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Abstract
Background  Maintenance of the retina, part of the central nervous system, and other structures in the eye is 
critical for vision preservation. Aging increases the prevalence of vision impairment, including glaucoma, macular 
degeneration, and diabetic retinopathy. The retina is primarily maintained by glial cells; however, recent literature 
suggests that lymphocytes may play a role in the homeostasis of central nervous system tissues. Natural antibodies 
are produced by B cells without infection or immunization and maintain tissue homeostasis. Here, we explored the 
potential role of natural immunoglobulin M (IgM) produced by B lymphocytes in maintaining retinal health during 
aging in mice.

Results  Our results indicate that the vitreous humor of both mice and humans contains IgM and IgG, suggesting that 
these immunoglobulins may play a role in ocular function. Furthermore, we observed that aged mice lacking secreted 
IgM (µs-/-) exhibited pronounced retinal degeneration, accompanied by reactive gliosis, and a proinflammatory 
cytokine environment. This contrasts with the aged wild-type counterparts, which retain their ability to secrete IgM 
and maintain a better retinal structure and anti-inflammatory environment. In addition to these findings, the absence 
of secreted IgM was associated with significant alterations in the retinal pigment epithelium, including disruptions to 
its morphology and signs of increased stress. This was further observed in changes to the blood-retinal-barrier, which 
is critical for regulation of retinal homeostasis.

Conclusions  These data suggest a previously unrecognized association between a lack of secreted IgM and 
alterations in the retinal microenvironment, leading to enhanced retinal degeneration during aging. Although the 
precise mechanism remains unclear, these findings highlight the potential importance of secreted IgM in processes 
that support retinal health over time. By increasing our understanding of ocular aging, these results show that there 
is a broader role for the immune system in retinal function and integrity in advanced age, opening new areas for the 
exploration of immune-related interventions in age-associated retinal conditions.
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Backgound
Vision is widely considered one of our most valuable 
senses. However, the incidence of eye diseases that cause 
vision loss such as macular degeneration, diabetic reti-
nopathy, and glaucoma rises significantly with age [1]. 
Therefore, understanding age-related changes in vision is 
crucial for the development of effective strategies to com-
bat eye diseases and dysfunction. The eye focuses light 
onto the photosensitive neural tissue at the posterior, 
the retina, which is an extension of the central nervous 
system (CNS). The retina contains various types of neu-
rons, including retinal ganglion cells and photoreceptors, 
which are crucial for initiating and processing visual sig-
nals [2, 3].

In response to disease or damage, the retina exhib-
its diverse reactions and requires stringent balancing of 
these reactions to resolve damage or disease. Microglia, 
resident immune cells of the retina, quickly respond to 
injuries by acting as specialized scavengers and moni-
toring the retinal environment. When faced with insults 
such as infection or neuronal damage, microglia become 
activated, characterized by changes in their morphology 
and surface markers, and can become either neuropro-
tective or can contribute to neurotoxicity and inflamma-
tion [4–7]. Müller glia and astrocytes, other resident glial 
cells of the retina, typically respond to injury by undergo-
ing reactive gliosis, which can lead to formation of glial 
scarring [8]. Despite the retina’s immune privilege [9], 
lymphocytes can enter the retinal tissue under specific 
conditions, such as during injury, and can exacerbate the 
inflammatory response of the eye. B lymphocytes in par-
ticular play significant roles in various retinal diseases, 
such as vitreoretinal lymphoma [10], ocular toxoplasmo-
sis [11] and non-infectious uveitis [12, 13].

B cells play a crucial role in fighting bacterial infec-
tions through several well-established antibody-medi-
ated mechanisms: (1) neutralizing toxins, (2) opsonizing 
pathogens, and (3) activating complement, which coats 
pathogens leading to opsonization and/or lysis [14, 15]. 
In mice, B cells are categorized into distinct subsets: B2 
cells (including follicular and marginal zone B cells) and 
B-1 cells (comprising CD5 + B-1a and CD5- B-1b cells). 
Follicular B2 cells initiate a T cell-dependent germi-
nal center response against antigens [16]. Conversely, 
innate-like B-1 cells produce antibodies independently 
of T cells and generate natural antibodies [17]. Natural 
antibodies (NAbs) are present in the bloodstream with-
out prior infection or vaccination and serve as an early 
defense mechanism, allowing time for a specific antibody 
response to develop [18]. NAbs include various isotypes 
such as IgM, IgA, and IgE, and they play essential roles 
in: (1) controlling bacterial and viral infections [19–25], 
(2) aiding in the removal of apoptotic cells and excess 
autoantigens [26], and (3) binding oxidized low density 

lipoprotein (oxLDL), thereby modulating inflammation 
and preventing atherosclerotic plaque formation [27–30].

B-1 cells are responsible for producing 80–90% of nat-
ural antibodies [18], highlighting their significant role 
in maintaining health and managing disease. Notably, 
B-1 cells are the predominant B lymphocyte population 
found in the lacrimal gland of the mouse eye [31]. How-
ever, little is currently known about B cells and antibodies 
within the intraocular compartment of the eye, particu-
larly during healthy aging. Previous studies have shown 
that the quality of natural antibodies changes during 
aging, which impacts infection control [32–34].

Herein, we aimed to explore the role of antibodies pro-
duced by B cells in the normal physiology of aging eyes. 
We found that humans and mice had both IgM and IgG 
in their vitreous humor, which is in contact with the 
retina. We examined mice lacking secreted IgM (µs-/-) 
in old age with regard to retinal health. We found that a 
lack of IgM leads to significant changes in aging retinas. 
Enhancing our understanding of how antibodies con-
tribute to maintaining eye health could provide valuable 
insights for developing advanced therapies that support 
vision as individuals age. This knowledge may lead to the 
development of targeted treatments that mitigate age-
related vision problems, ultimately improving the quality 
of life of the aging population.

Methods
Mice
B6;129S4-Ighmtm1Che/J mice (referred to as “µs-/-” here-
after) are unable to produce the secreted form of IgM. 
The knock-out mice, originally created by Dr. Jianzhu 
Chen were kindly provided by Dr. Kishore Alugupalli. We 
backcrossed this line onto a pure C57BL/6J background 
within our facility and then bred and housed wild type 
(WT) and homozygous knockouts. Genome scanning 
was performed to confirm the percentage of C57BL/6J 
background after backcrossing and was shown to be 
greater than 94%. Both male and female mice were used 
at 3–4 months (young) or 18–26 months of age (aged). 
Mice were housed at five mice per cage on cob bedding 
with a 12-h light/12-h dark cycle and ad libitum access 
to water and food. Mice were cared for and handled in 
accordance with the Guide for the Care and Use of Labo-
ratory Animals (National Institutes of Health) and insti-
tutional guidelines. All animal studies were approved by 
the Institutional Animal Care and Use Committee.

Tissue preparations
Enucleations were performed on all euthanized mice. 
Retinal tissue was isolated as previously published [35, 
36]. Briefly, mice were euthanized by CO2 asphyxiation 
followed by bilateral pneumothorax. Both eyes were 
removed, dipped in 70% alcohol and the cornea and lens 
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were carefully removed from the eye to create an eyecup. 
The retina was then removed; for most experimentation, 
the neural retinas were excised first, and the RPE was 
isolated as well by carefully dissecting it from the cho-
roid via forceps as previously published [37]. For some 
experimentation, only the lens was removed to main-
tain eyecups for histology. The excised eyecups or neu-
ral retinas were prepared as flat mounts and sectioned 
or were dissociated to single cell suspensions to be used 
for flow cytometry, IHC and H&E, or RT-qPCR. In addi-
tion, whole eyes were enucleated and fixed in 4% PFA for 
15 min before a small window was cut in both the ante-
rior and posterior chambers as per Pang et al., 2021 [38]. 
Whole eyes were then left in 4% PFA overnight at 4  °C. 
Lenses were immediately imaged for white-light images 
post dissection in PBS.

Retinal single cell suspensions
Excised neural retinas were dissociated to a single cell 
suspension using a modification of the protocol pub-
lished by Weber et al. (2014) to maintain lymphocyte 
and microglia cells [39] as traditional methods of retinal 
dissociations via papain have effects on B cells [40–43]. 
Briefly, the retinal tissue was subjected to enzymatic 
digestion with 450 U/mL collagenase I, 125 U/mL col-
lagenase XI, 60 U/mL DNase I, and 60 U/mL hyaluron-
idase (Sigma) for 1  h at 37  °C with shaking. The neural 
retina suspension was then passed through a 70 μm filter.

Microglia analysis via flow cytometry
The neural retina cell suspension was filtered through 
a 70  μm filter and then washed with HBSS + 10% FBS 
solution. Cells were spun down and supernatant was 
removed. Cells were then resuspended in the HBSS wash 
solution and stained with Fc block for 15 min followed by 
staining with the following antibodies (1:1000) for 15 min 
on ice in the dark as previously described [4] (Table 1):

The labeled cells were run on a BD FortessaSORP (BD 
Biosciences). Images were constructed with FlowJo 10.10 

software (BD Biosciences). The presence of various auto-
fluorescent cells in the retinal single cell suspensions 
necessitated specific fluorochrome combinations to avoid 
highly auto-fluorescent channels. In addition, use of flu-
orescence minus one (FMO) controls were essential in 
guiding gating strategies.

Immunohistochemistry and H&E staining
For immunohistochemistry, antibody labeling was per-
formed as previously described [35]. Briefly, after fixa-
tion, tissue was permeabilized, post-fixed, and then 
stained with 1° antibodies diluted in BlockAid (1% v/v; 
ThermoFisher). Antibody staining was carried out using 
the antibodies listed in Table 2. Primary antibodies were 
detected with secondary antibodies (3.33  µl/mL) per 
Table 2. Nuclei were counterstained with DAPI (0.1 µg/
mL; Sigma) or Sytox Green (5 mM; ThermoFisher). Reti-
nas were prepared either as flat mounts or sections (gel-
atin embedded; cut at 15  μm) and mounted in Prolong 
Gold (Thermo).

For H&E staining, either whole eyes or eye cups were 
used. Whole eyes were cyrosectioned (18  μm) before 
mounting on slides. RPE flat mounts were adhered to 
slides post-fixation. H&E protocol was performed as per 
Pang et al., 2021 with the slides being processed in stain-
ing jars before mounting [38]. For F-actin staining, RPE 
flat mounts were stained with Phalloidin Alexa-Fluor 488 
(Thermofisher). 

Lens analysis
Mouse lenses were dissected immediately from freshly 
enucleated eyeballs in 1X Dulbecco’s phosphate buff-
ered saline (DPBS). Images of freshly dissected lenses 
were captured using an Stereomaster Dissection Scope 
(Fisher) with a digital Nikon camera. Axial diameter (top 
to bottom) and equatorial diameter (left to right) for each 
lens was measured to calculate lens volume with the fol-
lowing equation, where rE is the equatorial radius and rA 
is the axial radius:

	
volume = 4

3
× π × r2

E × rA

Vitreous humor analysis of total IgM and IgG
Murine vitreous humor was collected from eyes after 
enucleation, modified from previous methodology [44]. 

Table 1  Antibodies used for Microglia Analysis
Marker Clone ID Source Color
CD11b M1/70 eBioscience BB700
CD45 30-F11 BD APC
CD86 GL1 BD PE
CD206 C068C2 Biolegend FITC

Table 2  Primary and secondary antibodies used
Primary Antibody Dilution Source Secondary Antibody Source
Goat anti-Iba-1 7.5 µl/mL Abcam; ab98887 Donkey anti-goat AF405 or AF 488 Abcam; ab175700
Chicken anti-GFAP 3.4 µl/mL Abcam; ab4674 Donkey anti-chicken AF647 Jackson; #703-605-155
Rabbit anti-IL-1β 10 µl/mL Abcam; ab205924 Donkey anti-rabbit AF488 or AF568 Abcam; ab150073
Rabbit anti-Caspase-3 3.4 µl/mL Abcam; ab44976 Donkey anti-rabbit AF488 or AF568 Abcam; ab150073
Rabbit anti-Thy1.2/CD90 3.4 µl/mL Abcam; ab273071 Donkey anti-rabbit AF488 or AF568 Abcam; ab150073
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Briefly, under a dissection scope, enucleated eyes were 
pierced intravitreally with an insulin syringe backfilled 
with 100 µL sterile PBS which was used to aspirate vit-
reous humor. Using this method around 5–10 µL of 
vitreous humor was able to be collected from each eye. 
The murine vitreous humor was frozen post collection, 
thawed, and then was analyzed for total IgM or IgG by 
ELISA according to the manufacturer’s instructions 
(Bethyl Laboratories). For human vitreous humor collec-
tions, trained medical examiner personnel collected vit-
reous specimens from deceased individuals (n = 10 males; 
n = 10 females; aged 18–32) as part of routine autopsy 
procedures. Using a 10-cc syringe with a 18-gauge nee-
dle attached, the side of the eye was approached with the 
bevel of the needle facing upward and the needle posi-
tioned at a 70–80° angle. The globe of the eye was punc-
tured while slowly advancing the needle. Typically, the 
needle tip can be seen through the pupil, and this served 
as a guide to prevent advancing the needle through the 
posterior aspect of the eye. While holding the syringe 
steady, the syringe plunger was drawn backwards. The 
collected vitreous sample was transferred into a tube 
that contained a clot activator but no preservatives, sepa-
rating material, or anticoagulants. The tube was gently 
inverted 8–10 times then stored at -20  °C until analy-
sis. Human vitreous humor samples were thawed on ice 
and then analyzed for total IgM or IgG by ELISA. Both 
murine and human ELISAs were performed according 
to the manufacturer’s instructions (Bethyl Laboratories). 
Analyses were done using GraphPad Prism (v10.2.1).

RT-qPCR
For gene expression analysis, RNA was isolated from 
retina or RPE/choroid tissue using the Direct-zol RNA 
Miniprep Kit (Zymo) following the protocol provided. 
RNA was quantified using the Qubit 3 and the quality 
of RNA was verified using the RNA pico kit for a Bio-
analyzer (Aligent). RNA with a RIN > 8 was used for all 
reactions. PrimeTime Assays (IDT TaqMan chemistry) 
were used for the genes listed in Table 3. Efficiencies of 
all assays were determined to be between 90 and 110%. 
Assays were run using the SuperScript III Platinum 

One-Step Kit for qRT-PCR with ROX (ThermoFisher). 10 
ng of RNA was used for each reaction in 20 µL reactions 
per the manufacturers protocol. Each sample was run in 
triplicate. For each group, n > 5 retinas were pooled, and 
reactions were run with the following cycling parameters: 
a 50 °C hold for 15 min for cDNA synthesis followed by a 
95 °C for 2 min polymerase activation. This was followed 
by 40 cycles of 95 °C for 15 s and annealing/extension at 
60 °C for 30 s on the Quantstudio 3. The endogenous ref-
erence genes ActB and B2M were averaged to be used as 
internal references to calculate the relative gene expres-
sion for each group, as previously published [33]. The 
2ΔCt method was used to calculate relative gene expres-
sion for each group compared to the housekeeping genes.

Imaging & cell counts
All flat mounts and sections were imaged using a Nikon 
A1R + scanning laser confocal microscope (Nikon) or 
Nikon Eclipse Ts2 microscope (Nikon). For RPE nuclear 
counts, Iba-1 + cell counts, and caspase-3 + cell counts, 
cells were counted from four quadrants in 200 µm2 sec-
tions and averaged to represent an “n” of 1 as previously 
described [35, 36]. The counts from these four quad-
rants were averaged to account for eccentricities in cell 
numbers across the retina and RPE. Normalization was 
required in these studies due to variations in retinal 
counts obtained in each section due to the normal varia-
tions found between the location (central to peripheral) 
of the section. All experiments were repeated in n > 5 
mice/group (specific n values are listed on each figure 
legend) and counts were normalized to the total num-
ber of cells in each image. Quantitative analysis was done 
using ImageJ software (NIH).

For measuring the width of the ONL and INL three 
different areas of a section were measured and averaged 
from 10 sections per retina in each of the four quadrants; 
each quadrant was averaged for the datapoint for n > 5 
animals per group. We analyzed microglia morphologi-
cal changes by determining the transformation index (TI) 
of microglia as described [45, 46]. To measure TI, 40X 
images were converted to 32-bit in ImageJ analysis soft-
ware and individual microglia cells were traced to deter-
mine the perimeter and area of a microglia cell. TI was 
calculated using the equation:

	
TI = perimeter2

4π × area2

The TI was calculated for 5–7 microglia per 40X image, 
looking at all areas of the retina (central, medial, and 
peripheral) for a minimum of 50 quantified microglia per 
animal with a minimum of 8–10 animals in each age and 
sex group. Values are expressed as a range of 1 to 100, 
with a TI value of 1 representing a circular, amoeboid 

Table 3  IDT PrimeTime assays used
Gene ID Assay ID
IL-1β Mm.PT.58.41616450
CXCL13 Mm.PT.58.31389616
IL-10 Mm.PT.58.13531087
TNFα Mm.PT.58.12575861
VEGF Mm.PT.58.31754187
IL-13 Mm.PT.58.31366752
IL-6 Mm.PT.58.10005566
ActB Mm.PT.58.22214843.g
B2M Mm.PT.39a.22,214,835
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activated microglia cell with fewer/shorter cellular pro-
cesses while higher TI values represent ramified microg-
lia cells with extensive branching and smaller cell bodies. 
All image counts were performed blindly by two inde-
pendent investigators.

To quantify the percent immunoreactive area of 
GFAP + glia, raw confocal images were converted into 
32-bit in ImageJ analysis software (NIH) and an auto-
matic threshold was applied. Data was normalized by vol-
ume based on XYZ coordinates to account for changes in 
z-stack thickness and image size. For GFAP + astrocytes, 
individual astrocyte cell body intensity was measured, 
and the averaged total intensity was plotted using ImageJ.

Human cytokine measures from blood serum
The analysis was performed using Biochip Array Tech-
nology (BAT). BAT incorporates the use of a solid-state 
platform which has discreet test regions that are coated 
with immobilized antibodies specific to different bio-
markers of cytokines and growth factors. A sandwich 
chemiluminescent immunoassay was employed for the 
array. Elevated levels of the cytokine biomarkers in a 
specimen result in an increase in binding to antibody 
labelled with horseradish peroxidase and thus an increase 
in the chemiluminescent signal emitted.

Fig. 1  Immunoglobulin is found in the vitreous humor of mice and humans. (A) Schematic showing sampling of vitreous humor from the mouse eye. 
(B) Vitreous humor collected from human donors (n = 20) were frozen at -80 °C, thawed on ice, and then evaluated for IgM and IgG using ELISAs. (C-D) 
Vitreous humor was collected from both male and female young WT (n = 25), aged WT (n = 9), young µs-/- (n = 17), aged µs-/- (n = 11) mice. The murine 
vitreous humor was frozen at -20 °C, thawed on ice, and then evaluated for IgM (C) and IgG (D) using ELISA. Samples run were averaged across five inde-
pendent experiments. Statistics used: Mann-Whitney test; ****p < 0.0001. Created in BioRender. Webster, S. (2023) BioRender.com/x81m962
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Statistics
Statistical analyses were performed using Prism (v10.2.1). 
All statistical analyses used are indicated in each figure 
legend. All analyses were reported with mean ± SEM 
with p < 0.05 being considered statistically different. A 
biostatistician was consulted for appropriate statistical 
measures.

Results
Immunoglobulin is present in the vitreous humor of mice 
and humans
In the late 1970s, two independent reports in humans 
demonstrated the presence of immunoglobulins (Ig) in 
the aqueous humor of the eye [47, 48], suggesting that 
there might be potential immunological role in the ocu-
lar compartment despite its immune privilege. Further, in 
the 1990s, a report showed that small amounts of Ig were 
detected in the vitreous humor (VH) of humans with 
retinal detachment [49], indicating that changes in Ig 
levels might be associated with retinal pathology. Given 
the well-established role of Ig in immune regulation and 
tissue homeostasis, we hypothesized that Ig, particularly 
IgM, might also be present in the vitreous humor under 
normal physiological conditions and during aging. Fur-
thermore, as aging is a significant risk factor for retinal 
degeneration, we sought to determine whether secreted 
IgM contributes to maintaining retinal health and modu-
lating inflammation in the aging eye.

Here, we collected VH from euthanized mice (Fig. 1A) 
and deceased humans (Fig.  1B). We found both IgM 
(74.31 ng/mL ± 15.69 SEM) and IgG (19951.0 ng/mL 
± 3847 SEM) in human VH from males and females 
(Fig.  1B). Furthering these findings, we examined VH 
obtained from the eyes of wild-type (WT) mice and 
found both IgM (31.6 ng/ml±5.6 SEM) and IgG (761.0 
ng/ml±312.1 SEM) (Fig.  1C and D). Furthermore, in 
aged WT mice we observed a significant increase in 
the amount of IgM (390.0 ng/ml±200.3 SEM) and IgG 
(16507.0 ng/ml±6528.0 SEM) as compared to young WT 
mice (Fig. 1C and D). We also examined mice lacking the 
ability to secrete IgM, secretory IgM knockout mice (µs-
/-); however, these mice can generate surface IgM and 
secrete all other antibody isotype classes. We observed 
a significant increase in the amount of IgG in aged µs-/- 
mice (3210.0 ng/ml±592.1 SEM) as compared to young 
µs-/- mice (459.4 ng/ml ±332.9 SEM) (Fig. 1D). Surpris-
ingly, we also saw a significant increase in the amount of 
VH IgM in aged µs-/- mice (43.27 ng/ml±7.76 SEM) as 
compared to young µs-/- mice (1.88 ng/ml ±1.31 SEM) 
(Fig.  1C). Secreted IgM should be completely absent 
in µs-/- mice, as observed in the serum of these mice 
(Supplementary Figure S1). However, the amount of IgM 
observed in the VH of aged µs-/- mice was significantly 

lower than that observed in aged WT mice (43.27 ng/ml 
vs. 459.4 ng/ml) (Fig. 1).

Together, these results demonstrate a significant 
amount of IgM and IgG within the VH of both humans 
and mice. Additionally, we found that VH Ig levels in WT 
mice increased with age. However, little is known about 
how Ig might enter the vitreous humor, particularly con-
sidering the presence of IgM in the vitreous humor of 
µs-/- mice, which have B cells that are unable to secrete 
IgM.

Lack of secreted IgM enhances age-related retinal 
degeneration
After identifying age-related changes in IgM and IgG lev-
els in the vitreous humor, we explored whether IgM is 
involved in the process of maintaining retinal health dur-
ing aging. We observed significant changes in the retinal 
structure of aged µs-/- mice compared to aged WT mice 
(Fig.  2A). Retinal thickness is known to decrease with 
age, and retinal thinning is associated with CNS degener-
ation [50, 51]. When we measured total retinal thickness, 
the lack of IgM led to a significant reduction (246.7 μm 
± 2.216 SEM aged WT to 205.2  μm ± 1.195 SEM aged 
µs-/-; Fig.  2B). Each individual neural layer (ONL, INL, 
and GCL) was measured. The ONL, primarily composed 
of photoreceptor cell bodies, was significantly decreased 
with lack of IgM (69.71 μm ± 3.4 SEM vs. 55.5 μm ± 0.98 
SEM; Fig.  2C). Similarly, the INL, which houses sev-
eral types of retinal neuron cell bodies, was decreased 
in the mouse model lacking secreted IgM (Figs. 2D and 
46.25  μm ± 1.31 SEM vs. 29.26  μm ± 1.52 SEM). The 
GCL is composed of retinal ganglion cell bodies and their 
axons, which constitute the optic nerve. We also counted 
the GCL from Thy1.2 + retinal ganglion cells (Fig. 2E and 
F). When we quantified these flat mounts, we found that 
the total cell count decreased from aged WT (48.33 cells/
µm2 ± 1.66 SEM) to aged µs-/- (40.83 cells/µm2 ± 0.61 
SEM)(Fig.  2E). Taken together, these data indicate that 
the lack of secreted IgM from B cells leads to enhanced 
age-related neurodegeneration across different retinal 
cell layers.

IgM plays many roles in maintaining physiologi-
cal functions in addition to its ability to protect against 
infections. The essential role of IgM for the clearance of 
apoptotic cells has been well established [26, 52–54]. As 
the loss of cell density was enhanced in aged µs-/- mice, 
we next asked whether density loss was associated with 
cell death occurring in aged µs-/- mice. Examination of 
caspase-3 expression in aged WT and µs-/- mice (Fig. 3) 
revealed apoptotic cells (caspase-3+) were found largely 
in µs-/- mice only (Fig.  3A vs. B). Aged WT mice had 
1.67±0.45 caspase-3 + cells per retinal section (SEM), but 
loss of secreted IgM (aged µs-/-) drastically increased the 
number of apoptotic cells to 20.83±0.824 caspase-3 + cells 
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per section (SEM) (Fig.  3E; p < 0.0001). Additionally, we 
examined apoptosis using TUNEL staining. We found 
that aged WT mice (Fig.  3C and F) had on average 
1.2±0.03 (SEM) TUNEL-positive cells per retinal sec-
tion, while aged µs-/- mice (Fig. 3D, F) had 4.3±0.1 (SEM) 
(p < 0.0001). Together, these data suggest that the loss 
of retinal density in aging mice lacking secreted IgM is 
apoptotic-based cell death. Since mice homozygous for 
the rd8 allele exhibit retinal degeneration, we verified 
that the µs-/- and WT mice are on the C56BL/6J back-
ground, and do not carry the rd8 mutant allele found in 
mice on the C56BL/6 N background [55, 56] (Fig. 3G).

Significant changes in the inflammatory profile of the 
retina in the absence of secreted IgM
Natural IgM has been reported to play a role in restrain-
ing the development of inflammation by clearing apop-
totic cells [57, 58]. With the large amount of apoptosis 
seen in µs-/- mice (Fig. 3), we hypothesized that retinal 
inflammation would be increased compared to that in 

WT mice. RT-qPCR analysis of RNA isolated from neural 
retinas revealed a significant increase in the levels of pro-
inflammatory cytokines IL-6 (Fig.  4A), IL-1β (Fig.  4B), 
TNFα (Fig.  4C), and VEGF (Fig.  4D) from µs-/- retinas 
as compared to WT retinas, and this significant increase 
was enhanced with aging. In both young and aged WT 
mice, pro-inflammatory cytokine expression remained 
very low (Fig. 4A-D, blue bars). IL-6 plays an important 
role in ocular inflammation [59], and we observed no 
change in IL-6 expression in aged WT retinas compared 
with young retinas (Fig. 4A). However, in the absence of 
IgM, IL-6 levels significantly increased in aged µs-/- reti-
nas. Other pro-inflammatory cytokines involved in ocu-
lar inflammation, including IL-1β, TNFα, and VEGF, all 
displayed low-levels of expression during aging in WT 
retinas, but in both young and aged µs-/-, these cytokine 
levels were significantly higher than those in WT retinas 
(Fig. 4B-D).

Anti-inflammatory cytokines, including IL-13 and 
IL-10, are important for the suppression of ocular 

Fig. 2  Lack of secreted IgM leads to enhanced age-related retinal degeneration. (A) Retinas from aged WT and µs-/- mice were fixed, sectioned, and then 
underwent H&E; RPE: retinal pigment epithelium, OS: outer segments, ONL: outer nuclear layer, INL: inner nuclear layer, GCL: ganglion cell layer. (B) Total 
retina thickness was quantified from OS to GCL. (C) ONL thickness, (D) INL thickness, and (E) GCL cell count were all measured as presented in material 
and methods. (F) Retinas from aged WT and µs-/- were fixed, sectioned, and then underwent IHC for Thy1.2 (RGC marker) to visualize loss of GCL density 
as measured in (E). Results are based on two independent experiments with each data point representing the final average for each measurement for one 
animal as described in the materials and methods. Aged WT: n = 6. Aged µs-/-: n = 6. Statistics used: Mann-Whitney. *p < 0.05,**p < 0.01. Scale bar = 50 μm
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inflammation and play an important role in CNS homeo-
stasis by limiting the damaging effects of neuroinflamma-
tion [60]. Probing the expression of IL-10 and IL-13 in 
the retina, we found that levels of IL-13 were increased 
significantly in aged WT mice (Fig.  4E). Interestingly, 
in µs-/- mice, IL-13 levels were significantly decreased 
to barely detectable levels. Similarly, IL-10 expression 
(Fig. 4F) was maintained into old age in WT mice but was 
significantly decreased in young µs-/- mice compared to 
their WT counterparts. The aged µs-/- retinas showed 
almost non-existent IL-10 levels (Fig.  4F). Interestingly, 
the pro-inflammatory chemokine CXCL13, which is pro-
duced largely by microglia in the retina [61, 62], is also 
increased specifically in the aged µs-/- population alone 
(Fig.  4G). Together, these data highlight an important 
role for IgM in the neural retina in maintaining a cyto-
kine environment that promotes anti-neuroinflammatory 
states and suppresses pro-inflammatory cytokines during 
aging.

We further examined cytokine profiles in human serum 
from young and old individuals to explore parallels with 
our mouse model findings. Similar to the mouse data, 

we observed an increase in the pro-inflammatory cyto-
kine VEGF with age in humans (Supplemental Figure S2). 
However, unlike the dramatic inflammatory shift associ-
ated with the absence of IgM in mice, age alone did not 
lead to significant changes in the overall inflammatory 
profile in human serum. While serum provides insights 
into systemic inflammatory changes, it may not fully cap-
ture localized inflammatory processes within the eye.

Since lack of IgM led to a complete reversal of the 
inflammatory cytokine profile in the µs-/- retinas com-
pared to WT retinas, we hypothesized that the resi-
dent microglia would also be affected by the absence of 
secreted IgM and subsequent changes in cytokine lev-
els, as microglia cells are the resident immune cells of 
the CNS [63]. We first determined whether there were 
changes in microglia numbers within the WT and µs-/- 
mice by quantifying the number of Iba-1 + cells within 
the retinas of each group using IHC. It is important to 
note that Iba-1 can also label macrophages, which can 
expand in aging CNS tissue [64, 65]. We found that the 
total number of Iba-1 + microglia increased signifi-
cantly with old age, regardless of the presence of IgM 

Fig. 3  Retinal degeneration with lack of IgM is due to cellular death. Aged WT and µs-/- retinas were evaluated for presence of cellular death using detec-
tion of (A & B) caspase-3 (red) and (C & D) TUNEL (green). Quantification of caspase-3-positive cells (E) and TUNEL-positive cells (F). Results are based on 
two independent experiments with each data point representing total number of positive cells per section, with 5 sections measured for each animal. 
Aged WT: n = 5. Aged µs-/-: n = 3. Statistics used: Mann-Whitney. ****p < 0.0001. Scale bar = 50 μm. (G) Endpoint PCR was run from DNA extracted from 
ear punches on both WT (µs+/+) and KO (µs-/-) mice on the µs background. B6/N and B6/J sourced from Jackson were used as a positive and negative 
control. Results based on five independent experiments with n = 10 mice per each group. 
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(Supplementary Figure S3), consistent with previous lit-
erature [5, 9]. We then assessed morphological changes 
of the resident microglia by measuring the transforma-
tion index (TI) of the microglia (Supplementary Figure 
S3). Microglia retained higher TI values with a ramified 
morphology and small cell bodies in the young mice as 
compared to the aged mice. The TI index significantly 
decreased in young µs-/- mice compared to young WT 
mice (p = 0.028; Welch’s test), indicative of microglia 
with a more amoeboid morphology with retracted cel-
lular processes and larger cell body. Interestingly, aging 
dramatically decreased the TI value of microglia com-
pared to young groups (WT: p = 0.0051; µs-/-: p = 0.0166; 
Welch’s test). These data indicate that aging results in 
increased microglia in the retina and a significant change 
in microglia morphology.

With the significant changes in retinal cytokine pro-
files and changes in microglia numbers as well as mor-
phology, we hypothesized that microglia in the µs-/- mice 
might be differentially polarized; CD86 + microglia have 
been shown to release pro-inflammatory factors whereas 
CD206 + microglia secrete anti-inflammatory factors 
[5]. However, it is worth noting that using CD86 and 
CD206 alone to discuss polarization states may be sim-
plified in light of recent literature [66] and as such, fur-
ther characterization and functional assays are necessary 
to determine the full activation state of these microg-
lia. To examine the polarization phenotype of activated 
microglia in µs-/- mice, flow cytometry was performed 
on whole-neural retina single-cell suspensions from both 
young and aged WT and µs-/- mice (Fig. 5A-B; Supple-
mentary Fig. S4). As seen with IHC, total microglia 
(CD45+CD11b+) increased in aged mice, regardless of 

Fig. 4  IgM plays an important role in maintenance of retinal anti-inflammatory cytokines during aging. Neural retinas were isolated from young (3-4mo) 
or aged (24-26mo) WT and KO eyes. RNA was isolated from the retinas and qPCR was done to determine levels of proinflammatory cytokines (A-D), 
anti-inflammatory cytokines (E-F), and proinflammatory chemokines (G). Gene expression (2− ΔCt) was calculated for each gene run in triplicate from the 
average of three independent experiments, and then plotted for each group. Animal numbers: n = 6 retinas per group. Statistics used: ANOVA with Kruskal 
Wallis post-hoc analysis. *p < 0.05, **p < 0.01, ***p < 0.001
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the presence or absence of IgM (Fig.  5C). Interestingly, 
age was the driver of the change in microglia regard-
less of the presence of secreted IgM (Fig.  5C). In the 
microglia of young µs-/- mice, there was a significant 
increase in the MFI of CD86 compared to young WT 
mice (p = 0.0437), despite no change/increase in total 
microglia (CD45+CD11b+) between WT and µs-/- reti-
nas (p = 0.1154). Together, these data indicate that the 
absence of secreted IgM leads to an increase in the MFI 
of CD86 on microglia in young µs-/- mice, and with age, 
regardless of the presence or absence of IgM, there is an 
increase in in the MFI of CD86 on microglia in the retina, 
which is indicative of activation.

Lack of IgM leads to gliosis in the retina and degradation of 
retinal barrier integrity
In addition to microglia, the retina contains astrocytes 
and Müller glia (MG), which preform critical roles in 
homeostasis. MG span the entire retinal thickness and 
play essential roles in structural integrity, retinal metabo-
lism, neurotransmitter uptake, retinal homeostasis, and 
importantly, cytokine production [8]. Astrocytes, which 
are largely restricted to the nerve fiber layer, have close 
relationships to blood vessels and neurons and play an 
important role in the blood-retinal barrier (BRB) as well 
as in neuronal survival [8]. During neurodegenerative 
processes, both the MG and astrocytes display activation 

Fig. 5  Microglia are increased in the aged retina. Young (3-4mo) and aged (18-26mo) WT and µs-/- neural retinas were isolated and processed to a 
single cell suspension. (A) Representative FACS plots show gating on CD45 + cells. The average percent of retinal CD45 + cells is shown. (B) Representa-
tive FACS plots show gating for CD45+CD11b+ microglia. (C) Graphs showing the total percent of CD45 + cells found in retinal cell preps, the percent 
of CD45 + CD11b + microglia, and median fluorescent intensity (MFI) of CD86 and CD206. FMO, fluorescence minus one. Total Retinas: young WT n = 12; 
Aged WT n = 28; young µs-/- n = 12; aged µs-/- n = 26. Results based on two independent experiments with retinas from individual mice pooled in each 
of the two experiments. Statistics: ANOVA with Kruskal Wallis post-hoc analysis; *p < 0.05,**p < 0.01,***p < 0.001
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and gliosis. A hallmark of gliosis is the upregulation of 
glial fibrillary acidic protein (GFAP). Gliosis initially has 
beneficial effects on neuroprotection, but chronic gliosis 
is associated with retinal swelling and inflammation, BRB 
breakdown, and neurodegeneration [8]. Since microglia 
displayed activation and gliosis in aging µs-/- mice, we 
next investigated whether there was evidence of reactive 
gliosis in other glia of these retinas.

First, we examined astrocytes in retinas of WT and 
µs-/- mice. No differences were observed in astrocyte 
density, morphology, or GFAP expression when compar-
ing young mice. However, looking at aged WT and µs-/- 
mice (18-26mo) there were significant differences in the 
astrocyte population within the retina (Supplemental 
Figure S5). We examined changes in total GFAP expres-
sion and GFAP expression within astrocyte cell bodies 
to determine if lack of IgM was associated with gliosis. 
GFAP expression, as marked by the total percentage of 
GFAP reactivity within the nerve fiber layer, was mea-
sured from flat-mount images. As evident by the increase 
in GFAP expression, lack of IgM significantly increased 
reactive astrocytes in the retina (11.2%±2.3 vs. 14.8%±1.1; 
p < 0.0001; Welch’s test). Looking at the cell bodies of 
astrocytes, there was marked thickening of cell body 
density. We quantified this change in ImageJ by selecting 
astrocyte cell bodies and examining the average intensity 
of GFAP staining between the WT and µs-/- flat mounts 
(Supplemental Figure S5). We observed a significant shift 
in GFAP intensity within the cell bodies between WT 
(blue histogram) and µs-/- (brown histogram) astrocytes. 
These data demonstrate that lack of IgM leads to reactive 
astrocytes within the murine retina with age.

Next, we examined GFAP expression in sections of 
aged WT and µs-/- mice. As GFAP stains both astrocytes 
and MG, we examined both individually based on their 
morphology and localization within retinal layers. Retinal 
sections depicting MG are shown, with MG being high-
lighted based on their morphology (Fig.  6A-B). Gliosis 
was significantly increased in the absence of IgM in the 
aged groups (Fig.  6C; p = 0.0041), as there were drastic 
amounts of GFAP in the µs-/- retinas (Fig.  6B) as com-
pared to the WT group (Fig. 6A). These data demonstrate 
that lack of IgM within the retina leads to significant 
long-term reactive gliosis in multiple glia types.

As reactive gliosis can be associated with outer BRB 
degeneration [67, 68], we examined the RPE, which is 
an integral component of the outer barrier. The RPE is a 
monolayer of pigmented cells found in the retina, which 
play a critical role in retinal homeostasis, including main-
tenance of the BRB and the immune-regulatory environ-
ment [36]. Previously, it was shown that the RPE becomes 
multinucleated during the aging process in mice, which is 
attributed to failed cytokinesis in response to age-related 
oxidative stress resulting from changes in retinal archi-
tecture [69]. Herein, we examined the nucleation state of 
the RPE in WT and µs-/- mice using H&E staining. With 
H&E staining, the RPE showed no differences between 
young WT and µs-/- mice. Interestingly, the proportion 
of cells with single nuclei versus multinucleate RPE cells 
was significantly increased in aged µs-/- mice as com-
pared to aged WT mice (Fig. 7A-C; white arrows indicate 
binucleated RPE cells). In aged WT mice, the majority of 
RPE cells from the retina (peripheral/equatorial regions) 
were mononucleate (97.133%±0.416), while aged µs-/- 
mice showed a significant decrease in mononucleate RPE 

Fig. 6  Increased reactive gliosis in aged mice lacking IgM. Cross sections of aged WT (A-A’’) and aged µs-/- (B-B’’) were examined for active Müller glia. 
Sections were stained for GFAP (magenta) and DAPI (gray) for visualization of MG. Total percent GFAP measured (C) as an average of 10 sections per ani-
mal, with two independent experiments preformed. Each point represents the average of 1 animal. Total animals used: WT aged n = 8, µs-/- aged n = 5. 
Statistics used: Mann Whitney. *p < 0.05, **p < 0.01. Scale bar: 50 μm
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cells (66.233%±2.558; p = 0.001). This significant increase 
in polynucleated RPE indicates that lack of IgM leads to 
increased RPE stress. Upon examination of retinal H&E 
cross sections, the µs-/- retina (Fig.  7E) demonstrated 
characteristic retinal degeneration associated with a lack 

of IgM, as compared to the WT retina (Fig. 7D). When 
examining the RPE layer, it was evident that the WT 
RPE is a tightly associated monolayer. However, µs-/- 
mice exhibited significant degeneration of the RPE layer, 
including extensive vacuolation (Fig. 7E, “V”).

Fig. 7  Lack of IgM is associated with RPE stress and barrier dysfunction in aged mice. Retinas were dissected out of aged (24mo) WT and µs-/- mice; one 
eye was used for H&E and one eye was used for RNA extraction. (A) Representative image of H&E RPE flat mount from an aged WT mouse compared to 
(B) representative image of that from an aged µs-/- mouse. (C) RPE cells from the peripheral/equatorial region of the retina were counted and averaged 
to be either (1) mononucleate (only 1 nucleus/cell) or (2) multinucleate (≥2 nuclei/cell). (D) H&E retinal sections from an aged WT mouse compared to 
(E) the aged µs-/- retina shows signs of retinal degeneration in the neural retina and RPE layer including extensive vacuolation (labeled as “V” in (E)). (F) 
RNA was isolated from the RPE of both young and aged retinas, and qPCR was performed to determine expression level of the inflammatory cytokine 
IL-6. (G&H) Cytoskeleton changes are seen in RPE from aged µs-/- mice (H) as compared to aged WT mice (G) through examination of F-actin. Both aging 
WT and µs-/- RPE show typical age-related changes with increase in RPE size and changes in regular polygonal geometry and shape. However, µs-/- aged 
mice (H) show further evidence of RPE stress and barrier dysfunction such irregular morphology (1), the presence to intracellular stress fibers, with fraying 
and thickening (2), and fragmentation of the RPE cytoskeleton (3). Results based on three independent experiments. Statistics used: unpaired, two-tailed 
Mann-Whitney U test. ***p < 0.001. Animals used: Young WT n = 10; Young µs-/- n = 12; Aged WT n = 7; Aged µs-/- n = 5. Scale bar = 50 μm
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We investigated the function of the BRB by examining 
IL-6 expression via RT-qPCR in isolated RPE tissue from 
both young and aged WT and µs-/- retinas. IL-6 signaling 
decreases barrier function and increases vascular leakage 
[70]. We found that in the absence of secreted IgM, there 
was a significant increase in IL-6 within the RPE of aged 
µs-/- compared with aged WT mice (Fig.  7F; p = 0.001). 
Additionally, we examined RPE morphology using actin 
staining (Fig.  7G and H). As seen with typical aging, 
both WT and µs-/- mice have increased irregular geom-
etry and size, whereas the RPE seen in the young usually 
maintain a normal, uniform, polygonal patterning. How-
ever, unlike aged WT mice, aged µs-/- mice show further 
irregularities in their appearance, including irregular 
morphology (Fig. 7H, callout 1), the presence to intracel-
lular stress fibers, with fraying and thickening (Fig.  7H, 
callout 2), and fragmentation of the RPE cytoskeleton 
(Fig. 7H, callout 3). This type of damage is also observed 
in other age-related retinopathies, such as age-related 
macular degeneration [71]. These results demonstrate 

that the lack of IgM significantly changes the RPE layer 
with age; the RPE cells display signs of cellular stress, 
which results in BRB compromise and increased IL-6 
expression in the RPE.

In addition to retinal degeneration, we observed other 
ocular consequences with a lack of secreted IgM, such 
as cataract formation. We found that opacity was lost in 
µs-/- lenses, along with a significant increase in cataract 
incidence (Supplemental Figure S6).

While our data suggest that the absence of secreted 
IgM directly alters the local retinal microenvironment by 
increasing inflammation and reactive gliosis, it is plausi-
ble that systemic changes resulting from IgM deficiency 
contribute indirectly to the enhanced neurodegeneration. 
For example, IgM can inhibit microvesicle-driven coagu-
lation and thrombosis [72] and an increase in thrombo-
sis has been shown to increase retinal degeneration [73]. 
Therefore, we hypothesized that lack of IgM could lead 
to increased thrombosis causing the observed increase 
in retinal degeneration in μs-/- mice. Evidence of blood 

Fig. 8  Summary of findings and proposed model identifying a role of secreted IgM in retinal maintenance during aging. This study highlights the contri-
bution of secreted IgM in the maintenance of retinal health during aging. During normal aging, we observed a minor loss of retinal neurons, accompanied 
by a slight increase in activated microglia, which appear to be effectively modulated by resident Müller glia. In µs-/- mice lacking secreted IgM, we noted 
significant neurodegeneration during aging, along with an increase in apoptotic cells. These observations suggest a potential role for IgM in facilitating 
the clearance of apoptotic debris from the retina, consistent with its established function in immune regulation elsewhere in the body. Additionally, we 
observed alterations in the retinal cytokine profile in the absence of secreted IgM, characterized by elevated levels of pro-inflammatory cytokines and a 
marked reduction in anti-inflammatory cytokines, compared to the relatively balanced profile observed in aging WT mice. This pro-inflammatory shift in 
the absence of IgM was accompanied by significant reactive gliosis in some resident Müller glia. Together, these findings indicate that secreted IgM may 
contribute to retinal homeostasis during aging by modulating inflammatory responses and maintaining a supportive environment for neuronal health. 
Future studies will be necessary to further define the mechanisms underlying these observations and to explore the role of IgM in retinal health during 
advanced aging. Created in BioRender. Webster, S. (2024) BioRender.com/r68o468
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clotting can be measured by D-dimer in the serum. We 
evaluated the serum of young and aged WT and us-/- 
mice for D-dimer. Our results showed that despite lack 
of circulating IgM, levels of D-dimer in the mouse did 
not change regardless of age (Supplemental Figure S7). 
Further studies are needed to elucidate the direct and/or 
indirect contributions of IgM to retinal degeneration.

Discussion
Ocular homeostasis for vision maintenance is an essen-
tial physiological process, as vision loss is a significant 
burden on individuals and the global healthcare system. 
Lymphocytes have been shown to play a role in the eye 
during ocular disease and inflammation; in vitro stud-
ies have shown B cell interaction with the retinal endo-
thelium [61]. However, little is known about the role of 
B cells and the antibodies they produce in normal ocu-
lar homeostasis. Some evidence exists for lymphocytes 
providing a surveillance function in the CNS [74, 75]. 
Additionally, extrapolating from research in other CNS 
tissues, B cells may enter the retina to participate in phys-
iological immune surveillance [61, 74]. In particular, B 
cells have been shown to reside within the CNS in limited 
numbers in young individuals, with increasing numbers 
observed during aging [76]. Furthermore, a monoclonal 
IgM, HIgM12, has been shown to bind neurons, support 
neurite extension, and override neurite outgrowth inhi-
bition [77, 78]. A recent shift in our understanding of 
multiple sclerosis (MS) has demonstrated that antibody-
dependent and antibody-independent mechanisms are 
thought to underlie B cell-mediated CNS injury in MS 
[79, 80]. These reports demonstrate a role for B cells and 
the Ig they produce in CNS tissue. Here, we present a 
novel finding that increased degeneration of the retina 
and loss of optical clarity in the lens were observed in the 
absence of secreted IgM, in conjunction with significant 
changes in retinal cytokines from an anti-inflammatory 
profile to a largely pro-inflammatory retinal environment. 
With these changes, a lack of IgM leads to significant 
reactive gliosis. These findings are intriguing in context 
to the well-known functions of the blood-retinal barrier 
(BRB); the RPE is a major component of the BRB, and it 
is hypothesized that as antibodies are poorly permeating, 
their bioavailability is limited under homeostatic condi-
tions [81]. However, our findings suggest antibodies play 
an important role in aiding in the maintenance of retinal 
health, which adds to the current understanding of ocu-
lar maintenance.

Unexpectedly, we detected a small amount of IgM 
within the vitreous humor of aged in µs-/- mice. This 
seemingly paradoxical increase in IgM in the vitreous 
humor (VH) of µs-/- mice during aging must be contex-
tualized within the broader framework of IgM availabil-
ity and function. First, as demonstrated by our results, 

serum IgM was not detected in young or aged µs−/− 
mice. These findings suggest that IgM in the vitreous 
humor originates from an alternative source. The limited 
IgM detected in the VH of µs-/- mice may be residual 
or sequestered within pathological contexts, potentially 
derived from dying B cells or extracellular vesicles. How-
ever, further studies are needed to clarify the role of these 
alternative IgM sources in the VH of µs-/- mice. This 
IgM, even if bioavailable, appears insufficient to coun-
terbalance the inflammatory milieu and reactive gliosis 
observed in these mice. Consequently, the lack of func-
tional IgM contributes to an environment permissive to 
increased inflammation and gliosis, exacerbating neuro-
degeneration, rather than mitigating it.

The lack of secreted IgM resulted in heightened reac-
tive gliosis and inflammation, contributing to the wors-
ening progression of retinal degeneration with age in 
the µs-/- mice as compared to WT counterparts. In the 
absence of the rd8 allele, we found significant neural 
degeneration across all retinal layers in aged µs-/- mice 
due to increased apoptosis, as evidenced by the increased 
levels of activated caspase-3 and TUNEL-positive cells. 
Importantly, natural IgM binds to apoptotic cells, facili-
tating the recruitment of C1q, which enhances apoptotic 
cell clearance by phagocytes [54, 82]. Although IgM has 
not previously been shown to play a role in the retina, 
complement receptors are found on the RPE and microg-
lia [83–85], and both cells can clear debris. The RPE are 
known to play a role in apoptotic clearance [86] while 
microglia have a clear role in phagocytosis through inter-
action with C1q [87]. Based on the data presented herein, 
it is possible that IgM aids the RPE in apoptotic clear-
ance under homeostatic conditions, or interacts with 
microglia to clear typical cellular debris. Importantly, in 
the absence of IgM we observed increased cell death and 
a build-up of apoptotic cells, which was not observed in 
aged mice capable of IgM secretion. The role of IgM and 
complement receptors in the retina will be an interesting 
avenue for further inquiry. Although IgM may directly 
contribute to the maintenance of retinal health, it is also 
important to consider the potential systemic effects of 
IgM deficiency on the observed retinal degeneration. 
Selective IgM deficiency can be associated with auto-
immune diseases [88–91], which could potentially con-
tribute to retinal degeneration in advanced age through 
mechanisms that remain to be elucidated.

With enhanced retinal neurodegeneration in mice lack-
ing IgM, we found a significant change in the retinal inflam-
matory profile as well as the resident glia. The absence of 
IgM reversed the cytokine profile from that of high IL-10 
and IL-13 levels maintained during healthy aging (anti-
inflammatory) to that of high IL-1β, IL-6, TNFα, and VEGF 
(pro-inflammatory) levels. This marked switch in cyto-
kine expression is associated with increased microglial 
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proliferation and reactivity. In the absence of IgM, microglia 
displayed a change in the transformation index (TI), devel-
oping an ameboid shape with large cell bodies, indicative 
of microglia activation. Activated microglia are a primary 
marker of neurodegeneration [4, 6, 7, 63]. We found an 
increase in the MFI of CD86 on microglia in young µs-/- 
compared to WT young retinas. This is interesting in the 
context of the microenvironment of the retina, which dem-
onstrates a slight shift in cytokine profiles during the tran-
sition from early to older age. However, regardless of the 
presence or absence of IgM, increased activated microglia 
were observed in aged mice, which is consistent with lit-
erature [5, 9]. These data suggest that a lack of IgM does 
not influence the proliferation or migration of microglia to 
inflamed and damaged retinas with age. Nevertheless, there 
has been increasing evidence that microglia are activated on 
a spectrum that could accommodate the fluctuating degen-
eration rates of different retinal neuron subtypes [92]. How-
ever, the exact role and mechanism of how IgM influences 
the activation of microglia warrants further investigation.

We also observed significant reactive gliosis in both 
retinal astrocytes and Müller glia (MG) in the absence of 
IgM. GFAP expression was significantly increased in mice 
lacking IgM, especially aged mice. A high level of reactive 
gliosis is an indication of gliosis-based neurodegenera-
tion [8]. Together, these data add to our understanding of 
the complex regulatory systems involved in retinal main-
tenance. Herein, we observed that in the absence of IgM 
apoptotic debris accumulates in the neural retina, there 
is a significant increase in pro-inflammatory cytokines, 
degeneration of the outer BRB, and significant gliosis, 
as well as enhanced retinal degeneration in aging mice 
(summarized in Fig. 8). This is the first study to demon-
strate a role for IgM in the maintenance of retinal health 
into advanced age. Although it is still unknown whether 
this role of IgM is direct or indirect, continued research 
into the interplay between B cells, IgM, and the retina 
is necessary to better understand ocular diseases and 
potential treatments.
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