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Abstract 

Microglia are the resident immune cells of the central nervous system and mediate a 

broad array of adaptations during disease, injury, and development. Typically, microg-

lia morphology is understood to provide a window into their function and microglia 

have the capacity to adopt a broad spectrum of functional phenotypes characterized 

by numerous morphologies and gene expression profiles. Glaucoma, which leads 

to blindness from retinal ganglion cell (RGC) degeneration, is commonly associated 

with elevated intraocular pressure (IOP) and triggers microglia responses within the 

retinal layers, at the optic nerve head, and in retinal projection targets in the brain. 

The goal of this study was to determine the relationship of microglia morphology 

to intraocular pressure and the loss of RGC output synapses in the dorsolateral 

geniculate nucleus (dLGN), a RGC projection target in the thalamus that conveys 

information to the primary visual cortex. We accomplished this by analyzing microglia 

morphologies in dLGN sections from DBA/2J mice, which develop a form of inherited 

glaucoma, at 4, 9, and 12 months of age, representing distinct time points in disease 

progression. Microglia morphology was analyzed using skeletonized Iba1 fluores-

cence images and fractal analyses of individually reconstructed microglia cells. We 

found that microglia in older DBA/2J mice adopted simplified morphologies, char-

acterized by fewer endpoints and less total process length per microglia cell. There 

was an age-dependent shift in microglia morphology in tissue from control mice 

(DBA/2JGpnmb+) that was accelerated in DBA/2J mice. Measurements of microglia 

morphology correlated with cumulative IOP, immunofluorescence labeling for comple-

ment component C1q, and vGluT2-labeled RGC axon terminal density. Additionally, 

fractal analysis revealed a clear distinction between control and glaucomatous dLGN, 

with microglia from ocular hypertensive DBA/2J dLGN tissue showing an elongated 

rod-like morphology. RNA-sequencing of dLGN showed an upregulation of immune 
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system-related genes. These results suggest that microglia in the dLGN alter their 

physiology to respond to RGC degeneration in glaucoma, potentially contributing to 

CNS adaptations to neurodegenerative vision loss.

Introduction

Glaucoma is an age-related neurodegenerative disorder of the visual system and one 
of the leading causes of blindness and visual impairment worldwide [1–4]. All forms 
of glaucoma are characterized by optic nerve atrophy and irreversible vision loss due 
to the progressive death of retinal ganglion cells (RGCs), the only output neurons of 
the retina [5–7]. The two most prominent glaucoma risk factors are age and elevated 
intraocular pressure (IOP), and the cornerstone of glaucoma management is to lower 
IOP [5]. Chronic IOP elevation (ocular hypertension; OHT) creates mechanical stress 
at the optic nerve head (ONH), damaging the unmyelinated region of RGC axons 
as they converge to exit the eye through a meshwork of glial and structural support 
cells [8–10]. This triggers a variety of inflammatory responses which become patho-
logical and contribute to RGC degeneration [11,12]. The degenerative events that 
follow occur in a slow and compartmentalized manner, giving rise to pathological 
asynchrony between RGC somas, dendrites, and axons, as well as spatiotemporal 
differences among neuron-glia dynamics, particularly those involving microglia.

Microglia are highly plastic sentinels of the central nervous system that preserve 
synaptic integrity throughout the brain by surveilling the parenchyma and facilitating 
rapid, specialized immune responses to a variety of intra- and extracellular threats, 
including IOP-induced RGC stress [13–15]. Microglia also maintain homeostasis 
within local circuits by making direct, repeated contact with nearby synapses to 
counteract perturbations in neuronal health and transmission [13]. The responses 
of retinal microglia to aging and IOP elevation are well-documented. Aging leads to 
decreased phagocytic capacity, increased cytokine production, and slower migration 
to sites of injury [16,17], while sustained IOP elevation causes retinal microglia to 
retract their processes and adopt pro-inflammatory phenotypes. Specifically, OHT 
causes retinal microglia to release IL-1α, TNFα, and C1q (interleukin-1 alpha, tumor 
necrosis factor alpha, and complement component 1q) —proinflammatory mediators 
that drive neurotoxic astrogliosis [18–20]. In support of these findings, a systematic 
review recently concluded that ameboid microglia, reactive astrocytes, and proinflam-
matory cytokines frequently aggregate near the ONH in glaucoma donor tissues [21].

Despite the relevance of retinal gliosis, the way that neuron-glia interactions within 
retinorecipient brain regions respond to glaucoma risk factors is less studied. Immune 
interactions at these distal sites are likely to be equally important in the preservation 
and health of RGCs. For instance, evidence from experimental glaucoma models 
suggests that many of the earliest neurodegenerative changes in glaucoma impact 
visual centers of the brain [22–28]. IOP elevation drives early remodeling in local 
circuits within the visual thalamus (dorsolateral geniculate nucleus; dLGN), which is 
the retinorecipient nucleus required for conscious vision [22,27,29,30]. In the superior 
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colliculus, a more distal vision center, RGC axon terminals remain intact but show early signs of degeneration, including 
mitochondrial abnormalities and bouton atrophy [31]. At later stages in humans, transneuronal degeneration becomes 
widespread and glaucoma-specific circuit impairment affects multiple white matter tracts related to visual processing, 
and neuronal loss causes gray matter reductions within the visual nuclei and cortices of advanced glaucoma patients 
[10,32–37].

Our primary objective in the current study was to determine how aging and OHT impact the integrity of retinogeniculate 
synapses and the state of dLGN microglia during glaucoma progression. We address this using DBA/2J mice, a widely 
used and extensively characterized mouse model of glaucoma that develops age-related OHT due to mutations in two 
genes: glycosylated protein nmb (Gpnmb) and tyrosinase-related protein 1 (Tyrp1) [38–41]. Although comparable muta-
tions are not associated with glaucoma in human patients, the DBA/2J mice exhibit IOP-related visual system pathology 
akin to human glaucoma, making them a useful rodent glaucoma model [38,41–43]. Here, we found that dLGN microglia 
in older DBA/2J mice become less morphologically complex and adopt a bipolar or “rod-like” morphology [44–47] in a 
manner that correlated with IOP and loss of immunofluorescence staining for retinal ganglion cell axon terminals. We also 
found that microglia morphology changes correlated to increased labeling of complement C1q in the dLGN, potentially 
involved in targeting degenerating RGC axon terminals and other debris for microglial phagocytosis [13,48,49]. Finally, 
bulk RNA sequencing of dLGN pointed toward increased expression of genes associated with immune responses.

Materials and methods

Animals and tissue processing

All protocols involving animals were approved by the Institutional Animal Care and Use Committee at the University of 
Nebraska Medical Center. Male and female DBA/2J (Jackson Labs #000671, RRID:IMSR_JAX:000671) and DBA/2JGpnmb+  
(Jackson Labs #007048, RRID:IMSR_JAX:007048) mice were bred onsite and housed socially under a 12/12-hour light/
dark cycle with free access to food and water. Eye pressures (left and right) were measured (in mmHg; millimeters of 
mercury) from the central cornea using a handheld rebound tonometer (TonoLab, iCare) calibrated for mouse eyes. 
Measurements were obtained while mice were under light anesthesia (2% isoflurane) within five minutes of losing their 
righting reflex. Baseline IOPs were recorded when mice were approximately 3 months old, then IOPs were measured 
monthly until sacrifice, with all subsequent recordings performed at or near the same time of day to minimize the effects 
of diurnal variance. Each IOP reflects the average of three tonometer readouts, which each comprise six consecutive, 
low-error measurements; thus, a total of 18 measurements were obtained per eye per session. At 4-, 9-, and 12-months 
(mo) of age, mice of each strain were euthanized via CO

2
-inhalation followed by cervical dislocation. Immediately after-

wards, brains were dissected, rinsed, and drop-fixed in 4% paraformaldehyde (PFA) in PBS (phosphate buffered saline) 
for 4 hr, shaking gently at room temperature. After 3x10 min washes, brains were cryoprotected in a 30% sucrose solution 
and stored at 4°C until fully saturated. Then they were embedded in tissue molds with 3% agar in PBS. Coronal sections 
(50 µm) containing the dLGN were obtained using a Leica VT1000S vibratome, mounted onto SuperFrost Plus slides, and 
stored at -20°C until use. No animals or tissues were excluded.

Immunohistochemistry

Sections containing the widest region of the central dLGN were chosen for immunostaining. Slides were briefly rinsed in 
PBS, then blocked and permeabilized (1 h) at room temperature in a 7.4 pH buffer (5% donkey serum, 5% goat serum, 
0.5% Triton X-100). Sections were co-immunolabeled with 200 µL of buffer diluting primary antibodies against vesicular 
glutamate transporter 2 (anti-vGluT2; Cat#6D2092; Millipore, RRID: AB_2665454) at 1:250, and ionized calcium binding 
adaptor protein 1 (anti-Iba1; Cat#019-19741, Wako; RRID: AB_8395054) at 1:500, to visualize RGC axon terminals and 
microglia, respectively. To enhance the resolution of fine microglial processes, primary antibodies were incubated for 
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three overnights. A subset of DBA/2J (n = 32) and DBA/2JGpnmb+ (n = 25) tissues were immunostained (one overnight) using 
a knockout-validated anti-C1q antibody (Cat#ab182451, Abcam; RRID: AB_2732849) at 1:500. A guinea pig polyclonal 
antibody against NeuN was used at 1:500 dilution to label dLGN neurons (Cat#ABN90, Millipore, RRID: AB_11205592). 
Unbound primary antibodies were cleared with 6x10 min washes in PBS, then sections underwent an additional block (1 h) 
prior to dark-incubation (3 h) with a 1:200 dilution of Alexa Fluor-conjugated secondary antibodies: donkey anti-rabbit IgG 
(H + L), Alexa Fluor 568-conjugated (Cat#A10042; RRID: AB_2534017) and/or goat anti-guinea pig IgG (H + L), Alexa Fluor 
488-conjugated (Cat#A-11073; RRID: AB_2534117). Sections were washed (3x10min), briefly rinsed (dH

2
O), then covers-

lipped using VECTASHIELD HardSet mounting medium (Cat#H1400).
vGluT2 puncta analysis.  To visualize immunofluorescence, volumetric images (1 µm z-spacing) were acquired at high 

resolution (370 x 370 µm; 1024 x 1024 pixels) through central dLGN core. All z-stacks were pre-processed to average 4 
slices per plane, then compressed stacks were trimmed to 40 µm (z-span). To visualize vGluT2+ puncta, a single high-
intensity mid-section plane was isolated in ImageJ/Fiji and a median filter (Despeckle) was applied to enhance contrast. 
vGluT2 immunolabeled RGC axon terminals were detected using the Synapse Counter plug-in with the following settings: 
rolling ball radius, 10; max filtering, 2; thresholding, OTSU; size restrictions, 100–7500 pixels), then an RGB output was 
selected and quantified with Analyze Particles (size: 6–100 µm2; circularity: 0–1). Image acquisition area was incorporated 
into the count from the summary output to calculate puncta densities. To measure C1q intensity, backgrounds were 
subtracted throughout each stack using a rolling ball radius set to 50 pixels. The average pixel intensity of each plane 
was determined (Measure), then the frame with the highest mean intensity value was identified and its mean value was 
recorded.

NeuN cell density analysis.  A series of images (370x370 µm, 1024 x 1024 pixels) was acquired through the z-axis 
(1 µm spacing) from the central region of dLGN tissue sections of 12 mo DBA/2J and DBA/2JGpnmb+ control mice. Four 
images were acquired per plane and averaged to reduce noise. NeuN+ neurons were manually counted in a three-
dimensional volume (370x370x30 µm) using the Cell Counter plug-in in ImageJ and the resultant count was scaled to 
provide the number of NeuN+ cells per mm3. Display images are from maximum intensity projections.

Global skeleton analysis.  Microglia skeleton analysis was performed with a method adapted from Young and 
Morrison (2018) [50]. The Iba1+ channel from each uniformly-trimmed z-stack was projected onto a single plane 
based on maximum intensity values. In effect, this generates a two-dimensional surface that enhances signals 
arising from microglial fine processes but maintains their overall morphological integrity. After conversion to an 8-bit 
black and white image, edges were enhanced using an unsharp mask filter set to a 0.5 pixel sigma radius and a 
0.6 mask weight. Impulse noises were removed using the Despeckle function before and after global thresholding 
(modified IsoData algorithm: 22%). The Close command was run to bridge gaps in adjacent microglial processes 
that had perhaps eroded or provided weak signal, then dark noise was smoothed by running the Remove Outliers 
command with a 7 pixel radius and a deviation threshold of 50 against the surrounding median. Running the 
Skeleton (2D/3D) command generated final skeletonized images that were subsequently analyzed using the Analyze 
Skeletonize 2D/3D plugin. From the output windows, endpoint and branch length data were saved and trimmed 
to exclude small (<1 µm) incomplete (<2 endpoints) branches. To calculate branching and endpoint averages per 
microglia across the full field of view, Iba1+ cells were counted through each 40 µm Z-stack using the Cell Counter 
plug-in.

Fractal analysis.  To analyze the morphology of individual microglia [50–52], 216 Iba1+ cells were hand-traced 
throughout the same set of 40 µm image stacks. One Iba1+ cell in the central region of each quadrant (4 per dLGN) 
was chosen on the basis of being fully contained within the image volume. A 3D Gaussian Blur filter was applied to the 
z-stack with a 1.0 sigma radius on each plane. In a duplicate stack, images were converted to masks with the “redirect 
to” option of the Analyze Particles function. Selected Iba1+ cells were traced through the masked volume using the 
Blow and Lasso Segmentation Tool, and regions of interest (ROIs) were frequently redirected to the unmasked, filtered 
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z-stacks for reference. Final 2D outlines were added to the ROI Manager and saved in sets of four. A duplicate image 
was created for every microglial trace, in which the background had been cleared and the corresponding ROI was filled 
with the foreground color, resulting in a set of uniformly-sized 2D images each containing a single microglia silhouette. 
ROIs were outlined using the Binary options and whole images were analyzed using the FracLac plugin [52] set to box-
counting method; 4 start positions; 45% largest grid size with Hull & Circle results selected. Thresholds for masking were 
determined on a sample-by-sample basis, and occasionally single pixels were manually inserted for the purpose of filling 
or recreating gaps (i.e., between pseudo-overlapping processes). All final outlines were meticulously retouched to align 
with the true, unmasked signal.

RNA sequencing

Bulk RNA sequencing was performed with a total of eight samples from 9-month-old DBA/2J and DBA/2JGpnmb+ control 
mice with each sample containing dLGN tissue pooled from three mice. To isolate dLGN tissue, brains were dissected 
into an RNAse-free slush of phosphate buffered saline and cut into 500 μm-thick sections on a vibratome. The dLGN 
from both hemispheres was then identified and dissected free. dLGN tissue from three mice was pooled into each sam-
ple and weighed before being flash frozen on dry ice. Total RNA was isolated from dLGN tissue using the Direct-Zol RNA 
kit (Zymo Research, Irvine, CA). Approximately 1 µg of RNA per sample was sent on dry ice to LC Sciences for RNA 
sequencing with their Poly(A) RNA sequencing service. The Poly(A) RNA sequencing library was prepared using the 
TruSeq-stranded-mRNA protocol (Illumina) and purified using oligo-(dT) magnetic beads. After purification and DNA library 
construction, quality control and quantification was performed using the 2100 Bioanalyzer High Sensitivity DNA Chip 
(Agilent Technologies) and paired-end sequencing performed using the NovaSeq 6000 sequencing system (Illumina). 
Cutadapt and Perl scripts were used by LC Sciences for bioinformatics analyses to remove reads containing adaptor con-
tamination, low-quality bases, and undetermined bases and sequence quality assessed using FastQC. HISAT2 was used 
to map reads to the genome and reads of each sample were assembled using StringTie, after which transcriptomes were 
merged to reconstruct a comprehensive transcriptome. StringTie and Ballgown were then used to estimate the expression 
levels of all transcripts.

Statistics

All statistical tests were performed in GraphPad Prism 10. To represent the cumulative effect of IOP across time, longi-
tudinal IOP data were compressed into a single AUC integral (area under the curve in mmHg*days). Two-way analysis 
of variance (ANOVA), factoring strain and age, were used for group comparisons, followed by Šídák-corrected pairwise 
comparisons. Comparisons involving individual Iba1+ features were performed using nested one-way ANOVAs followed 
by Tukey’s HSD tests. To test explanatory relationships between variables, simple linear regressions were used and 
follow-up slope comparisons (two-sided) were performed. P-values < 0.05 were considered statistically significant. Data 
are reported as mean ± standard deviation in bar graphs and 95% confidence intervals in regression plots.

Results

To determine the extent and time-course of OHT in our DBA/2J colony, we made monthly IOP measurements from the 
left and right eyes of 39 DBA/2J mice and 36 DBA/2JGpnmb+ controls (Fig 1A and 1B). Although DBA/2JGpnmb+ mice carry the 
Tyrp1b allele they are spared from severe iris disease and do not become ocular hypertensive [39,40]. In line with this, 
DBA/2JGpnmb+ IOPs were comparable across all ages (4mo-9mo: p = 0.75; 9mo-12 mo: p = 0.99; Tukey’s multiple compar-
isons), with IOP averages of 11.6 ± 1.4 mmHg at 4-months, 12.8 ± 1.9 mmHg at 9-months, and 13.0 ± 2.4 at 12-months 
(Fig 1C). In contrast, age-related IOP elevations were clearly apparent in DBA/2J eyes in both 9- and 12-month condi-
tions (4mo-9mo: p < 0.0001; 4mo-12mo: p = 0.0001; Tukey’s multiple comparisons) (Fig 1C). DBA/2J IOPs were similar to 



PLOS One | https://doi.org/10.1371/journal.pone.0323513  May 15, 2025 6 / 23

age-matched controls at 4mo (p = 0.96, Tukey’s multiple comparisons), and DBA/2J IOPs were significantly elevated in 
comparison to controls at 9mo and 12mo (9mo: 20.1 ± 6.0 mmHg, p < 0.0001; 12mo: 19.3 ± 4.6, p = 0.0001; Tukey’s mul-
tiple comparisons) (Fig 1C). As a measure of sustained IOP elevation, we calculated the area under the curve (AUC) of 
the IOP series from individual mice, which generated AUC(IOP) values for each eye, in mmHg*days. Using these mea-
surements, we found that left eye and right eye IOP measurements were tightly correlated with each other for individual 

Fig 1.  Intraocular pressure measurements in DBA/2J mice. (A) Experimental design indicating timing of IOP measurements and tissue collection. 
(B) IOP measured in individual eyes (left and right) from mice included in the present study. (C) Group data of final left eye IOP measurements taken 
before tissue collection. The p-values represent pairwise Tukey’s multiple comparison tests following two-way ANOVA. (D) Scatter plot and linear regres-
sion of integrated IOP [AUC(IOP)] from left and right eyes. Shaded region represents 95% confidence interval.

https://doi.org/10.1371/journal.pone.0323513.g001

https://doi.org/10.1371/journal.pone.0323513.g001
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mice [Fig 1D; F(1,73)=2043, R2 = 0.97, p < 0.0001]. These data verify that age-related OHT is conserved within our DBA/2J 
colony and demonstrate that our age groups are appropriate for comparisons of prolonged IOP exposure.

To determine the impact of OHT on RGC inputs to the dLGN throughout the progression of DBA/2J glaucoma, we 
stained coronal dLGN sections with an antibody against vesicular glutamate transporter 2 (vGluT2) and quantified 
vGluT2+ puncta within a central region of the dLGN core as a measure of RGC axon terminal density [22,24] (Fig 2A). 
No age-related differences were detected between the mean vGluT2+ puncta densities of DBA/2JGpnmb+ control samples 

Fig 2.  Eye pressure-associated loss of vGluT2+ puncta in the DBA/2J dLGN. (A) 2-photon microscopy images of vGluT2+ RGC axon terminals from 
dLGN core and detected puncta. vGluT2+ dLGN TC neuron somas are more apparent with decline in punctate RGC axon terminal staining in 9- and 
12-month-old DBA/2J images. Scale bar = 100 μm. (B) Group data of mean vGluT2+ densities factored by age and strain along with the results of signif-
icant (p < 0.05) pairwise Šidák’s multiple comparison test comparisons. (C) Scatter plot of vGluT2+ puncta densities as a function of AUC(IOP) for each 
strain. Simple linear regressions were used to test associations between plotting factors and slopes from each genotype differed. Shaded area around 
regression line represents the 95% confidence interval. (D) Maximum intensity projections of dLGN sections showing neurons labeled using anti-NeuN 
immunolabeling from 12mo DBA/2J and DBA/2JGpnmb+. (E) Group data of NeuN-labeled cell density analysis showing there was no detectable difference 
between groups (p = 0.55, unpaired t-test).

https://doi.org/10.1371/journal.pone.0323513.g002

https://doi.org/10.1371/journal.pone.0323513.g002
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(4mo-9mo: p = 0.85; 9mo-12mo: p = 0.94; Šídák’s multiple comparison test) (Fig 2B). In contrast, when comparing DBA/2J 
vGluT2+ puncta densities across ages, we observed a lower vGluT2+ puncta density at the 12mo time point (4mo-12mo: 
p < 0.0001; 9mo-12mo: p = 0.020; Šídák’s multiple comparison test). Both 9- and 12mo DBA/2J samples exhibited signifi-
cantly lower vGluT2+ puncta densities than age-matched DBA/2JGpnmb+ controls (9mo: p = 0.0006; 12m: p < 0.0001; Šídák’s 
multiple comparison test) (Fig 2B). We next asked whether there was an association between OHT and vGluT2+ puncta 
density. We found that dLGN vGluT2+ density was negatively correlated with IOP in DBA/2J mice (R2 = 0.313, p = 0.0002). 
For DBA/2JGpnmb+ control mice, in contrast, there was no significant correlation of vGluT2 density with IOP (p = 0.82). The 
slopes of the regressions of DBA/2J and DBA/2JGpnmb+ control data were significantly different, [F(1,71)=6.71, p = 0.012], 
confirming strain specificity (Fig 2C).

In a subset of 12mo DBA/2J and DBA/2JGpnmb+ control samples, we labeled neurons using an anti-NeuN antibody to test 
for glaucoma/IOP-dependent loss of post-synaptic neurons in the dLGN (Fig 2D and 2E). We have previously reported an 
atrophy of dLGN TC neuron somata in the DBA/2J dLGN [24], but did not detect a change in neuron density in this anal-
ysis, which was 31562 ± 6065 NeuN+ cells/mm3 in the DBA/2JGpnmb+ (n = 8) and 33331 ± 5917 NeuN+ cells/mm3 in DBA/2J 
(n = 9; p = 0.55, unpaired t-test), suggesting that dLGN neurons are not lost at the oldest time point in the current study.

To investigate whether vGluT2+ loss coincides with an increase in the presence of molecular machinery related to 
synaptic pruning, we stained a subset of DBA/2J (n = 25) and DBA/2JGpnmb+ (n = 22) dLGN tissue sections with an antibody 
against complement component C1q (Fig 3A), which is a molecular tag that facilitates the removal of excess retinogenic-
ulate synapses during development [48,53,54]. Pairwise comparisons of mean C1q staining intensities revealed that C1q 
expression within the dLGN was low and unchanging for DBA/2JGpnmb+ controls across all time points (4mo-9mo: p = 0.79; 
9mo-12mo: p > 0.99; 4mo-12mo: p = 0.52; two-tailed Šidák-corrected multiple comparisons tests). In contrast, there was an 
age-related increase in C1q peak intensity in DBA/2J sections (4mo-9mo: p = 0.025; 9mo-12mo: p = 0.0034; 4mo-12mo: 
p < 0.0001; two-tailed Šidák multiple comparisons tests) that could be statistically distinguished from age-matched controls 
by 12 months of age (p < 0.0001, Šidák multiple comparisons test) (Fig 3B). Given the timing of the C1q increase observed 
in DBA/2J samples, we hypothesized that C1q values might be associated with OHT, so we paired C1q-peak-intensities 
with their corresponding IOP values and performed simple linear regressions (Fig 3C). Indeed, C1q labeling intensity 
significantly correlated with IOP in the dLGN of DBA/2J mice [F(1,30)=18.7, p = 0.0002], but not in DBA/2JGpnmb+ controls 
[F(1,23)=0.999, p = 0.33]. Slope comparison showed that the DBA/2J and DBA/2JGpnmb+ control datasets differed from 
each other [F(1,53)=7.37, p = 0.0089] (Fig 3C). We next asked whether C1q intensities corresponded to vGluT2 staining 
loss in the dLGN, finding a negative correlation of vGluT2+ puncta density with C1q labeling intensity for DBA/2J mice 
[F(1,30)=13.1, R2 = 0.304, p = 0.0011], whereas there was no such significant relationship for the DBA/2JGpnmb+ controls 
(Fig 3D). Despite the difference, no distinction could be made between the regressions between strains [F(1,53)=3.21, 
p = 0.079] (Fig 3D).

We next sought to test whether IOP and/or age impacted the number or morphology of microglia in the dLGN. We 
predicted that high IOP would evoke a shift of microglia morphology toward a more “active” state. Therefore, we obtained 
DBA/2J and DBA/2JGpnmb+ dLGN tissue at three pathologically relevant ages for the purpose of characterizing the microg-
lial response to OHT in the dLGN throughout the progression of DBA/2J glaucoma. This was tested by performing a 
variety of morphometric analyses on Iba1+ cells within the dLGN to quantify features relevant to microglial ramification. 
There was a significant effect of both age [F(2,69)=7.996, p = 0.0008] and strain [F(1,69)=12.53, p = 0.0007] on Iba1+ cell 
counts (two-way ANOVA). Iba1+ cell counts from 4-month-old samples showed 23 ± 4 microglia in our imaging volume, 
or 4200 ± 730 microglia/mm3. Pairwise comparisons between Iba1+ cell counts in DBA/2JGpnmb+ control samples revealed 
there was no effect of age, with Iba1+ cell counts being similar from 4 to 12 months of age [4mo-9mo: t(69)=1.279, 
p = 0.4980; 9mo-12mo: t(69)=0.7996, p = 0.8116; 4mo-12mo: t(69)=2.152, p = 0.1011] (Fig 4B). In the DBA/2J dLGN, 
microglia cell density was higher at 9mo and 12mo time points (9mo: 31 ± 7; 12mo: 30 ± 6), compared to 4mo (24 ± 3) 
[4mo-9mo t(69)=3.56, p = 0.0021; 4mo-12mo, t(69)=2.95, p = 0.013; (Šidák multiple comparison; Fig 4B]. Although 
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microglia cell counts were higher in DBA/2J dLGNs at 12mo (30 ± 6) compared to 4mo DBA/2J dLGNs [t(69)=2.95, 
p = 0.130], they did not differ from 9mo DBA/2J counts [t(69)=0.2986, p = 0.9872 (Šidák multiple comparison; Fig 4B)].

Next, we assessed microglial ramification by quantifying microglia cell branch length and endpoint averages from 
analysis of skeletonized Iba1 fluorescence images [50] (Fig 4C–4F). Descriptions of arbor complexity are a powerful 
tool for characterizing the state of microglia polarization within a neurodegenerative context because microglia exist 
along a morphological continuum that ranges from intricately branched under homeostatic/surveilling conditions to ame-
boid during immune activation. In DBA/2JGpnmb+ and DBA/2J dLGN tissue sections, there appeared to be both age- and 
strain-dependent effects on microglia branch length based on 2-way ANOVA results [age: F(2,69)=17.6, p < 0.0001; strain: 
F(1,69)=10.7, p = 0.0016]. Šidák multiple comparisons tests further revealed reduced branch length at 9mo and 12mo in 
both DBA/2J and DBA/2JGpnmb+ samples. Comparison of branch length between 9mo DBA/2JGpnmb+ and DBA/2J revealed a 
lower branch length in DBA/2J samples (p = 0.0007) (Fig 4D).

Analysis of the number of microglia endpoints, another measure of microglial complexity, revealed a similar pat-
tern (Fig 4E), with a 2-way ANOVA revealing significant effects of both age [F(2,69)=14.88, p < 0.0001] and genotype 
[F(1,69)=15.05, p = 0.0002]. There was no significant difference between 9mo and 12mo DBA/2JGpnmb+ microglia, but 
there was a lower number of microglia endpoints per cell in the 9mo and 12mo samples compared to 4mo. Additionally, 

Fig 3.  C1q intensity increases as a function of age and eye pressure in DBA/2J dLGNs. (A) Representative images of anti-C1q immunostaining 
of dLGN tissue obtained from 4-, 9-, and 12-month-old DBA/2J and DBA/2JGpnmb+ mice (scale bar = 20 μm). (B) Bar graph factoring age and strain into 
peak C1q fluorescence intensities that were measured within the highest-expressing plane of C1q-stained dLGN volumetric images. Bar height and 
error bar represent the mean±SD. Sample size (number of mice) for each condition are located within bars. Significant (p < 0.05) pair-wise comparisons 
(two-tailed, Šidák-corrected multiple comparison tests) are shown with p-values. (C) Individual C1q intensities plotted against their corresponding IOP 
integrals for each strain, overlaid with line fits and 95% confidence intervals resulting from simple linear regressions and follow-up slope comparisons. 
(D) Scatterplot of C1q intensity as a function of vGluT2+ puncta density in DBA/2J and DBA/2JGpnmb+ dLGNs with linear regression outputs and follow-up 
slope comparison results.

https://doi.org/10.1371/journal.pone.0323513.g003

https://doi.org/10.1371/journal.pone.0323513.g003
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comparisons of DBA/2JGpnmb+ with DBA/2J at 9mo revealed lower numbers of microglia endpoints, again indicating a sim-
plified morphology consistent with a move away from the surveilling/homeostatic phenotype.

We next sought to determine whether OHT and loss of RGC axon terminals might be related to microglial ramifica-
tion within the visual thalamus, since these microglia rapidly respond to changes within synaptic microenvironments. 
We tested this by performing linear regressions to assess potential relationships of OHT, vGluT2+ RGC axon terminal 
density, and complement C1q with microglia morphology within the visual thalamus (Fig 5A–5C). We observed negative 

Fig 4.  Morphology of DBA/2J dLGN-resident microglia at glaucoma-relevant time points. (A) Representative maximum intensity projections of 
2-photon-acquired image stacks (z-depth: 40 μm) for visualizing dLGN-resident microglia (Iba1 immunostained) in 4-, 9-, and 12-month-old DBA/2J 
and DBA/2JGpnmb+ controls. Scale bar: = 100 µm. (B) Group data showing the number of microglia contained within each volumetric dLGN image stack 
for 39 DBA/2J (blue, diamonds) and 36 DBA/2JGpnmb+ (gray, circles) mice. Pairwise comparisons are p-values from Šidák-corrected multiple comparison 
tests. (C) Illustrative workflow showing skeletonization of Iba1 images and analysis of total microglia branch lengths and quantification of endpoints 
to investigate microglia morphology. (D) Group data of microglia branch length from the skeleton analysis. Pairwise comparisons are p-values from 
Šidák-corrected multiple comparison tests. (E) Group data of microglia endpoints from the skeleton analysis. Pairwise comparisons are p-values from 
Šidák-corrected multiple comparison tests.

https://doi.org/10.1371/journal.pone.0323513.g004

https://doi.org/10.1371/journal.pone.0323513.g004
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associations between IOP and measures of Iba1+ cell complexity (Fig 5A); for both DBA/2JGpnmb+ controls and DBA/2J 
mice, Iba1+ cell branch length was negatively correlated with AUC(IOP) (Fig 5A). Likewise, the number of microglia end-
points was negatively correlated with IOP for both DBA/2JGpnmb+controls and DBA/2J Iba1+ cells. For both endpoints and 
branching, slope comparison results showed that IOP-associations were strain-independent [branching: F(1,64)=2.32, 
p = 0.132; endpoints: F(1,64)=0.264, p = 0.609].

We next assessed whether features of Iba1+ complexity were associated with vGluT2+ puncta density (Fig 5B). Indeed, 
we found a linear association between Iba1+ branch length and vGluT2+ puncta density for DBA/2J mice, but not for DBA/
2JGpnmb+ controls. We confirmed the relationship of branch length and vGluT2 puncta density to be independent of strain by 
comparing the slope outputs of strain-specific regressions, finding no significant difference in slopes from each regression 
[F(1,71)=1.15, p = 0.29]. Regarding microglial endpoints, we found that the number of endpoints per cell was associated 
with vGluT2+ puncta densities in both DBA/2J mice and DBA/2JGpnmb+ controls. Additionally, there was no significant differ-
ence in slopes from each regression [F(1,71)=0.03, p = 0.86].

We found that measures of microglia complexity were significantly correlated with C1q intensity in dLGNs of DBA/2J 
mice but not in DBA/2JGpnmb+ controls (Fig 5C); DBA/2J Iba1+ cell branching and endpoint measurements both decreased 
as a function of C1q intensity and there was no such relationship for DBA/2JGpnmb+ controls.

In addition to taking on simplified/ameboid morphologies, microglia can respond to central nervous system injury by 
taking on an elongated/rod/bipolar-like morphology [44–47]. These rod microglia might play important roles in phagocy-
tosis of cellular debris and/or repair of central nervous system circuits. Qualitatively, we observed that many Iba1-labeled 
cells were elongated and aligned in a common direction in dLGN sections from aged DBA/2J mice, suggesting that OHT 
might trigger adoption of a rod-like morphology in the dLGN (Fig 4A). To quantitatively analyze microglia morphology and 
test this, we performed a fractal analysis of individual microglia cells. We randomly selected four individual microglia cells 
from each of our multiphoton image stacks and reconstructed 2-dimensional binarized projections (Fig 6A). Skeleton 
analysis of these individual microglia generally affirmed results from the global analysis (Fig 6B and 6C), showing a lower 
number of endpoints and lower total branch length in the 9mo DBA/2J compared to 4mo DBA/2J, although we did not 
detect significant differences when compared to age matched controls, which likely results from variability and inclusion 

Fig 5.  DBA/2J glaucoma is accompanied by age- and eye pressure-associated changes to microglia morphology within the visual thalamus. 
(A) Scatterplots and linear regressions of microglia branch length and endpoints per cell from skeleton analysis plotted against AUC(IOP). Shaded area 
represents the 95% confidence interval. Black circles: DBA/2JGpnmb+ controls. Blue diamonds: DBA/2J. (B) Scatterplots and linear regressions, as in A of 
microglia skeleton parameters plotted against vGluT2 puncta density. (C) Scatterplots and linear regressions of microglia parameters plotted against C1q 
fluorescence intensity.

https://doi.org/10.1371/journal.pone.0323513.g005

https://doi.org/10.1371/journal.pone.0323513.g005
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of only four individual microglia cells per mouse. We next used the FracLac ImageJ plug-in to analyze cell perimeter, 
circularity, fractal dimension (Df), and span ratio of each cell (Fig 7). We hypothesized that microglia perimeters would 
decrease with simplifying their morphologies with age and in ocular hypertensive dLGN, but perimeter was indistinguish-
able between all conditions (Fig 7A), as revealed by a nested one-way ANOVA [F(5,48)=1.013, p = 0.4025]. Accordingly, 
we found that perimeter of individual microglia cells was not significantly correlated with IOP for either strain (DBA2J: 
F(1,24)=0.968, p = 0.335; DBA/2JGpnmb+ controls: F(1,25)=2.09, p = 0.1603) (Fig 7B).

Fractal dimension (Df) provides a general measure of microglia process complexity, and this value revealed a pattern 
that mirrored measurements we obtained using skeleton analyses of process length and endpoints (Fig 4). Specifically, 
we found a reduction in Df with increasing age in both DBA/2JGpmnb+ controls and DBA/2J mice (one-way ANOVA), reveal-
ing significant differences between 9-month control and DBA/2J measurements. Likewise, Df was negatively correlated 
with AUC(IOP) for DBA/2J mice. A similar regression analysis for the DBA/2JGpnmb+ control population had a p-value of 
0.057 and comparison of the slopes between genotypes showed they were similar [F(1,50)=0.01, p = 0.92]. This result, 
which examines microglia complexity without consideration of shape, aligns closely with our findings from the global skel-
eton analysis, highlighting an apparent age- and IOP-dependent reduction in microglia in both DBA/2J and DBA/2JGpnmb+ 
controls with more pronounced effects observed in DBA/2J at the 9mo time point.

To specifically examine microglia elongation and test whether they adopt a more bipolar/rod morphology in the dLGN 
in response to OHT, we analyzed two parameters: 1) the span ratio, which is the ratio of the longest axis to the orthogonal 
axis of a convex hull drawn around the microglial cell, with higher values indicating a more elongated morphology, and 
2) circularity index, which quantifies how close the convex hull is to a circle on a scale of 0–1, with 1 being circular. For 
span ratio, microglia cells from older DBA/2J tissue sections had higher values, and a one-way nested ANOVA revealed 
a significant difference among groups. Pairwise analyses using Šídák’s multiple comparisons tests showed that DBA/2J 
microglia span ratios were significantly higher than controls at both glaucoma-relevant time points (9mo: p = 0.0401; 
12mo: p = 0.0028) and increased with age in the DBA/2J population while span ratios were unchanged across age for the 
DBA/2JGpnmb+ controls. Span ratio was also significantly correlated with AUC(IOP) in the DBA/2J population, but not the 

Fig 6.  Reconstruction of individual microglia morphology. (A) Example images and reconstruction of randomly-selected Iba1 immunolabeled 
microglia from 9- and 12-month old (MO) dLGN sections from DBA/2JGpnmb+ and DBA/2J mice. (B & C) Skeleton analysis of branch length and endpoints 
of four individual microglia cells per mouse. Each column of data points contains four cells from a single animal. Pairwise comparisons represent signifi-
cant (p < 0.05) p-values from Šidák-corrected multiple comparison tests.

https://doi.org/10.1371/journal.pone.0323513.g006

https://doi.org/10.1371/journal.pone.0323513.g006
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Fig 7.  Fractal analysis of microglia morphology reveals a shift toward rod-like microglia morphology in aged DBA/2J mice. (A) Plot of microglia 
perimeter (# pixels) output of the FracLac analysis from four randomly selected and manually-reconstructed microglia cells per mouse of DBA/2JGpnmb+ 
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DBA/2JGpnmb+ controls, although comparisons of the slopes of the two regressions had a p-value of 0.050. Analysis of cir-
cularity index data revealed a similar pattern. Following a significant nested one-way ANOVA [F(5,48)=7.514, p < 0.0001], 
results of two-tailed Šídák-corrected t-tests showed lower circularity index values of cells from older DBA/2J tissue sec-
tions, revealing a loss of circularity compared to age-matched controls (p = 0.0306). An age-related loss of microglial circu-
larity was detected by comparisons of DBA/2Js to their 9mo (p = 0.0011) and 12mo (p = 0.0010) counterparts. In a similar 
fashion to span ratio, the circularity index negatively correlated with AUC(IOP) in the DBA/2J population, but not the 
DBA/2JGpnmb+ controls, although comparison of the slopes of the two regressions had a p-value of 0.12. These analyses 

Fig 8.  Alterations in gene expression in the dLGN of DBA/2J mice revealed by RNA sequencing. (A) Intraocular pressure measurements from 
DBA/2JGpnmb+ (n = 18 eyes, 9 mice) and DBA/2J (n = 30 eyes,15 mice. (B) Volcano plot of 33,064 genes showing 77 that were significantly upregulated 
and 7 that were significantly downregulated in the 9 month-old DBA/2J dLGN relative to the age-matched controls. Significantly up- or down-regulated 
genes were identified by criteria of a 1.5-fold change and false discovery rate-corrected p-value < 0.05. dLGN tissue from three mice was pooled for 
each sample (DBA/2J: 5 samples, 15 mice; DBA/2JGpnmb+: 3 samples, 9 mice) (C) Up- and down-regulated genes with involvement in immune- and 
neurotrophin-related processes. (D) Gene ontology enrichment analysis of differentially expressed genes. (E) Kyoto Encyclopedia of Genes and 
Genomes (KEGG) enrichment analysis.

https://doi.org/10.1371/journal.pone.0323513.g008

controls (black circles) and DBA/2J mice (blue diamonds) at 4, 9, and 12 months of age. Each column of data points corresponds to measurements 
from a single animal. (B) Scatterplot and simple linear regression of microglia perimeter measurements averaged from individual animals plotted against 
AUC(IOP). Shaded area represents the 95% confidence intervals. (C & D) Similar to A and B, plotting the FracLac parameter “Fractal Dimension” (Df). 
Pairwise comparisons represent significant (p < 0.05) results of Šidák multiple comparison tests following a nested one-way ANOVA (p < 0.0001). (E–H) 
Similar analyses as A-D for FracLac parameters “Span Ratio” and “Circularity Index”.

https://doi.org/10.1371/journal.pone.0323513.g007

https://doi.org/10.1371/journal.pone.0323513.g008
https://doi.org/10.1371/journal.pone.0323513.g007
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highlight an adoption of an elongated/rod-like morphology of dLGN microglia with increasing cumulative IOP specifically in 
DBA/2J mice and not DBA/2JGpnmb+ controls.

To further test for impacts of elevated IOP, we performed bulk RNA-sequencing of microdissected dLGN tissue from 
9mo DBA/2J and DBA/2JGpnmb+ control mice. This time point was selected to identify gene expression changes at an 
intermediate phase of glaucoma progression amid elevated IOP and ongoing pathological progression. After monthly IOP 
measurements (Fig 8A), dLGN tissue from both right and left hemispheres from three animals per genotype was pooled 
to give five DBA/2J samples (total = 15 mice) and three DBA/2JGpnmb+ samples (total = 9 mice). We identified a total of 77 
upregulated and 7 downregulated differentially expressed genes (DEGs; Fig 8B) that met criteria for differential expression 
(≥1.5 fold-change, q < 0.05). Roles of these genes were identified using a gene ontology (GO) analysis and Kyoto Ency-
clopedia of Genes and Genomes (KEGG) enrichment analysis tools (Fig 8C–8E). Among the pathways identified in GO 
analysis were several related to immune system function, including “immune response” (GO:0006955), “innate immune 
response” (GO:0045087), and “antigen processing and presentation” (GO:0019882). Likewise, top results on KEGG anal-
ysis included “antigen processing and presentation”, “phagosome”, and “natural killer cell mediated cytotoxicity”. Upreg-
ulated protein-coding genes included major histocompatibility complex (MHC) class I and class II genes (H2-Q2, Cd74, 
and H2-Ea), and CD11c/Itgax of the complement pathway, consistent with upregulated immune system function in DBA/2J 
dLGN. Lgals3 was upregulated 4.8-fold. Galectin-3, which it encodes, plays roles in microglia activation and inflammatory 
responses. Expression of two neurotrophins, neurotrophin-3 and neurotrophin-5 (Ntf3 and Ntf5) along with the gene for 
phospholipase C gamma 1 (Plcg1), a neurotrophin receptor effector, was also significantly upregulated.

Discussion

The primary objective of this study was to determine whether glaucoma’s key risk factors - aging and elevated IOP - 
impact microglia within the visual thalamus of DBA/2J mice. Since control IOPs remained stable over time, their AUC(IOP) 
linear regression outputs served as a proxy for the effects of age, which allowed us to interpret the relative contributions of 
each risk factor on RGC degeneration separately. Additionally, we sought to explore relationships between dLGN microg-
lia and the loss of vGlut2 labeling of presynaptic RGC terminals [55,56]. In the absence of high eye pressure, microglial 
counts were consistent across DBA/2J and DBA/2JGpnmb+ dLGNs regardless of age. In contrast, OHT conditions showed 
comparably more Iba1+ cells, indicating a limited, albeit sustained rise in microglia presence within dLGNs of ocular hyper-
tensive mice. Importantly, this glaucoma-specific expansion involved either the accumulation of, or conversion to, rod-like 
phenotypes as evidenced by fractal analysis of microglia morphology. Analysis of skeletonized microglia revealed that 
microglial deramification in controls occurred gradually and was visible by 12 months of age in control mice, while chronic 
OHT in DBA/2J mice appeared to accelerate this loss of complexity in an IOP-dependent manner. Deramification of dLGN 
microglia during aging in controls was not accompanied by a loss of RGC terminals or changes in C1q levels, but multiple 
geometric features associated with rod microglia did correlate with the IOP-associated loss of vGluT2+ terminals, and with 
the heightened C1q labeling observed in glaucoma. Finally, RNA sequencing results revealed that chronic OHT upreg-
ulates several genes that have previously been reported in glaucoma research, in addition to multiple immune-related 
genes that may be relevant to the role of rod microglia in the dLGN. Overall, these data highlight the confluence of aging 
and OHT in altering the state of dLGN microglia during RGC degeneration in glaucoma.

Age and OHT differentially impact microglia morphology in the visual thalamus

In healthy tissues, microglia maintain highly-branched, ramified morphologies and motile processes that allow them to 
actively monitor and engage with local synapses [13,54]. Results from our global skeleton analysis revealed that aging 
associates with a gradual loss of microglial complexity in the dLGN without overt pathological consequences. The neg-
ative correlation of microglia endpoints with vGluT2+ puncta density regardless of strain or glaucoma status might imply 
that reduced microglial contact in the dLGN compromises presynaptic integrity even in the absence of underlying disease, 



PLOS One | https://doi.org/10.1371/journal.pone.0323513  May 15, 2025 16 / 23

which would implicate sustained microglial deramification as a potential threat to synapses. Alternatively, this finding might 
reflect a proportional relationship between the degree of RGC innervation and the amount of microglial surveillance in the 
dLGN.

Rod microglia in the glaucomatous dLGN

As the central nervous system’s primary sentinels of insult and injury, microglia are extremely plastic and can actively 
shift in and out of context-dependent states [57,58]. Here, using a fractal analysis of microglia morphology, we found 
that chronic IOP elevation led to a striking accumulation of Iba1+ cells in the visual thalamus that took on rod-like, bipolar 
states, which are defined by long thin cell bodies that lack nearly all protrusions [44,45,51,59,60]. Fractal measures that 
are sensitive to microglia elongation - circularity and span ratio - both correlated with AUC(IOP) in the DBA/2J dLGN, 
whereas there was no relationship in the control samples, suggesting that the rod morphology is related to glaucoma 
pathology and not age in DBA/2J mice. By visual inspection, rod microglia also appeared to be evenly distributed and 
were noticeably oriented in parallel with the optic tract. This suggests that rod microglia in the dLGN might make contact 
with traversing RGC axons. Indeed, close proximity to damaged neuronal compartments is commonly observed in pub-
lished reports of rod microglia within ocular structures [ 44,51,59,60], and severe optic nerve injury has even resulted in 
trains of rod microglia fanning away from the optic disc along the axons of injured RGCs [61].

Multiple lines of evidence indicate that rod microglia are transcriptionally distinct, non-inflammatory, and highly prolif-
erative [60]. Microglia that are restricted to sites of direct injury are often proposed to play a neuroprotective role [62,63]. 
In line with this, neuroprotection by rod microglia was recently demonstrated in a rat model of spinal cord injury [64]. The 
elongated morphology and association with neuronal processes suggest they might provide structural support to stressed 
or damaged axons and/or dendrites. Rod microglia have also been hypothesized to be involved in synaptic stripping, 
whereby synapses are removed from damaged neurons, possibly in an attempt at preserving neurons by reducing meta-
bolic stress [44,45,47]. Indeed, synaptic stripping might be occurring in the glaucomatous dLGN, as IOP-dependent loss 
of vGlut2-labeled RGC axon terminals is followed at later time points by a loss of TC neuron dendrites [22].

Altered gene expression in glaucomatous dLGN

Our transcriptomics data confirmed altered immune profiles in the dLGN of ocular hypertensive DBA/2J mice. GO and 
KEGG analyses of significantly up/down-regulated genes both revealed terms related to immune system function, anti-
gen presentation, and phagocytosis. While we performed RNA sequencing on whole dLGN tissue samples, several 
upregulated genes such as Cd74 and H2-Ea have established ties to microglial function. The H2-Ea protein is a major 
histocompatibility complex II (MHCII) component while Cd74 (cluster of differentiation 74 protein) functions to regulate 
intracellular MHCII trafficking and membrane organization [65]. MHCII expression allows for surface presentation of 
antigens for recruitment of T-cells that can impact inflammatory processes and neurodegeneration [66]. MHCII expression 
by microglia is relatively low under basal conditions, but increases in microglia in response to disease states, meaning its 
expression can serve as a marker of microglia activation [66–68]. Itgax, which was upregulated approximately 26-fold, 
encodes the complement protein, Integrin alpha-X/CD11c, that is found on a neuroprotective population of microglia [69]. 
CD11c+ microglia are neuroprotective in development [69] and promote a regional bias towards myelin preservation 
[70,71]. In the developing brain, CD11c + is associated with a seven-fold increase in galectin-3 (Lgals3) expression [69]. 
Lgals3, which encodes a member of beta-galactoside binding lectin family, Gal-3 [72,73], was found to be upregulated in 
retinal microglia in an inducible rodent glaucoma study [74] in addition to DBA/2J dLGN in the current study. Gal-3 can be 
membrane-bound or secreted and its function is highly context-dependent. Gal-3 that is secreted by microglia after CNS 
injury suppresses proinflammatory cytokines and facilitates the removal of myelin debris, which in turn promotes effective 
remyelination [75]. In the mature brain, Gal-3 signaling occurs between microglia and injured oligodendrocytes during the 
remedial response to cuprizone-induced demyelination [76].
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We also found increased expression of Ntf3 and Ntf5, which encode Neurotrophin-3 (NT-3) and Neurotrophin-5 (NT-5). 
Neurotrophin expression can be upregulated in activated microglia [77,78] and serves a neuroprotective effect through 
activation of TrkC and TrkB receptors [79]. Expression of Plcg1, which encodes phospholipase C gamma 1 (PLCγ1), 
was elevated by approximately 3-fold in DBA/2J dLGN. PLCγ1 is a downstream effector of Trk receptors in the brain and 
mediates neurotrophin effects on neuron development and plasticity [80,81]. NT-3 signaling between microglia regulates 
proliferation and phagocytosis [77] and can influence MHCII expression [82]. Another neurotrophin, BDNF, can act through 
neuronal TrkB receptors, which are also activated by NT-3 and NT-5, to influence synaptic plasticity and neuronal excit-
ability in the dLGN [83]. Although Bdnf expression was not altered in the DBA/2J dLGN, it is possible that microglial NT-3 
and/or NT-5 mediate TC neuron homeostatic responses to IOP [22,24,30,84–86].

dLGN microglia and glaucoma progression in DBA/2J mice

DBA/2J mice develop elevated ocular hypertension and glaucoma due to mutations in the Tyrp1 and Gpnmb genes 
[39,40]. In DBA/2J mice, the Tyrp1b and GpnmbR150X mutations lead to iris atrophy and pigment dispersion that obstructs 
aqueous outflow and ultimately triggers numerous pathological signs of glaucoma in the retina and optic nerve including 
optic nerve cupping and degeneration, diminished optic nerve transport, RGC dendritic and synaptic remodeling, RGC 
somatic loss, retinal microgliosis, diminished pattern electroretinogram [38,41,87–95]. Retinal projection targets in the 
DBA/2J mice also show signs of glaucomatous pathology such as atrophy and loss of RGC axon terminals accompanied 
by functional loss of RGC output synapses [22,24,26,31]. Neurons in the dLGN that are post-synaptic to RGCs are also 
affected, displaying somatic atrophy and dendritic pruning, altered intrinsic excitability, and plasticity of inhibitory GABA
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receptors [22,24,30]. Many of these measures also show correlations with IOP in DBA/2J mice, pointing to a link between 
eye pressure and effects. Thus, although there is no established link between Gpnmb or Tyrp1 mutations and human 
glaucoma [96,97] and the DBA/2J model has some potential shortcomings for certain applications [98,99], the OHT and 
glaucoma phenotype in DBA/2J mice still makes it useful for studying the impact of IOP on visual system structure and 
function.

This extensive literature provides a solid foundation for staging numerous aspects of glaucomatous pathology in 
DBA/2J mice for comparison with the effects on dLGN microglia in the present study. We examined dLGN microglia at 
4, 9, and 12 months of age, which represent snapshots of three distinct phases of glaucoma progression in these mice 
(Fig 1). In summary, 4 month DBA/2J mice largely resembled their DBA/2JGpnmb+ control counterparts in all parameters 
we measured. This is unsurprising, as this is prior to IOP elevation and most prior studies have revealed few if any signs 
of pathology at this time point, with exception of some microglia activation in the inner retina [91] and modestly impaired 
anterograde axon transport in some DBA/2J mice [26]. By 9 months, we detected a modest loss of RGC axon terminals, 
an increase in C1q labeling, and some simplifying and elongation of microglia morphology in DBA/2J mouse dLGN. This 
corresponds to detectable decline of RGC synaptic output along with detectable dLGN relay neuron hyperexcitability 
and somatic atrophy from our prior work [22,24]. PERG amplitudes are clearly reduced in an IOP-dependent manner 
at this time point, which is consistent with loss of RGC axons and glial scarring in the optic nerve [87,88,92]. There is 
evidence for altered RGC gene expression at this stage along with increased apoptosis and diminished numbers of 
RBPMS-immunopositive RGCs [24,94,100]. This likely points to RGC somatic degeneration, although other work using 
alternative labeling methods has suggested that RGC somas persist despite the apparent damage to RGC axons distal 
to the optic nerve head [22,100]. At this time point, we found a clear divergence of dLGN microglia morphology between 
DBA/2J and DBA/2JGpnmb+ controls, with DBA/2J microglia showing morphological simplification and adoption of a rod-like 
phenotype. At 12 months of age, rod microglia morphology is still apparent in the DBA/2J dLGN. At this point, these mice 
show signs of severe IOP-related optic nerve damage including reduced axon density and increased glial scarring with 
dramatically reduced PERG amplitudes and RGC dendritic pruning and synapse loss [87–90,92,93]. Within the superior 
colliculus, RGC axon terminals persist, but show signs of atrophy and mitochondrial abnormalities [31]. In the dLGN, there 
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was no detectable loss of NeuN+ neurons at this time point, although we have previously documented some neuronal 
somatic atrophy at an earlier time point [24] and loss of dLGN relay neuron dendritic complexity at 12 months [22]. How-
ever, vGlut2 loss is more pronounced at 12 months than at 9 months, and this is accompanied by a nearly 60% reduction 
in the strength of RGC synaptic input to dLGN TC neurons [22,24].

Results of the current study contribute additional data to the documented timeline of glaucoma progression in DBA/2J 
mice. While retinal synaptic rearrangement, optic nerve pathology, and anterograde transport deficits are relatively early 
events [6,7], altered dLGN microglia morphology largely matches the timeline for altered dLGN function [22]. In this 
case, microglia simplification and adoption of rod morphology appears to correspond in time to diminished retinogenic-
ulate synaptic strength and loss of vGlut2-labeled RGC axon terminals. This suggests that microglia are responding to 
OHT-triggered pathological stress to RGC axons and synaptic outputs in the dLGN.

Limitations and future directions

The current study focused on IOP-related alterations to microglia morphology in the dLGN of DBA/2J mice. While morphol-
ogy is clearly related to microglia function, we do not have a clear picture of the precise role microglia play in the glaucoma-
tous dLGN. Future experiments depleting microglia from mice with glaucoma could help determine whether they ultimately 
play a supportive/neuroprotective role or whether microglia activation is a net detriment in the glaucomatous dLGN. Such 
experiments are bound to be complicated, as a recent preprint showed disassembly of synapses in the retina following 
experimental IOP elevation was reduced by a microglial inhibitor [101], but 10-week-long systemic depletion of microglia in 
DBA/2J mice led to more severe optic nerve damage [102], suggesting that microglia might have divergent effects depend-
ing on disease stage or RGC compartment. Future studies using inducible models such as the microbead occlusion model 
[103] or silicone oil ocular hypertension approach [104] will be informative, and some evidence for microglia activation and 
even rod-like morphology is apparent in the dLGN from a study using the microbead approach [74]. Although we did not 
investigate whether rod-like microglia are dLGN-resident microglia that have transitioned morphologies or if they are a popu-
lation that has infiltrated, the stability of microglia numbers from 9- to 12-months suggests that they are resident microglia, as 
recruited macrophages are usually transient. Elsewhere, increases in rod microglia were reported to occur via local prolifera-
tion [60,61] rather than peripheral recruitment, but this would need to be tested under these conditions. While RNAseq anal-
ysis was conducted in tissue from 9mo DBA/2J and DBA/2JGpnmb+ controls, in an effort to capture a relatively early time point 
in the disease process, a picture of differential gene expression at a later time point with more pronounced glaucoma pathol-
ogy might reveal a different transcriptomic profile. Additionally, this relied on analysis of whole tissue isolates and pooling of 
tissue from several mice. This can introduce noise into the gene expression data, possibly hiding altered gene expression in 
specific dLGN cell types and masking the biological variability arising from the diverse IOP profiles in individual mice. Future 
work using either single-cell sequencing [15] or sequencing of microglia-enriched samples could help address this and allow 
for a clearer picture of microglia-specific IOP-related expression changes and functional implications.

Supporting information

S1 Dataset.   Supporting data for Figs 1–7. Microsoft Excel spreadsheet containing values from IOP measurements, 
vGluT2 density measurements, measures of microglia number and process complexity, fractal analysis of microglia, and 
C1q analysis.
(XLSX)

S2 Dataset.   RNA-sequencing dataset for Fig 8. Microsoft Excel spreadsheet containing a list of genes and associated 
analysis (gene description, gene ontology, KEGG, fold change, q-values) from bulk RNA sequencing of dLGN tissue from 
DBA/2J and DBA/2JGpnmb+ mice.
(XLSX)
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