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 Introduction 

The retina, as the light-sensitive tissue at the back of 

the eye, is particularly vulnerable to photochemical 

damage due to its high metabolic rate, abundant poly-

unsaturated fatty acids, and constant exposure to light 

[1, 2]. Excessive or prolonged exposure to light can 

trigger a cascade of degenerative events in photore-

ceptor cells, a process known as light-induced reti-

nopathy. This pathological phenomenon is not only a 

significant concern in the context of occupational or 

environmental light overexposure but also serves as a 

valuable experimental model for understanding the 

mechanisms underlying prevalent retinal degenera-

tive diseases such as Age-Related Macular Degenera-

tion (AMD) and Retinitis Pigmentosa [3, 4]. In these  

Early Photoreceptor Apoptosis and Microglial Response in Light-Damaged Mouse 

Retina 

 

Hanieh Shojaee1, Nourani M.R. 2,* 

1. Department of Biology, Science and Research Branch, Islamic Azad University, Tehran, Iran 

2. Tissue Engineering and Regenerative Medicine, New Health Technologies Institute, Baqiyatallah University of 

Medical Sciences, Tehran, Iran. 

*. Corresponding author: Mohammad reza Nourani, r.nourani@yahoo.com 

Abstract 

Background: The retina, as part of the central nervous system, has limited capacity for self-

repair following injury. Light-induced retinopathy serves as a valuable model for studying 

retinal degeneration, but the early events following photic injury remain incompletely char-

acterized. 

Objective: This study investigated the temporal and spatial relationship between photore-

ceptor apoptosis and macrophage response during the first three days after light-induced 

retinal damage. 

Methods: Adult BALB/c mice were exposed to intense cool white fluorescent light (3,500-

7,000 lux) for 7 hours and sacrificed at 1, 2, and 3 days post-injury. Retinal sections were 

examined using toluidine blue staining for morphology, TUNEL assay for apoptotic cells, 

and F4/80 immunohistochemistry for macrophages/microglia. 

Results: Progressive outer nuclear layer (ONL) thinning was observed, with near-complete 

photoreceptor loss by day three. TUNEL-positive apoptotic cells appeared exclusively in 

the ONL, peaking at day two and declining by day three. F4/80-positive cells transformed 

from ramified to amoeboid morphology, increased in number, and migrated to the ONL, 

with peak accumulation at days two to three. 

Conclusion: Photoreceptor apoptosis peaks at 48 hours post-injury, closely followed by mi-

croglial activation and recruitment to the site of damage. This temporal sequence confirms a 

direct relationship between cell death and inflammatory response, identifying the first 48 

hours as a critical therapeutic window for intervention in retinal degenerative diseases. 
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A central feature of retinal degeneration, regardless 

of the initial insult, is the programmed death of pho-

toreceptors, primarily via apoptosis [7, 8]. This pro-

cess has been extensively documented using tech-

niques like TUNEL (Terminal deoxynucleotidyl 

transferase dUTP nick end labeling), which specifi-

cally labels fragmented DNA in apoptotic cells [9, 

10]. Following this cell death, a robust inflammatory 

response is triggered. Resident microglia, the im-

mune cells of the central nervous system, become 

activated and, along with infiltrating macrophages 

from the circulation, migrate to the site of injury [11, 

12]. These cells, collectively identified by markers 

such as F4/80 in rodents, play a dual role: they are 

essential for clearing cellular debris, but they can 

also exacerbate tissue damage by releasing pro-

inflammatory cytokines [13, 14]. The delicate bal-

ance between these protective and destructive roles 

conditions, oxidative stress and subsequent cell death 

are key drivers of vision loss, making the light-

damage model a powerful tool for investigating these 

fundamental pathological processes. Histologically, 

the mammalian retina is a highly organized, multi-

layered structure. The outer nuclear layer (ONL) con-

tains the cell bodies of photoreceptors rods and cones 

which are the primary victims of light-induced dam-

age [5]. Beneath this lies the inner nuclear layer 

(INL), housing the cell bodies of bipolar, horizontal, 

and amacrine cells, while the ganglion cell layer 

(GCL) contains the cell bodies of retinal ganglion 

cells whose axons form the optic nerve. The photore-

ceptor outer segments interdigitate with the retinal 

pigment epithelium (RPE), a monolayer of cells criti-

cal for phagocytosis of shed outer segments, recy-

cling of visual cycle components, and maintaining 

the blood-retina barrier [6]. The integrity of these 

layers, particularly the ONL and RPE, is essential for 

visual function, and their disruption is a hallmark of 

retinal degeneration. This highly structured architec-

ture allows for precise histological localization of 

pathological events, such as apoptotic nuclei in the 

ONL or infiltrating immune cells within specific lay-

ers (Fig 1). 

Figure 1: Hitological structure of retina  
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is a critical determinant of the final outcome for reti-

nal tissue. While the individual phenomena of apop-

tosis and macrophage infiltration in the damaged ret-

ina are well-established, the precise temporal and 

spatial relationship between them in the very first 

few days following injury remains incompletely 

characterized [15]. Understanding this early phase is 

crucial, as it represents a potential window for thera-

peutic intervention. Most studies have focused on 

later time points where degeneration is fully estab-

lished, leaving a gap in our knowledge of the initiat-

ing events and the immediate cellular dialogue be-

tween dying neurons and responding immune cells. 

Therefore, this study was designed to investigate the 

acute phase of light-induced retinal damage in a 

mouse model. Our primary objective was to charac-

terize the time course of apoptotic cell death and the 

concurrent macrophage response within the first 

three days post-lesion. Using TUNEL assay to label 

apoptotic cells and immunohistochemistry for the 

macrophage marker F4/80, we aimed to provide a 

detailed histological timeline of these key degenera-

tive and inflammatory events. We hypothesized that 

the peak of macrophage infiltration would closely 

follow the peak of apoptosis, suggesting a direct re-

cruitment mechanism in this early stage of patholo-

gy. The findings from this study will contribute to a 

better understanding of the initial pathophysiological 

processes in retinal degeneration and may help iden-

tify targets for early therapeutic strategies. 

 Materials and Methods 

 Animals 

Eight-week-old male BALB/c mice were used in this 

study. All animals were housed in ventilated cages 

under controlled environmental conditions (22°C, 

12:12-hour light/dark cycle) with food and water 

available ad libitum. For tissue collection, mice were 

deeply anesthetized with an intraperitoneal injection 

of pentobarbital (50 mg/kg body weight) and subse-

quently perfused transcardially with 4% paraformal-

dehyde in 0.1 M phosphate buffer (PB), pH 7.2. Fol-

lowing enucleation, eyeballs were post-fixed in the 

same fixative for 2 hours at 4°C and prepared for 

histopathological and immunohistochemical analysis 

using cryosectioning. All experimental procedures 

were approved by the Institutional Animal Care and 

Use Committee (IACUC) of Laboratory Animal Sci-

ences Center. 

 Light-Induced Retinal Damage Model 

Photic injury was induced according to the protocol 

previously described [16]. Thirteen-week-old male 

BALB/c mice were randomly assigned to two exper-

imental groups: light-exposed (LE) and control. 

Control mice were dark-adapted for 24 hours and 

then exposed to standard room illumination 

(approximately 200 lux) for 6 hours prior to euthana-

sia. Light-exposed mice were similarly dark-adapted 

for 24 hours and subsequently exposed to intense 

cool white fluorescent light at an intensity ranging 

from 3,500 to 7,000 lux for 7 hours, beginning at 

2:00 a.m. and ending at 9:00 a.m. [17]. Following 

photic injury, LE mice were returned to the normal 

12:12-hour light/dark cycle until euthanasia. 

Animals were sacrificed at 6 hours, 1 day, 2 days, 

and 3 days post-exposure. At each time point, a min-

imum of three mice were used for tissue collection. 

Age-matched control mice (n=3) were also included. 

 Tissue Preparation 

Following transcardial perfusion, eyeballs were enu-

cleated and post-fixed in 4% paraformaldehyde in 

0.1 M PB (pH 7.2) for 2 hours at 4°C. The tissues 

were then cryoprotected by immersion in graded su-

crose solutions (10%, 20%, and 30%) in 0.1 M PB at 

4°C until sinking. Specimens were embedded in op-

timal cutting temperature (OCT) compound and rap-

idly frozen. Serial cryosections were cut at a thick-

ness of 10–12 μm in the sagittal plane through the 

optic nerve head, collected on gelatin-coated slides, 

and stored at −20°C until further processing. 

 TUNEL Assay for Apoptotic Cell Detection 

Apoptotic cells in retinal sections were identified 

using the terminal deoxynucleotidyl transferase-

mediated dUTP nick end labeling (TUNEL) tech-

nique [9]. Cryosections were processed according to 

the manufacturer's instructions using the In Situ Cell 

Death Detection Kit (Roche Diagnostics). Briefly, 
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sections were permeabilized with 0.1% Triton X-

100 in 0.1% sodium citrate for 2 minutes on ice, 

followed by incubation with the TUNEL reaction 

mixture for 60 minutes at 37°C in a humidified 

chamber. Negative controls were prepared by omit-

ting the terminal deoxynucleotidyl transferase en-

zyme. Sections were counterstained with 4′,6-

diamidino-2-phenylindole (DAPI) to visualize all 

cell nuclei. TUNEL-positive cells were examined 

under a fluorescence microscope. 

 Immunohistochemistry for Macrophages 

For immunohistochemical detection of macrophag-

es, cryosections were first permeabilized with 0.1% 

Triton X-100 in 0.1 M phosphate-buffered saline 

(PBS) for 10 minutes. Endogenous peroxidase ac-

tivity was quenched by incubation with 0.3% hy-

drogen peroxide (H₂O₂) in methanol for 20 minutes 

at room temperature. To block non-specific anti-

body binding, sections were incubated with 1% bo-

vine serum albumin (BSA) in 0.1 M PBS for 1 hour 

at room temperature [18]. 

Sections were then incubated overnight at 4°C with 

a primary antibody against F4/80, a specific marker 

for murine macrophages (rat anti-mouse F4/80, 

1:500 dilution; AbD Serotec, Oxford, UK) [19]. Af-

ter thorough washing with PBS, sections were incu-

bated with appropriate biotinylated secondary anti-

body (goat anti-rat IgG, 1:200; Vector Laboratories) 

for 1 hour at room temperature. Immunoreactivity 

was visualized using the Vectastain Standard HRP 

Kit (Vector Laboratories, Burlingame, CA, USA) 

with 3,3′-diaminobenzidine (DAB, 0.05%) as the 

chromogen. The reaction was monitored under a 

microscope and stopped by rinsing with distilled 

water. Sections were dehydrated through graded 

ethanol, cleared in xylene, and mounted with 

Permount. Negative control sections were processed 

by omitting the primary antibody. 

 Microscopy and Image Analysis 

Stained sections were examined for TUNEL-

positive and F4/80-positive cells using an Olympus 

BX51 light/fluorescence microscope. Images were 

captured using a DP72 digital camera (Olympus, 

Japan) and analyzed with image analysis software 

(ImageJ, NIH). 

 Results 

As the retina is part of the central nervous system 

(CNS), it possesses a very limited capacity for self-

repair. Following an injury caused by light expo-

sure, the retina undergoes rapid degeneration, with 

the most critical damage occurring in the outer nu-

clear layer (ONL), which contains the photoreceptor 

cell bodies [5]. At 1, 2, and 3 days post-injury, this 

layer became progressively disorganized, and its 

thickness decreased by more than half, as revealed 

by toluidine blue staining in Figure 2 [20]. 

In the intact retina, F4/80-immunopositive cells 

were sparsely distributed throughout the retinal lay-

ers, displaying a ramified morphology with arbor-

ized, thin processes characteristic of a resting, sur-

veillance state [19]. Following photic injury, these 

cells increased in number and transitioned to a 

round, amoeboid morphology, signifying their shift 

to an activated, phagocytic state [11]. This morpho-

logical change coincided with their relocalization to 

the ONL. As degeneration proceeded, the F4/80-

positive cells continued to proliferate, becoming 

larger and more rounded, and ultimately concentrat-

ed within the areas of the outer retina undergoing 

active remodeling [14]. 

To assess apoptosis following photic injury, 

TUNEL staining was performed. In the intact retina, 

no TUNEL-positive cells were observed throughout 

the entire retinal tissue. Following photic injury, the 

number of apoptotic cells gradually increased [10]. 

These cells were predominantly localized within the 

ONL. The peak frequency of TUNEL-positive cells 

was observed at 2 days post-injury [8]. Subsequent-

ly, as the thickness of the ONL decreased, the num-

ber of TUNEL-positive cells declined. This tem-

poral pattern indicates that the majority of photore-

ceptor cell death occurs around 2 days following 

photic injury [7]. 
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 Discussion 

The present study was designed to investigate the 

acute phase of light-induced retinal damage in a 

mouse model, focusing on the temporal and spatial 

relationship between photoreceptor apoptosis and 

the subsequent macrophage response during the first 

three days post-injury. Using toluidine blue staining, 

TUNEL assay, and F4/80 immunohistochemistry, 

we aimed to provide a comprehensive histological 

timeline of degenerative and inflammatory events 

following light exposure [15]. Our results confirm 

the hypothesis that the peak of macrophage/

microglial accumulation in the outer nuclear layer 

(ONL) closely follows the peak of photoreceptor 

apoptosis, supporting the concept that dying photo-

Figure 2: Histological and immunohistochemical analysis of retinal degeneration after photic injury  

Retinal sections from intact and injured mice were stained with toluidine blue to visualize general mor-

phology (A-D), with an antibody against F4/80 to detect microglia (E-H), and with TUNEL to identify 

apoptotic photoreceptors (I-L). (A-D) Toluidine blue staining. (A) Intact retina showing the distinct reti-

nal layers: ganglion cell layer (GCL), inner nuclear layer (INL), outer nuclear layer (ONL), and retinal 

pigment epithelium (RPE). (B) Retina at 1 day post-injury, showing early disorganization of the ONL. (C) 

Retina at 2 days post-injury, with significant thinning of the ONL. (D) Retina at 3 days post-injury, where 

most photoreceptor nuclei have disappeared . (E-H) F4/80 immunohistochemistry. (E) In the intact retina, 

rare F4/80-positive microglia display a ramified morphology with thin, arborized processes. (F) At 1 day 

post-injury, microglia increase in number and begin to migrate to the ONL. (G) At 2 days post-injury, mi-

croglia are predominantly round/amoeboid in shape and localized within the ONL. (H) At 3 days post-

injury, numerous rounded microglia are concentrated in the area of active ONL remodeling. (I-L) TUNEL 

assay. (I) The intact retina shows no TUNEL-positive cells [9]. (J) At 1 day post-injury, scattered TUNEL-
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receptors release chemotactic signals that recruit 

immune cells to the site of injury [12]. 

Toluidine blue staining revealed progressive and 

severe degeneration of the ONL following light ex-

posure. In intact retinas, the characteristic multi-

layered architecture was clearly discernible. Howev-

er, by day one post-injury, disorganization of the 

ONL was evident. At day two, significant thinning 

of this layer was observed, and by day three post-

injury, the majority of photoreceptor nuclei had dis-

appeared, with the ONL thickness reduced by more 

than half [20]. These findings align with previous 

reports demonstrating that photoreceptors are the 

primary targets of light-induced damage due to their 

high metabolic activity and susceptibility to oxida-

tive stress [1, 2]. The rapid progression within 72 

hours corroborates earlier studies reporting that the 

timing of photoreceptor loss depends on light inten-

sity and genetic background [17]. The near-

complete ONL loss by day three underscores the 

acute nature of this model and highlights the narrow 

window for neuroprotective intervention [3]. 

TUNEL staining confirmed that photoreceptor loss 

occurred via apoptosis. No TUNEL-positive cells 

were detected in intact retinas. At day one post-

injury, scattered TUNEL-positive cells appeared 

exclusively within the ONL. This number increased 

progressively, reaching a peak at day two post-

injury, then declined by day three as the ONL 

thinned [8]. This temporal pattern strongly agrees 

with previous studies demonstrating that light-

induced photoreceptor apoptosis in BALB/c mice 

peaks between 24 and 48 hours, with maximal DNA 

fragmentation observed at 48 hours [7, 10]. The de-

cline by day three reflects that most susceptible pho-

toreceptors had already undergone cell death and 

been cleared, consistent with the concurrent ONL 

thinning observed in our study [9]. The exclusive 

ONL localization of TUNEL-positive cells reinforc-

es that photoreceptor apoptosis is the primary patho-

logical mechanism driving early retinal degenera-

tion, validating the light-damage model for studying 

photoreceptor cell death mechanisms relevant to 

AMD and retinitis pigmentosa [4, 6]. 

In parallel, we characterized F4/80-immunopositive 

cells representing resident microglia and infiltrating 

macrophages. In intact retinas, these cells were 

sparsely distributed across all retinal layers and ex-

hibited a ramified morphology with thin, arborized 

processes, characteristic of resting microglia in their 

surveillance state [19]. Following light exposure, a 

dramatic transformation occurred. By day one post-

injury, these cells had increased in number and be-

gun to migrate toward the ONL. At day two, they 

had adopted a round, amoeboid morphology—a 

hallmark of microglial activation and transition to a 

phagocytic phenotype and were predominantly lo-

calized within the degenerating ONL [14]. By day 

three, numerous rounded F4/80-positive cells were 

concentrated in the areas of active ONL remodeling 

[13]. This progression from ramified to amoeboid 

morphology, coupled with redistribution to the inju-

ry site, is consistent with established patterns of mi-

croglial activation following neuronal damage [11, 

18]. Our findings align with studies demonstrating 

microglial activation within 24 hours of light-

induced injury and migration to the ONL to phago-

cytose apoptotic debris, with activated microglial 

accumulation peaking between days two and three 

[12, 14]. 

A central objective was examining the temporal re-

lationship between these events. Our results demon-

strate a clear sequence: photoreceptor apoptosis be-

gins within 24 hours, peaks at 48 hours, and declines 

by 72 hours. Concurrently, microglial activation and 

migration become evident by day one, peak between 

days two and three, and persist through day three in 

areas of active remodeling [15]. This temporal cas-

cade confirms our hypothesis: the peak of microglial 

accumulation slightly lags behind the peak of apop-

tosis, consistent with the time required for microglia 

to sense damage signals, become activated, and mi-

grate [14]. The close spatial relationship between 

TUNEL-positive and F4/80-positive cells within the 

ONL further supports that microglia directly re-

spond to apoptotic photoreceptors, likely through 

"find-me" signals such as ATP and fractalkine [13]. 

Once recruited, microglia fulfill their essential phag-

ocytic role, clearing cellular debris to prevent sec-
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ondary necrosis and inflammation [18]. However, 

activated microglia also secrete pro-inflammatory 

cytokines (TNF-α, IL-1β) that may exacerbate tis-

sue damage [11]. The persistence of activated mi-

croglia beyond the apoptosis peak raises the ques-

tion of whether they contribute to ongoing degener-

ation a possibility warranting further study using 

microglial depletion or inhibition strategies [12]. 

Our findings are broadly consistent with the exist-

ing literature on light-induced retinal degeneration 

[1-5, 15]. However, this study provides a detailed, 

side-by-side characterization of morphological, 

apoptotic, and inflammatory parameters within the 

critical first 72 hours, offering a comprehensive 

timeline in a single experimental system. The light-

damage model has significant translational rele-

vance. Age-related macular degeneration, the lead-

ing cause of elderly blindness, involves progressive 

photoreceptor degeneration and chronic inflamma-

tion [3, 6]. The acute events we documented photo-

receptor apoptosis followed by microglial activation 

recapitulate key aspects of early AMD pathology 

[4]. Similarly, in retinitis pigmentosa, photoreceptor 

apoptosis is the final common pathway to vision 

loss, with inflammation increasingly recognized as 

a disease modifier [5]. The 24- to 48-hour window 

identified in our study represents an optimal thera-

peutic opportunity [16]. Anti-apoptotic strategies 

(caspase inhibitors, neurotrophic factors) would re-

quire administration before or shortly after insult 

[7]. Modulating the microglial response could be 

beneficial either by enhancing phagocytic clearance 

to promote recovery or dampening pro-

inflammatory activity to limit bystander damage 

[14]. The challenge remains balancing these oppos-

ing functions for optimal retinal preservation. 

 Conclusion 

In conclusion, this study demonstrates that within 

the first three days following light-induced retinal 

injury: (1) Photoreceptor apoptosis is the primary 

pathological event, peaking at 48 hours and declin-

ing by 72 hours; (2) Microglial cells transform from 

ramified to amoeboid morphology, proliferate, and 

migrate to the degenerating ONL, with peak accu-

mulation between days two and three; (3) The peak 

of microglial accumulation closely follows the peak 

of apoptosis, confirming a direct temporal relation-

ship; and (4) The first 48 hours emerge as a critical 

period when photoreceptor death is most active and 

the inflammatory response is being established. 

These findings contribute to understanding initial 

pathophysiological processes in retinal degeneration 

and highlight a narrow therapeutic window. Future 

studies should focus on dissecting the molecular 

signals governing the interaction between apoptotic 

photoreceptors and responding microglia, with the 

ultimate goal of identifying targets for early thera-

peutic strategies aimed at preserving retinal struc-

ture and function. 
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