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Abstract

Iron-induced oxidative stress can cause or exacerbate retinal degenerative diseases. Retinal iron
overload has been reported in several mouse disease models with systemic or neural retina-specific
knockout (KO) of homologous ferroxidases ceruloplasmin (Cp) and hephaestin (Hep#). Cp and
Heph can potentiate ferroportin (Fpn) mediated cellular iron export. Here, we used retina-specific
Fpn KO mice to test the hypothesis that retinal iron overload in Cp/Heph DKO mice is caused

by impaired iron export from neurons and glia. Surprisingly, there was no indication of retinal
iron overload in retina-specific £pn KO mice: the mRNA levels of transferrin receptor in the
retina were not altered at 7-10-months age. Consistent with this, levels and localization of ferritin
light chain were unchanged. To “stress the system”, we injected iron intraperitoneally into Fpn
KO mice with or without Cp KO. Only mice with both retina-specific Fpn KO and Cp KO had
modestly elevated retinal iron levels. These results suggest that impaired iron export through Fpn
is not sufficient to explain the retinal iron overload in Cp/Heph DKO mice. An increase in the
levels of retinal ferrous iron caused by the absence of these ferroxidases, followed by uptake into
cells by ferrous iron importers, is most likely necessary.
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Iron is critical for basic biochemical processes and metabolic pathways. Yet, excess ferrous
iron can facilitate the production of hydroxyl radicals via the Fenton reaction, resulting

in oxidative injury (Beard, 2001). Iron overload has been reported in neurodegenerative
diseases, including age-related macular degeneration (AMD) (Dunaief, 2006), and ocular
siderosis resulting from an intraocular foreign body (Burch and Albert, 1977). The retina is
the most metabolically active tissue, which, along with high oxygen levels, continuous light
exposure, and high levels of polyunsaturated fatty acids, makes it susceptible to oxidative
stress. Thus, tight iron regulation is essential for proper cellular function.

Ferroportin (Fpn) is the only known cellular iron exporter, localizing to the plasma
membrane (Donovan et al., 2005; Nemeth et al., 2004). We previously determined Fpn
localization within mouse retina to: the abluminal membrane of retinal vascular endothelial
cells (rVECs), the Muller glia cells, photoreceptors, and the basolateral membrane of the
retinal pigment epithelium (RPE) (Theurl et al., 2016). The rVEC-specific deletion of Fpn
resulted in iron overload in the rVECs and iron deficiency in retinal neurons and glia,
indicating that iron was exported through Fpn on the abluminal side of the rVECs to enter
the neural retina (Baumann et al., 2019). The homologous ferroxidases, ceruloplasmin (Cp)
and hephaestin (Heph), potentiate Fpn-mediated iron export, by oxidizing iron from its
ferrous (Fe2*) to its ferric (Fe3*) form (De Domenico et al., 2007). Only the ferric form can
bind the extracellular iron carrier protein transferrin. The loss the Cp and Heph in Co/Heph
DKO mice resulted in age-dependent retinal iron overload by 6mo, and retinal degenerative
features similar to AMD by 9mo (Hahn et al., 2004). Recently, we found that mice with Cp
KO plus neural-retinal specific Heph KO generated using mRx-Cre mice (Klimova et al.,
2013) also have neural retinal iron accumulation by 6mo (Baumann, Zhang et al, submitted).
Impairment of ferroxidase-facilitated, Fpn-mediated iron export from retinal neurons and
glia might account for these results.

The methods used to test this hypothesis are as follows. Neural retina-specific Fpn KO
mice were generated using a strain carrying a Apn floxed allele (Fpr/70X/F1oX) which was
developed as described previously (Lakhal-Littleton et al., 2015). To generate conditional
neural retinal KO mice, we crossed the Fpr"0X/FIox mice with the mRx-Cre mice. The
expression of Cre within the retina in mRx-Cre+ mice was confirmed with a mouse line
containing a Cre-activated GFP reporter and found to include all retinal cells except VECs
and microglia (Baumann and Zhang, submitted). Mice with systemic Cp KO were generated
as previously described (Harris et al., 1999). Mice with neural retina-specific £pn KO and
systemic Cp KO were generated by crossing the mRx-Cre+ mice to the Fpr/oX/Flox mice
and Cg~ mice. All mice were on the C57BL/6J background, and the absence of the rdZ
and rd8alleles was confirmed. Mice of both genders were studied. Previous studies used IP
iron injection (ferric hydroxide dextran complex) to increase the serum iron levels (Moon
etal., 2011), and investigate iron overload induced pathologies in the other organs (Piloni
etal., 2013; Shu et al., 2019). Mice were given IP iron injections (100mg) (No. D8517,
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Sigma-Aldrich, St. Louis, MO, USA) on day 1 and day 4, then euthanized on day 7. All
protocols were approved by the University of Pennsylvania Institutional Review Board. All
animal procedures conducted in this study were in accordance with the ARVO Statement for
the Use of Animals in Ophthalmic and Vision Research. All mice were maintained in the
animal facility with controlled room temperature (21-23 °C) and a 12h light/12h dark cycle.
Mice were allowed at libitum access to water and a standard laboratory diet.

The mRNA levels in neural retinas were measured using gPCR. The neural retina dissection,
RNA isolation, and cDNA synthesis have been described previously (Hadziahmetovic

etal., 2011). Gene expression analysis was conducted on a commercial quantitative

TagMan real-time PCR 7500 detection system (Applied Biosystems, Darmstadt, Germany),
performed with biological and technical triplicate reactions. GAPDH were used as an
internal control. Probes used were transferrin receptor ( 7frc, Mm00441941), divalent
transition metal (Dmt1, Mm01308330), ceruloplasmin (Cp, Mm00432654), and a custom
probe for Fpn that spans exon 4-5. The sequences of the primers were: forward, 5’-
CTATGGACTGGTGGTGGCAG -3'; reverse, 5'- ACTCCACACACATGGACACC -3”; and
probe, 5'-AGGCTTGGCTATTTC-3" (Applied Biosystems, Carlsbad, CA, USA). Statistical
analyses were conducted using GraphPad version 5.0 (San Diego, CA, USA). One-way
ANOVA were used for statistical analysis with the Tukey post hoc test for pairwise
comparisons. All data are presented as mean + SEM.

Immunostaining for ferritin light chain (Ft-L) was performed to assess the retinal iron
levels. Retinal cryosections and immunostaining were prepared as described previously
(Hadziahmetovic et al., 2011). Primary antibody: rabbit anti-Ft-L antibody (E17) (1/2500,
M. Poli and P. Arosio, University of Brescia, Italy). Secondary antibody: Cy3-conjugated
anti-rabbit IgG at 1/200. Control sections were processed identically except for the omission
of anti-Ft-L primary antibody. Images from all sections were acquired with identical
exposure parameters, using a fluorescent microscope and the Nikon Elements Software
(Melville, NY, USA). The pixel density of Ft-L immunostaining was measured by ImageJ
Software.

Results showed no iron accumulation occurred in the retinas of mice with neural retina-
specific Fpn KO. Iron levels were assessed through quantification of mRNA levels of 7frc
and Dmt1 using gPCR and immunostaining for Ft-L. 7/rcand DmtZ mRNAs are generally
downregulated by increased cellular iron levels, and ferritin protein is upregulated. These
have been previously validated as indicators of retinal iron levels (Rouault, 2006; Song

et al., 2016). In 7-10-month-old mRx-Cre+, Fpn/70X/Flox mice, Fpn deletion was verified
using qPCR. Fpn mRNA levels in the neural retina were markedly reduced compared

to control mice (Fig.1 A). The mRNA levels of 77rcand Dmt1 showed no significant
difference between retinas of mRx-Cre+; Fpn’’0X/FIoX mice and controls (Fig. 1B and C).
Immunolabeling for Ft-L on cryosections from 7-10mo age mRx-Cre+ experimental and
control mice showed no difference in labeling localization or pixel density (Fig.1 D and E).
These data indicate that deletion of Fpn from retinal neurons and glia did not cause iron
accumulation in these cells.
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To “stress the system” we gave mice IP iron injections to increase their serum iron, and

also crossed them with systemic Cp KO mice to increase ferrous iron levels. Because Cp is
expressed in the liver and in macrophages, while its homologue Heph is expressed mainly
in the gut, we anticipated that a Cp KO would have higher levels of serum ferrous iron than
WT following IP iron injections. This ferrous iron might then be taken up by retinal cells
and trapped there if Fpn normally serves as a “safety valve” to release excess iron from
retinal cells. We compared iron levels in neural retinas of mice of the following genotypes
given IP iron injections: neural-retina specific /on KO (mRx-Cre+, Co**, Fpnflox/Flox)
systemic Cp KO (mRx-Cre+, Co~/=, Fpri*!*), neural retina-specific £pn KO with systemic
Cp KO (mRx-Cre+, CoI=, Fpr1oX/Flox) and controls (mRx-Cre+, Co*'*, Fpr*!*). Mice were
given IP iron injections at 3mo age. One week later, mice were euthanized, and retinas were
studied. To verify deletion of Apnin the neural retinas of Fpr"0*F1X mice and the deletion
of Cpin Cp~ mice, the mRNA levels of Apnand Cpwere measured using qPCR. As
expected, the mRNA levels of Apnwere markedly decreased in mRx-Cre+, Fpnf10X/Flox mice
compared to mRx-Cre+, Fpr*'* mice (Fig. 2A) and Cp mRNA was markedly decreased

in the neural retinas of Co™/~ mice compared to Cp*/* mice (Fig. 2B). To evaluate the
intracellular iron levels, the mMRNA levels of 7frcand Dmt1 were determined using qPCR.
Tfre mRNA levels were modestly but significantly decreased only in mRx-Cre+, Co™/-,
Fpnflox/Flox mice compared to controls (mRx-Cre+, Co™*, Fpr!*), indicating a small
increase in iron accumulation in the neural retina of mRx-Cre+, Co™/=, Fpn/1oX/Flox mice
(Fig.2 C). The mRNA levels of Dmt1 showed no difference (Fig.2 D). Immunolabelling

for Ft-L was localized to retinal and choroidal vessel in all four genotypes, as expected
following IP iron dextran injection (Shu et al., 2019), but there was no difference in Ft-L
immunolabelling localization (Fig.2 E), or pixel density (Fig.2 F) compared to controls.

Taken together, these results are very different from those obtained in 6mo systemic Cp/
Heph DKO mice, as well as Co/~ mice with neural retinal-specific Heph KO, which have
markedly increased levels of L-Ft immunolabeling in the neural retina indicating elevated
intracellular iron levels. Since ferroxidases Cp and Heph can facilitate cellular iron export
through Fpn, we tested the hypothesis that the neural retinal iron accumulation caused by
Cp and Heph deficiency resulted from diminished iron export through Fpn. Surprisingly,
we found that 7-10mo retina-specific £pn KO mice did not have an increase in retinal
Ft-L immunolabeling, nor a decrease in 77rc mRNA, suggesting that impaired iron export
through Fpn is not the sole mechanism of neural retinal iron overload in Cp/Heph DKO
mice.

Since Cp and Heph are ferroxidases, their absence can lead to elevated levels of ferrous

vs ferric iron in the serum and retina. The retina is predisposed to contain ferrous iron
because the concentration of iron-reducing ascorbate is 1mM in the eye, which is 20 times
higher than that in serum (Pirie, 1965). Unlike ferric iron, ferrous iron may be able to enter
retinal cells in an unregulated manner. This is because ferric iron is primarily bound to

the extracellular protein transferrin, whose uptake is downregulated in iron loaded cells by
decreased levels of transferrin receptor on the plasma membrane. In contrast, the ferrous
iron importers that are expressed in the retina, including Zip14, Zip8, and L-type calcium
channels, are not necessarily down-regulated by increased intracellular iron. In fact, Zip14
can be upregulated (Sterling et al., 2017). Ferrous iron importers have been shown the
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mediate iron overload in other organs: Zip14 expression in the liver is necessary for liver
iron overload in a mouse model of hemochromatosis (Jenkitkasemwong et al., 2015).

Overall, the results reported herein emphasize the role of iron ferrous iron in retinal iron
overload-induced degeneration. Supporting this, injection of ferrous sulfate into the vitreous
causes elevated retinal iron levels indicated by significantly decreased 77rc mRNA followed
by rapid retinal degeneration (Shu et al., 2020). Also, preventing ferrous-iron induced
oxidation of docosahexanoic acid (DHA) by adding a deuterated, oxidation resistant form
of DHA to mouse chow prevents intravitreal iron-induced retinal degeneration (Liu et

al, submitted). Further, cultured RPE cells accumulate more radiolabeled iron when it is
presented as ferrous rather than ferric-transferrin (Sterling et al, submitted). The clinical
implication of these results is that deuterated DHA, iron oxidases, inhibitors of ferrous iron
importers, or iron chelators could be therapeutic in patients with retinal iron overload.
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Fig. 1.
No retinal iron accumulation in neural retina-specific £pn KO mice at 7-10-months

of age. Graphs showing relative mRNA levels of Fpn (A), Tfrc(B), and Dmtl (C)
measured by qPCR on neural retinas from neural retina-specific Fpn KO mice (mRx-
Cre+, Fpnf10X/Flox) versus controls (mRx-Cre+, Fpr’/*). Representative photomicrographs
showing immunolabeling for Ft-L on cryosections from mRx-Cre+, Fpr/70X/F10X agnd mRx-
Cre+, Fprn’”* mice (D). Quantification of pixel density of Ft-L immunolabeling (E).
Ganglion cell layer (GCL); inner plexiform layer (IPL); inner nuclear layer (INL); outer
plexiform layer (OPL); outer nuclear layer (ONL); and retinal pigment epithelium (RPE).
Scale bar: 100 um. Error bars indicate mean + SEM, n=4 per group. ** P < 0.01.
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by gPCR in the neural retinas of mice with the indicated genotypes (A-D). Representative
photomicrographs showing immunolabeling for Ft-L (E). Quantification of pixel density for

Ft-L immunolabeling (F). Scale bar: 100 um. Error bars indicate mean + SEM, n=3 per
group. * P <0.05, ** P < 0.01, *** P < 0.001.
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