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Disrupted brain iron homeostasis is a common feature of neuro-
degenerative disease. To begin to understand how neuronal iron
handling might be involved, we focused on dopaminergic neurons
and asked how inactivation of transport proteins affected iron
homeostasis in vivo in mice. Loss of the cellular iron exporter,
ferroportin, had no apparent consequences. However, loss of
transferrin receptor 1, involved in iron uptake, caused neuronal
iron deficiency, age-progressive degeneration of a subset of dopami-
nergic neurons, and motor deficits. There was gradual depletion of
dopaminergic projections in the striatum followed by death of
dopaminergic neurons in the substantia nigra. Damaged mitochon-
dria accumulated, and gene expression signatures indicated attempted
axonal regeneration, a metabolic switch to glycolysis, oxidative stress,
and the unfolded protein response. We demonstrate that loss of
transferrin receptor 1, but not loss of ferroportin, can cause neuro-
degeneration in a subset of dopaminergic neurons in mice.
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In the brain, iron is needed for mitochondrial respiration and
synthesis of myelin, neurotransmitters, and monoamine oxidases

(1, 2). Transferrin receptor 1 (TFR1) is known to be required for
iron uptake by some, but not all, cell types (3–7). Its ligand, trans-
ferrin (TF), carries extracellular iron. Fe2-TF/TFR1 is internalized
by receptor-mediated endocytosis and trafficked to endosomes,
where low pH liberates iron from TF, allowing it to leave the
endosome through transmembrane transport. This transport is
mediated by divalent metal transporter 1 (DMT1/SLC11A2) in
erythroblasts and possibly other cell types (8). Imported iron is used
directly, incorporated into heme or Fe-S clusters, or stored in fer-
ritin. It has been widely assumed that neuronal iron uptake depends
on TFR1-mediated endocytosis of Fe2-TF (9), but in vivo evidence
is scant. Expression of a dominant negative form of Tfr1 was shown
to decrease iron uptake by hippocampal CA1 pyramidal neurons
(10). However, others noted that iron distribution does not corre-
late with Tfr1 expression in the brain and suggested that Tfr1 may
have roles unrelated to iron uptake (11).
There is only one known mechanism for cellular iron release,

involving the transmembrane transporter ferroportin (FPN). FPN
exports iron, in collaboration with ceruloplasmin or a related
ferroxidase, to be loaded onto TF (8). Intracellular iron homeo-
stasis is controlled by iron-regulatory proteins (IRPs), which rec-
ognize iron regulatory elements (IREs) in the untranslated
portions of mRNAs encoding proteins important for iron trans-
port or storage (12). In iron deficiency, IRPs bind IREs to block
ribosomal entry onto ferritin mRNAs, precluding translation of
this iron storage protein, and IRPs stabilize mRNAs encoding
TFR1 and SLC11A2, facilitating iron uptake. In iron surfeit, fer-
ritin mRNAs are actively translated to store excess iron and iron
import-related mRNAs are degraded. This well-studied homeo-
static mechanism allows cells to regulate their iron content and

offers a very sensitive approach to detect cellular iron deficiency
and surfeit (12).
Iron homeostasis is altered locally, in the affected part of the

brain, in most human neurodegenerative disorders (13). Iron ac-
cumulates in the substantia nigra (SN) in Parkinson’s disease (PD)
(14–16), although it is unsettled whether increased iron is in neu-
ropil (17) or dopaminergic (DA) neurons (18), or both. Excess DA
neuron iron has been proposed to contribute to disease pathogen-
esis (19). Conversely, several reports suggest that systemic iron
deficiency, rather than iron overload, may predispose to PD. PD has
been associated with a history of anemia years before the onset of
motor symptoms (20), with multiple blood donations that deplete
iron stores (21), and with low serum iron (22). Genetic pre-
disposition to iron overload appears to be protective (23–25). Thus,
iron deposition in the SN may or may not be in DA neurons
themselves, and iron overload, iron deficiency, or both might be
deleterious to DA neurons.
We used conditional KOmice to study how perturbations of iron

transport affect DA neuron survival and function. Others pre-
viously suggested that inactivation of FPN results in iron accumu-
lation in DA neurons, causing PD (19). However, it was not clear
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why DA neurons would require active iron export or why com-
pensatory changes in cellular iron import or storage would not
maintain iron homeostasis. Accordingly, we found that mice lack-
ing Fpn in DA neurons had no apparent abnormalities in neuronal
iron homeostasis and no evidence of neurodegeneration or DA
neuron dysfunction. However, mice lacking Tfr1 in DA neurons
developed a severe phenotype characterized by DA neuron iron
insufficiency, progressive degeneration of neurons in the SN, de-
creased motor activity, and early death. We conclude that Tfr1 is
important for iron homeostasis in DA neurons of the SN and that
Fpn is dispensable.

Results
Deletion of Fpn in DA Neurons Has No Apparent Consequences. We
inactivated Fpn in DA neurons by crossing dopamine transporter
(Dat)IRES Cre (26) and Fpnfl/fl mice (27) to obtain Fpn conditional
KO (Fpn-CKO) mice. We confirmed Fpn depletion by analyzing
polysome-associated mRNAs from ventral midbrain DA neurons.
To do this, we bred the floxed Fpn allele andDatIRESCre transgene
onto a Ribotag background (28) to allow for Cre-dependent ex-
pression of hemagglutinin (HA)-tagged ribosomal protein L22.
We used the HA tag to immunoprecipitate polysome-associated
mRNA from these mice at 3 wk and 18 mo of age and confirmed
that it was highly enriched for DA neuron transcripts and depleted
of an oligodendrocyte marker (Fig. S1 A–D). By quantitative RT-
PCR (qPCR), we observed a marked decrease in polysome-asso-
ciated Fpn mRNA at 3 wk of age (Fig. 1A), indicating that most
Fpn alleles had been inactivated. Residual Fpn mRNA may have
come from contamination by other cell types or incomplete in-
activation of the floxed Fpn allele.
Fpn-CKO mice appeared similar to control (CTR) mice. There

were no significant differences in basal activity in an open field
(OF) at 4, 14, or 18 mo or response to metamphetamine at 18 mo

(Fig. 1B). Neurophysiological and behavioral tests (29) showed no
differences at 16 mo. Th staining in the dorsal striatum and cell
counts in the SN pars compacta (SNpc) were also indistinguish-
able at 19 mo (Fig. 1C).
Because the ventral midbrain contains multiple cell types, we

could not use tissue to examine the iron content of DA neurons.
We attempted to quantify iron content of DA neurons isolated
from the ventral midbrain by FACS followed by inductively
coupled plasma MS (ICP-MS), but the amounts were too low.
Similarly, there was too little iron to visualize with Perls stain. As
an alternative approach, we examined polysome-associated DA
neuron mRNA for evidence of posttranscriptional regulation by
the IRE/IRP system. Cellular iron surfeit should result in in-
creased Fth and Ftl and decreased Slc11a2 and Tfr1 mRNAs, but
we observed no significant differences between Fpn-CKO and
CTR mice at 3 wk and 18 mo (Fig. 1D). We conclude that Fpn
was not essential for DA neuron survival or function and Fpn-
CKO DA neurons did not accumulate excess iron.

Tfr1 Is Critical for DA Neuron Iron Homeostasis, Function, and
Survival. To determine whether Tfr1 was involved in DA neuron
iron assimilation, we crossed Tfr1fl/fl and DatIRES Cre mice to
obtain Tfr1-CKO animals. Ribotag polysome-associated mRNA
from ventral midbrain at 3 and 10 wk was highly enriched for DA
neuron transcripts (Fig. S1 E–H) and depleted of Tfr1 mRNA
(Fig. 2A). Tfr1-CKO mice were grossly indistinguishable from
CTR littermates until 7 wk of age when they began to lose weight
(Fig. 2B) and died by wk 12 (Fig. 2C). Polysome-associated
mRNA at 3 and 10 wk (Fig. 2D) revealed decreased Fth and Ftl
mRNAs and increased Tfr1 (primers spanning retained exons 16
and 17) and Slc11a2+IRE mRNAs in Tfr1-CKO ventral midbrain
DA neurons, indicating that they were iron deficient.
At 10 wk, Tfr1-CKO mice had hunched posture, low pelvis,

attenuated response to visual stimuli, and reduced reflexive

Fig. 1. Deletion of Fpn in DA neurons. White bars,
control (CTR); black bars, Fpn-CKO. (A) QPCR analysis
of Fpn after immunoprecipitation of HA-tagged
polysomes from CTR;Ribotag and Fpn-CKO;Ribotag
ventral midbrain homogenates, relative to CTR = 1
(CTR n = 4; Fpn-CKO n = 5; mice 3 wk of age); Stu-
dent’s t test, **P < 0.01. (B) Locomotor activity in OF.
(Left) Basal cumulative distance traveled in the same
cohort of mice at 4, 14, and 18 mo of age (mos) (n ≥ 8
for both genotypes/all time points). Repeated mea-
sures analyses of variance (RMANOVA) found a sig-
nificant effect of age [F(2,28) = 27.452, P < 0.001] but
not genotype; (Right) 19 mo mice were treated
with 2 mg/kg i.p. metamphetamine 60 min post-
acclimatization in the OF. RMANOVA revealed a sig-
nificant time effect [F(2,28) = 4.871, P < 0.015], but
other comparisons were not significant. Bonferroni
comparisons showed that, compared with base-
line, all animals displayed increased activity to
metamphetamine that was significant 2 h post-
injection (P < 0.046). Data are represented as mean ±
SEM distance traveled in 1-h blocks of time (n = 8
for both genotypes). (C) Anti-Th immunostaining of
the dorsal striatum and SN at 19 mos. (Upper)
Representative images from the dorsal striatum and
quantification of terminal density; (Lower) repre-
sentative images from SNpc. Th+ and Nissl+ cell
numbers were determined using stereology. Ter-
minal density was quantified using ImageJ (rsbweb.
nih.gov/ij/). (Scale bars: 200 μm.) Student’s t test in-
dicated no significant differences in terminal den-
sities or cell numbers between genotypes. (CTR n = 5;
Fpn-CKO n = 5.) (D) Relative polysome-associated mRNA for iron-related genes in DA neurons of CTR and Fpn-CKO mice at 3 wk and 18 mos of age. CTR mRNA
expression was adjusted to 1. At 3 wk CTR n = 4, Fpn-CKO n = 5; at 18 mos CTR n = 4, Fpn-CKO n = 3. Student’s t test indicated no significant differences between
genotypes. All data are presented as means ± SEM.
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behavior (Fig. 2B and Table S1). Earlier they showed decreased
locomotor activity in an OF (Fig. 3A), age-progressive reduction
in steps taken with their front legs when their rear legs were
suspended (Fig. 3B), and delayed removal of forepaws placed on
a bar (Fig. 3C). These latter behaviors are considered analogous
to human akinesia and catalepsy, respectively.
At 7 wk, we observed a marked decrease in L-dihydroxy-

phenylalanine (L-DOPA) synthesis rates (Fig. 3D) and tissue
dopamine levels (Fig. 3E) in the dorsal and ventral striata
of Tfr1-CKO mice, although there was no significant difference
in Th mRNA. Other brain regions were not affected. Dopa-
mine metabolites 3,4-dihydroxyphenylacetic acid (DOPAC) and
homovanillic acid (HVA) were also decreased in the ventral and
dorsal striata of Tfr1-CKO mice (Table S2). Tfr1-CKO and CTR
mice were habituated to an OF for 1 h, treated with carbidopa,
and given L-DOPA 10 min later (Fig. 3F). After L-DOPA,
we observed a marked increase in locomotion in Tfr1-CKO
mice relative to CTRs. We treated with the mixed D1 and D2
receptor agonist apomorphine and found that Tfr1-CKO animals
were hyperresponsive (Fig. 3G). Tfr1-CKO mice had in-
creased locomotion in response to 2.5 and 5 mg/kg SKF-81297, a
D1 agonist (Fig. 3H), and a potentiated response to 0.5 mg/kg
quinpirole, a D2 agonist (Fig. 3I).
Th staining in the dorsal striatum was similar in CTR and Tfr1-

CKO mice at 3 wk, but progressively decreased in Tfr1-CKO
animals thereafter (Fig. 4A). Th+ cell counts in the SNpc of Tfr1-
CKO mice similarly decreased at 5, 7, and 10 wk (Fig. 4 B and C).
SNpc Nissl+ neuron counts were similar at 3 and 5 wk, but sig-
nificantly decreased at 7 and 10 wk in Tfr1-CKO mice. We ob-
served later cell loss in the ventral tegmental area (VTA), despite
efficient Cre expression there and in other DA neurons (Fig. S2
A–D). Terminals and DA neurons in the nucleus accumbens and
olfactory bulb appeared to be relatively spared even at 10 wk (Fig.
4D). We stained for DOPA decarboxylase (Ddc) and obtained
similar results (Fig. S3). In summary, we observed a selective,
progressive loss of nigrostriatal DA projections in the dorsal
striatum and a later loss of DA neurons in the SNpc and then the
VTA. Th staining in the ventral striatum was similar between
genotypes. These data are consistent with the behavioral abnor-
malities we observed in Tfr1-CKO mice.

Characterization of Tfr1-CKO DA Neurons. Because neurons require
iron for mitochondrial biogenesis (30) and respiration (31), we
examined mitochondrial morphology by electron microscopy,
identifying DA neurons by immunogold localization of DAT.
Although SNpc mitochondria appeared normal in 6-wk Tfr1-
CKO mice, at 8 wk, they were enlarged with abnormal cristae
(Fig. 5 A–F). In contrast, mitochondria in VTA DA neurons of
8-wk Tfr1-CKO mice appeared similar to CTRs (Fig. S4). We
crossed Tfr1-CKO mice with mtYFP transgenic mice that ex-
press a mitochondria-targeted GFP in the presence of Cre
recombinase (32). Tfr1-CKO mitochondria appeared fused or
aggregated in SNpc DA neurons (Fig. 5 G and H). Using ste-
reology at 8 wk, we counted GFP aggregates in SNpc DA neu-
rons. In CTR mice, 4 ± 0.03% of cells contained GFP aggregates
(n = 4 mice); in Tfr1-CKO mice, 73 ± 0.84% of cells contained
GFP aggregates (n = 3 mice; P < 0.0001). We also observed
proteinaceous inclusions in SNpc DA dendrites of Tfr1-CKO but
not CTR mice (Fig. 5I).
We evaluated gene expression in ventral midbrain DA neu-

rons using Ribotag polysome-associated mRNA to probe Affy-
metrix microarrays. Data have been deposited online (NCBI
accession no. GSE66730). Pertinent results, shown as calcu-
lated fold-change, are shown in Fig. 6 A–E. We validated gene
expression by qPCR in separate biological replicates (Figs. S5
and S6). Genes with more than twofold change were subjected
to Gene Set Enrichment Analysis [(GSEA/MSigDB) (33, 34)].
GSEA revealed induction of several pathways previously asso-
ciated with neurodegeneration (35)—hypoxia, mTorc1 signaling,
the p53 pathway, the unfolded protein response (UPR), and
glycolysis—at both 3 and 10 wk. Genes associated with apoptosis
were induced at both ages, but more strikingly at 10 wk.
Chung et al. identified 52 genes that were expressed at higher

levels in SN neurons than VTA neurons (36). Of these, 19 were
down-regulated in 10-wk Tfr1-CKO mice compared with con-
trols: Anxa1, Aldh1a7, Sncg, Atp2a3, Srpx2, Tyrp1, Rerg, Grin2c,
Cd24a, Trhr, Sox6, Pvrl3, Lix1, Satb1, Igf1, Nrip3, Sox6, Vav3, and
Fgf1. No genes classified as specific to the SN were up-regulated
in Tfr1-CKO mice, and no genes specific to the VTA were down-
regulated. Thus, gene expression was consistent with other ob-
servations suggesting that VTA neurons were relatively spared.
The most strongly up-regulated genes in Tfr1-CKO DA neu-

rons were characteristic of axonal injury (37) and were similarly
induced in rats after intrastriatal 6-hydroxydopamine treatment
(38) (Fig. 6A). There was evidence of an attempted switch to gly-
colysis, with increased polysome-associated mRNAs encoding
Pfkfb3 and glycolytic proteins Hk2, Slc2a1, and Ldha (Fig. 6B).
Normal neurons preferentially use the pentose phosphate pathway,
suppressing glycolysis through inhibition of Pfkfb3 (39). Increased
Pfkfb3 activity and a switch to glycolysis contribute to neuro-
degeneration (40).
Neurodegeneration is characterized by endoplasmic reticulum

(ER) stress and induction of the UPR (41). We observed increased
mRNAs encoding proteins involved in the protein kinase RNA-like
endoplasmic reticulum (PERK) UPR pathway and proteins in-
duced by PERK activation (Fig. 6C). Assessed by qPCR, there was
increased Grp78/Bip, which triggers the UPR, as well as Atf4 and
Herpud1, at 3 wk (Fig. 6F). We also found evidence of the inositol-
requiring enzyme 1 (IRE1) UPR pathway at 3 wk by qPCR: Xbp1
spliced isoform (Xbp1s) was increased without change in total Xbp1
mRNA (Fig. 6F). Finally, there was induction of Atf6, indicative of
the third (ATF6) UPR pathway (Fig. 6C).
Polysome-associated mRNAs involved in glutathione synthesis

were decreased (Fig. 6E), and heme oxygenase 1 (Hmox1) and
sulfiredoxin 1 (Srxn1) were increased, indicative of oxidative stress
(42). Prolonged UPR activation and oxidative stress can lead to
apoptosis, consistent with overrepresentation of Ddit3/Chop, a
mediator of apoptotic death in SN DA neurons (43). We observed
increased translation of mRNAs associated with p53 and Jnk

Fig. 2. DA neuron Tfr1 is critical for survival and iron homeostasis.
(A) Relative levels of Tfr1 mRNA in DA neurons (CTR n = 4, Tfr1-CKO n = 3);
unpaired Student’s t test, **P < 0.01. (B) Body weights over time and rep-
resentative images at 12 wk. (C) Survival curve (CTR n = 6, Tfr1-CKO n = 7);
P = 0.0007. (D) Relative polysome-associated mRNA for iron-related genes at
3 and 10 wk of age; Tfr1 sequences were from exons 16 and 17 which were
not deleted. CTR mean adjusted to 1. At 3 wk CTR n = 4, Tfr1-CKO n = 3; at
10 wk CTR n = 3, Tfr1-CKO n = 4. Data are presented as means ± SEM;
Student’s t test, *P < 0.05; **P < 0.01; ***P < 0.001.
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apoptotic pathways, particularly at 10 wk (Fig. 6 D andG). In sum,
our results suggest that Tfr1-CKO DA neurons attempted to
overcome axonal loss and cellular stress at 3 wk, but by 10 wk they
committed to cell death.

Discussion
DA neurons offered a tractable and well-characterized system to
investigate neuronal iron transport and how it might be involved
in neurodegeneration. We used CKO mice to examine the roles
of Fpn and Tfr1 in vivo. Others had proposed that inhibition of
Fpn had a pathogenic role in PD (19), but DA neurons lacking
Fpn did not show evidence of iron overload or dysfunction.
Accordingly, many patients with FPN mutations have been
identified (44) but have not been reported to have an increased
frequency of neurodegenerative diseases.
Iron exported by FPN must be oxidized, generally by ceruloplas-

min, to be loaded onto extracellular TF (8). Interestingly, patients
deficient in ceruloplasmin have increased brain iron and neurologi-
cal symptoms including parkinsonism (45). Importantly, iron accu-
mulates in astrocytes in this disease and, at least early, neurons may
be iron-starved, similar to ceruloplasmin-deficient mice (46). This
observation suggests that sequestered iron is not available to neu-
rons, even though it is increased locally. Iron insufficiency may also
cause neurodegeneration in mice lacking iron regulatory protein 2
(IRP2) (47). Considering these observations suggesting that neuro-
nal iron deficiency might be detrimental, we developed CKO mice
lacking Tfr1 exclusively in DA neurons.
Tfr1-CKO mice failed to thrive after 7 wk and died by 12 wk,

likely from inadequate oral intake similar to dopamine-deficient
mice (48), although we did not exclude involvement of enteric DA
neurons. Although 3-wk Tfr1-CKO mice were similar to CTR mice,
they subsequently developed SNpc neurodegeneration. Dorsal
striatal terminals disappeared first, followed by SNpc cell bodies and,
later, VTA cell bodies. DA neurons elsewhere in the brain appeared
to be spared. Tfr1-CKO mice had decreased dopamine synthesis
rates and tissue monoamine levels in the dorsal and ventral striata
and a heightened response to dopamine receptor agonists including
L-DOPA. Our results suggested abnormalities in presynaptic and
postsynaptic dopamine receptor responses consistent with selective
nigrostriatal neurodegeneration and “murine parkinsonism” (29).
The polysome-associated RNA profile of ventral midbrain Tfr1-

CKO DA neurons indicated that they were iron deficient. Preser-
vation of Tfr1-CKO DA neurons outside the SNpc suggested that
SN DA neurons were more dependent on Tfr1 for iron uptake or
were particularly sensitive to iron deficiency, perhaps due to their
unusually large metabolic needs (49). At 8 wk, mitochondria in SN
DA neurons were enlarged and disrupted, similar to those ob-
served in iron-deficient cardiomyocytes lacking Tfr1 (7). Mito-
chondrial autophagy appeared to be ineffective, because abnormal
mitochondria were abundant, even though neurons should elimi-
nate them promptly (50, 51). At the same age, VTA DA mito-
chondria appeared normal, suggesting that they suffered less
damage or abnormal mitochondrial were effectively removed. We
observed proteinaceous inclusions in processes of Tfr1-CKO DA
neurons, similar to those reported in DA neurons lacking autophagy
protein Atg7 (52) or mitochondrial transcription factor Tfam (53).
We speculate that the inclusions might have arisen from damaged
and aggregated mitochondria that were not cleared by mitophagy.
The most strongly up-regulated genes from Tfr1-CKO DA

neurons were associated with axonal injury, consistent with distal
to proximal degeneration, possibly due to metabolic failure in
long processes. There was marked up-regulation of Pfkfb3, which
is normally inhibited in neurons, and Hk2, which commits cells to
glycolysis. However, neurons are unable to rely on glycolysis, and
oxidative stress and neurodegeneration ensue (40, 54). Poly-
some-associated mRNAs encoding components of all UPR
pathways were up-regulated in 3-wk Tfr1-CKO DA neurons,
consistent with a cytoprotective response. However, by 10 wk, it

Fig. 3. Loss of Tfr1 in DA neurons leads to abnormal behavior. White bars, CTR;
black bars, Tfr1-CKO. (A) Overall distance traveled by CTR and Tfr1-CKO mice
over 60 min in the OF [CTR n = 14; Tfr1-CKO n = 13; t(1,25) = 4.959, P < 0.001].
(B and C) Akinesia and catalepsy in mice at 5–6 and 9–10 wk of age, two-way
ANOVA. For akinesia, we observed a significant main effect of age [F(1,44) =
10.410, P < 0.02] and genotype [F(1,44) = 32.568, P < 0.001]; the age by ge-
notype interaction was also significant [F(1,44) = 10.413, P < 0.002]. Bonfer-
roni test showed a significant decrease in steps in Tfr1-CKO mice over time
(both P < 0.05). When assessed for catalepsy, we also observed a significant
age [F(1,42) = 36.137, P < 0.001] and genotype effect [F(1,42) = 27.55, P < 0.001]
and age by genotype interaction [F(1,42) = 31.064, P < 0.001]. Bonferroni test
showed a significant increase in catalepsy in the Tfr1-CKO mice that wors-
ened in severity over time (P < 0.001). In both experiments CTR n = 5; Tfr1-
CKO n = 6 at 5–6 wk and CTR n = 12; Tfr1-CKO n = 7 at 9–10 wk. (D) L-DOPA
in vivo synthesis rates in the frontal cortex (FC) at 7 wk, hippocampus (HIPP),
ventral striatum (VS), and dorsal striatum (DS). Data are presented as ng/mg/hr
(CTR n = 12; Tfr1-CKO n = 14); Student’s t test, ***P < 0.001. (E) Tissue levels
of dopamine in the FC, HIPP, VS, DS, and olfactory bulb (OB). Data are
presented as ng/mg (CTR n = 14; Tfr1-CKO n = 16); Student’s t test, ***P <
0.001. (F) After habituation to the OF for 1 h, mice were given 5 mg/kg car-
bidopa, returned to the OF for 10 min, administered 20 mg/kg L-DOPA,
and placed into the OF for 170 min (CTR n = 12; Tfr1-CKO n = 9). Before
administration of carbidopa, RMANOVA confirmed a significant ef-
fect of time [F(11,209) = 19.699, P < 0.001], and treatment by genotype in-
teraction [F(11,209) = 4.347, P < 0.001]. Bonferroni tests found, as expected,
that the locomotion for Tfr1-CKO mice was lower than that for CTRs at all
preinjection time-points (P < 0.008). Post–L-DOPA injection, RMANOVA
revealed a significant effect of time [F(29,551) = 5.382, P < 0.006], genotype
[F(1,19) = 9.894, P < 0.005], and time by genotype interaction [F(29,551) = 4.766, P <
0.001]. Bonferroni post hoc comparison confirmed that Tfr1-CKO mice dra-
matically increased their locomotor responses to L-DOPA beginning at 100 min
and lasting until 220 min postinjection (P < 0.043). (G–I) OF locomotor activity
following i.p. injection of dopamine receptor agonists. (G) 3 mg/kg apomor-
phine (CTR n = 14; Tfr1-CKO n = 13). A two-way ANOVA revealed the effects of
genotype [F(1,50)= 8.288, P < 0.006] and treatment [F(1,50) = 11.717, P < 0.01] and
the treatment by genotype interaction [F(1,50) = 8.375, P < 0.001] to be signifi-
cant. Bonferroni tests showed that apomorphine exerted a pronounced effect
on Tfr1-CKO activity (P < 0.001). (H) 2.5 or 5 mg/kg SKF-81297 (CTR n ≥ 5; Tfr1-
CKO n ≥ 8 across all treatments). A two-way ANOVA for SKF-81297 determined
the effects of genotype [F(1,51) = 8.717, P < 0.005] and treatment [F(2,51) = 3.561,
P < 0.036]; genotype by treatment interaction was not significant. Bonferroni
corrections showed that locomotor responses to 2.5 and 5 mg/kg SKF-81297
were greatly stimulated in Tfr1-CKO mice (ps < 0.05). (I) 0.1 or 0.5 mg/kg
quinpirole (D2 receptor agonist; CTR n ≥ 6; Tfr1-CKO n ≥ 8 across all treat-
ments). Two-way ANOVA discerned only the genotype by treatment interaction
to be significant [F(2,51) = 5.522, P < 0.007]. Tfr1-CKOmice showed a potentiated
response to 0.5 mg/kg quinpirole relative to CTR animals (P < 0.001). All data
are presented as means ± SEM; ***P < 0.001, CTR versus Tfr1-CKO mice.
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appeared that Tfr1-CKO DA neurons had committed to cell
death, likely due to prolonged ER and oxidative stress. We ob-
served increased mRNA encoding BH3-only proteins activated
downstream of Jnk and Jun in the initiation of neuronal apo-
ptosis (55). This pathway is induced by axonal damage (56). We
also observed increased p53, Puma, and Pmaip1/Noxa mRNAs,
consistent with induction of that pathway (57), increased Foxo1,
encoding a proapoptotic transcription factor implicated in neu-
ronal loss (58), and Casp3, an effector of DA neuron death (59).
Redd1/Ddit4, which is increased in postmortem samples from
PD patients (60), was also increased at 10 wk in Tfr1-CKO
DA neurons. Thus, cell death appeared to be characteristic
of neurodegeneration.
In a previous study, murine hippocampal neurons expressing

dominant negative Tfr1 had markedly decreased iron associated

with altered dendrite structure and delayed GABAergic matu-
ration, but the authors did not report an increase in cell death
(10). Mice lacking IRP2 developed lower motor neuron de-
generation, raising the possibility that a lack of utilizable iron can
cause the death of some types of neurons (47). However, other
investigators have seen less severe (61) or no neurological phe-
notypes (62) in independent IRP2 KO strains. Thus, we could
not conclude from the literature that iron deficiency causes
neuronal cell death. Although our results indicate that loss of
Tfr1 caused iron deficiency in ventral midbrain DA neurons, iron
deficiency per se may not lead to the death of SNpc DA neurons.
It remains possible that some other function of Tfr1 might also
be involved. We (5) and others (63) have recently described roles of
Tfr1 that do not involve iron uptake. However, transgenic expres-
sion of a missense mutant form of Tfr1 that cannot bind Tf (5, 64)
did not rescue Tfr1-CKOmice (Fig. S7), indicating that the ability
of Tfr1 to take up Tf is necessary for DA neuron survival.
Taking into account reports suggesting that iron deficiency

predisposes to human PD (20–22) and that iron overload is pro-
tective (23–25), we speculate that iron deficiency in DA neurons
might contribute to PD pathogenesis. Functional iron deficiency in
SNpc neurons could result from impaired iron uptake, as in our
mice, or from trapping of iron in damaged mitochondria or
protein aggregates, making it unavailable for use. Cellular iron
deficiency can lead to loss of activity of oxidative phosphoryla-
tion complexes I to IV in cells that are highly dependent on
mitochondrial respiration (7), and impaired oxidative phos-
phorylation may contribute to PD (65). Oxidative stress, de-
fective mitochondrial quality control, impaired proteostasis, and
the UPR, all observed in our mice, also appear to be important in
PD. Interestingly, TFR1 has been identified in computational
interaction networks for PD (66, 67).

Fig. 4. Age-progressive neurodegeneration. (A) Representative images
from dorsal striatum of Tfr1-CKO mice (3, 5, 7, and 10 wk of age). (B) Rep-
resentative SN images from 3, 5, 7, and 10 wk CTR and Tfr1-CKO mice.
(C) Numbers of Th+ neurons (Upper) and Nissl+ cells (Lower) in the SNpc at
3, 5, 7, and 10 wk. SNpc cells were quantified with StereoInvestigator by
immunolabeling with anti-Th and counterstaining with Nissl (n ≥ 4 for each
genotype and timepoint); for Th+ neurons, two-way ANOVA indicated a
significant genotype [F(1,38) = 35.910, P < 0.01] and age [F(3,38) = 6.812,
P < 0.01] effect, whereas Bonferroni showed a highly significant decrease in
Tfr1-CKO mice at 5, 7, and 10 wk compared with CTRs (P < 0.02). For Nissl+
neurons, two-way ANOVA indicated a significant genotype [F(1,38) = 13.682,
P < 0.01] and age [F(3,38) = 9.067, P < 0.01] effect. Bonferroni showed a trend
toward a decrease in Tfr1-CKO mice relative to CTRs at 5 wk and a highly
significant decrease at 7 and 10 wk (P < 0.02). (D) Representative sagittal
sections from 10 wk CTR and Tfr1-CKO mice immunolabeled with anti-Th
antibody. NA, nucleus accumbens; OB, olfactory bulb; OTu, olfactory
tubercule; SN, substantia nigra; Str, striatum; VTA, ventral tegmental area.
All quantitative data are presented as means ± SEM. (Scale bars: A, 2 mm; B,
200 μm; and D, 100 μm.)

Fig. 5. Abnormal mitochondria in Tfr1-CKO DA neurons. Representative EM
images of CTR (A and D) and Tfr1-CKO DA neurons (B, C, E, and F) in the
SNpc. DA neurons are distinguished by Dat immunogold labeling (black
dots). Examples of mitochondria are indicated by red arrows. (G and H)
Representative images of CTR;YFP+/− and Tfr1-CKO;YFP+/− DA neurons from
8 wk mice. Green, GFP; blue, DAPI. (Magnification: 200×.) Insets show en-
largement for detail. (I) Blue arrow, example of a proteinaceous inclusion.
(Scale bars: A–F, 500 nm; G, 25 μm; H, 50 μm; and I, 100 nm.)
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Exposure to high levels of manganese causes a disorder similar
to PD (68). Manganese can substitute for iron in holo-TF (69),
and neurons can take up Mn-TF through receptor-mediated
endocytosis (70). Manganese perturbs cellular iron homeostasis,
resulting in an iron-deficient cellular phenotype (71), but it is not
known whether this contributes to the clinical picture of
manganism.
Considering that TFR1 is essential for the survival of and iron

assimilation into DA neurons, one might expect to observe var-
iants in TFR1 in patients with DA neurodegeneration. However,
severe loss-of-function mutations are likely to be lethal before
birth (3) and have not been described in humans. In-
terestingly, SNCA and DNAJC13, mutated in patients with
PD, modulate TFR1 trafficking (72–74). VPS35, another PD
disease gene, helps sort TFR1 to recycling endosomes, and
insufficiency of its retromer complex causes cellular iron

deficiency (75). RAB5B, which interacts with PD protein
LRRK2, is also involved in endosomal trafficking of TFR1
(76, 77).
Tfr1-CKO mice, lacking Tfr1 exclusively in DA neurons, rep-

resent an extreme situation that would not occur naturally.
However, insights from our studies may be relevant to PD and
other neurodegenerative diseases characterized by disrupted iron
homeostasis. Decreased activity of TFR1 may contribute to neu-
rodegeneration in Huntington’s disease (78). Creuztfeldt-Jakob
disease was recently reported to involve neuronal iron deficiency,
apparently due to sequestration of the iron storage protein ferritin
in prion aggregates (79). Additional work will be needed to better
understand the possible role of iron deficiency in neurodegener-
ative disorders. However, our results already suggest that thera-
peutic chelation strategies should be used with caution in PD until
their consequences are better understood.

Fig. 6. Molecular signatures of neurodegeneration.
(A–E) Polysome-associated mRNA levels from micro-
array analysis from mice at 3 and 10 wk. At 3 wk CTR
n = 4, Tfr1-CKO n = 3; at 10 wk CTR n = 3, Tfr1-CKO
n = 4. Microarray data are represented in bar graph
format as calculated fold-change for Tfr1-CKO rela-
tive to CTR. Changes of P < 0.05 were regarded as
significant with a fold-change threshold of 2. Results
are organized by biological pathway; (F) relative
mRNA levels measured by QPCR of additional genes
encoding components of ER/UPR pathways at 3 and
10 wk of age; gene identifications are shown at the
bottom; (G) relative mRNA levels measured by QPCR
of Trp53 and Puma at 10 wk. For F and G, at 3 wk CTR
n = 4, Tfr1-CKO n = 3; at 10 wk CTR n = 3, Tfr1-CKO
n = 4. Data are presented as means ± SEM; Student’s
t test, *P < 0.05, **P < 0.01, ***P < 0.001.
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Materials and Methods
Animals. Experiments were performed on F2 mice of similar mixed back-
grounds. Floxed 129Sv Fpn (27) or Tfr1 (5) mice were crossed with C57BL/6
DatIRESCre mice (26) to generate Fpn-CKO and Tfr1-CKO mice. Littermates
were used to control for the mixed background. No differences were seen
between sexes, and both were used. Fpn-CKO and Tfr1-CKO mice were born
in Mendelian ratios. Ribotag transgenic mice (B6N.129-Rpl22tm1.1Psam/J; stock
no: 011029) (28) were obtained from Jackson Laboratory. mtYFP mice were
kindly provided by Nils-Göran Larsson (Max Planck Institute, Cologne, Ger-
many) (32). The Duke Institutional Animal Care and Use Committee ap-
proved all animal studies.

Stereology. Immunolabeling with anti-Th or anti-Ddc antibody and cresyl violet
(Nissl) counterstainingwas performed on every fourth 30-μm section through the
SNpc [stereotaxic coordinates Bregma, −3.88 to −2.54 mm (80)] as previously
described (81). At least seven tissue sections were counted per mouse. Four
tissue sections were used to count DA neurons in the VTA (Bregma, −3.52 to
−3.08 mm). Four or more mice were used per genotype at each time point.
Unbiased stereological analysis was performed using the optical fractionatormethod
with Stereo Investigator software 11 (MBF Bioscience) on a Zeiss AxioImager2
microscope. Counting was performed at 63× by an investigator blinded to
genotypes. Additional parameters are detailed in SI Materials and Methods.

Immunoprecipitation of Polysomes from DA Neurons. Immunoprecipitation of
polysomes from DA neurons in ventral midbrain homogenates was performed
as previously described (28) and as detailed in SI Materials and Methods. We
used 20–50 ng enriched RNA for microarray analysis and 20 ng for cDNA
synthesis for qPCR analysis.

Immunohistochemistry. Anesthetized mice were transcardially perfused with
0.1 M PBS/4% (vol/vol) paraformaldehyde [32% (wt/vol) stock]. Tissues were
postfixed for 12–16 h and cryoprotected in 30% (wt/vol) sucrose-PBS. Frozen
tissue sections were cut serially to 30-μm thickness. Free-floating sections were
washed with TBS (0.1 M Tris HCl, pH 7.4, and 0.1 M NaCl). To block endoge-
nous peroxidase activity, tissues were washed with TBS/10% (vol/vol) hydrogen
peroxide/10% (vol/vol) methanol and blocked in PBS/5% (vol/vol) normal goat
serum/0.25% Triton X-100. Sections were then incubated for 48 h with anti-Th
antibody, (1:1,000 striatum, 1:2,000 SN; Calbiotech 657012). Following in-
cubation, the sections were washed twice with TBS, incubated for 2 h with
biotinylated anti-rabbit secondary antibody and ABC reagent (Vecta Shield Kit;
Vector Labs), and then washed three times in TBS before development with
DAB and mounting. Nissl staining was performed using standard procedures.
The density of Th immunostaining in the striatum was quantified using ImageJ
(rsbweb.nih.gov/ij/). Every fourth section across the striatum from Bregma 1.18
to 0.70 mm was processed. At least four mice were used per genotype at each
time point. Images were taken on a Zeiss Axio Imager microscope at the Duke
Microscopy Core Facility.

For immunofluorescence imaging in Fig. 5 G and H, free-floating sections
were blocked for 1 h at room temperature in 10% (vol/vol) donkey serum and
0.1% Triton X-100 and then incubated with anti-GFP antibody (1:400; Calbio-
chem) for 2 h at room temperature. Sections were then washed with a PBS-0.1%
Triton X-100 solution for 5 min and subjected to three 5-min washes with PBS,
followed by 1-h incubation (1:1,000) at room temperature with Alexa 488 sec-
ondary antibody (Jackson Immuno Research Labs). Tissues were mounted on

glass slides and fixed with DAPI-containing Fluoro Shield solution (Calbiochem).
Images were taken on a Leica SP5 confocal microscope at 200× magnification.

Electron Microscopy and Immunogold Labeling. Anesthetized mice were
transcardially perfused with 1 g/kg of diethyl-dithiocarbamate followed by
5% (vol/vol) glutaraldehyde [25% (wt/vol) stock] and 0.4% sodium meta-
bisulfite in 0.1M sodiumphosphatebuffer. Brainswere postfixed in 2% (vol/vol)
paraformaldehyde [32% (wt/vol) stock] and sectioned on a vibratome at
50 nm. Sections were treated with 1% sodium borohydride and blockedwith
3% (vol/vol) normal goat serum. Sections were treated overnight at 4 °C with
rat anti-DAT antibody (Millipore) and processed by a pre-embedding immu-
nogold-silver method. Sections were prepared for electron microscopy using
standard methods (82), examined on an FEI Morgagni transmission electron
microscope, and photographed using an XP-60 digital camera (Advanced
Microscopy Techniques). Detailed methods are described in SI Materials
and Methods.

qPCR. cDNA was prepared using High Capacity cDNA RT (Applied Biosciences)
from 20 to 50 ng RNA either from input or enriched samples. qPCR was
performed using SYBR green (IQ SYBR green Supermix; Biorad) on a Biorad
C1000 Touch Thermal Cycler using primers shown in Table S3. mRNA ex-
pression was calculated using the ΔΔCt method and normalized to β-actin.

Microarray Analysis. RNA was extracted using an RNA isolation kit (Qiagen)
according to the manufacturer’s instructions. Samples were treated with DNase I
(Qiagen) to remove genomic DNA. Microarray analysis was performed using
Mouse Expression Array 430A 2.0 (Affymetrix). RNA quality control, hybridiza-
tion, and data analysis were performed by the Duke University Microarray
Shared Resource. Data were analyzed using Partek Genomics Suite 6.5 (Partek).
Robust multichip analysis (RMA) normalization was done on the entire dataset.
Multiway ANOVA and fold-change were assessed to identify genes differentially
expressed between CTR-Ribotag (Tfr1fl/+ CRE; Rpl22+/−) and Tfr1-CKO Ribotag
(Tfr1fl/fl CRE; Rpl22+/−) mice. Differentially expressed genes were selected with a
P value cutoff of 0.05 based on the ANOVA test and a fold-change cutoff of 2.
The full microarray dataset has been deposited online (NCBI accession no.
GSE66730).

Statistical Analysis. Data are presented as means ± SEM and were analyzed
with GraphPad Prism 6 for Student’s t test and by repeated-measures
ANOVA (RMANOVA) using the IBM SPSS Statistics programs. Further details
are provided in Table S1. A log-rank test was used for survival curve com-
parisons. P < 0.05 was considered significant.
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