (D) 
Representative immunofluorescent staining images for retina flat mounts (IB4: green; CD4+ cells: red, DAPI: blue; scale bar: 300 μm). (E,F) 
Representative images of flow cytometry and ratios of CD4+IL-17A+ cells in dLN, gated on CD4+ cells (n=5); ****, P<0.0001 compared to 
control. All data are presented as mean ± SEM. EAU, experimental autoimmune uveitis; IRBP, interphotoreceptor retinoid-binding protein; 
CFA, complete Freund’s adjuvant; PTX, pertussis; HE staining, hematoxylin and eosin staining; IB4, isolectin-B4; DAPI, 4,6-diamidino-2-
phenylindole; IL-17, interleukin 17; dLN, draining lymph node; ctrl, control; SEM, standard error of the mean. 
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Figure 2 Influence of IRBP1-20 dosage on EAU induction. EAU was induced in C57BL/6 mice (female, 6–8 weeks) by immunization with 
different dosages of IRBP1-20 emulsified in CFA, with an intraperitoneal injection of 500 ng PTX simultaneously. (A) Clinical score at 
indicated time points postimmunization (n≥10). (B) Incidence of EAU in different dosage group: 200 μg (n=17), 500 μg (n=19), and 700 μg 
(n=16). Mice were sacrificed 18 days postimmunization. The number presents EAU mice/total immunized mice. (C) Mean pathological 
scores of HE retinal sections; *, P<0.05. The overall pathological scores include mice with EAU and mice without EAU (score 0). (D) 
Representative HE staining images of EAU in different dosage groups (black arrow: retinal folds; white star: edema; scale bar: 200 
μm). (E) Representative immunofluorescent staining images for retina flat mounts (IB4: green, CD4+ cells: red, DAPI: blue, scale bar:  
300 μm). (F) Ratios of CD4+IL-17A+ cells in dLN, gated on CD4+ cells (n=5). All data are presented as mean ± SEM. IB4, isolectin-B4; 
DAPI, 4,6-diamidino-2-phenylindole; IRBP, interphotoreceptor retinoid-binding protein; EAU, experimental autoimmune uveitis; CFA, 
complete Freund’s adjuvant; PTX, pertussis; HE, hematoxylin and eosin; IL-17, interleukin-17; dLN, draining lymph node; SEM, standard 
error of the mean.
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dLN showed no significant difference among the 3 groups 
(Figure 2F). Hence, the dosage of 500 μg was selected as the 
optimal dosage for subsequent experiments.

The optimal dosage of PTX

According to previous studies (11,18,20,24), 4 PTX doses 

(300, 500, 1,000, 1,500 ng) and 2 injection protocols (a 
single injection of 1,000 ng on day 0 and 2 injections of 
500 ng PTX on day 0 and day 2) were adopted to assess 
the incidence and severity of EAU. The 1,000 ng PTX 
group exhibited the highest clinical score (Figure 3A). The 
histological results showed a similar EAU incidence (around 
42%) among the different PTX-dose groups (Figure 3B). 

Figure 3 Influence of PTX dosage on EAU induction. EAU was induced in C57BL/6 mice (female, 6–8 weeks) by immunization with  
500 μg of IRBP1-20 emulsified in CFA, with an intraperitoneal injection of different dosages of PTX simultaneously. (A) Clinical score at 
indicated time points postimmunization (n≥10). (B) Incidence of EAU in groups: 300 ng (n=17), 500 ng (n=16), 1,000 ng (n=19), 1,500 
ng (n=17), and 2×500 ng (splitting administration of 1,000 ng PTX into 2 dosages of 500 ng PTX on day 0 and day 2; n=16). Mice were 
sacrificed 18 days postimmunization. The number presents EAU mice/total immunized mice. (C) Mean pathological scores of HE 
retinal sections; *, P<0.05. The overall pathological scores include mice with EAU and mice without EAU (score 0). (D) Representative 
immunofluorescent staining images for retina flat mounts (IB4: green, CD4+ cells: red, DAPI: blue. scale bar: 300 μm). (E,F) Representative 
images of flowcytometry and ratios of CD4+IL-17A+ cells in dLN, gated on CD4+ cells (n=5); **, P<0.01, ***, P<0.001, ****, P<0.0001. All 
data are presented as mean ± SEM. PTX, pertussis;  IB4, isolectin-B4; DAPI, 4,6-diamidino-2-phenylindole; IL-17, interleukin-17; EAU, 
experimental autoimmune uveitis; IRBP, interphotoreceptor retinoid-binding protein; CFA, complete Freund’s adjuvant; HE, hematoxylin 
and eosin; dLN, draining lymph node; SEM, standard error of the mean.
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For the histological scores, the 1,000 ng group showed the 
highest score (about 1.1), while the 500 and 1,500 ng groups 
showed moderate scores (around 0.5) and the 300 ng group 
showed the lowest score (about 0.2; Figure 3C). Consistent 
with the histological results, the most significant infiltration 
of CD4+ T in the retina was observed in the 1,000 ng group 
(Figure 3D). The proportions of the Th17 population in 
the 500 and 1,000 ng groups were higher than those in 
the other 2 groups (Figure 3E,3F). In addition, the clinical 
and pathological scores and Th17 percentages showed no 
significant differences between the single injection with 
1,000 ng of PTX and 2 injections with 500 ng of PTX 
(Figure 3). Therefore, a single injection of 1,000 ng PTX 
was applied for the subsequent experiments.

The methods of emulsification

The effective emulsification of adjuvant and antigen is 
essential to induce a sufficient autoimmune response (28,29). 
Given the low EAU incidence in the C57BL/6 strain, 2 
different emulsification approaches were tested for EAU 
induction: the traditional emulsification extruded with 2 
interconnected syringes (syr-Ag) and the sonicated antigen/
adjuvant emulsification (son-Ag). Interestingly, the son-
Ag group exhibited higher clinical scores of EAU than did 
the sry-Ag group (Figure 4A). The EAU peak of the son-
Ag group appeared at 16–18 days after immunization, 
approximately 2 days earlier than that of the syr-Ag group 
(Figure 4A). Moreover, the son-Ag group also showed a 
higher EAU incidence (about 82%) and higher pathological 

Figure 4 Different methods for emulsification in EAU induction. EAU was induced in C57BL/6 mice (female, 6–8 weeks) by immunization 
with 500 μg of IRBP1-20 emulsified in CFA with an intraperitoneal injection of 1,000 ng of PTX simultaneously. Emulsions were 
performed with syr-Ag or son-Ag, respectively. Mice were sacrificed 18 days postimmunization. (A) Clinical score at indicated time points 
postimmunization (n≥10). (B) Incidence of EAU in different groups: syr-Ag (n=18) and son-Ag (n=17). The number represents EAU mice/
total immunized mice. (C) Mean pathological scores of HE retinal sections; *, P<0.05. The overall pathological scores include mice with 
EAU and mice without EAU (score 0). (D) Representative immunofluorescent staining images for retina flat mounts (IB4: green, CD4+ cells: 
red, DAPI: blue; scale bar: 300 μm). (E,F) Representative images of flow cytometry and ratios of CD4+IL-17A+ cells in dLN, gated on CD4+ 
cells (n=5); *, P<0.05. (G) Representative images of the transmission electron microscope for each emulsion. All data are presented as mean ± 
SEM. EAU, experimental autoimmune uveitis; IRBP, interphotoreceptor retinoid-binding protein; CFA, complete Freund’s adjuvant; PTX, 
pertussis; syr-Ag, syringe antigen/adjuvant extrusion; son-Ag, sonication antigen/adjuvant emulsion; HE staining, hematoxylin and eosin 
staining; IB4, isolectin-B4; DAPI, 4, 6-diamidino-2-phenylindole; dLN, draining lymph node; IL-17, interleukin 17; SEM, standard error of 
the mean.
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score (around 2.0; P<0.05; Figure 4B,4C). The retinal flat 
mounts also revealed more retinal infiltration of CD4+ 
T cells in the son-Ag group than in the syr-Ag group  
(Figure 4D). A higher proportion of Th17 cells in the dLN 
was detected in the son-Ag group (P<0.05; Figure 4E,4F). 
Importantly, electronic microscopy revealed that the 
vesicles of emulsion in the son-Ag group were significantly 
smaller than those in the syr-Ag group. This might have 
contributed to the different efficiency of EAU induction 
(Figure 4G).

Head-to-head comparison between the primary and 
optimized protocols for EAU induction

The efficiencies of EAU induction between the primary 
protocol (200 μg IRBP and 500 μg PTX, extruded 
emulsion; Figure 1) and the optimized protocol (500 μg 
IRBP and 1,000 μg PTX, sonicated emulsion; Figure 4) 

were compared. The optimized protocol group showed 
more severe inflammation and an earlier peak of EAU (days 
16–18) than did the primary protocol group (days 18–20; 
Figure 5A). Moreover, higher incidence (82.4% vs. 37.5%) 
and pathological scores (2.0 vs. 0.3) were observed in the 
optimized protocol group on day 18 (Figure 5B,5C). The 
percentages of Th17 cells in the dLN were significantly 
elevated (7.53% for optimized protocol vs. 5.31% for 
primary protocol; Figure 5D). Therefore, the efficacy of 
EAU induction using our optimized protocol was higher 
than that using the primary protocol to some extent.

Discussion

The successful establishment of the EAU model is essential 
for the research of uveitis. However, the unstable EAU 
incidence in C57BL/6 mice leads to high experimental 
costs, confusion of experimental results, and extra 

Figure 5 Head-to-head comparison between primary and optimized induction. EAU was induced in C57BL/6 mice (female, 6–8 weeks) 
by immunization with a primary and optimized protocol, respectively. (A) Clinical score at indicated time points postimmunization with 
different induction protocols (n≥10). (B) Incidence of EAU in different groups at indicated time points. The number presents EAU mice/
total immunized mice. (C) Mean pathological scores of HE retinal sections at indicated time points; ***, P<0.001, ****, P<0.0001. The overall 
pathological scores include mice with EAU and mice without EAU (score 0). (D) Ratios of CD4+IL-17A+ cells in dLN, gated on CD4+ cells 
at indicated time points (n=5); ****, P<0.0001. All data are presented as mean ± SEM. EAU, experimental autoimmune uveitis; HE staining, 
hematoxylin and eosin staining; dLN, draining lymph node; IL-17, interleukin 17; SEM, standard error of the mean.
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consumption of experimental animals. In previous studies, 
the EAU induction rates in C57BL/6 mice have varied 
in the ranges of 30–70%, and pathological scores have 
been mostly around 0.5–2 (10,11,20,23,24,30). The large 
variation of EAU induction among laboratories may be 
ascribed to multiple influencing factors, including dosage of 
reagents, degree of emulsification, and age of experimental 
animals. Optimizing the relevant conditions to obtain stable 
and sufficient EAU induction will be of great importance 
for EAU studies using C57BL/6 mice. 

Currently, different types of peptide are available for 
EAU induction in rats or mice. Retinal soluble antigen (S-
Ag) is commonly used in rats, while IRBP is mostly used 
in mice, with different mice strains manifesting different 
susceptibilities (26,31). Of note, the optimal dosage of 
IRBP1-20 is central to the induction rate. Too high a dosage 
may cause T cell apoptosis or may induce T regulatory cells 
instead and, hence, suppress the immune response (32,33). 
Our data suggested that only the appropriate peptide dose 
was useful for enhancing induction efficacy and inflammation 
severity, and 500 μg IRBP1-20 might be the optimal dosage 
for EAU induction in C57BL/6 mice (Figure 2).

PTX can open the blood–retina barrier and enhance 
the Th1 and Th17 response in EAU (11,18,20,24). 
Administration of PTX permits the occurrence of EAU in 
resistant strains and enhancement of EAU inflammation in 
susceptible strains (6). In the Lewis rat EAU model, PTX is 
not indispensable for the immunization protocol to develop 
EAU and, if used, can cause an earlier onset and enhanced 
disease scores (15). However, PTX can also inhibit the 
chemokine receptor signaling pathways promoting 
cell migration to target organs and lead to inhibitory 
effects on diseases (34). In an experimental autoimmune 
encephalomyelitis (EAE) study, the administration of 
PTX was split into 2 injections (35). In our study, the 
dosage of PTX made no difference to the EAU induction 
rate but could influence the intensity of the immune 
response. Although no statistically significant differences 
in histological scores or the proportion of Th17 cells 
were observed between the 1,000 and 500 ng PTX doses, 
1,000 ng PTX seemed to induce a more severe immune 
response and EAU lesions (Figure 3). Our data highlighted 
the importance of PTX dosage in the severity of induced 
EAU. A single injection of 1,000 ng might be the optimal 
configuration in C57BL/6 mice.

The emulsification technique has been adopted 
in various autoimmune disease models. In EAE, the 

emulsification methods were found to play a role in the 
induction of inflammation (26,28). The sonicated antigen/
adjuvant emulsion was shown to effectively induce EAE 
in the DBA/2 (H-2d) strain, whereas the conventional 
extruded emulsion only produced resistant EAE (29). In 
our work, the sonicated emulsion method had a better 
effect on EAU induction, with a higher EAU incidence of 
82.4% and an earlier inflammation peak (Figure 4). The 
smaller vesicle diameter in the sonicated emulsion group, 
as shown in electron microscopy (Figure 4G), may facilitate 
accessibility for antigen-presenting cells and, hence, antigen 
presentation.

Our study adopted several approaches to assessing 
EAU, including fundus observation, HE staining, and 
retinal whole flat mounts. Fundus observation provided 
direct, continuous, and fundamental information on EAU 
lesions. HE staining is regarded as the gold standard for 
histopathological assessment in EAU (15,36-38). The 
consensus is that the infiltration of inflammatory cells and 
structural changes are more likely to occur near the optic 
nerve disc (8). However, discrepancy in the scoring results 
for different sections of a single eye was observed in our 
laboratory. This may be ascribed to the missing of some 
part of the inflammatory zone in the single HE section. 
Compared with the above two approaches, the retinal whole 
flat mounts allowed a more comprehensive assessment of 
inflammatory infiltration and local lesion changes (39-41). 
However, a limitation was the absence of scoring criteria to 
quantitatively assess the intensity of inflammation (39-41). 
Therefore, the strategy of involving multiple approaches in 
the assessment of EAU should be considered reasonable for 
obtaining more reliable scoring results, as each approach 
has its merits and weaknesses.

In conclusion, this work attempted to optimize the 
conditions of relevant factors which are crucial for the 
sufficient establishment of EAU in C57BL/6 mice. With 
the conditions of 200 μg of IRBP1-20, 500 ng of PTX, and 
extruded emulsification, the induction rate was only 37.5% 
and the pathological score was around 0.3, whereas with the 
optimized induction conditions (500 μg IRBP1-20, 1,000 ng 
PTX, and ultrasound emulsification), the induction rate was 
increased to 82.4% and the pathological score was around 
2.0 (Figure 5B,5C). The protocol with 500 μg of peptide, 
1,000 ng of PTX, and sonicated emulsion seemed to be 
optimal for stable and high induction rate of EAU with 
sufficient inflammation severity in the C57BL/6 mice strain, 
as evidenced by the multiple assessment approaches.
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