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Retinal glial remodeling by FGF21
preserves retinal function
during photoreceptor degeneration

Zhongjie Fu,1,2,8 Chenxi Qiu,3,8 Gael Cagnone,4,5 Yohei Tomita,1 Shuo Huang,1 Bertan Cakir,1 Yumi Kotoda,1

William Allen,1 Edward Bull,1 James D. Akula,1 Jean-Sébastien Joyal,4,5 Ann Hellström,6 Saswata Talukdar,7

and Lois E.H. Smith1,9,*

SUMMARY

The group of retinal degenerations, retinitis pigmentosa (RP), comprises more
than 150 genetic abnormalities affecting photoreceptors. Finding degenerative
pathways common to all genetic abnormalities may allow general treatment
such as neuroprotection. Neuroprotection may include enhancing the function
of cells that directly support photoreceptors, retinal pigment epithelial cells,
and Müller glia. Treatment with fibroblast growth factor 21 (FGF21), a neuropro-
tectant, from postnatal week 4–10, during rod and cone loss in P23H mice (an RP
model) with retinal degeneration, preserved photoreceptor function and normal-
ized Müller glial cell morphology. Single-cell transcriptomics of retinal cells
showed that FGF21 receptor Fgfr1 was specifically expressed in Müller glia/as-
trocytes. Of all retinal cells, FGF21 predominantly affected genes in Müller
glia/astrocytes with increased expression of axon development and synapse
formation pathway genes. Therefore, enhancing retinal glial axon and synapse
formation with neurons may preserve retinal function in RP and may suggest a
general therapeutic approach for retinal degenerative diseases.

INTRODUCTION

Retinitis pigmentosa (RP) is a general term for retinal degenerations arising from >150 retinal genetic de-

fects (Newton and Megaw, 2020), affecting about 1 in 4000 people in the USA. RP is typically diagnosed in

adolescents and young adults, progressing in most cases to legal blindness by age 40. Most patients with

RP have initial loss of rods (with loss of night vision), followed by loss of cones (with loss of color and central

vision) as a secondary, ‘‘bystander’’ effect, associated with metabolic dysfunction (Punzo et al., 2009) of

cones after loss of rods (Ait-Ali et al., 2015; Punzo et al., 2009). To date, gene therapy has been approved

for only one gene defect (RPE65) (Pierce and Bennett, 2015). Therefore, understanding cellular pathways

that support photoreceptor function common to all forms of RPmay lead to amore generalized therapeutic

approach, without having to perform many gene therapy clinical trials for each rare gene defect.

Loss of photoreceptors is followed by significant morphological changes in the inner retinal neurons,

known as retinal remodeling (Nagar et al., 2009) which includes dendritic retraction, axonal sprouting,

ectopic synapse formation, cell migration, and disruption of stratification (Denlinger et al., 2020; Krishna-

moorthy et al., 2016). Following the loss of photoreceptors, both bipolar cells and horizontal cells undergo

dendritic retraction (Nagar et al., 2009). Bipolar cells form ectopic synapses with the surviving photorecep-

tors (Peng et al., 2000) and horizontal cells show axonal growth into the inner nuclear layer and inner plex-

iform layer (Park et al., 2001). Although amacrine cells and retinal ganglion cells generally maintain their

morphology (Krishnamoorthy et al., 2016), some amacrine cells can migrate or sprout processes into the

outer plexiform layer (OPL) in response to photoreceptor loss (Park et al., 2004). Retinal ganglion cells

also can undergo morphological changes and even migrate to the inner nuclear layer (O’Brien et al.,

2014). This remodeling process is accompanied by Müller glial responses (Jones et al., 2016). Müller glia

form close contacts with retinal neurons and modulate neuronal activities (Newman and Reichenbach,

1996). In particular, Müller glia are ‘‘nurse’’ cells for photoreceptors as they indirectly connect photorecep-

tors to blood vessels. Müller glial cells are activated by many stress stimuli and are the first cell class in the
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neural retina to respond to stress (Bringmann and Wiedemann, 2012). There are several changes in Müller

glia during retinal degeneration, including reactive gliosis (Nagar et al., 2009), metabolic alterations

(Pfeiffer et al., 2016), expression of mature neuronal proteins (Krishnamoorthy et al., 2016), and phagocy-

tosis of dead photoreceptor cells (Sakami et al., 2019). Müller glial cells also fill the vacated space after

the death of photoreceptors, and these new glial surfaces serve as pathways for neuronal migration and

process extension (Jones and Marc, 2005). However, there are knowledge gaps regarding the impact of

remodeling on retinal function during photoreceptor degeneration.

Photoreceptors do not have direct contact with blood vessels for supply of nutrients, oxygen, recycling of

critical molecules, and waste removal. They depend on Müller glial cells and retinal pigment epithelial

(RPE) cells (which have contact with both blood vessels and photoreceptors) for these functions which sup-

port energy-intensive photoreceptor outer segment renewal, maintenance of the ‘‘dark current’’, and other

high energy demand processes (Chen and Anderson, 1993; Fu et al., 2020; Jablonski and Iannaccone, 2000;

Mukherjee et al., 2007; Wang et al., 2004). RPE cells have been studied more than Müller glial cells in this

capacity. RPE cells support photoreceptors (particularly rods) by transporting glucose from the chorioca-

pillaris to the retina (Ban and Rizzolo, 2000). The RPE cell also directly participates in the visual cycle,

including the rate-limiting step of isomerization of the all-trans retinyl ester to 11-cis retinol by RPE65 (Kiser

and Palczewski, 2010), and aids outer segment turnover through phagocytosing photoreceptor outer seg-

ments shed by rods (Kevany and Palczewski, 2010). Therefore, modulating RPE metabolism may also help

improve photoreceptor function during retinal degeneration.

Some neuroprotectants may act by improving the support functions of Müller glia (and/or RPE). We exam-

ined the effects of fibroblastic growth factor 21 (FGF21) on the support of Müller glia (and/or RPE) in a

model of retinal degeneration (the heterozygous P23H mouse model of RP) as FGF21 has been shown

to be neuroprotective in many model systems. FGF21 receptors and co-receptor beta-klotho are ex-

pressed in the central nervous system (CNS), and FGF21 has direct effects on the brain (Bookout et al.,

2013; Hill et al., 2019; Hultman et al., 2019; Sa-Nguanmoo et al., 2016a). Furthermore, FGF21 increases hip-

pocampal synaptic plasticity (Sa-Nguanmoo et al., 2016b), attenuates cognitive impairment (Wang et al.,

2018) in high-fat-diet-induced obese rodents, and protects the brain against d-galactose-induced aging

(Yu et al., 2015). FGF21 treatment also improves primary cortical neuronal metabolism by enhancing ketone

body utilization in vitro (Katsu-Jimenez and Gimenez-Cassina, 2019) and ameliorates neurodegeneration in

animal models of Alzheimer disease (Chen et al., 2019). However, studies of the FGF21 pathway in retinal

degeneration models of RP are limited, despite the fact that the retina is part of the CNS (London et al.,

2013). We previously reported that FGF21 protects against photoreceptor dysfunction and cone outer

segment disorganization in type 1 diabetic mice (Fu et al., 2018). In this report, we examined the effect

of FGF21 on retinal degeneration in the P23H mouse model of RP.

RESULTS

FGF21 administration protected retinal function in heterozygous P23H mice

Rod and cone Electroretinographies (ERGs) were obtained at postnatal week 4, 7, and 10: scotopic ERGs to

assess rod and rod-mediated function and photopic ERGs to assess cone-mediated function. Following the

first ERGs, at postnatal week 4, we administered long-acting FGF21 (PF-05231023, 10 mg/kg, twice a week)

or vehicle control to littermates intraperitoneally, which was maintained through the final ERG at postnatal

week 10 (Figure 1A).

To study rod and rod-mediated retinal function, we presented a series of flashes of doubling intensity, from

those that elicited a just detectable b-wave (a measure of mostly bipolar cells) to those that saturated the a-

wave (a measure of photoreceptors) (Akula et al., 2010) to the dark-adapted eye. Prior to FGF21 treatment,

we recorded ERG responses in P23Hmice at postnatal week 4, and all responses at postnatal week 7 and 10

were normalized to postnatal week 4. In P23H mice, amplitudes of both a-wave and b-wave were attenu-

ated from postnatal week 4–7 (Figure 1B). However, the sensitivity of bipolar cells (b-wave) was increased

(Figure 1B), suggesting retinal remodeling compensating for rod degeneration (Jones et al., 2016; Krishna-

moorthy et al., 2016; Leinonen et al., 2020). In contrast, P23H mice receiving FGF21 had significantly less

pronounced rod and bipolar cell amplitude decreases (Figure 1C). FGF21 similarly improved cone function

in P23H mice. In vehicle-treated P23H mice, cone b-wave (bipolar cells) amplitude was decreased while

sensitivity was increased at postnatal week 10 (Figures 1D and 1E), an effect which was mitigated by

FGF21 treatment (Figure 1F). With FGF21 treatment, both female and male P23H mice showed increased
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Figure 1. FGF21 administration protects retinal function in P23H mice

ERG plots with ‘‘white’’ (for maximal a-wave) and ‘‘green’’ (for maximal b-wave) light stimulation are shown to demonstrate the parameters: a-wave

(photoreceptors), b-wave (bipolar cells), and oscillatory potentials (OPs, amacrine cells, ganglion cells). Neuronal cell amplitude and sensitivity were

measured and calculated. All ERG data were presented as the log change from control (DLog control) and normalized to that from postnatal week 4 (PW4).

Data were presented as mean G standard error of the mean.

(A) FGF21 (PF-05231023, 10 mg/kg) or vehicle control (PBS) was administered twice a week intraperitoneally to 4-week-old P23H mice. Scotopic (rods) ERG

was conducted at postnatal week (PW) 4 and PW7; photopic (cones) ERGs were conducted at PW4, PW7, and PW10.

(B) Overall changes in rod ERG amplitude and sensitivity of rods (a-wave) and bipolar cells (b-wave) in P23H mice. ERG was conducted at the same mice at

PW4 and PW7. Amplitude of rods and bipolar cells was decreased from PW4 to PW7. Sensitivity of bipolar cells was increased as a compensatory response to

the decreased amplitude at PW7. n = 24–26 eyes. Multiple t test.

(C) Representative rod ERG plots in P23H mice treated with vehicle or FGF21 at PW4 and PW7. FGF21 treatment attenuates the decrease in amplitude of

rods and bipolar cells at PW7. n = 26 eyes (vehicle), n = 26 eyes (PF-05231023). Multiple t test.

(D) Representative cone ERG plots in P23H mice treated with vehicle or PF-05231023 at PW4, PW7, and PW10.

(E) Overall changes in cone ERG amplitude and sensitivity of bipolar cells in P23H mice. ERG was conducted at the same mice at PW4, PW7, and PW10.

Amplitude of bipolar cells was decreased from PW7 to PW10. Sensitivity of bipolar cells was increased as a compensatory response to the decreased

amplitude at PW10. n = 17–29 eyes. Two-way analysis of variance (ANOVA).

(F) FGF21 treatment attenuates the decrease in amplitude of bipolar cells at PW10 and less induction in sensitivity of bipolar cells in P23H mice. n = 17–30

eyes (vehicle), n = 28–30 eyes (PF-05231023). Multiple t test.

For B-F, *P < 0.05, **P < 0.01, ***P < 0.001.

See also Figures S1 and S2.
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rod photoreceptor (a-wave) amplitude at postnatal week 7, and female mice also had improved rod

photoreceptor sensitivity and rod bipolar cell (b-wave) amplitude (Figure S1A). FGF21 showed significant

protection of the cone pathway in male mice and had a milder impact in female mice at postnatal week 10

(Figure S1B). In addition, we also observed that male vs. female mice showed reduced rod bipolar cell

sensitivity during retinal degeneration (Figure S1C), indicating less inner neuronal compensatory effects

in males. We further examined the longitudinal impacts of FGF21 on cone pathways from postnatal

week 4–13 (Figure S2). We found that cone degeneration was observed as early as postnatal week 7 in

this group of P23H mice and FGF21 protected against the loss of cone function until postnatal week 10.

However, the protection was no longer observed at postnatal week 13.

FGF21 does not prevent decrease in retinal thickness in P23H mice

We next examined if cone and rod photoreceptor structure wasmodulated by FGF21 administration. Using

optical coherence tomography (OCT), we found �50% reduction in photoreceptor layer thickness (nuclear

layer and inner/outer segment layer) in P23H retinas at postnatal week 10. FGF21 did not influence the loss

(Figure 2A). A more refined view of cone and rod photoreceptor structure was examined with immunohis-

tochemistry staining of cone arrestin (for cones) and rhodopsin (for rods). FGF21 did not influence the

disruption of rod and cone structures seen in P23Hmice (Figures 2B and 2C). Thus, FGF21 improved retinal

function in P23H mice despite not preventing gross photoreceptor structural changes.

FGF21 modulates retinal glial responses in P23H mice

To gain insights into protective effects of FGF21 on retinal function and to distinguish a primary effect on

photoreceptors from a secondary effect on support cells or other retinal neurons, we used single-cell tran-

scriptomics (profiling �30,000 cells) to examine cellular and molecular change in different retinal cell types

of P23H mouse retinas with FGF21 or vehicle treatment. First, unsupervised t-distributed stochastic

neighbor embedding revealed 23 cell clusters with distinct expression profiles, which were subsequently
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Figure 2. FGF21 administration does not change retinal thickness in P23H mice

(A) Representative OCT images of WT mouse. Photoreceptor thickness (nucleus plus inner/outer segments) was shown as a double-headed arrow. n = 11

eyes (WT), n = 14 eyes (P23H). n = 12 eyes (P23H, vehicle), n = 13 eyes (P23H, FGF21). Multiple t test. ***P < 0.001. Data were presented as mean G standard

error of the mean.

(B and C) FGF21 treatment did not change cone (B) and rod (C) structure in P23H mice at PW10. Cone arrestin (red, for cones) and rhodopsin (red, for rods)

signals were shown at ONL and IS/OS layer in WT mice, but the signals were disrupted in both FGF21- and vehicle-treated P23H mice. Littermate mice were

used for the three groups. n = 2–4mice per group. DAPI (blue) was used for nucleus staining. RGCs, retinal ganglion cells; INL, inner nuclear layer, ONL, outer

nuclear layer, IS/OS, inner/outer segment. Scale bar, 50 mm.
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collapsed into 10 major cell types (Figure 3A). Cell types were identified by correlating expression profiles

of individual cells with the published database from the Mouse Cell Atlas and were independently vali-

dated by the expression of knownmarkers for each cell type (Figure 3B). We found that putative Müller glial

B

A

C

50

25

-25

0

-30 0 30 60

Amacrine

Bipolar

Muller/
astrocytes

Astrocytes

Rods

ConesHorizontal
RGCs

Endothelia

Macrophages/
microglia

tSNE_1

tS
N
E_

2

Rods
Cones
Muller/

astrocytes
Bipolar

Amacrine
Horizontal

RGCs
Astrocytes
Endothelia

Macrophages/
microglia

0 1 2 3 4 0 2 4 6 0 1 2 3 0 1 2 3 0 1 2 3 4 0 1 2 3 0 1 2 3 4 5 0 1 2 3 4 0 1 2 3 0 1 2 3 40 1 2 3 4 5
0 1 2 3 4 5

0 1 2 3 4
0 1 2 3 4 5

0 1 2 3 4 5
0 1 2 3 4 5

0 2 4 6 0 2 4 6 0 2 4 6
0 1 2 3 4

Cx3cr1 Ccl4 Kcnj8 Pecam1S100b Gfap Calb2 S1c17a6 Lhx1 Calb1 Rho Pde6bSlc6a9 Gad1 Vsx2 Pcp2 Rlbp1 Slc3a1 Opn-
1sw

Opn-
1mw

GLUL for Muller glia / astrocytes

WT P23H, vehicle P23H, FGF21

50µm 0.0

0.5

1.0

1.5

2.0

P=0.0351
(qPCR)

R
at
io
of
ch
an
ge

(G
lu
lv
s
C
yc
lo
A
)

P23H,
vehicle

P23H,
FGF21

0.0

0.5

1.0

1.5

P<0.0001
(qPCR)

WT P23H

RGC
IPL

INL
OPL

ONL

D E

Rods
Cones

Muller/ astrocytes
Bipolar

Amacrine
Horizontal

RGCs
Astrocytes
Endothelia

Macrophages/
microglia

0 1 2 3

Fgfr1

Normalized expression.

Normalized expression.

50

25

-25

0

-30 0 30 60
tSNE_1

tS
N
E_

2 1
0

2
3

5
4

6
7

9
8

10
11

12
13
14

16
15

17
18

20
19

21
22

Glul

0 2 4 6

Figure 3. Single-cell transcriptomics of FGF21- vs vehicle-treated P23H littermates at PW10

(A) t-Distributed stochastic neighbor embedding projection of different color-coded retinal cell types from P23H mice

treated with PF-05231023 or vehicle controls.

(B) Violin plots of marker gene normalized expression for different cell types. Rho and Pde6b (rods), Opn1mw andOpn1sw

(cones), Rlbp1 and Slc3a1 (Müller glia and astrocytes), Vsx2 and Pcp2 (bipolar cells), Slc6a9 and Gad1 (amacrine), Lhx1 and

Calb1 (horizontal cells), Calb2 and Slc17a6 (retinal ganglion cells, RGCs), S100b and Gfap (astrocytes), Kcnj8 and Pecam1

(endothelia), Cx3cr1 and Ccl4 (microglia).

(C) Violin plots of FGF21 receptor Fgfr1 and Müller glial cell and astrocyte marker Glul gene normalized expression for

different cell types. Fgfr1 was distinctly expressed in Mϋller glia/astrocyte cell cluster.

(D) FGF21 treatment increased GLUL immunostaining in P23H mice at PW10. GLUL signals were shown across the entire

retina in WTmice (n = 3 mice), but the signals were disrupted in vehicle-treated P23Hmice (n = 4 mice). GLUL signals were

still observed in Müller glial cell processes across the entire retina in FGF21-treated P23H mice (n = 5 mice). DAPI (blue)

was used for nucleus staining. Scale bar, 50 mm.

(E) FGF21 treatment increased retinal GlulmRNA expression in P23H mice. Retinal Glul expression was further examined

with qPCR and decreased in P23H versus littermateWTmice at PW10 (n = 3 mice per group). InducedGlul expression was

observed in FGF21- versus vehicle-treated P23H littermate mice (n = 4 mice per group). Unpaired t test. Data were

presented as mean G standard error of the mean.

See also Figure S3
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cell markers (Rlbp1, Slc1a3) were also detected in ‘‘astrocyte’’ clusters; hence, it was difficult to precisely

distinguish between Müller glia and astrocyte clusters, as we were unable to detect specific genes unique

to each cluster. Therefore, we used Müller glia/astrocyte for subsequent analyses.

Interestingly, we found that the FGF21 receptor, Fgfr1, was specifically expressed in retinal glia cells (Müller

glia/astrocytes) (Figures 3C and S3A), suggesting retinal glia might be a primary target of FGF21 in P23H

mouse retinas. Glutamine synthetase (Glul) is described in the literature as a cell marker of Müller glia (Ha-

verkamp and Wassle, 2000; Riepe and Norenburg, 1977). Single-cell transcriptomics showed that Glul was

highly expressed in the Müller glia/astrocyte cluster (Figure 3C) and FGF21 versus vehicle increased Glul

levels in a Müller glia/astrocyte cluster in P23H mice at postnatal week 10 (logFC = 0.169564, P < 0.001).

GLUL immunostaining linearly spanned the entire retina in wild-type mice (consistent with the morphology

of Müller glia) but showed a disrupted pattern in P23H mice. FGF21 treatment increased GLUL staining in

Müller glial cell processes (Figure 3D), suggesting a GLUL increase toward normalization in Müller glia. In

P23H retinas,GlulmRNA expression was decreased in P23H heterozygous versus littermate wild-type (WT)

retinas at postnatal week 10, which was increased with FGF21 treatment (Figure 3E). Our findings suggest

that single-cell analysis is a reliable approach for quantitative analysis of gene expression in retinas of P23H

mice with FGF21 treatment.

FGF21 facilitates retinal glial remodeling in P23H mice

To assess the transcriptomic impact of FGF21 treatment, we identified differentially expressed genes in the

major cell types (rods, cones, Müller glia/astrocytes, bipolar cells, amacrine cells) by comparing FGF21-

treated mouse retinas with vehicle-treated littermate controls (Tables S1–S10) using gene ontology anal-

ysis. Given the unique expression of Fgfr1 in theMüller glia/astrocyte cells and the potential primary effects

of FGF21 on these cells, we first focused on the genes that are differentially expressed in Müller glia/astro-

cytes. Gene ontology analysis showed a marked increase in genes involved with axon and synapse devel-

opment (Figures 4A and 4B), consistent with glia cells controlling the formation of synaptic circuits which

was associated with improved neuronal function (Stogsdill and Eroglu, 2017; Vecino et al., 2016). Under

physiological conditions, glial fibrillary acidic protein (GFAP) staining by immunohistochemistry is seen

only in astrocytes, identified morphologically and by position in retinal cross sections. Only under stressed

condition is GFAP induced in Müller glia (Bringmann andWiedemann, 2012; Eisenfeld et al., 1984). In P23H

mice, we found an interrupted linear pattern of GFAP staining of presumedMüller glia as they spanned the

retina. With FGF21 treatment of littermate P23H mice, the staining of presumed Müller glia became linear

and non-interrupted (Figure 4C), with improved Müller glial cell morphology, in line with more consistent

GLUL immunostaining (Figure 3C). FGF21 treatment in wild-type mice did not show changes in GFAP stain-

ing (Figure S4). The postsynaptic density protein PSD95 signals are most prominent along the OPL in

mammalian retinas (Koulen et al., 1998). The PSD95-positive band along the OPL was thinner in P23H vs.

WT mice (Figure 4C). FGF21- vs. vehicle-treated P23H mice showed a thicker PSD95-positive band along

the OPL (Figure 4C), suggesting improved synapse connection. Taken together, FGF21 appeared to

help normalize Müller glial structure and expression of GLUL and GFAP with increased expression of

axon/synapse genes during photoreceptor degeneration.

We also found that FGF21 increased synapse gene pathway expression in amacrine cells (Figure S5A), sug-

gesting that FGF21 also improved other retinal cell connections in P23H mice. ERG responses showed a

trend toward increased amplitude and sensitivity of rod oscillatory potentials (OPs) (amacrine cells and

ganglion cells) at postnatal week 7 (Figure S5B) and a significant increase in the amplitude of cone OPs

at postnatal week 10 (Figure S5C) in FGF21- vs vehicle-treated P23H mice. Taken together, our findings

suggest that FGF21 protects retinal function in P23H mice likely through improving cell connections.

FGF21 activates serum response factor in Müller glial cells

To examine the transcriptional program mediating FGF21’s effects in promoting axon development and syn-

apse formation, we conducted gene set enrichment analysis to examine other potential common motifs of

axon formation associated with the genes affected by FGF21. Notably, serum response factor (SRF) motifs

are highly enriched in the FGF21 differentially expressed genes in Müller glia/astrocytes (Figure 5A, NES =

2.4, P < 0.001, FDR = 0.001), and Srf is specifically expressed in retinal Müller glia/astrocytes and astrocyte

clusters (Figure 5B). Single-cell transcriptomics showed that FGF21 versus vehicle increased Srf levels in Müller

glia/astrocyte cluster in P23H mice at postnatal week 10 (logFC = 0.5515, P < 0.001). To further test this

association, we treated immortalized rat retinal Müller glia (rMC-1) (Sarthy et al., 1998) in vitro with FGF21
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(50, 250 ng/mL) or vehicle control for 24 hr. FGF21dosedependently increased SRF protein levels in rMC-1 cells

(Figure 5C), consistent with the in vivo observation. We speculated that FGF21 via integrin-linked kinase (ILK)

increases SRF protein levels. FGF21 vs. vehicle increased Ilk (logFC = 0.256994, P = 0.006) in Müller glia/astro-

cyte cluster. ILK stabilizes SRF protein in human esophageal epithelial cell Het1A in vitro (Chai et al., 2007).

FGF21 decreases RPE and rod metabolism in P23H mice

Both RPE and Müller glial cells are in close contact with blood vessels and photoreceptors (Bringmann and

Wiedemann, 2012; Pavan and Dalpiaz, 2018). FGF21 receptor Fgfr1 and its co-receptor beta-klotho were
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Figure 4. FGF21 activates glial cell remodeling in P23H retinas

(A) Most upregulated genes in Müller glia/astrocyte population by FGF21 are associated with the axonogenesis,

neurogenesis, and visual system development-related gene ontology terms. p values for enriched gene ontology (GO)

terms are showed in bar graphs (P < 0.01). Gene ratio for each pathway was shown in heatmap.

(B) Genes involved in axon development and glutamatergic synapses are upregulated by FGF21 in Müller glia/astrocyte

population. Bar graph showing fold change (in log2) of indicated genes in FGF21 vs vehicle control.

(C) FGF21 treatment showed well-structured Müller glia/astrocytes morphology and better synapse connections in P23H

mice at PW10. GFAP (green) signals were only shown in astrocytes at RGC layer in WT mice (n = 3 mice). Discrete GFAP

signals were induced across the entire retina in vehicle-treated P23H mice (n = 4 mice), but the signals were shown in a

better linear structure in FGF21-treated P23Hmice (n = 6mice). PSD95 (red) signals were strong along theOPL inWTmice

(n = 3 mice), and the thickness of the PSD95-positive band was thinner along the OPL in vehicle-treated P23H mice (n = 4

mice). FGF21 treatment showed thicker PSD95 band along the OPL in P23H mice (n = 4 mice). DAPI (blue) was used for

nucleus staining. RGCs, retinal ganglion cells, IPL, inner plexiform layer, INL, inner nuclear layer, OPL, outer plexiform

layer, ONL, outer nuclear layer. Scale bar, 50 mm.

See also Figures S4 and S5.
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also expressed in mouse RPE cells (Figure S3B). To examine if FGF21 also influences RPE cell function, we

conducted RNAseq in isolated RPE cells from FGF21- versus vehicle-treated P23H littermates at postnatal

week 10. FGF21 treatment significantly decreased expression of genes involved in fatty acid metabolic pro-

cesses (GO: 0006631, gene ratio = 0.045, P < 0.001) in P23H mice (Figures 6A–6C), suggesting that FGF21

modulates RPE cell metabolism, in line with decreasedATPmetabolic processes (GO:0046034, gene ratio =

0.054, P < 0.001) in rod photoreceptors (Figures 6D and 6E). However, gene ontology analysis also showed

that many diverse pathways in RPE cells were affected (Figure S6. Table S11), in contrast to a specific/

concerted program observed in Müller glia/astrocytes.

DISCUSSION

We found that administration of FGF21 starting from the onset of rod degeneration in an RP model

improved rod and cone ERG function, in association with modulated Müller glial cell responses facilitating

axon development and synapse formation.

Retinal modeling of the retinal circuitry in the inner retinal neurons and glial cells occurs concomitant to rod

and especially cone dysfunction and loss in RP (Jones et al., 2016; Krishnamoorthy et al., 2016). In phase I,

metabolic alterations are first initiated in glial cells in response to photoreceptor stress. There is a high vari-

ability in taurine, glutamate, glutamine, glutathione, glutamine synthetase, and cytosolic retinaldehyde-

binding protein immunostaining in neighboringMüller cells during degeneration in RP rabbit retinas, while

Müller cells in healthy retinas have a very homogeneous metabolic signature (Pfeiffer et al., 2016). In phase

II, Müller glia become hypertrophic and retinal glial remodeling follows the progressive loss of photorecep-

tors. Finally, there is a neural, glial, and vascular remodeling with rewiring through evolution of complex

neurite fascicles, new synaptic foci in the inner nuclear layer, and new connections throughout the retina

(Jones et al., 2003). Retinal remodeling has been described as a process that can exacerbate retinal degen-

eration. However, homeostatic plasticity studies in the CNS suggests that neurons may regulate dendritic

and axonal connectivity, as well as intrinsic excitability in response to perturbations in order to stabilize

function (Tien and Kerschensteiner, 2018; Turrigiano, 2012). Recent studies have also suggested that retinal

remodeling is an adaptive process to maintain visual function, rather than being solely destructive.

Homeostatic plasticity in the retina and visual cortex in RP helps maintain normal vision even when

more than half of the rod photoreceptors are lost (Begenisic et al., 2020; Care et al., 2020). Rewiring

cone-cone bipolar cells or potentiating rod-rod bipolar cell signaling preserves light responses in
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Figure 5. FGF21 activates SRF pathway in retinal glial cells

(A) Gene set enrichment analysis revealed significant enrichment of SRF binding motifs in the differentially expressed

genes induced by FGF21 (as compared to the vehicle control).

(B) Violin plots of Srf gene normalized expression for different cell types. Srf was distinctly expressed in Mϋller glia/
astrocyte and astrocyte cell clusters.

(C) FGF21 treatment upregulated SRF levels in immortalized rat retinal Müller glial cells rMC-1 cells in vitro. rMC-1 cells

were cultured in DMEM/F12 medium supplemented with 10% FBS and 1% antibiotic/antimycotic. Cells were treated with

vehicle (PBS), or 50, 250 ng/mL FGF21 for 24 hr. Western blot analyses for SRF were conducted, and b-ACTIN was used as

the internal control. n = 3 for each independent experiment, and the experiments were repeated 4 independent rounds.

One-way ANOVA. Data were presented as mean G standard error of the mean.
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(A) RPE cells were isolated and RNA was extracted for RNAseq. Littermate mice were used. n = 3 mice per group.

Pathways were identified with gene ontology. p values for enriched gene ontology (GO) terms are showed in bar graphs

(P < 0.01).
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(C) Genes involved in fatty acid metabolic process (GO:0006631) were downregulated by FGF21 in RPE cells in P23Hmice.
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(D) Genes involved in ATP metabolic process (GO:0046034) were downregulated by FGF21 in rods in P23H mice.

(E) Bar graph showing fold change (in log2) of indicated genes in rod ATP metabolic process in FGF21 vs vehicle.

See also Figures S3 and S6.
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photoreceptor-degenerating mice (Leinonen et al., 2020; Shen et al., 2020). Bipolar cells also participate in

compensatory dendritic remodeling and synapse formation in response to the loss of photoreceptors (Be-

ier et al., 2017, 2018; Care et al., 2019; Johnson et al., 2017; Shen et al., 2020). Therefore, modulating retinal

remodeling in response to photoreceptor loss may help maintain or improve retinal function in response to

retinal degeneration.

Our single-cell transcriptomics data showed that FGF21 upregulated pathways involved in axon develop-

ment and synapse formation in retinal Müller glia/astrocytes (Figures 4A and 4B). This is consistent with

results from cell culture in which postsynaptic currents in ganglion cells are enhanced by the presence of

glia (Pfrieger and Barres, 1996, 1997). We also found that genes involved in synapse formation were also

upregulated in amacrine cells (Figure S4). Taken together, these observations suggest that promoting

neural and glial remodeling in P23H mouse retinas was associated with improved photoreceptor

function.

Our gene set enrichment analysis showed that SRF motif was enriched in Müller glia in FGF21-treated

P23H mice. SRF is crucial in axon guidance and circuit formation. SRF is a ubiquitous transcription factor

that mediates brain-derived neurotrophic factor protection of postnatal cortical neurons against

camptothecin or trophic deprivation (Chang et al., 2004). SRF is crucial in axon guidance and circuit for-

mation in the hippocampus (Knoll et al., 2006). Deficiency of Srf in mice reduces neurite outgrowth and

abolishes mossy fiber segregation (Knoll et al., 2006). In the adult brain, SRF deficiency impairs synaptic

plasticity (Ramanan et al., 2005). Conditional prenatal Srf deletion also impairs neuronal migration of the

rostral migratory stream (Alberti et al., 2005). Therefore, modulating retinal glia-specific SRF might

regulate retinal remodeling (improved Müller glia structure with GLUL and GFAP staining) and poten-

tially influence retinal neural function. However, we did not observe remarkable changes of synapse

gene expression in rMC-1 cells treated with SRF siRNAs (�60% decrease in Srf mRNA levels, data not

shown). We speculated that loss of cell-cell contact in vitro might diminish the synapse gene expression

in glial cells.

The severity of visual field loss (and loss of retinal function) in patients with RP correlates with retinal vessel

attenuation (Ma et al., 2012; Nakagawa et al., 2014). In RP animal models, progressive retinal vessel loss is

specifically found in the OPL (adjacent to the photoreceptor nuclear layer) (Fernandez-Sanchez et al., 2018;

Hanna et al., 2018). Müller glia might mediate the vascular response to photoreceptor loss as they are the

primary source of neurotrophic/angiogenic factors such as vascular endothelial growth factors (Bai et al.,

2009; Jiang et al., 2014; Pierce et al., 1995; Saint-Geniez et al., 2008; Wang et al., 2010). Single-cell transcrip-

tomics showed that FGF21 versus vehicle treatment increased Vegf expression in Müller glia/astrocytes

(LogFC = 0.1837, P < 0.01) in P23H mice, further suggesting the involvement of Müller glia in the impact

of FGF21 on retinal remodeling in P23H mice.

In addition to Müller glial changes, in P23H mouse RPE cells, we found that FGF21 decreased expression of

genes involved in fatty acid metabolism (Figures 6A–6C), metabolically corresponding to the decreased

ATP metabolic processes we found in rod photoreceptors (Figures 6D and 6E). Less is known about cellular

sources of lipid to photoreceptor energy metabolism, although RPE cells are tightly linked to photore-

ceptor metabolism (Fu et al., 2020). RPE cells produce and transfer fatty acids (such as palmitate, 11-cis-

retinal, and ketone bodies) to photoreceptors to ensure proper visual function (Bibb and Young, 1974; Or-

ban et al., 2011; Palczewski, 2010; Puchalska and Crawford, 2017). RPE cells preferentially pass glucose to

photoreceptors, and photoreceptors then metabolize glucose to lactate, which is transferred back for RPE

use as fuel (seen in vitro) (Kanow et al., 2017; Strauss, 2005). However, in RPE cells in vivo, lactate might not

be the major source of tricarboxylic acid cycle intermediates, as minimal metabolism from lactate to pyru-

vate is evident (Wang et al., 2019b), although flux studies are required to firmly establish this fact. Alterna-

tively, fatty acid oxidation following phagocytosis of lipid-rich photoreceptor outer segments could be an

energy source (Adijanto et al., 2014; Izuta et al., 2018; Reyes-Reveles et al., 2017). Compared to RPE from

wild-type pigs, the RPE cells from pigs with retinal degeneration (RP) no longer have access to high levels of

fatty acids as phagocytosis of photoreceptor outer segments diminishes with loss of photoreceptors and

fatty acid beta oxidation decreases (Wang et al., 2019b). As rod outer segment tips shorten in RP, glucose

metabolism increases in the RPE and there is diminished glucose transport to photoreceptors causing

photoreceptor starvation (Wang et al., 2019b). Experimental loss of glycolysis in rods accelerates rod

photoreceptor loss in RP. Enhancing rod glycolysis delays the loss of rod function (Zhang et al., 2016).
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Because FGF21 decreased RPE fatty acid metabolism in P23Hmice at postnatal week 10, we speculate that

the long-term protective impacts of FGF21 on RP might be different than shorter term effects, in line with

our finding that the protection of FGF21 on the cone pathway was no longer observed at postnatal week 13

(Figure S2).

In summary, we showed that FGF21 can improve rod and cone function in the P23Hmodel of RP associated

with modified Müller cell function affecting axon and synapse formation, as well as more normal Müller cell

structure. Targeting Müller glial remodeling might be a general therapeutic approach to improve retinal

function in RP. Homeostatic plasticity is associated with maintaining retinal function during photoreceptor

degeneration. Previous reports have shown that the formation of new functional synapses between rods

and rod bipolar cells restores rod function (Care et al., 2019; Johnson et al., 2017; Shen et al., 2020;

Wang et al., 2019a). Our current finding suggests that Müller glia cells can modify retinal homeostatic plas-

ticity via axon development and synapse formation.

Limitations of the study

The mechanism behind FGF21 activating Müller glial responses needs to be further validated. Alterations

of Müller glial cell characteristics and lack of cell-cell contact in vitro limited a few of our current experi-

mental explorations.
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Supplemental Figures and Figure legends 

 
 
Supplemental Figure 1, related to Figure 1: Effects of FGF21 on ERG in female and male 
P23H mice respectively. Neuronal cell amplitude and sensitivity were measured and calculated. 
All ERG data were presented as the log change from control (ΔLog control) and normalized to 
that from postnatal week 4 (PW4). Data were presented as Mean±SEM. 
A) FGF21 treatment attenuated the decrease in amplitude of rods and rod bipolar cell signals, as 
well as sensitivity of rod bipolar cells in female P23H mice at PW7 (vehicle, n=14-16 eyes; FGF21, 
n=11 eyes). FGF21 treatment attenuated the decrease in amplitude of rod signals in male P23H 
mice at PW7 (vehicle, n=14 eyes; FGF21, n=20 eyes). Multiple t-test. *P<0.05. 
B) FGF21 treatment attenuated the decrease in signal amplitude of bipolar cells and reduced 
induction in sensitivity of bipolar cells in male P23H mice at PW10 (vehicle, n=7-8 eyes, FGF21, 
n=10 eyes). No significant change was found in FGF21- vs vehicle-treated female P23H mice at 
PW10 (vehicle, n=6 eyes, FGF21, n=10 eyes). Multiple t-test. *P<0.05, **P<0.01. 
C) Female mice had a stronger induction of rod bipolar cell sensitivity in rod ERG at PW7 (n=14-
16 eyes). No significant differences were found in cone ERG between male and female P23H 
mice (n=7-10 eyes). Multiple t-test. *P<0.05.  



 
 
Supplemental Figure 2, related to Figure 1: Longitudinal impacts of FGF21 on cone 
pathway in P23H mice. 
P23H mice were treated with FGF21 or vehicle from PW4. ERG was examined at PW7, PW10 
and PW13 in the same mouse before and after treatment. All ERG data were presented as the 
log change from control (ΔLog control) and normalized to that from PW4. n=3-6 eyes per group. 
ANOVA. *P<0.05, **P<0.01, ***P<0.001. Data were presented as Mean±SEM. 
 

 

  



 
 
Supplemental Figure 3, related to Figure 3 & 6: Heat scatter map of Fgfr1 in retinal clusters 
and expression of FGF21 receptors in RPE. 
A) Fgfr1 was mainly expressed in Müller glia/astrocyte cluster. 
B) Fgfr1 and β-klotho were expressed in mouse RPE with qPCR. Gapdh was used as internal 
reference. Data were presented as Mean±SEM. 
 
  



 
 
Supplemental Figure 4, related to Figure 4: Comparable GFAP signals in FGF21- vs. 
vehicle-treated C57BL/6J mice. C57BL/6J mice were treated with FGF21 or vehicle twice a 
week from PW4 to PW10. Retinal glial activation was examined with GFAP staining (green). DAPI 
(blue) was used for nuclear staining. Scale bar, 50μm. 
  



 

 
Supplemental Figure 5, related to Figure 4: FGF21 improved amacrine cell signaling in 
P23H mice.  
A) Expression of genes involved in synapse formation was increased in amacrine cells in FGF21- 
vs. vehicle-treated P23H mouse retinas. The largest FGF21-induced increases in gene 
expression in amacrine cell population were associated with synapse formation. P-values for 
enriched gene-ontology (GO) terms are shown in bar graphs (P<0.01). Gene ratio for each 
pathway is shown in a heatmap. 
B) Overall changes in rod OPs in P23H mice. FGF21 (PF-05231023)- versus control-treated 
group showed a trend of increased responses at PW7. All data were normalized to postnatal week 
4. n=24-26 eyes. Multiple t-test. Data were presented as Mean±SEM. 
C) Overall changes in cone OPs in P23H mice. FGF21 (PF-05231023)- versus control-treated 
mice showed comparable responses at PW7 but significantly increased OP amplitude at PW10. 
All data were normalized to postnatal week 4. n=17-30 eyes (vehicle), n=28-30 eyes (PF-
05231023). Multiple t-test. ***P<0.001. Data were presented as Mean±SEM. 
  



 

 
Supplemental Figure 6, related to Figure 6: FGF21 impact on RPE gene expression. 
RNAseq was conducted in isolated RPE cells from FGF21- vs vehicle-treated P23H littermates 
at PW10. Gene-ontology (GO) terms are showed in bar graphs (P<0.01). 
 
 
  



Transparent Methods 

 

Study Approval 

 

All animal studies adhered to the Association for Research in Vision and Ophthalmology 

Statement for the Use of Animals in Ophthalmic and Vision Research and were approved by the 

Institutional Animal Care and Use Committee at Boston Children’s Hospital (Protocol # 19-04-

3913R).  

 

FGF21 administration 

 

The P23H refers to a proline to histidine substitution in codon 23 of rhodopsin (Dryja et al., 1990). 

This mutation has been found to contribute to RP. Of more than 100 rhodopsin mutations 

associated with RP (accounting for 30% of autosomal-dominant RP [adRP]) (Tam and Moritz, 

2006), the P23H rhodopsin mutation is the most common (15-18% of adRP in the USA). The 

P23H mutation in mice causes decreased rod responses to light starting from postnatal week 5 

with complete loss by postnatal week 25 (Sakami et al., 2011). Cone response loss starts from 

postnatal week 10 and there is a 90% reduction of cone signals by postnatal week 40 in 

heterozygous mice (Sakami et al., 2011). In our study, we examined retinal function using 

electroretinography (ERG), starting from postnatal week 4 when ERG is first feasible in these 

pups, with follow-up at postnatal weeks 7 and 10. We administered FGF21 following the initial 

ERG (postnatal week 4) and then throughout the course of study. 

 

Homozygous P23H mice (B6.129S6(Cg)-Rhotm1.1Kpal/J, Jackson Laboratory, #017628) were 

crossed with C57BL/6J mice (Jackson Laboratory, #000664) to generate heterozygous P23H 

mice. Unless otherwise indicated in this manuscript P23H refers to heterozygous P23H mice. The 

mouse tails were collected and genotyped at Transnetyx, Inc. Littermate heterozygous P23H mice 

were randomly assigned for treatment or vehicle groups. Postnatal-week-4 heterozygous P23H 

mice were intraperitoneally injected with 10 mg/kg long-acting FGF21 analog, PF-05231023 

(Pfizer) (Huang et al., 2013) or vehicle (phosphate-buffered saline, PBS) control twice a week for 

six weeks. Retinal function was examined with ERG before treatment, 3 and 6 weeks after 

treatment. Both male and female mice were used. C57/BL6J mice were used to examine the 

impact of FGF21 on normal retinas. At postnatal week 10, mice were euthanized with overdose 

ketamine/xylazine and eyes were enucleated for sample collection.  



 

Electroretinography (ERG) 

 

ERG was used to assess the function of retinal neurons as we previously reported (Fu et al., 

2017b; Fu et al., 2018). Flash ERGs were obtained using an Espion e2 (Diagnosys LLC, Lowell, 

MA) in dark-adapted, mydriatic (Cyclomydril; Alcon, Fort Worth, TX), anesthetized 

(ketamine/xylazine) subjects. Stimuli were “green” light emitting diode flashes of doubling intensity 

from ~0.00025 to ~2.05 cd⋅s/m2 and then “white” xenon-arc flashes from ~8.2 to ~1,050 cd⋅s/m2 

presented in an integrating sphere (Colordome, Diagnosys LLC). As shown (Fig. 2A), the 

saturating amplitude and sensitivity of the rod photoreceptors was estimated from the a-waves 

elicited by the white flashes (Lamb and Pugh, 1992). The saturating amplitude and sensitivity of 

second-order neurons, principally bipolar cells (Wurziger et al., 2001), was measured by 

subtracting this model from the intact ERG waveform (Robson and Frishman, 1995) and fitting 

the Naka-Rushton equation (Fulton and Rushton, 1978) to the response vs. intensity relationship 

of the resulting waveform, “P2”. The oscillatory potentials (OPs), which characterize activity in 

inner retinal cells (amacrine cells and ganglion cells) distinct from the generators of the a- and b-

waves (Dong et al., 2004), were filtered from P2 (Lei et al., 2006). For light-adapted ERG, stimuli 

were ~1.02 to 520 cd⋅s/m2, the amplitude and sensitivity of cone bipolar cells was estimated from 

b-waves.  

 

All ERG data were presented as the log change from control (ΔLogControl) at postnatal week 4; 

by expressing the data in log values, changes in observations of fixed proportion become linear, 

consistent with a constant fraction for physiologically meaningful changes in parameter values 

(Akula et al., 2008). Data from both eyes was included in all analyses. ΔLogControl ERG data 

were plotted as mean ± SEM. 

 

Optical coherence tomography (OCT) 

 

Mice were anesthetized (ketamine/xylazine) and mouse pupils were dilated with Cyclomydril 

(Alcon, Fort Worth, TX). Spectral domain OCT was performed with the image-guided OCT system 

(Micron IV, Phoenix Research Laboratories) (Fu et al., 2018). Photoreceptor thickness was 

measured using Insight software. The thickness of photoreceptors, including the outer nuclear 

layer and the inner/outer segment layer, was plotted at six distances (50, 100, 150, 200, 250 and 

300 µm) from the optic nerve head, both on the nasal and on the temporal side (Fu et al., 2018). 



 

Immunohistochemistry 

 

For immunohistochemistry (IHC) on retinal cross-sections, eyes were fixed in 4% 

paraformaldehyde (PFA), frozen in optimal cutting temperature compound (OCT, Tissue-Tek) and 

then were cut into 10-μm sections. The sections were stored at -80oC before use. The sections 

which included the optic nerve were treated with ice-cold methanol for 15 minutes, followed by 

0.1% triton PBS for 30 minutes at room temperature, and then blocked with 3% bovine serum 

albumin (BSA) for 1 hour at room temperature. The sections were stained with primary antibody 

against glutamine synthetase (1:200, MAB302, Millipore), GFAP (1:500, ab4674, Abcam), PSD95 

(1:250, 75-028, NeuroMab), cone arrestin (1:500, AB15282, Millipore), and rhodopsin (1:500, 

MABN15, Millipore) overnight at 4oC. The sections were washed with PBS and then stained with 

a corresponding secondary antibody, covered in mounting medium with 4',6-Diamidine-2'-

phenylindole dihydrochloride (DAPI, H-1200, Vector laboratories), and visualized with a Zeiss 

confocal microscope at 200X magnification.  

 

Single-cell transcriptomics 

 

Retinas from FGF21- vs vehicle-treated P23H littermates were carefully dissected with anterior 

segment and RPE cells removed. Single-cell suspensions were prepared from mouse retinas by 

using Worthington papain dissociation system. A retinal cell barcoded library was prepared at the 

Single Cell Core at Harvard Medical School (HMS) (Klein et al., 2015; Zilionis et al., 2017) and 

sequenced at Center for Cancer Computational Biology, Dana Farber Cancer Institute on a 

Nextseq500 with pair-end 75bp reads. Raw data were deposited at SRA and can be accessed 

with Database: NIH bioproject PRJNA625994.  

 

scRNA-seq data is processed largely as previously described (Renthal et al., 2018), with slight 

modifications below. Reads were aligned to the mouse transcriptome GRCm38.81 by an inDrop 

pipeline to create a gene-cell counts matrix (Klein et al., 2015). Cells with less than 500 expressed 

genes (defined as read > 0) were filtered out. Cells with the fraction of mitochondrial genes six 

median absolute deviations higher than the median were further filtered out. An established 

pipeline was used to estimate the doublet score (Wolock et al., 2019), and cells with computed 

doublet score higher than 99% are considered putative doublets and filtered out. No significant 

batch effect was observed from principal component analysis.  



 

Normalization and dimension reduction were performed using Seurat 3 following the manual 

(Butler et al., 2018). Briefly, expression for each cell was normalized, log transformed and globally 

scaled using NormalizeData, FindVariableFeatures and ScaleData functions from Seurat 3. PCA 

was also computed in Seurat 3, with number of principal components set to 100. FindNeighbors 

and FindClusters functions with default setting were used to determine the number of clusters, 

using the top 30 principal components. The top 30 principal components were subsequently 

subjected to tSNE clustering using RunTSNE function. For cell type identification, the expression 

profile of each cell was first compared to the existing profile from mouse cell atlas, and clusters 

with the vast majority of cells being the same cell type were analyzed further. Clusters of the same 

cell type were collapsed for further differential gene expression analyses, and the expression of 

known marker genes were cross-validated using VlnPlot and FeaturePlot functions.  

 

For differential gene expression analyses, Genewise Negative Binomial Generalized Linear 

Models (glmFit model) of the edgeR package was employed (Robinson et al., 2010). The negative 

binomial distribution dispersion was estimated prior to modeling fitting using estimateDisp and 

glmFit functions. Log2 (fold change), p value and false discovery rate adjusted p value were 

computed for subsequent plotting (Yoav Benjamini, 1995). p value < 0.01 was taken as an 

arbitrary threshold for differentially expressed genes. In cases where indicated, an additional 

cutoff at false discovery rate adjusted p value was taken to further increase stringency. 

Differentially expressed genes were subjected to Gene-ontology analyses, as performed using 

clusterProfiler (Yu et al., 2012), and Gene set enrichment analysis (Subramanian et al., 2005).  

 

Bulk RNAseq of RPE cells 

 

After enucleation of mouse eyes from FGF21- vs vehicle-treated P23H littermates. The anterior 

segment and retina were removed and the remaining eye cup was immediately rinsed with PBS 

and transferred into 200μl RNAprotect cell reagent (Qiagen, #76526) (Xin-Zhao Wang et al., 

2012). The eye cup was incubated for 15 minutes at room temperature and the tube was gently 

agitated to ensure most of the RPE cells were released. The eye cup was then removed before 

centrifuging the tubes at 2500rpm for 5 minutes at 4°C. The RPE cell pellets were then used for 

RNA extraction using a PureLink® RNA Mini Kit (#12183018A, Ambion).  

 



Extracted RNA was quantified and good integrity samples (RIN>7) were processed for RNAseq 

analysis. Briefly, library preparation was done using the NEBNext Ultra II Directional mRNA kit, 

and sequencing was done on Illumina NextSeq 550 (75pb Single-Read). Fastq alignment and 

transcript count was performed using the kallisto pseudo aligner within the Biojupies platform 

(https://amp.pharm.mssm.edu/biojupies/). Volcano plot and biological annotation using enrichR 

were processed using Biojupies plug-ins as described in Torre et al, Cell Systems 2018 (Torre et 

al., 2018). Gene-ontology analyses were performed as described above. Raw data were 

deposited at SRA and can be accessed with Database: NIH bioproject PRJNA625994. 

 

Real-time PCR 

 

Retinas from P23H vs. WT littermates, FGF21- or vehicle-treated P23H littermates were lysed 

with QIAzol lysis reagent and incubated on ice for 15 minutes. 20% chloroform was added and 

incubated for 5 minutes at room temperature. RNA was extracted using a PureLink® RNA Mini 

Kit (#12183018A, Ambion) and then reverse transcribed using iScriptTM cDNA synthesis kit 

(#1708891, Bio-Rad) (Fu et al., 2017a; Fu et al., 2018). qPCR was performed for glutamine 

synthetase (Glul): 5’-TGA ACA AAG GCA TCA AGC AAA TG-3’, 5’- CAG TCC AGG GTA CGG 

GTC TT-3’; Fgfr1: 5’-ACT CTG CGC TGG TTG AAA AAT-3’, 5’-GGT GGC ATA GCG AAC CTT 

GTA-3’; β-klotho: 5’-TGT TCT GCT GCG AGC TGT TAC-3’, 5’-CCG GAC TCA CGT ACT GTT 

TTT-3’. Quantitative analysis of gene expression was generated using an Applied Biosystems 

7300 Sequence Detection System with the SYBR Green Master mix kit and gene expression was 

calculated relative to Cyclophilin A (5’-CAG ACG CCA CTG TCG CTT T-3’; 5’-TGT CTT TGG 

AAC TTT GTC TGC AA-3’) or Gapdh (5’-GCC TAC ATG GCC TCC AAG G-3’, 5’-GAG TTG GGA 

TAG GGC CTC TCT T-3’) using the ΔΔCt method. Each sample was repeated in triplicate. 

 

rMC-1 cell culture 

 

Immortalized rat retinal Müller glial cells rMC-1 (Sarthy et al., 1998) (a gift from Dr. Jian-Xing Ma 

from University of Oklahoma) were cultured at 37°C, 5% CO2 in a humidified atmosphere in 

DMEM/F12 medium (#11330057, Gibco) supplemented with 10% fetal bovine serum (#S12450, 

Atlanta Biologicals) and 1% antibiotic/antimycotic solution. An equal number of cells per well was 

plated on a 6-well dish. On the second day, the culture media were changed and the cells were 

treated with vehicle (PBS) or, 50, 500 ng/ml long-acting FGF21 (PF-05231023) for 24 hours. Cells 

were collected for protein.  

https://urldefense.proofpoint.com/v2/url?u=https-3A__amp.pharm.mssm.edu_biojupies_&d=DwMFaQ&c=qS4goWBT7poplM69zy_3xhKwEW14JZMSdioCoppxeFU&r=MUbCQmnxfIhRqPm25N0HlNum4NhZOfyYZ2lrtDY1sh2WROf2DhDlmJmYZNyLomww&m=HnMrp8ySG8tPKDYvGu6eqrIeEcpF3_HYl416N954aaM&s=5qkTqpOymsLOBGQqb6AIj34LoXDWF7NMvn-O5vdBu3s&e=


 

Western blot 

 

The levels of SRF were assessed in protein lysate from FGF21- vs vehicle-treated rMC-1 cells 

using (1:1000, Cell signaling, #5147s) in 5% non-fat milk (Labscientific, #M0841) overnight at 4°C. 

Signals were detected using 1:5000 corresponding horseradish peroxidase-conjugated 

secondary antibodies and enhanced chemiluminescence (ECL, Pierce), then the digital images 

were visualized with Bio-Rad ChemiDoc Touch Imaging System (Fu et al., 2018). β-ACTIN 

(1:5000, Sigma; A1978) was used as internal control.  

 

Statistical analysis  

 

Littermate male and female P23H mice were randomly assigned to FGF21 or vehicle treatments. 

The examiners were blinded to the treatment conditions during data analysis. The threshold for 

statistical significance (α) was set at 0.05. For the phenotypic study, sample size was computed 

by G*Power3 (Faul et al., 2007) to allow 80% power (set β to 0.2) with α set to 0.05. We collected 

the samples until reaching at least n=6 mice for each gender in treatment and vehicle groups. All 

data were presented as mean ± SEM. Two-tailed unpaired t-test, or ANOVA with Bonferroni’s 

multiple comparison test was used for comparison of results as specified (Prism v5.0; GraphPad 

Software, Inc., San Diego, CA).  
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