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ABSTRACT: Thyroid hormone (TH) signaling regulates cellular metabolism and stress response in the retina.
Increased TH levels in circulation are associated with a higher incidence of age-related macular degeneration.
Furthermore, stimulation of TH signaling induces retinal degeneration in mice, which is accompanied by the
activation of retinal glial cells. Here, we investigated the transcriptional changes induced by triiodothyronine
(T3) in retinal glial cells using single-cell RNA sequencing (scRNAseq) and bioinformatic analyses. One-month-
old C57BL/6 mice were given T3 (20 pg/ml in drinking water) for four weeks, after which their retinal cells were
collected to assess viability and undergo scRNAseq. The resulting data were analyzed using the Seurat package,
visualized by the Loupe Browser, and Ingenuity Pathway Analysis. Analyses of differentially expressed genes
(DEGsS) in Miiller cells, astrocytes, and microglia revealed significant enrichment in pathways associated with
stress, immune response, and degeneration. Miiller cells exhibited upregulation of mitochondrial dysfunction,
acute-phase response, and sirtuin signaling pathways. Astrocytes displayed downregulation of synaptogenesis,
neurovascular coupling, cAMP response elements, and calcium signaling. Microglia showed upregulation of
coordinated lysosomal expression and regulation signaling, systemic lupus erythematosus in T cells, and multiple
sclerosis signaling, and downregulation of actin-binding Rho activating signaling, retinoic acid receptor
activation signaling, and IL-17 signaling. The distinct and overlapping transcriptional responses suggest that
each retinal glial cell type plays a specific and coordinated role in adapting to stress. This study offers new
insights into TH-induced retinal stress and degeneration at the transcriptional and pathway-level responses of
retinal glial cells.
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INTRODUCTION

Thyroid hormone (TH) signaling plays critical roles in
cellular development, metabolism, and stress responses
within the retina, and has been implicated in retinal cell
survival and degeneration. Suppression of TH signaling
with an anti-thyroid drug or targeting the intracellular TH
components iodothyronine deiodinases and TH receptors
protects retinal cells/photoreceptors in inherited [1-5] and
induced [6, 7] mouse models of retinal degeneration,

including age-related macular degeneration (AMD).
Conversely, stimulation of TH signaling, either via
trilodothyronine (T3) treatment [3, 8, 9] or deletion of T3-
degrading enzymes [9], induces retinal degeneration.
Furthermore, TH signaling has been associated with
human retinal disease. Population and patient-based
studies show that elevated TH signaling is associated with
an increased incidence of AMD [10-20], and clinical
evaluations revealed macular thinning in patients with
thyroid-associated ophthalmopathy [21, 22].
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TH signaling-induced retinal degeneration is
characterized by activation of retinal glial cells [8, 23, 24].
In the retina, there are three types of glial cells: Miiller
cells, astrocytes, and microglial cells [25]. Miiller cells
and astrocytes are the primary macroglial cells in the
retina, providing structural and functional support to
retinal neurons and contributing to retinal homeostasis
[25, 26]. Miiller cells provide metabolic and neurotrophic
support primarily to photoreceptors and secondary
neurons. Astrocytes, on the other hand, primarily support
retinal ganglion cells and maintain the structural and
functional integrity of retinal vasculature. These cells
exhibit activation and reactive gliosis under pathological
conditions, characterized by morphological changes and
upregulation of glial fibrillary acid protein (GFAP), which
can have protective or detrimental effects depending on
context [27]. Microglia are the primary immune cells
residing in the retina. They are highly dynamic and crucial
for immune surveillance and responding to injury and
disease [28, 29]. Under normal conditions, microglia help
maintain retinal structure and function via immune
surveillance. In response to injury, infection, or disease,
microglia become activated and initiate inflammatory
responses, including changes in their morphology,
proliferation, and migration to the site of injury, release of
various inflammatory mediators that can either be
protective or contribute to neuronal damage depending on
the context and duration of activation. The ionized
calcium-binding adaptor molecule 1 (IBA1) is a reliable
marker for microglia, particularly when they are activated
[30] . Our previous studies have shown that treatment with
T3 increased the expression/upregulation of GFAP [8, 23,
24], indicating activation of Miiller cells and astrocytes,
and the expression/upregulation of IBA1 [24], indicating
activation of microglia.

This study investigated the transcriptomic alterations
in retinal Miiller, astrocytes and microglial cells after T3
treatment using single-cell RNA sequencing (scRNAseq)
and Ingenuity Pathway Analysis (IPA). We identified
differential gene expression patterns among retinal glial
cells, altered canonical pathways, and causal network
changes within these cell types. We also found significant
enrichment among differentially expressed genes (DEGs)
in stress, immune response, and degeneration pathways in
the glial cells. Comparative analysis highlighted both
unique and shared transcriptional responses across the
three glial cell types, supporting the interconnective
regulatory networks between retinal support and immune
cells. Findings from this study shall provide significant
insights into the impacts of TH signaling on retinal glial
cell activity and advance the understanding of TH-
induced retinal stress and degeneration.

MATERIALS AND METHODS
Animals and T3 administration

C57BL/6J mice were obtained from Jackson Laboratory
and maintained under a 12-hour light-dark cycle. Cage
lighting during the light period was set to 7 foot-candles.
All procedures for animal care and experimentation
received approval from the Institutional Animal Care and
Use Committee at the University of Oklahoma Health
Campus, adhering to the guidelines of the Society for
Neuroscience and the Association for Research in Vision
and Ophthalmology. Mice received T3 (Sigma-Aldrich,
T2877, St. Louis, MO, USA) through drinking water (20
pg/ml) for 4 weeks. The T3 drinking water was prepared
by first dissolving 10 mg of T3 in 1.0 mL of 1.0 N NaOH
and diluting with tap water to the final volume of 500 ml,
as described previously [31, 32]. The 20 pg/ml T3 dose
was selected based on the results from our previous dose-
response investigations. In our dose-response studies, T3
administered at this concentration was shown to induce
significant morphological and functional alterations in the
retina [8]. Control mice received regular tap water. Both
male and female mice were included.

Retinal extraction and cell dissociation

Retinas were isolated from the eyes of both control and
T3-treated mice and placed in Dulbecco’s Modified Eagle
Medium (ThermoFisher, Richardson, TX, USA). One
retina was snap-frozen in liquid nitrogen and kept at —80
°C for RNA extraction, while the other retina underwent
cellular dissociation using the Neural Tissue Dissociation
Kit-Postnatal Neurons (Miltenyi Biotec, cat# 130-094-
802). Retinal samples were rinsed twice in DPBS
containing calcium, magnesium (Sigma-Aldrich, cat#
D8662), and 0.5% BSA before adding 1960 uL of enzyme
mix 1. Samples were incubated with gentle rotation at 37
°C for 15 minutes, followed by the addition of 30 pL of
enzyme mix 2, gentle pipetting, and an additional 10-
minute incubation. Another 15 pL of enzyme mix 2 was
added, and retinal tissue was further dissociated by
pipetting and filtered through a 70 pm SmartStrainer
(Miltenyi Biotec, cat# 130-098-462). The cell suspension
was centrifuged at 130x g for 10 minutes, followed by
washing, filtering, and quantification. Cell viability was
assessed via flow cytometry using propidium iodide (cat#
130-093-233, MACSQuant Analyzer cat# 130-096-343).
Prior to loading for single-cell RNA sequencing
(scRNAseq), cells were adjusted to 1000 cells/uL,
targeting the recovery of 5000 cells per sample.

Library preparation and scRNAseq analysis
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Single-cell RNA sequencing libraries were constructed
using the Chromium Single Cell 3' GEM, Library & Gel
Bead Kit v3 (10x Genomics, cat# 10000075) as per the
manufacturer’s instructions. Cells, master mix, gel beads,
and partitioning oil were loaded onto a Chromium Single
Cell B Chip (10x Genomics, cat# 10000073) and
processed on the Chromium Controller (10x Genomics,
cat# 1000204) to generate gel beads-in-emulsion (GEMs)
for library creation. GEMs were thermocycled for reverse
transcription and cleaned with Dynabeads MyOne
SILANE reagent. Amplified cDNA was purified using
SPRISelect reagent beads (Beckman Coulter, cat#
B23318) and checked for quality with a High Sensitivity
D5000 ScreenTape on a TapeStation 2200 (Agilent, cat#
G2964AA). Libraries were quantified by qPCR,
normalized, pooled, and sequenced on an Illumina
NovaSeq 6000 system (SP PES50bp, S4 PE150) with
~50,000 reads per cell.

Data processing and statistical analysis

Following sequencing, reads were trimmed and aligned,
and differential expression statistics and correlation

analyses were performed, as described previously [33].
Reads were mapped to the Mml0 mouse genome
(2014.11.26). Cellranger mkfastq was utilized to
demultiplex the fastq files, and Cellranger counts and
Cellranger aggregates were used under default settings.
Cells with high mitochondrial content were filtered, and
clustering was performed using UMAP. Differential
expressions were analyzed using Student’s #-test, defining
significant differences at p < 0.05. A fold-change
threshold of >1.25 was applied to select biologically
meaningful genes.

Cell identification and gene expression profiling

Cell types were identified using Loupe Browser (10x
Genomics) based on gene expression patterns observed in
UMAP and t-SNE plots. Marker genes for specific cell
types include Clue, Glul, Apoe, Rlbpl, and Crabpl for
Miiller cells; Gfap and Apoe for astrocytes; and Clqa,
Tmemli19, Aifl, Cdi63, and Apoe for microglia.
Differential gene expressions were determined by
comparing post-T3 treatment cell types, with a
significance threshold of p <0.05.
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Figure 1. Transcriptomic profiles of Miiller cells in mouse retina after T3 treatment. (A) Violin plots from scRNAseq showing
the expression profiles of representative genes in Miiller cells from control and T3-treated mice. (B) Heat map displaying the top
50 differentially expressed genes (DEGs) in Miiller cells after T3 treatment. (C) Bar chart showing the top 20 upregulated and
downregulated DEGs in Miiller cells following T3 treatment. (D) qRT-PCR validation of gene expression profiles in Miiller cells
after 48 hours of T3 treatment. Experiments were conducted in triplicate, with each experiment including two biological replicates.
Gene expression levels were normalized to those of untreated rMC1 cells. Data are presented as mean = SEM from 4 individual
mice per group (A-C) and 3 independent experiments (D) (*p<0.05, ** p<0.01).
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Figure 2. Transcriptomic profiles of astrocytes in mouse retina after T3 treatment. (A) Violin plots from scRNAseq showing
expression profiles of representative genes in astrocytes from control and T3-treated mice. (B) Heat map of the top 50 DEGs in astrocytes
after T3 treatment. (C) Bar chart showing the top 20 upregulated and downregulated DEGs in astrocytes following T3 treatment.

Pathway analysis

Ingenuity Pathway Analysis (IPA, Qiagen) was utilized to
identify key canonical pathways, upstream regulators, and
associated diseases and functions within the dataset.

Cell culture

The rat Miiller cell line, rMC1, was provided by Dr. Vijay
P. Sarthy at Northwestern University [34]. These cells
were cultured in DMEM medium with 4.5 g/ glucose
(Gibco, Cat#: 11965-092), supplemented with 10% fetal
bovine serum (Gibco, Cat#: 10438026) and 1%
penicillin—streptomycin (Gibco, Cat#: 15140122). For
experimental purposes, cells were seeded at a
concentration of 1x10° cells per well in a 6-well plate and
incubated overnight. After 16 hours, cells were treated
with culture medium containing 0, 10, or 100 nM T3 and
incubated for an additional 24 or 48 hours. At the end of
the incubation period, the medium was removed, and cell
lysis buffer was added to each well for RNA isolation.

RNA extraction and qRT-PCR

Total RNA was isolated from the retinas using the
PureLink RNA Mini Kit (ThermoFisher, cat#

12183018A). Reverse transcription was carried out with
iScript Reverse Transcription Supermix for qRT-PCR
(Bio-Rad, cat# 1708841). Hprtl was used as an internal
control, all genes were assessed in duplicate, and relative
gene expression was calculated by the AACt method. The
primers used are shown in Supplementary Table 1.

RESULTS

To study the transcriptomes of retinal cells following the
stimulation of TH signaling, we performed droplet
sequencing on retinas from control mice and mice treated
with 20 pg/mL T3 via drinking water for four weeks.
Retinas from four mice per group were dissociated,
yielding an average cell viability of 57.5% as assessed by
flow cytometry. Following preprocessing and quality
control, 155,866 single cells were identified and grouped
into 13 clusters. These cells, which included samples from
both the control and T3-treated retinas, had a median
count of 918 genes and 1,465 unique molecular identifiers
(UMIs) per cell. Retinal glial cell clusters (Miiller cells,
astrocytes, and microglia) were annotated based on
established marker genes. Cluster analysis identified
7,716 Miiller cells (5.0%), 2,959 astrocytes (1.9%), and
808 microglia (0.5%) within the sample. T3 treatment
induced substantial changes in gene expression across
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these retinal glial cells. Specifically, 179 DEGs were
detected in Miiller cells (15.3%), 163 in astrocytes (14%),
and 100 in microglia (8.6%). The overall clusters and cell
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Figure 3. Transcriptomic profiles of microglia in mouse retina after T3 treatment. (A) Violin plots from scRNAseq showing
expression profiles of representative genes in microglial cells from control and T3-treated mice. (B) Heat map of the top 50 DEGs in
microglial cells after T3 treatment. (C) Bar chart showing the top 20 upregulated and downregulated DEGs in microglia following T3

treatment.

Transcriptomic profiles of retinal glial cells after T3
treatment

scRNA-seq analysis of the macroglial Miiller cells
revealed significant differential gene expression
following T3 treatment. Violin plots showed the
expression levels of key genes, highlighting both up- and
down-regulated genes in T3-treated samples (Fig. 1A). A
heat map further illustrated the top 25 up- and down-
regulated genes (Fig. 1B). Key upregulated genes were
associated with stress response (e.g., Len2, A2m, S100a6,
Nuprl, and Mt2) and metabolic regulation (e.g., Kif2,
KIf9, and Igfbp7), while downregulated genes were linked
to cellular structure maintenance (e.g., Rho, Rom1, Prph2,
Rpgripl, Cngbl, and Prcd) (Fig. 1C). To validate the
transcriptomic findings in Miiller cells, we selected seven
upregulated genes: A2m, Clu, Ifitm3, Lcn2, Xist, B2m, and
Kif9, for verification of their response to T3 in a Miiller
cell line. The gene Dio3, which encodes the enzyme
iodothyronine deiodinase 3, was included and served as a
positive control. This enzyme inactivates T3 and is
upregulated after T3 treatment [8]. Given the lack of an
available mouse Miiller cell line, we used a rat Miiller cell
line (rMC1), which closely resembles murine Miiller cells
in cellular characteristics. Two doses of T3 (10 nM and
100 nM) were used to evaluate its effects on the selected
genes. We found that T3 treatment at 100 nM for 48 hours,

but not at 10 nM, significantly increased the expression of
six of the eight genes examined (42m, Clu, Ifitm3, Lcn2,
Xist, and Dio3) (Fig. 1D).

T3 treatment also induced distinct differential gene
expression in astrocytes. The violin plots (Fig. 2A) and
heat map (Fig. 2B) highlighted both upregulated and
downregulated genes in T3-treated astrocytes. Key
upregulated genes were associated with epigenetic
regulation (Xist, Fkbp35, Dio3, Cdhli3), neuronal & ciliary
function (Grik3, Dnah9, Cerkl), and metabolic
homeostasis (7ff2, Acoxl, Dio3), while downregulated
genes were linked to neuropeptide & stress regulation
(Pdyn, QOpct, Atpla2) and protein quality control (Uty)
(Fig. 20).

Similar to the macroglial cells, microglial cells in the
retina also exhibited differential gene expression in
response to T3 treatment. Violin plots (Fig. 3A) and heat
map (Fig. 3B) highlighted both wupregulated and
downregulated genes in T3-treated microglial cells. Key
upregulated genes were associated with immune response
(e.g., B2m, Clga, Ccll, Sppl, and [fi27/2a) and
phagocytosis (Cyba, Cd63, Ctsb, Ctsd, Psap, and Npc2),
while key downregulated genes were associated with
vision-specific retinal survival (Rho, Pde6g, Roml,
Gnatl, and Slc6a6) and neuroinflammation (Cxc/2) (Fig.
30).
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Figure 4. Canonical pathways and connections to function/disease in Miiller cells after T3 treatment. (A) Bubble chart
illustrating canonical pathways altered in Miiller cells following T3 treatment, based on p-value, z-score, and the number of
overlapping DEGs. (B) Shown are genes significantly altered in the pathways, as highlighted in (A). (C) Graphical summary depicting
the connections between the pathway changes and diseases/functions. (D) Volcano plot of diseases and functions altered in Miiller

cells after T3 treatment, generated based on p-value and z-score.

Canonical  pathways and connections  to
function/disease in retinal glial cells after T3 treatment

Pathway alterations in Miiller cells after T3 treatment
were identified via the IPA analysis. As visualized by
bubble charts and volcano plots, notable impacted
pathways included mitochondrial dysfunction, hepatic
fibrosis signaling, sirtuin signaling, acute response
signaling, protein kinase signaling, and the estrogen

receptor signaling (Fig. 4A-B). The graphical summary
highlighted the connections between these pathways and
cellular degeneration/inflammation, including
degeneration of cells, degeneration of photoreceptors,
degeneration of retinal cells, hepatitis fibrosis signaling
pathways, acute phase response signaling, and cell death
of sensory neurons (Fig. 4C-D). Diseases and Functions
Analysis (DFA) in IPA links the gene expression data to
known biological functions, diseases, and disorders. It
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assesses whether specific biological processes or diseases
are predicted to be altered based on the genes in the
dataset. DFA of Miiller cells showed that T3 treatment
altered their function and pathophysiological activity. The
treatment enhanced retinal and photoreceptor cell
death/degeneration, including degeneration of the eye
(Supplementary Fig. 1A), degeneration of photoreceptors
(Supplementary  Fig. 1B), retinal degeneration
(Supplementary Fig. 1C), cell death of sensory neurons
(Supplementary Fig. 1D), degeneration of retinal cells

A

C

(Supplementary Fig. 1E), and degeneration of cells
(Supplementary Fig. 1F). The treatment also weakened
the inflammatory response pathways, including quantity
of macrophages (Supplementary Fig. 1G), organismal
death (Supplementary Fig. 1H), inflammation of
anatomical  regions  (Supplementary  Fig. 1),
inflammation of organs (Supplementary Fig. 1J), and
inflammation of body cavities (Supplementary Fig. 1K).
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Figure 5. Canonical pathways and connections to function/disease in astrocytes after T3 treatment. (A) Bubble chart
displaying canonical pathways altered in astrocytes after T3 treatment, generated based on p-value, z-score, and DEG
overlap. (B) Shown are significantly altered genes in the pathways, as indicated in (A). (C) Graphical summary of T3-
treated astrocytes showing connections between the pathway changes and diseases/functions. (D) Volcano plot of altered
diseases and functions in astrocytes after T3 treatment, based on p-value and z-score.
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Figure 6. Canonical pathways and connections to function/disease in microglia after T3 treatment. (A) Bubble chart displaying
canonical pathways altered in microglial cells after T3 treatment, generated based on p-value, z-score, and DEG overlap. (B) Shown
are genes significantly altered in pathways, as indicated in (A). (C) Graphical summary of T3-treated microglial cells showing
connections between the pathway changes and diseases/functions. (D) Volcano plot of altered diseases and functions in microglial

cells after T3 treatment, based on p-value and z-score.

Pathway  analysis of  astrocytes revealed
downregulation of synaptogenesis signaling, glutamate
receptor  signaling, neuropathic pain signaling,

neurovascular-coupling signaling pathways, cAMP
response element-binding protein signaling (Fig. 5A-B).
A number of connections are evident between
downregulation of these pathways and the cellular
activities in neurogenesis, neurotransmission,
morphogenesis of nervous tissue, transport of molecules,
cell-cell contact, dendritic growth/branching,
development of neurons, and developmental process of
synapses in astrocytes (Fig. 5C-D). DFA of astrocytes
showed that specific functions, including molecular

transport (Supplementary Fig. 2A), neurotransmission
(Supplementary Fig. 2B), neuronal development
(Supplementary Fig. 2C), neurogenesis (Supplementary
Fig. 2D), synaptic transmission (Supplementary Fig. 2E),
formation of cellular protrusions (Supplementary Fig.
2F), nervous tissue morphogenesis (Supplementary Fig.
2@G), and cell-cell contact (Supplementary Fig. 2H), were
downregulated after T3 treatment. In contrast, functions
associated with motor dysfunction/movement disorders
(Supplementary Fig. 2I), neuronal degeneration
(Supplementary  Fig. 2J), and sensory neuron
neurodegeneration (Supplementary Fig. 2K), were
upregulated.
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Figure 7. Causal networks and potential upstream regulators in Miiller cells after T3 treatment. (A)
Upregulated networks centered around Ctnnb1l, Wnt7a, Pparg, and Jun. (B) Upregulated networks centered around
Cks1b, Nfkbia, Foxm1, and Cdknla. (C) Upregulated networks centered around C1q family, Jun, Clqa, Mapk, and
Erk1/2, and downregulated network centered around P38 Mapk family. (D) Downregulated networks centered
around Perml and Ppargcla. (E) Downregulated network centered around Ppargcla and upregulated network
centered around Akt. (F) Detailed focus on the downregulation of Ppargcla. (G) Volcano plot of upstream regulators
altered in Miiller cells after T3 treatment, with colored regulators indicating both significant p-values and z-scores.
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Figure 8. Causal networks and potential upstream regulators in astrocytes after T3 treatment. (A)
Downregulated networks centered around Creb, neurotrophin, and Bdnf. (B) Downregulated networks
centered around Creb. (C) Downregulated networks centered around G-protein 8 family. (D) Downregulated
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networks centered around T3/TR/RXR. (E) Downregulated networks centered around Rras2 and nuclear
factor 1. (F) Upregulated network centered around Gprl7, and downregulated networks centered around
Creb and Pka. (G) Upregulated network centered around Sod3, and downregulated networks centered around
Creb, Pka, and Ctnnb1. (H) Upregulated network centered around Cyp1bl1. (I) Upregulated network centered
around Fgfl. (J) Volcano plot of upstream regulators altered in astrocytes after T3 treatment, with colored
regulators indicating both significant p-values and z-scores.

Pathway analysis of microglial cells revealed
upregulation of coordinated lysosomal expression and
regulation signaling, systemic lupus erythematosus in T
cells, and multiple sclerosis signaling, and
downregulation of actin-binding Rho activating signaling,
retinoic acid receptor signaling, estrogen receptor
signaling, G protein-coupled receptor signaling, and IL-
17 signaling (Fig. 6A-B). Alteration of these pathways
and cellular degeneration and inflammation, including
degeneration of cells, degeneration of photoreceptors,
degeneration of retinal cells, hepatitis fibrosis signaling
pathways, acute phase response signaling, and cell death
of sensory neurons are also predicted based on the gene
expression patterns (Fig. 6C-D). DFA of microglial cells
also revealed that inflammation and phagocyte activation
were activated after T3 treatment, including quantity of
mononuclear leukocytes (Supplementary Fig. 3A),
activation of phagocytes (Supplementary Fig. 3B),
inflammation of joint (Supplementary Fig. 3C), and
proliferation of tumor cells (Supplementary Fig. 3D).
Downregulation of RNA transcription (Supplementary
Fig. 3E), transcription (Supplementary Fig. 3F), RNA
expression (Supplementary Fig. 3G), movement disorders
(Supplementary Fig. 3H), and IgM quantity
(Supplementary Fig. 31) was observed in microglial cells
after T3 treatment.

Causal networks in retinal glial cells after T3
treatment

Causal Network Analysis (CNA) was then used to
identify  causal relationships and network of
interconnected molecules and predict upstream regulators
that are likely responsible for the observed gene
expression changes in the dataset and provide potential
mechanistic information. CNA of Miiller cells revealed
that upregulated causal networks in Miiller cells after T3
treatment centered on Jun, Wnt7a, Ctnnb1, Pparg, Nfkbia,
Erk1/2, and Stat3 (Fig. 7A-C) and downregulated
networks centered on Ppargcla and Perml (Fig. 7D-F).
The upstream regulators identified by CNA included
Stat3, Nfikb, Jun, 116, Ifng, Chuk, Treml, Tp53, TIr9,
Tgfbl, and Egf (Fig. 7G).

CNA of astrocytes showed major downregulated
nodes, including neurotrophin, Creb, G protein J,
T3/Tr/Rxr, and Nfi (Fig. 8A-E), along with upregulated
nodes such as Gpri7, Sod3, Cyplbl, and Fgfl (Fig. 8F-I).
CNA also identified several key upstream regulators that

were downregulated, including Creb, Map2k5, Rras2,
Atp7b, Mapk7, FoxI2, Igfl, Smarca4, Wnt3a, and Ngef, as
well as upregulated regulators such as Ffar3, Fas, Fefl,
Hras, Apoe, and miR-30C-5p (Fig. 8J).

CNA of microglial cells showed key upregulated
nodes such as Akt, Sod, Fbxw7, and Eif4e in these cells
(Fig. 9, A-D), and downregulated nodes, including 26S
proteasome, Nfkb, Tnfrsf12a, Rho, and Npcl (Fig. 9A-B,
E-F). CNA also identified the upstream regulators
involved in the disease pathways, including upregulated
regulators Chuk, Trem2, Spil, Ifna2, Akt, Eifde, Sod, and
Fbxw7, and downregulated regulators Rho, Abr, Npcl,
Tnfrsf12a, Nfkb, Epha2, and Gperl (Fig. 9G).

Comparative analysis across retinal glial cell types

Comparative analysis of the DEGs identified in each cell
type revealed 34 were common between Miiller and
microglial cells, 6 between Miiller cells and astrocytes,
and 1 between microglial cells and astrocytes
(Supplementary Fig. 4A). Among the 34 DEGs shared
between Miiller and microglial cells, 9 were upregulated,
19 were downregulated, and 6 exhibited opposing
expression patterns (Supplementary Fig. 4B). Among the
6 DEGs shared between Miiller cells and astrocytes, 4
were upregulated and 2 were downregulated, with
consistent expression directions (Supplementary Fig. 4C).
Upregulation of IncRNA Xist (X-inactive specific
transcript) was detected across all three retinal glial cell
types. Miiller cells and microglial cells also shared several
common pathways, including protein kinase A signaling,
hepatic fibrosis signaling, G protein-coupled receptor
signaling, and signaling by Rho family GTPases
(Supplementary Tables 2-3). However, Miiller cells
exhibited unique pathways absent in microglial cells, such
as oxidative phosphorylation, mitochondrial dysfunction,
and tRNA splicing. In contrast, microglial cells showed
distinct pathways, including MIF regulation of innate
immunity, production of nitric oxide and ROS in
macrophages,  pathogen-induced cytokine  storm
signaling, and PPAR signaling (Supplementary Tables 2-
3). Conversely, Miiller and astrocytes shared few
common pathways, including protein kinase A signaling
(Supplementary Tables 4-5), and astrocytes mainly
showed distinct pathways, including synaptogenesis
signaling pathway, neurovascular coupling signaling
pathway, CREB signaling in neurons, and calcium
signaling (Supplementary Tables 4-7).
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Figure 9. Causal networks and potential upstream regulators in microglia after T3 treatment. (A) Upregulated
networks centered around Sod, Statl, and Akt, and downregulated networks centered around Nfkb and 26S
proteasome. (B) Upregulated network centered on Akt, and downregulated networks centered around Tnfrsfl2a,
Nfkb, Rela, Srf, and Foxo3. (C) Upregulated networks centered on Fbxw7 and Akt, and downregulated networks
centered around Myc, Psenl, Notch 1, and Jun. (D) Upregulated network centered on Eifde, and downregulated
network centered on miR-7a-5p. (E) Downregulated networks centered around Rho, Abr, and Cdc42. (F)
Downregulated network centered on Npcl. (G) Volcano plot of upstream regulators in microglial cells after T3
treatment, highlighting regulators with significant z-scores and p-values.

DISCUSSION

This work investigates transcriptional changes induced by
T3 in retinal glial cells using scRNA-seq and
bioinformatic analyses. It was built upon our previous
work on scRNA-seq analysis of gene expression changes
in mouse cone and rod photoreceptors after T3 treatment
[35]. We extended this investigation to retinal glial cells.
These cells account for approximately 7.4% of all
sequenced retinal cells. Of these, Miiller cells make up the
majority (5.0%), followed by astrocytes (1.9%) and
microglia (0.5%) [35]. From a total of 1,169 DEGs,
Miiller cells contribute 179 DEGs, astrocytes contribute
163, and microglia contribute 100 [35]. The retinal glial
cells, which make up only 7.4% of the total sequenced
cells, account for approximately 38% of all identified
DEGs. This disproportionate representation suggests a
high sensitivity of retinal glial cells to T3 treatment with
significant transcriptomic alterations.

T3 treatment activates Miiller cells

As major retinal supporting cells, Miiller cells activate in
response to stress, including T3 treatment, by
upregulating GFAP expression [8, 23]. In line with these
findings, this work demonstrates the activation of Miiller
cells after T3 treatment at the transcriptomic levels. This
activation is marked by an increase in cellular and
metabolic stress, mitochondrial dysfunction, and the
activation of pathways related to inflammatory
response/acute response signaling and sirtuin signaling.
We have previously shown that the rod and cone
photoreceptors also display mitochondrial dysfunction
and oxidative stress after T3 treatment [35]. The results
from Miiller cells, along with the findings in
photoreceptors, support the significant impact of TH
signaling on mitochondrial function and metabolism in
these cells. Similarly, the increase in acute response
signaling transcriptional activity points toward an
induction of cellular stress, inflammation, and potential
pathology, in response to enhanced TH signaling. The
increased sirtuin signaling transcriptional activity may
reflect a neuroprotective and anti-inflammatory action of
Miiller cells in response to enhanced TH signaling. The
response of Miiller cells may reflect both the direct action
of T3 and their reaction to stress in other retinal cells, like

photoreceptors. The stress and degeneration of
photoreceptors can, in turn, activate Miiller cells.

It should be mentioned that Miiller cells play a crucial
role in the local regulation of TH signaling homeostasis
under normal conditions. They achieve this through the
action of the type 2 deiodinase (Dio2) enzyme, which
converts the inactive hormone thyroxine (T4) into the
active hormone T3 [36-38]. This local T3 production by
Miiller cells is essential for various retinal functions,
including light adaptation and maintaining photoreceptor
function [36]. Single-cell profiling shows that Miiller cells
coordinate retinal intercellular communication during
light and dark adaptation via TH signaling [36].
Furthermore, a recent study has demonstrated that glucose
levels regulate TH signaling in Miiller cells. Specifically,
in MIO-M1 cells (a human Miiller cell line), glucose
treatment induces a dose-dependent upregulation of DIO3
and downregulation of DIO2 expression [39]. These
enzymatic changes reduce local T3 levels, a condition that
is suggested to be protective during the early stages of
diabetic retinopathy, but also to increase cell vulnerability
in the chronic phase [39].

T3 treatment inhibits astrocytes

Transcriptomic analysis demonstrates that T3 treatment
leads to an overall inhibition of astrocytes. This is shown
by reduced expression of genes associated with
neuropeptide and stress regulation as well as protein
quality control. This is also evidenced by downregulation
of the pathways related to synaptogenesis signaling,
glutamate receptor signaling, neuropathic pain signaling,
neurovascular-coupling signaling pathways, and cAMP
response element-binding (CREB) signaling. [PA further
connects the alterations in these pathways to degeneration
of neurons and sensory neurons, motor dysfunction/
movement disorders, and impaired neurotransmission.
Notably, CREB emerges as a central node within multiple
causal networks, suggesting its critical role in astrocyte
function following T3 treatment. This finding is
consistent with previous findings showing TH signaling
regulates astrocytic function and inhibits CREB activity
[40, 41]. The reduced CREB signaling following T3
treatment may lead to the disruption of the
neuroprotective, metabolic, and homeostatic functions of
these cells. Inhibition of retinal astrocyte activity more
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likely results from a direct effect of T3 on these cells
rather than an indirect effect of degenerating
photoreceptors, because astrocytes are primarily located
in the inner retina near the retinal ganglion cells and do
not directly contact photoreceptors in the outer retina.
However, an indirect effect mediated by Miiller cells,
which span the whole retina and interact with both
astrocytes and photoreceptors cannot be ruled out.

Similar to Miiller cells, astrocytes also increase
GFAP expression in response to stress [42, 43]. Given the
overall inhibition of astrocytes after T3 treatment, the
observed increase in GFAP expression in the mouse retina
after T3 treatment is more likely from activated Miiller
cells than from astrocytes, though a co-immunolabeling
of GFAP with markers for each cell type will provide
more definitive evidence.

T3 treatment activates microglia

Transcriptomic analysis revealed that T3 treatment
significantly impacts microglial cells. It activates these
cells by upregulating genes and activating pathways that
are key for immune response, immune vigilance,
inflammatory response, neuro-inflammatory responses,
and phagocytosis. Treatment with T3 activates microglia
also by downregulating a variety of the genes that are
linked to vision-specific retinal survival, actin-binding
Rho activating signaling, retinoic acid receptors
activation, estrogen receptor signaling, G protein-coupled
receptor signaling, and IL-17 signaling. IPA further
connects the alterations of these pathways to increased
inflammation and phagocyte activation. Network analysis
implies the significant immune regulatory role of
microglia, with the Akt and NF-kB pathways at the center
of their response, mediating T3-induced inflammation
and stress. The calcium-binding protein IBA1 plays a key
role in microglia motility, phagocytosis, and
morphological changes; its expression is often
upregulated when microglia are activated. We have
previously shown the increased expression of IBA1 in the
mouse retina after T3 treatment [24]. The transcriptomic
analysis further demonstrated the activation of microglial
cells at the gene expression levels. The data from
microglia support a significant regulatory role of T3 in
these cells.

T3 treatment induces shared and distinct response
across retinal glial cell types

Retinal glial cells exhibit unique yet overlapping
alterations of signaling in response to T3 treatment.
Miiller cells share more DEGs and pathway activities with
microglial cells than with astrocytes. This suggests a
greater degree of shared activity between Miiller cells and

microglia, while astrocytes exhibit more unique
responses. Pathways related to inflammation and stress
responses are common between Miiller and microglial
cells, highlighting their unique susceptibility/activation to
TH stimulation. Through shared activities, these two cell
types seem to synergistically manage cellular stress by
altering their stress and inflammatory responses. A
significant distinction in pathway alterations after T3
treatment is also present across retinal glial cell types,
which supports the view that each plays a specialized,
though interconnected role in preserving retinal integrity.
Specifically, astrocytes display an overall inhibition with
more unique alterations of the cellular signaling. The
distinct and overlapping transcriptional responses
observed among the retinal glial cells suggest
interconnective regulatory networks exist between retinal
support and immune cells. Furthermore, this data supports
the view that each retinal glial cell type plays a specific
and coordinated role in adapting to stress.

It is worth mentioning that the upregulation of
IncRNA Xist (X-inactive specific transcript) is present
across all three retinal glial cell types. The upregulation of
this gene has also been detected in rod and cone
photoreceptors after T3 treatment [35]. Xist's canonical
role is in X-chromosome inactivation. It can also act as a
competing endogenous RNA [44], interacting with
numerous microRNAs (miRNAs) to influence
downstream gene expression [45, 46]. Nevertheless,
recent research has uncovered its complex role in
regulating inflammation, cell death, and proliferation
across various cellular contexts [47, 48]. More
specifically, Xist has been shown to restrain the activation
of Miiller cells and inflammation in diabetic retinopathy.
Overexpression of Xist inhibits high glucose-induced
activation of mouse and human retinal Miiller cells and
reduces the production of pro-inflammatory cytokines
[49]. Xist has also been linked to retinoblastoma.
Overexpression of Xist has been shown in retinoblastoma
[50], while knockdown of Xist suppresses cell growth and
proliferation in this tumor [51-54]. The upregulation of
Xist across all retinal glial cell types suggests a potential
common function of Xist in the retina under TH-induced
stress and degeneration. The significance of this
upregulation remains to be understood and merits further
investigation.

Possible sex-specific effects

Both male and female mice were included in this study
(n=4 per experimental condition, 2 males and 2 females).
We acknowledge that the small subgroup size (n=2 per
sex) limits the power to draw a definitive conclusion
regarding sex-specific effects. As TH signaling and retinal
response may differ between male and female, a future
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study with an appropriately powered sample size is
warranted to fully evaluate the sex-specific effect of TH
signaling on retinal responses.

Potential biological implications of the glial cell
transcriptional changes after T3 treatment

This work demonstrates that Miiller cells and microglial
cells were overall activated after T3 treatment, while
astrocytes were inhibited. The activation of Miiller cells
and microglial cells in response to T3 treatment is
anticipated to have both protective and harmful effects on
the retinal cells. Specifically, prolonged Miiller cell
activation in response to excessive TH signaling leads to
downregulation of their normal homeostatic functions,
and ultimately harms photoreceptors and other retinal
neurons via release of cytokines and toxic accumulation
of extracellular glutamate around retinal neurons.
Likewise, the initial activation of microglial cells to TH
stimulation is likely neuroprotective, while sustained
activation can lead to the release of pro-inflammatory
mediators and cytotoxic factors (such as reactive oxygen
species), which directly harm photoreceptors and other
retinal neurons. At the molecular levels, retinal glial cell
activation is primarily characterized by oxidative stress,
mitochondrial dysfunction, elevation of sirtuin signaling
and inflammatory responses in Miiller cells, alongside a
robust immune and inflammatory response in microglial
cells. Indeed, treatment with an antioxidant alleviates T3-
induced retinal degeneration and reduces Miiller cell
activation [23]. It is suggested that activating sirtuin
signaling and modulating the inflammatory response
could offer retinal protection against TH signaling-
induced damage.

Inhibition of retinal astrocyte activity may not
directly and immediately contribute to TH signaling-
induced photoreceptor degeneration because of their
location in the retina. However, the loss of astrocyte
function may indirectly accelerate photoreceptor
degeneration through the mechanisms of neurovascular
dysfunction and loss of inner retinal support, which
degrades the overall retinal environment. Nevertheless,
further investigation is needed to address the specific role
of retinal glial cells in T3-induced retinal degeneration.

Future perspectives/therapeutic significance

Suppressing TH signaling with an anti-thyroid drug or
targeting the intracellular TH components iodothyronine
deiodinases and TH receptors has been shown to protect
retinal cells/photoreceptors in inherited [1-5] and induced
[6, 7] mouse models of retinal degeneration, including
AMD. Decreased TH signaling has also been shown to
accelerate the reinnervation of the optic tectum after optic

nerve crush in adult zebrafish [55]. The eye’s accessibility
to topically delivered therapeutics (eye drops) [56, 57]
offers a significant advantage for disease management.
This allows for the local inhibition of TH signaling at
various levels, such as by targeting TH receptors or
enzymes that regulate T3 levels in local tissues, or a
combination of both. Therefore, the ocular delivery of a
TH inhibitor may represent a potential therapeutic
intervention for managing retinal degeneration.

In summary, T3 treatment transcriptionally activates
Miiller cells and microglia while inhibiting astrocytes,
leading to a significant enrichment in pathways of stress,
immune response, and degeneration in retinal glial cells.
Each of the three glial cell types responds uniquely to T3
stimulation, though Miiller cells and microglia share
significant responses. This suggests that each cell type
plays a specific, coordinated role in adapting to stress.
This work illustrates the transcriptional profiles and
relevant pathway alterations of retinal glial cells after TH
signaling stimulation, offering new insights into TH-
induced retinal stress and degeneration.
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