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Highlights 

This article focuses on examining the structure of the retina during the development of glaucoma. 
Neurodegenerative processes in glaucoma do not only cause damage to retinal ganglion cells but 
also lead to changes in the retinal structure, which include alterations of the thickness of inner 
plexiform and inner nuclear layer. 

What are the main findings? 

• Glaucoma causes neurodegeneration of the retina leading to retinal thinning. 
• Retinal thinning in glaucoma is layer-specific, which highlights the complexity of the 

neurodegenerative processes associated with the development of the disease. 

What are the implications of the main finding? 

• This study provides foundational insights into the structural changes associated with 
glaucoma. 

• Understanding the sequence of retinal degeneration in glaucoma is critical for developing 
targeted neuroprotective therapies aimed at preserving vision in glaucoma patients., with 
implications for advancing preclinical research and, in the future, therapeutic strategies. 

Abstract 

The retina is a highly specialized structure consisting of neurons, glial cells, and pigment epithelial 
cells. Glaucoma, the leading cause of irreversible blindness, is characterized by increased intraocular 
pressure (IOP), retinal ganglion cell (RGC) loss, and retinal nerve fibre layer thinning. This study 
aimed to validate an experimental glaucoma model and examine retinal structural changes during 
disease development. Female DBA/2 mice, genetically predisposed to glaucoma, were used as the 
experimental group, while pre-glaucomatous DBA/2 and non-glaucomatous C57Bl/6 mice served 
as controls. IOP was measured biweekly. Retinal sections were analysed histologically for retinal 
thickness, individual layer thickness, and the number of cells within the ganglion cell layer. 
Glaucomatous DBA/2 mice exhibited significantly higher IOP and significant retinal thinning. 
Structural changes were observed as reduced outer plexiform layer and inner nuclear layer 
thickness and increased inner plexiform layer thickness. Ganglion cell layer cell counts decreased 
in glaucomatous mice in both central and peripheral regions. In conclusion, DBA/2 mice develop 
hallmark glaucoma features while retinal thinning is layer-specific. Understanding the sequence of 
retinal damage, including RGC axonal dysfunction and cell death, is critical for designing advanced 
preclinical research strategies and, in the future, developing targeted therapies. 
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1. Introduction 

The retina is a highly specialized eye structure that comprises neurons (photoreceptors, 
horizontal cells, bipolar cells, amacrine cells, and retinal ganglion cells [RGC]), glial cells (Müller cells, 
astrocytes, and microglia), and pigment epithelial cells. Neurons transmit visual impulses, while glial 
cells support neuronal function by providing nourishment, maintaining structural integrity, secreting 
neuroprotective proteins, and mediating immune processes [1–3]. The pigment epithelial cells form 
the retina’s outermost layer, regulating nutrient exchange and protecting against oxidative damage 
[4]. 

The mammalian retina contains ten layers: (i) retinal pigment epithelium (RPE), (ii) 
photoreceptor layer, (iii) outer limiting membrane (OLM), (iv) outer nuclear layer (ONL), (v) outer 
plexiform layer (OPL), (vi) inner nuclear layer (INL), (vii) inner plexiform layer (IPL), (viii) ganglion 
cell layer (GCL), (ix) retinal nerve fiber layer (RNFL), and (x) inner limiting membrane (ILM) [1]. The 
three thickest layers contain neuronal bodies (ONL, INL, GCL), and their synaptic processes form the 
OPL, IPL between them [5]. Photoreceptors, with cell bodies located in the ONL, synapse with bipolar 
and horizontal cells in the OPL, while bipolar and amacrine cells, with bodies located in the INL, 
synapse with RGCs in the IPL. The cell bodies of RGCs lay in the GCL, and their axons form the 
RNFL, projecting to the brain via the optic nerve [6–8]. 

Glaucoma is a chronic disease affecting 76 million people worldwide, with projections 
estimating an increase to 111.8 million by 2040 [9]. It is one of the leading causes of irreversible 
blindness globally [10]. Glaucoma is defined as a chronic optic neuropathy, with elevated intraocular 
pressure (IOP) being a major risk factor [11–13]. It encompasses a heterogeneous group of conditions 
characterized by RGC loss, RNFL thinning, and optic disc cupping [14,15], classifying it as a 
neurodegenerative disorder. RGC loss occurs via apoptosis, triggered by genetic, neurotrophic, 
autoimmune, and excitotoxic factors [16]. In the classic understanding of glaucoma development, 
increased IOP causes damage to the retina leading to RGC loss. The mechanisms involved in this 
interplay are still being researched, though it is believed that high IOP induces mechanical and 
oxidative stress, as well as hypoxia of the inner retina. This is modulated by structural and material 
properties of the eye, which vary across regions. The stress triggers the remodelling and transmission 
of stimuli to RGCs [17]. 

Even though the research on glaucoma pathomechanisms is extensive and ongoing, most of it 
centers around IOP and RGCs. However, RGCs are cells that interact with other parts of the retina, 
which may be affected by glaucoma as well, and may play a role in its pathomechanisms. This study 
aimed to validate a popular experimental model of glaucoma and then assess the structural changes 
in the retina that occur during glaucoma development. 

2. Materials and Methods 

2.1. Animals 

This study was approved by the II Local Ethical Committee in Warsaw (resolution 
WAW2/122/2020). Female DBA/2 mice, genetically predisposed to pigmentary glaucoma, served as 
the experimental model, while C57Bl/6 mice, which do not develop glaucoma, were used as controls. 
The animals were divided into four groups: (i) C57Bl/6_11w (control) – 11-week-old non-
glaucomatous C57Bl/6 mice (n=10), (ii) C57Bl/6_44w (control) – 44-week-old non-glaucomatous 
C57Bl/6 mice (n=12), (iii) DBA/2_11w (control) – 11-week-old pre-glaucomatous DBA/2 mice (n=10) 
(iv) DBA/2_44w_GLAU (experimental) – 44-week-old glaucomatous DBA/2 mice (n=10). 

Mice were housed in ventilated rooms (12-hour light-dark cycles, 20 – 24 °C, 55% ± 10% 
humidity) in cages with enrichment. Food and water were provided ad libitum, and animals 
underwent a 2-week acclimatization period prior to in vivo examinations. 
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2.2. In Vivo Studies 

Mice from the C57Bl/6_11t and DBA/2_11t groups were examined in vivo once at 11 weeks of 
age before sacrifice, and mice from the C57Bl/6_10m and DBA/2_10m_GLAU groups were examined 
every two weeks from 11 weeks to 44 weeks of age. Animals were anesthetized with isoflurane 
delivered by a low-flow anesthesia system (SomnoSuite; flow [ml/min] = 0.65 x body weight [g]). IOP 
was then measured using a TonoVet Plus handheld veterinary tonometer (iCare). The measurement 
was performed in each eye, three times and averaged. 

2.3. Sacrifice and Tissue Harvesting 

Remaining under anesthesia, the mice were sacrificed by cervical dislocation. Tissues (blood and 
eyeballs) were harvested for further analysis. Blood was collected directly from the left ventricle of 
the heart and, after clotting, centrifuged to obtain serum. 

2.4. Histopathological Analysis 

Retinal sections were prepared and stained with hematoxylin and eosin per the protocol 
described previously by our team [18]. The retina was analyzed on three consecutive cross-pupil 
sections and the retinal thickness (RT), as the distance between the OLM and ILM at the widest point 
[µm], and the thickness of chosen individual retinal layers, ONL, OPL, INL, and IPL, at their widest 
point [µm] were measured. To avoid bias due to skew sectioning, the thickness values of individual 
layers were presented as the ratio to the measured RT value: (i) ONL/RT, (ii) OPL/RT, (iii) INL/RT, 
and (iv) IPL/RT. Next, the number of cells within the GCL was counted in the central part of the retina 
over a length of 500 µm (cells of central GCL) and in the peripheral part, over a length of 250 µm on 
one side and 250 µm on the opposite side of the section (the measurement was started at a distance 
of 500 µm from the edge of the ciliary body). The number of cells was summed to express the number 
of cells per 500 µm of the peripheral retina (cells of peripheral GCL). 

2.5. Statistical Analysis 

Data were analysed using GraphPad Prism 9 and Microsoft Excel. Normality was assessed using 
the Shapiro-Wilk test. Statistical comparisons employed ANOVA, or Kruskal-Wallis tests, depending 
on the distribution of data. The level of significance was set at p ≤ 0.05. 

3. Results 

A descriptive analysis of the results is presented in Table A1 in the Appendix section. 

3.1. Tonometry 

The results of IOP measurements performed at two-week intervals are presented in Figure 1. 
Mice of the experimental group presented significantly higher IOP values compared to C57Bl/6 mice 
at the same age, 17 mmHg (interquartile range [IQR] 16 – 18.75 mmHg) vs. 15 mmHg (IQR 13 – 17 
mmHg), p = 0.005. IOP in experimental mice was also significantly higher than in younger mice of 
the same strain at 11 weeks of age, 17 mmHg (IQR 16 – 18.75 mmHg) vs. 13 mmHg (IQR 12 – 14 
mmHg), p < 0.001. Additionally, a difference was observed between 11-week-old DBA/2 and 11-
week-old C57Bl/6 mice, with young DBA/2 mice having lower IOP than young C57Bl/6 mice, 13 
mmHg (IQR 12 – 14 mmHg) vs. 15 mmHg (IQR 14 – 17 mmHg), p < 0.001 (Figure 2A). 
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Figure 1. Mean values of intraocular pressure (IOP) in DBA/2 and C57Bl/6 mice during the experiment. 
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Figure 2. Values of (A) intraocular pressure (IOP), (B) retinal thickness (RT), (C) thickness of the outer nuclear 
layer in relation to retinal thickness (ONL/RT), (D) thickness of the outer plexiform layer in relation to retinal 

thickness (OPL/RT), (E) thickness of the inner nuclear layer in relation to retinal thickness (INL/RT), (F) 
thickness of the inner plexiform layer in relation to retinal thickness (IPL/RT), (G) number of cells of the central 

ganglion cell layer (GCL), (H) number of cells of the peripheral ganglion cell layer (GCL) in C57Bl/6 and 
DBA/2 mice on the day of sacrifice. The box plot shows the median (horizontal line), and the first and third 

quartiles. Whiskers depict minimum and maximum values. * p < 0.05; ** p < 0.01; *** p < 0.001. 

3.2. Retinal Thickness 

Exemplary cross-sections of the mouse retina with measurements of RT and retinal layers’ 
thickness are presented in Figure 3. Mice with glaucoma had significantly thinner retinas than young 
pre-glaucomatous mice of the same strain (RT: 106 µm [IQR 90.1 – 124 µm] vs. 194.5 µm [IQR 180.25 
– 242.25 µm], p < 0.001). In addition, the retina of 44-week-old glaucomatous DBA/2 mice was 
significantly thinner than the retina of 44-week-old non-glaucomatous mice of the control strain (RT: 
106 µm [IQR 90.1 – 124 µm] vs. 194 µm [IQR 127.25 – 223.75 µm], p < 0.001) (Figure 2B). 

 

Figure 3. Exemplary cross-section of the retina of (A) an 11-week-old C57Bl/6 mouse, (B) a 44-week-old 
C57Bl/6 mouse, (C) an 11-week-old DBA/2 mouse, (D) a 44-week-old DBA/2 mouse with glaucoma. 

Hematoxylin and eosin staining. RT – retinal thickness; ONL – outer nuclear layer; OPL – outer plexiform 
layer; INL – inner nuclear layer; IPL – inner plexiform layer. Magnification 200x. 

3.3. The Thickness of the Individual Layers of the Retina 

With age, the thickness of the inner layers of the retina of both mice strains changed. A decrease 
in the thickness of the INL and an increase in the thickness of the IPL were observed in relation to RT 
(Figure 2E,F). A change that was only present in the experimental group (DBA/2_10m_GLAU) was a 
decrease in OPL/RT, this ratio in mice with glaucoma was lower than in 11-week-old pre-
glaucomatous (DBA/2_11t), 0.061 (IQR 0.051 – 0.069) vs. 0.072 (IQR 0.062 – 0.078), p = 0.018. However, 
no statistically significant difference was observed when comparing 44-week-old DBA/2 mice with 
44-week-old C57Bl/6 mice (Figure 2D). 
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3.4. Cells of GCL 

Sections through the mouse retina showing the cells of central and peripheral GCL are shown in 
Figure 4. In mice with glaucoma (DBA/2_10m_GLAU), a reduced number of cells of both central and 
peripheral GCL, was observed compared to the group of 44-week-old non-glaucomatous C75Bl/6 
mice (cells of central GCL: 36.5 [IQR 30.25 – 40.75] vs. 56.5 [IQR 38 – 74.75], p < 0.001; cells of peripheral 
GCL: 29 [IQR 20.75 – 32.5] vs. 38 [IQR 34.25 – 42.5], p < 0.001) and compared to the group of 11-week-
old pre-glaucomatous DBA/2 mice (cells of central GCL: 36.5 [IQR 30.25 – 40.75] vs. 55.5 [IQR 50.25 – 
62], p < 0.001; cells of peripheral GCL: 29 [IQR 20.75 – 32.5] vs. 46.5 [IQR 41.25 – 51], p < 0.001). No 
differences in the number of cells of GCL were observed between the remaining groups of animals 
(Figure 2G,H). 

 

Figure 4. Exemplary cross-sections of the retina showing (A) cells of central GCL of an 11-week-old C57Bl/6 
mouse, (B) cells of peripheral GCL of an 11-week-old C57Bl/6 mouse, (C) cells of central GCL of a 44-week-old 
C57Bl/6 mouse, (D) cells of peripheral GCL of a 44-week-old C57Bl/6 mouse, (E) cells of central GCL of an 11-
week-old DBA/2 mouse, (F) cells of peripheral GCL of an 11-week-old DBA/2 mouse, (G) cells of central GCL 

of a 44-week-old DBA/2 mouse with glaucoma; (H) cells of peripheral GCL of a 44-week-old DBA/2 mouse 
with glaucoma. Hematoxylin and eosin staining. Cell bodies are marked with circles. Magnification 200x. 
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4. Discussion 

4.1. The Diagnosis of Glaucoma Was Made Based on a Higher IOP and Changes Indicative of Retinal 
Degeneration 

In glaucomatous mice (44-week-old DBA/2), a significant increase in IOP was observed 
compared to healthy mice (11-week-old pre-glaucomatous mice of the same strain and 44-week-old 
mice from a strain not prone to glaucoma) (Figure 2A). The average time of glaucoma development 
in DBA/2 mice is considered to be 7 - 9 months [19–22], which was also confirmed by our results. 
Based on regular IOP measurements, a significant increase in IOP was observed from the 30th week 
(7th month) of life (Figure 1). In addition to the increase in IOP, the mice also suffered a decrease in 
the number of cells of the GCL, in both the central and peripheral parts of the retina (Figure 2G,H, 
Figure 4). This indicates damage to the optic nerve (formed by axons of RGCs stemming from the 
GCL) which, according to the definition proposed by the American Academy of Ophthalmology in 
2016, allows for the diagnosis of glaucoma as an optic neuropathy [11]. The diagnosis of glaucoma in 
DBA/2 mice based on increased IOP and reduced number of cell bodies or axons was also made by 
Grillo et al. and Inman et al. [23,24]. 

4.2. Glaucoma Causes Changes in the Structure of the Retina 

In glaucomatous mice, a significant decrease in RT and a decrease in the OPL thickness were 
observed when compared to pre-glaucomatous 11-week-old DBA/2 mice (Figures 2B,D and 3). In the 
experimental group, there was a change in the thickness of the innermost retinal layers: a decrease in 
the INL thickness and an increase in the IPL thickness (Figures 2E,F and 3). The change in the 
thickness of the INL and IPL layers could be related to the aging process of the eye, as it was observed 
in all 44-week-old mice (both glaucomatous DBA/2 mice and non-glaucomatous C57Bl/6 controls). 

A significant decrease in RT indicates the involvement of neurodegenerative processes in the 
pathogenesis of glaucoma. However, retinal atrophy does not occur symmetrically in all layers. The 
cells whose apoptosis is believed to cause visual impairment in patients with glaucoma are RGCs, 
whose bodies form the majority of the GCL layer [25]. However, these cells are the longest cells of 
the visual pathway, and their fragments build several layers of the retina. RGCs’ dendrites are located 
in the IPL, where they connect by synapses with bipolar and amacrine cells, whose bodies are located 
in the INL. RGCs’ axons form the RNFL. Therefore, the assessment of the layers adjacent to the GCL 
is crucial during research concerning the neurodegenerative processes of the retina in the course of 
glaucoma [26]. 

There are few preclinical studies which analyzed the neighbouring retinal cells in DBA/2 mice; 
however, the results are ambiguous. Meah et al. evaluated the function of amacrine and bipolar cells 
(whose bodies are located in the INL, and axons form synapses with RGCs in the IPL) in glaucoma 
in 13 – 16-month-old DBA/2 mice. They used Second Harmonic Generation microscopy to assess 
single axons of retinal cells. In the course of glaucoma, they did not observe a loss of axons of 
amacrine or bipolar cells within the IPL [27]. Nickells et al. in their review also drew attention to the 
influence of glaucoma on the functioning of neighboring retinal cells. They showed that amacrine 
cells undergo functional changes consisting of a change in the level of expression of 
neurotransmitters, but there is no reduction in their number in the retina. In photoreceptor cells, 
especially red and green cones, observed can be the swelling of the cell bodies (located in the ONL), 
swelling of synaptic terminals (located in the OPL), and a decrease in iodopsin gene expression [28]. 

More data on changes in individual retinal layers in the course of glaucoma come from studies 
of the human retina conducted using the optical coherence tomography (OCT) method. Although 
this test differs significantly in sensitivity and specificity from the histopathological examination, 
OCT enables imaging of the retina in vivo. OCT studies performed in patients with glaucoma have 
shown that in the course of the disease, the thickness of the IPL layer is reduced, while the outer 
layers (ONL, OPL) are not damaged in the disease process. The assessment of the change in the 
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thickness of the INL layer remains controversial, as some researchers report a decrease in its thickness 
in the course of glaucoma, while others deny this [26,29,30]. 

5. Conclusions 

DBA/2 mice develop hallmark features of glaucoma. Retinal thinning is layer-specific, which 
highlights the complexity of the neurodegenerative processes associated with the development of the 
disease. Understanding the sequence of RGC damage, including axonal dysfunction and cell death, 
is critical for developing targeted neuroprotective therapies aimed at preserving vision in glaucoma 
patients. This study provides foundational insights into the structural changes associated with 
glaucoma, with implications for advancing preclinical research and, in the future, therapeutic 
strategies. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

GCL Ganglion cell layer 
ILM Inner limiting membrane 
INL Inner nuclear layer 
IPL Inner plexiform layer 
IQR Interquartile range 
IOP Intraocular pressure 
OCT Optical coherence tomography 
OLM Outer limiting membrane 
ONL Outer nuclear layer 
OPL Outer plexiform layer 
RGC Retinal ganglion cells 
RNFL Retinal nerve fiber layer 
RPE Retinal pigment epithelium 
RT Retinal thickness 

Appendix A 

Appendix A.1 

In the Appendix A.1, we present the data from the statistical analysis. 
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Table A1. Descriptive analysis of the assessed parameters. 

Group 

IOP [mm 

Hg] 

median 

(IQR) 

RT [µm] 

median 

(IQR) 

ONL/RT 

median 

(IQR) 

OPL/RT 

median 

(IQR) 

INL/RT 

median 

(IQR) 

IPL/RT 

median 

(IQR) 

Cells of 

central 

GCL 

median 

(IQR) 

Cells of 

peripheral 

GCL 

median 

(IQR) 

C57Bl/6_11w 
15 (14 – 

17) 

196 

(181.75 – 

222.5) 

0.35 (0.34 

– 0.37) 

0.066 

(0.062 – 

0.072) 

0.22 (0.21 

– 0.23) 

0.23 (0.20 

– 0.28) 

54 (47 – 

59.75) 

43.5 (39.25 

– 46.75) 

C57Bl/6_44w 
15 (13–

17) 

194 

(127.25 – 

223.75) 

0.34 (0.30 

– 0.36) 

0.062 

(0.054 – 

0.072) 

0.20 (0.18 

– 0.21) 

0.27 (0.24 

– 0.32) 

56.5 (38 – 

74.75) 

38 (34.25 – 

42.5) 

DBA/2_11w 
13 (12 – 

14) 

194.5 

(180.25 – 

242.25) 

0.37 (0.35 

– 0.41) 

0.072 

(0.062 – 

0.078) 

0.23 (0.22 

– 0.24) 

0.22 (0.20 

– 0.26) 

55.5 

(50.25 – 

62) 

46.5 (41.25 

– 51) 

DBA/2_44w_GLAU 
17 (16 – 

18.75) 

106 (90.1 

– 124) 

0.36 (0.33 

– 0.39) 

0.061 

(0.051 – 

0.069) 

0.20 (0.19 

– 0.22) 

0.29 (0.24 

– 0.32) 

36.5 

(30.25 – 

40.75) 

29 (20.75 – 

32.5) 

P values of the comparisons between groups 

C57Bl/6_11w vs. 

C57Bl/6_44w 
0,790 >0,999 >0,999 0,548 0,005 0,018 >0,999 0,380 

C57Bl/6_11w vs. 

DBA/2_11w 
<0,001 >0,999 0,159 >0,999 0,575 0,970 >0,999 0,439 

DBA/2_11w vs. 

DBA/2_44w_GLAU 
<0,001 <0,001 >0,999 0,018 <0,001 0,002 <0,001 <0,001 

C57Bl/6_44w vs. 

DBA/2_44w_GLAU 
0,005 <0,001 0,245 >0,999 0,924 >0,999 <0,001 <0,001 

Abbreviations: IOP –intraocular pressure; RT – retinal thickness; ONL/RT – ratio of outer nuclear layer 
thickness to retinal thickness; OPL/RT – ratio of outer plexiform layer thickness to retinal thickness; INL/RT – 

ratio of inner nuclear layer thickness to retinal thickness; IPL/RT – ratio of inner plexiform layer to retinal 
thickness; GCL – ganglion cell layer; IQR – interquartile range. 
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