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Dysregulation of iron homeostasis and methamphetamine
reward behaviors in Clk1-deficient mice
Peng-ju Yan1, Zhao-xiang Ren1, Zhi-feng Shi1, Chun-lei Wan1, Chao-jun Han1, Liu-shuai Zhu1, Ning-ning Li1, John L. Waddington1,2 and
Xue-chu Zhen1

Chronic administration of methamphetamine (METH) leads to physical and psychological dependence. It is generally accepted that
METH exerts rewarding effects via competitive inhibition of the dopamine transporter (DAT), but the molecular mechanism of
METH addiction remains largely unknown. Accumulating evidence shows that mitochondrial function is important in regulation of
drug addiction. In this study, we investigated the role of Clk1, an essential mitochondrial hydroxylase for ubiquinone (UQ), in METH
reward effects. We showed that Clk1+/− mutation significantly suppressed METH-induced conditioned place preference (CPP),
accompanied by increased expression of DAT in plasma membrane of striatum and hippocampus due to Clk1 deficiency-induced
inhibition of DAT degradation without influencing de novo synthesis of DAT. Notably, significantly decreased iron content in
striatum and hippocampus was evident in both Clk1+/− mutant mice and PC12 cells with Clk1 knockdown. The decreased iron
content was attributed to increased expression of iron exporter ferroportin 1 (FPN1) that was associated with elevated expression of
hypoxia-inducible factor-1α (HIF-1α) in response to Clk1 deficiency both in vivo and in vitro. Furthermore, we showed that iron
played a critical role in mediating Clk1 deficiency-induced alteration in DAT expression, presumably via upstream HIF-1α. Taken
together, these data demonstrated that HIF-1α-mediated changes in iron homostasis are involved in the Clk1 deficiency-altered
METH reward behaviors.
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INTRODUCTION
Drug addiction is considered to be a disorder of reward and
cognitive systems characterized by compulsive drug use [1, 2].
Methamphetamine (METH), one of the most commonly used
psychostimulants worldwide, competitively inhibits the dopamine
transporter (DAT), which results in elevated dopamine concentra-
tions and activation of reward circuitry [3, 4]. Furthermore, METH is
also transported into dopaminergic neurons through the DAT to
enhance dopamine efflux and prolong neurotransmission [3, 5].
Thus, the DAT is regarded as a major target in METH-induced drug
dependence and a potential target for addiction treatments [6, 7].
Mitochondria are known as cellular energy generators that are

essential for cellular functions. Mitochondrial function is particu-
larly important for brain tissue because it requires considerable
energy for maintaining the ion gradient, neurotransmission and
neuroplasticity. Recent studies indicate that energy metabolism
may play a critical role in drug dependence; alterations in enzymes
related to energy metabolism have been confirmed in morphine
addiction [8, 9] and substances of abuse, including alcohol, are
reported to cause mitochondrial stress that is believed to
contribute to reward processes [10, 11]. In relation to drug abuse,
alterations in mitochondrial DNA copy numbers have been

reported in both cocaine and METH abuse [12, 13]. METH has
been shown to injure dopaminergic neurons by stimulating
production of reactive oxygen species (ROS), which may
contribute to METH-induced inhibition of respiratory complexes
[14]. Moreover, METH may increase striatal expression and DNA
binding activity of p53, an important transcriptional factor that
mediates signaling between mitochondria and nuclei [15, 16].
However, the detailed molecular pathways that regulate drug
dependence via mitochondrial energy metabolism and function
remain largely unknown.
Clk1, also known as Coq7, is a critical mitochondrial hydroxylase

that catalyzes the hydroxylation of demethoxyubiquinone for
ubiquinone (UQ) synthesis, which is involved in the mitochondrial
electron transport chain as well as in generating mitochondrial ATP
and ROS [17, 18]. Previous work has demonstrated that elevated
mitochondrial ROS and expression of hypoxia-inducible factor-1α
(HIF-1α) contributes to extended lifespans in C. elegans clk-1 null
mutants and Clk1+/− (heterozygous) mutant mice [19–21]. In
addition, Clk1+/− mutant mice display altered mitochondrial
metabolism, such as reduced mitochondrial oxygen consumption,
reduced electron transport, reduced mitochondrial ATP synthesis and
increased generation of mitochondrial ROS (mtROS). Moreover, Clk1-
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deficient macrophages display increased pro-inflammatory cytokine
and inflammatory responses to lipopolysaccharide (LPS) through
stabilization of HIF-1α [20]. We have recently reported that Clk1
modulates microglial activation via regulation of metabolic repro-
gramming, and additionally demonstrated that mTOR/HIF-1α signal-
ing pathways are involved in Clk1 deficiency-induced aerobic
glycolysis [22]. We further found that Clk1 regulates the
autophagy-lysosome pathway and TFEB nuclear translocation via
the AMPK/mTORC1 pathway [23]. Taken together, these studies
indicate that alteration in Clk1 produces significant changes in
mitochondrial functions and in multiple biological responses.
Several lines of evidence suggest dysregulation of iron home-

ostasis in stimulant drug addiction. Both cocaine and METH have
been demonstrated to alter permeability to iron in the
blood–brain barrier [24] and chronic drug abuse is known to
induce accumulation of iron in the basal ganglia [25, 26]. While
several clinical studies have found alterations in peripheral blood
iron concentration in drug abusers, these changes are dependent
on the type and duration of the drugs abused [27, 28]. A recent
report in patients with cocaine addiction showed excess iron
accumulation in the globus pallidus, which correlated strongly
with duration of cocaine use, and mild iron deficiency in the
periphery, which was associated with low iron levels in the red
nucleus and may reflect reduced iron intake from food sources in
chronic drug abuse [25]. Interestingly, iron plays important roles in
the mitochondrial respiration chain and as a central component of
electronic iron-sulfur cluster carriers [29, 30]. As mitochondria
were found to be the central regulator of biogenesis of Fe-S
clusters [31], iron appears crucial to the respiration of mitochon-
dria and iron over-loading causes oxidative stress of mitochondria
[32].
Given the importance of mitochondrial function in drug

addiction, with both Clk1 and iron appearing essential in
mitochondrial electron transport, alteration in Clk1 may provide
a novel approach to investigating how mitochondrial function
modulates drug addiction. In this context, it would be important
to clarify whether and how changes in iron homeostasis may
contribute to addictive drug–mediated neuroplasticity in response
to alterations in mitochondrial function induced by mutant Clk1.

MATERIALS AND METHODS
Animals and cells
The Clk1 mutant mice (Clk1+/−) were donated by Rugen
Therapeutics Co., Ltd (Suzhou, China) and housed in groups of
4–6 per cage in a humidity and temperature-controlled vivarium
on a 12:12 h light/dark cycle with free access to food and water.
WT mice were bred from Clk1+/− mutant mice and all the animals
used in this study are 6–8 week male mice. All animal protocols
were proved by the Animal Care and Use Committee of Soochow
University and were in compliance with Guidelines for the Care
and Use of Laboratory Animals (Chinese National Research
Council, 2006) and the ‘ARRIVE’ (Animals in Research: Reporting
In Vivo Experiments) guidelines. Every effort was made to
minimize animal suffering and to reduce the number of animals
used in the experiments. PC12 cells were obtained from American
Type Culture Collection (ATCC, Manassas, VA, USA) and cultured
with Dulbecco’s modified Eagle’s medium (GIBCO, Grand Island,
NY, USA) containing 10% FBS and 1% penicillin/streptomycin.

Conditioned place preference
Apparatus. The apparatus for conditioned place preference (CPP)
conditioning and testing (Jiliang Ltd., Shanghai, China) consisted of
two distinct visual and textural cue compartments. These two
compartments had different wall colors (white or black) and floors
(fine wire mesh floor or wide grid floor) and a removable wall; an
arched gateway between the two compartments granted access to
each compartment during the test session. As described previously

[33], time spent in each compartment was measured and recorded
via infrared beams and an automated analysis system.

Procedure. The CPP procedure was performed as described
previously with minor modifications, as shown in the timeline of
Fig. 1a [33]. The 6-day CPP procedure included three main phases
of pre-conditioning, conditioning and post-conditioning. In the
pre-conditioning phase (day 1), also known as the habituation
session, wild-type (WT) and Clk1+/− mice were placed into the
apparatus and allowed to freely explore the two compartments for
15min. Exploration time spent in each compartment was
recorded and mice showing strong unconditioned preference
(≥70% of time in one compartment) were excluded. During the
conditioning phase (day 2–5), sessions were performed using an
unbiased, balanced protocol. Briefly, mice in each group received
intraperitoneal (i.p.) injections of either METH or saline and were
confined in the drug-paired compartment for 1 h in the morning
for four consecutive days. In the evening, mice were injected with
saline and confined in the saline-paired compartment (the
opposite compartment) for 1 h. In post-conditioning phase (day
6), the arched gateway was open and mice were free to explore
the two compartments again. During exploration, time spent in
each compartment was recorded in a 15 min preference test with
results presented as a preference score.

Drugs and reagents
Methamphetamine was obtained from Shanghai Standard Biotech
Co., Ltd. and diluted with saline for i.p. injection (2 or 4mg/kg).
Deferoxamine (DFO, 100 μM treatment for 0–10 h [34]), cyclohex-
imide (CHX, 10 μM treatment for 0–10 h [35, 36]), lificiguat (YC-1, 100
μM treatment for 24 h [37, 38]) and MG132 (10 μM treatment for 12 h
[39]) were purchased from Sigma-Aldrich, St. Louis, MO, USA.
Phenylmethanesulfonyl fluoride (PMSF) was purchased from Cell
Signaling Technology, Danvers, MA, USA. All other reagents were
purchased from standard suppliers at highest quality available.

Western blotting
Tissues or PC12 cells were lysed in RIPA buffer (Cell Signaling
Technology, Danvers, MA, USA) for 30min on ice. Following 5min
incubation at 95 °C before centrifuge, the supernatants were used to
detect protein concentrations using Bradford Protein Assay Kit (Bio-
Rad, Hercules, CA, USA). Proteins were separated by sodium dodecyl
sulfate polyacrylamide gel and then transferred to polyvinylidene
difluoride membranes. After 1 h blocking in 5% milk, the membranes
were incubated with primary antibodies. Blots were probed with anti-
p-CREB antibody (1:1000, Cell Signaling Technology, Danvers, MA,
USA), anti-CREB antibody (1:1000, Cell Signaling Technology, Danvers,
MA, USA), anti-Clk1 antibody (1:1000, Proteintech, Wuhan, China),
anti-DAT antibody (1:1000, Abcam, Cambridge, MA, USA), anti-D1R
antibody (1:1000, Abcam, Cambridge, MA, USA), anti-HIF-1α antibody
(1:1000, Proteintech, Wuhan, China), anti-E-cadherin antibody (1:500,
Genscript, Nanjing China), anti-Ub antibody (1:1000, Santa Cruz, CA,
USA), anti-EEA1 antibody (1:1000, Santa Cruz, CA, USA), anti-LAMP 1
antibody (1:1000, Santa Cruz, CA, USA), anti-Rab 5 antibody (1:1000,
Santa Cruz, CA, USA), anti-Ferroportin1 antibody (1:500, Abcam,
Cambridge, MA, USA), or anti-Ferritin-L antibody (1:1000, Proteintech,
Wuhan, China), respectively. Loading controls were probed with
monoclonal anti-α-tubulin antibody (1:10000, Sigma, St. Louis, MO,
USA). After incubation with respective secondary antibodies, results
were analyzed using ChemiScope 3300 Mini (CLINX, Shanghai, China).
ImageJ software (version 1.52 a) was used for densitometry of
Western blot gels and values were normalized to the control group
(% of control).

Enzyme-linked immunosorbent assay (ELISA)
WT and Clk1+/− mutant mouse brain tissues and PC12 cells were
collected for hepcidin protein detection. Samples were homo-
genized ultrasonically in PBS with PMSF and supernatants were
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collected after centrifugation (5000 × g for 10 min at 4 °C). All
ELISA assays were performed according to manufacturer’s
instructions (Elabscience, TX, USA). Briefly, 100 μL of sample or
standard was added to each well and incubated for 90 min at 37 °
C. Then, the liquid was removed and 100 μL biotinylated detection
antibody was added in each well for 60 min at 37 °C. Thereafter,
100 μL HRP conjugate was added and incubated for 30 min at 37 °
C, followed by addition of 90 μL substrate regent and incubation
for 15 min at 37 °C. Finally, 50 μL of stop solution was added and
OD values were assessed at 450 nm using Microplate Reader
(Infinite M200 PRO, Tecan, Switzerland).

RNA extraction and quantitative real-time PCR
RNAiso Plus reagent (TaKaRa, Dalian, China) was used to isolate total
RNA from tissues and PC12 cells. RNA (1000 ng) was reverse-
transcribed into cDNA Oligod(T) primers (TaKaRa, Dalian, China) as
reported previously [40]. cDNAs were amplified using specific primers
in Table 1. Quantitative real-time PCR procedures were 30 s at 95 °C,
followed by 5 s at 95 °C and 30 s at 60 °C for 40 cycles. Thereafter, melt
curve analysis was performed by heating from 60 °C to 95 °C. GAPDH
or β-actin was used as reference gene and the 2−ΔΔCT formula was
used to assess relative expression of target genes.

Membrane protein extraction
Membrane protein was extracted using a Mem-PER Plus Membrane
Protein Extraction Kit (Thermo Scientific, Waltham, MA, USA)
according to manufacturer’s instructions. Briefly, 5 × 106 cells were
collected and washed with cell wash solution. The samples were
then incubated with permeabilization buffer including PMSF and the
homogenate was transferred to a new tube and incubated for 10min
at 4 °C with constant mixing. After centrifugation (16,000 × g for 15
min at 4 °C), the supernatant containing cytosolic proteins was
transferred to another tube and the pellet was re-suspended in
buffer containing PMSF followed by 30min incubation at 4 °C with
constant mixing. After centrifugation (16,000 × g for 15min at 4 °C),
the supernatant containing solubilized membrane and membrane-
associated proteins was collected for further experiments. Thermo
Scientific™ BCA Protein Assay (Waltham, MA, USA) was used to
quantify proteins in the cytosolic and membrane fractions.

Lentivirus transfection
Lentivirus (LV) gene transfer vectors encoding shClk1 (LV-shClk1,
5’-CAGCCATATACTTATCAGAAA-3’) and nonspecific control (LV-
shNC, 5’-TTCTCCGAACGTGTCACGT-3’) were prepared by Gene-
Chem (Shanghai, China). Cells were transfected with LV-shRNA
according to manufacturer’s instructions. In the process of LV-
shRNA transduction, the titer of lentivirus used was 5 × 108 units
and polybrene (5 μg/mL) was applied to promote transduction
efficiency. Successfully infected cells were selected using pur-
omycin 72 h later. Total RNA and protein were extracted to assess
knockdown efficiency by RT-PCR and Western blot.

In vitro protein ubiquitination assay
LV-shNC or LV-shClk1 PC12 cells were treated with the proteasome
inhibitor MG132 (10 μM) for 12 h before lysis. In order to purify DAT
proteins, cell lysates were incubated with DAT antibody-conjugating
agarose beads overnight at 4 °C with constant mixing, followed by
four washes with lysis buffer. Then nonspecific binding proteins were
removed. Ubiquitination levels of DAT and DAT expression in the
purified samples were detected with anti-ubiquitin and anti-DAT
immunoblotting, respectively. Anti-DAT, anti-Clk1 or anti-α-Tubulin
antibody was used to detect total expression of DAT, Clk1 and α-
Tubulin, respectively, in the whole cell lysates.

Immunofluorescence staining
Immunofluorescence staining was performed as described pre-
viously [33, 41]. Briefly, for brain samples, under anesthesia with

4% chloral hydrate, mice were perfused with PBS and 4%
paraformaldehyde. Then, the brain was collected and kept in
paraformaldehyde overnight at 4 °C, followed by 30% sucrose
overnight at 4 °C. Thereafter, the brain was serially cut into 20 µm
coronal sections with a freezing microtome. PC12 cells were
washed 3 times with 0.01 M PBST and fixed with iced methanol for
20min. Both brain samples and PC12 cells were blocked by
blocking solution (PBS containing 3% albumin from bovine serum
and 0.3% Triton-X100) for at least 2 h at 37 °C and incubated
overnight at 4 °C with primary antibodies anti-ΔFosB (1:1000,
Santa Cruz, CA, USA), anti-EEA1 (1:500, Santa Cruz, CA, USA), anti-
LAMP 1 (1:500, Santa Cruz, CA, USA), anti-Rab 5 (1:500, Santa Cruz,
CA, USA) and anti-DAT (1:300, Abcam, Cambridge, MA, USA). After
3 times washes with 0.01 M PBST, sections and cells were
incubated with secondary antibodies conjugated to Alex Fluor
488 or 594 (1:1000, Invitrogen, Carlsbad, CA, USA). After dyeing
with DAPI and a further 3 times washes, images were taken using
a confocal microscope (Zeiss LSM710 META, Germany). Quantifi-
cation of ΔFosB positive nuclei was performed using ImageJ
software (version 1.52 a) [42]. Colocalization analysis was
performed using ImageJ software (version 1.52 a) with the plugin
JACoP. Quantification of colocalization was performed by calculat-
ing the Manders overlap coefficient, as described previously [43].

Measurement of iron content
Total iron content of mouse tissues was detected by inductively
coupled plasma mass spectrometry (ICP-MS) (Thermo Fisher
Scientific, Waltham, MA, USA). Before measurement, all tissues
were weighed and BCA Protein Assay was used to quantify
proteins for PC12 cells. Then, samples were put in conical flasks
and treated with 5 mL mixed acid solution consisting of nitric acid,
hydrochloric acid and perchloric acid, followed by heating to 260 °
C. Samples diluted in 5% nitric acid (5 mL) were filtered with 0.22
μm microfiltration membranes. The standard curve was prepared
and ranged from 0 to 500 ppb using iron standard (1 mg iron/mL)
and triplicates were performed for each sample by ICP-MS [44, 45].

Statistical analysis
Data were analyzed by Graph Pad Prism® (Version 6.0) software
and presented as means ± SEM. All molecular biological and
biochemical assays were repeated at least three times on different
days and the animal numbers used in behavioral experiments are
noted in figure legends. One-way and two-way ANOVAs followed
by Bonferroni-corrected tests were utilized for multiple-group
comparisons, with Student’s t test used for comparisons between
two groups; P < 0.05 was considered statistically significant.

RESULTS
Clk1 deficiency inhibits METH-induced CPP
We employed Clk1+/− mutant mice to study the effect of Clk1
deficiency on METH-induced CPP. The CPP procedure was as
depicted in Fig. 1a. After 4 days of successive intraperitoneal (i.p.)
injection of 2 mg/kg METH, time spent in the drug-paired
compartment was significantly increased in WT mice. However,
marked inhibition of METH-induced CPP was found in Clk1+/−

mutant mice (Fig. 1a). In association with impaired CPP formation,
we detected significant decreases in expression of ΔFosB and
phosphorylation of CREB (S133), endogenous biomarkers for CPP
formation, in nucleus accumbens (NAc) and striatum of Clk1+/−

mutant mice relative to WT mice (Fig. 1b, c). In addition,
expression of Clk1 was elevated in response to METH treatment
in both WT and Clk1+/− mutant mice (Fig. 1c), also revealing the
importance of Clk1 in METH-induced reward.
In order to rule out the possibility that impaired CPP formation

in the Clk1+/− mice might be attributed to time or dose of METH,
we conducted additional experiments using either a higher dose
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of METH or a longer treatment time. Neither a high dose (4 mg/kg)
nor a long treatment time (8 days) improved CPP formation in
Clk1+/− mice (Fig. 2a, b). Preference scores for METH-treated mice
at 8 days were somewhat lower relative to 4 days; while they did
not differ significantly from METH-treated mice at 4 days, they did
not differ significantly from saline-treated mice. Whether this
reflects some effect of an excessive treatment period or the
reduced number of mice studied at this time point remains to be
determined. Regardless, these results indicate that Clk1 deficiency
markedly inhibits acquisition of METH-induced CPP.

Clk1 deficiency increases plasma membrane DAT expression
in vivo and in vitro
METH binds competitively to DAT to inhibit dopamine re-
uptake and therefore increase dopamine concentrations in the
synaptic cleft, which is believed to be key mechanism of METH
reward. Surprisingly, we detected a marked increase in the
expression of DAT in striatum and hippocampus, but not in
prefrontal cortex (Fig. 3a), in Clk1+/− mutant mice relative to WT
mice. Furthermore, while increase in DAT expression in the
striatum was found in both the plasma membrane fraction and

Fig. 1 Clk1 deficiency inhibits methamphetamine (METH)-induced conditioned place preference (CPP) and suppresses the expression of
ΔFosB and phosphorylation of CREB in mice. a CPP schematic diagram. WT and Clk1+/− mutant mice were each divided into saline and
METH groups. During the conditioning test, mice in the drug group received repeated i.p. injections of METH (2mg/kg) in the drug-paired
compartment and saline in the other compartment to develop CPP over 4 consecutive days, while controls received saline on each occasion.
In the post-conditioning test, time spent in the two compartments was recorded and a preference score was calculated as the difference in
time spent in the drug-paired compartment between post- and pre-conditioning tests (n= 11 animals per group). b Immunofluorescence
images (scale bar, 50,000 nm) of ΔFosB in NAc from WT or Clk1+/− mutant mice that had received the above METH/saline treatments, with
tissue collected 24 h after CPP testing (at least 3 animals per group). c Whole striatal tissue from each group was dissected 24 h after CPP
testing and processed for immunoblot assay as described in Methods. Representative images for immunofluorescence and immunoblots are
shown in the upper panel and quantitative data are shown in the lower panels. Bar graphs are presented as means ± SEM with data obtained
from at least 3 animals. Statistical analyses were performed using two-way ANOVA followed by Bonferroni-corrected tests (*P < 0.05, **P < 0.01,
***P < 0.001; #P < 0.05 vs WT).
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the cytosol preparation, increase in DAT expression in the
hippocampus was found in the plasma membrane fraction but
not in the cytosol preparation (Fig. 3b); the reason for these
distinct patterns of DAT expression across brain regions in
Clk1+/− mutant mice remains to be determined. To further
confirm this observation, we employed PC12 cells to determine
if knockdown of Clk1 could alter DAT expression. As expected,
Clk1 knockdown in PC12 cells also increased expression of DAT
in the plasma membrane fraction but not in the cytosol
preparation (Fig. 3c, d). In contrast, the expression of the
dopamine D1 receptor (D1R) was not altered in any of these
three brain regions in Clk1+/− mutant mice (Fig. 3e).
In order to elucidate the mechanism by which Clk1 deficiency

upregulates plasma membrane expression of DAT, we first
determined the mRNA expression of DAT. As shown in Fig. 4a,
b, transcriptional levels of DAT in striatum and hippocampus were
not altered in Clk1+/− mutant mice or in PC12 cells with Clk1
knockdown. However, the degradation rate of DAT was signifi-
cantly inhibited in LV-shClk1 PC12 cells when the protein synthesis
inhibitor cycloheximide (CHX) was added (Fig. 4c). Taken together,
these findings indicate that Clk1 deficiency-induced elevation in
expression of plasma membrane DAT can be attributed to
impairment in DAT degradation rather than increase in de novo
synthesis of DAT.

Clk1 deficiency suppresses the DAT lysosomal degradation
pathway
We next investigated the underlying mechanism responsible for
impairment in DAT degradation associated with Clk1 deficiency. It
is known that membrane DAT is subjected to dynamic recycling,
and that ubiquitination is required for DAT internalization [46, 47].
Internalized DAT is either degraded via a lysosomal pathway
mediated by ubiquitination or recycled to the plasma membrane
[6, 46]. We first examined changes in DAT ubiquitination with
ubiquitin antibody in PC12 cells transfected with either LV-shNC or
LV-shClk1 to knockdown Clk1. As shown in Fig. 4d, e, a marked
decrease of DAT-ubiquitin conjugates was found in PC12 cells

Table 1. Sequences of the primers used for RT-PCR.

Species Gene Primer Sequence

Mouse DAT Forward 5’-CTTCTCCTCTGGCTTCGTTGT-3'

DAT Reverse 5’-CAGGGTAGATGATGAAGATCAACC-3'

Mouse hepcidin Forward 5’-TTGCGATACCAATGCAGAAGAG-3'

hepcidin Reverse 5’-AATTGTTACAGCATTTACAGCAGAAGA-
3'

Mouse TfR1 Forward 5’-GTTTCTGCCAGCCCCTTATTAT-3'

TfR1 Reverse 5’-GCAAGGAAAGGATATGCAGCA-3'

Mouse DMT1 Forward 5’-TCTATGTGGTGGCTGCAGTG-3'

DMT1 Reverse 5’-GCTGGTATCTTCGCTCAGCA-3'

Mouse FTL Forward 5’-CCATCTGACCAACCTCCGC-3'

FTL Reverse 5’-CGCTCAAAGAGATACTCGCC-3'

Mouse GAPDH Forward 5’-TGTGTCCGTCGTGGATCTGA-3'

GAPDH Reverse 5’-TTGCTGTTGAAGTCGCAGGAG-3’

Rat hepcidin Forward 5’-GAAGGCAAGATGGCACTAAGCA-3'

hepcidin Reverse 5’-TCTCGTCTGTTGCCGGAGATAG-3'

Rat TfR1 Forward 5’-CGAAGTCCAGTGTGGGAACA-3'

TfR1 Reverse 5’-TGGCACCAACAGCTCCATAG-3'

Rat DMT1 Forward 5’-GGCAGTGTTTGATTGCGTTG-3'

DMT1 Reverse 5’-TAGTATTGCCACCGCTGGTATC-3'

Rat FPN1 Forward 5’-ATGTATCATGGATGGGTCAAAAC-3'

FPN1 Reverse 5’-TACGACAACAATCCAGTCC-3'

Rat β-actin Forward 5’-CCCTAAGGCCAACCGTGAAAAG-3'

β-actin Reverse 5’-TACGTACATGGCTGGGGTGT-3'

Rat FTL Forward 5’-GATTCGTCAGAATTATTCCA-3'

FTL Reverse 5’-AGAGAGGTAGGTGTAAGA-3'

Rat Clk1 Forward 5’-CGGTTTTGATGCCCTTGTGG-3'

Clk1 Reverse 5’-AGGCCATTGCTCCTTCCTTC-3'

Fig. 2 Attenuation of METH-induced CPP is not dependent on dose or time of METH treatment in Clk1-deficient mice. The CPP procedure
was performed as described in Fig. 1a and Methods. a Clk1+/− mutant mice were divided into three groups: saline, METH 2mg/kg, and METH
4mg/kg. Each group received 4 consecutive days of injections in the conditioning phase. Then, following a post-conditioning test, CPP scores
were calculated (n= 8–9 animals per group). b After this post-conditioning test, the group receiving METH 2mg/kg received an additional 4
consecutive days of injections in the conditioning phase (i.e., a total of 8 days). Then, following another post-conditioning test, CPP scores
were again calculated (n= 8–9 animals per group). Bar graphs are presented as means ± SEM. Statistical analysis was performed using one-
way ANOVA followed by Bonferroni-corrected tests (*P < 0.05 vs saline; NS not significant).
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Fig. 3 Clk1 deficiency increases plasma dopamine transporter (DAT) expression without alteration of dopamine D1 receptors. a, b WT or
Clk1+/− mutant mice were sacrificed and striatum, hippocampal and prefrontal cortex tissues were dissected and processed for immunoblot
assays of DAT. c, d At 72 h after LV-shNC or LV-shClk1 transduction, successfully infected PC12 cells were selected and cultured as described in
Methods. Then, PC12 cells with stable expression of LV-shNC or LV-shClk1 was collected for immunoblot assays. e WT or Clk1+/− mutant mice
were sacrificed and brain tissue collected for immunoblot assays of D1R in striatum, hippocampus and prefrontal cortex. Membrane proteins
were isolated as described in Methods. For a, representative images for immunoblots are shown in the upper panels and quantitative data are
shown in the lower panel. For each of b–e, representative images for immunoblots are shown in the left panels and quantitative data are
shown in the right panels. Bar graphs are presented as means ± SEM, with 3 independent experiments conducted for each immunoblot assay.
Statistical analyses were performed using two-way ANOVA followed by Bonferroni-corrected tests (*P < 0.05, ***P < 0.001).
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with Clk1 knockdown; the expression of early endosome markers
Rab 5 and early endosome antigen 1 (EEA1) and the late
endosome marker lysosomal-associated membrane protein 1
(LAMP 1) were also significantly decreased in response to Clk1
deficiency. Moreover, co-distribution of DAT-positive intracellular

punctum with Rab 5, EEA1 or LAMP 1 was also markedly reduced
in LV-shClk1 PC12 cells (Fig. 4f). This further supported that Clk1
deficiency-mediated inhibition of lysosomal degradation of DAT
may underlie the observed upregulation of plasma membrane
DAT in Clk1 deficiency.
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Clk1 deficiency alters iron homeostasis
Given that both iron and Clk1 play critical roles in mitochondrial
function, we examined changes in iron metabolism in response to
Clk1 deficiency. Clk1+/− mutant mice exhibited brain region-
selective changes in iron content: significant decreases in total
iron content were found in hippocampus and striatum but not
prefrontal cortex (Fig. 5a); interestingly, we also detected a
differential expression of Clk1 across these brain regions, with the
lowest level in frontal cortex relative to hippocampus and striatum
(Supplementary Fig. S1). To confirm this observation, we
employed PC12 cells transfected with LV-shNC or LV-shClk1 and
found that knockdown of Clk1 in PC12 cells also induced a
significant decrease in intracellular total iron content (Fig. 5b). It is
known that iron homeostasis is under the control of iron
transporters and uptake regulators. We first analyzed mRNA
expression of the iron transporter and found that in PC12 cells
with LV-shClk1 transfection, FPN1, the only known iron exporter,
was upregulated while expression of hepcidin, an iron negative
regulatory factor that binds to FPN1 to result in its internalization
and degradation, was significantly decreased; expression of
ferritin-L (FTL), which is involved in the storage of overloaded
iron, as well as divalent metal transporter (DMT1) and transferrin
receptor (TfR1), two vital iron uptake-related proteins was
unaltered (Fig. 5c). In Clk1+/− mutant mice, expression of hepcidin
was significantly decreased in striatum and hippocampus, but not
in prefrontal cortex, while expression levels of DMT1, TfR1 and FTL
were unaltered in each of these brain regions relative to WT
(Fig. 5d). Enhancement of FPN1 and reduction in hepcidin was
further confirmed by measuring protein expression in Clk1
knockdown PC12 cells and in the striatum and hippocampus of
Clk1+/− mutant mice (Fig. 5e–h). These data indicate that
enhanced iron exporter activity, as evidenced by increase in
FPN1 expression and downregulation in hepcidin level, may be
responsible for the brain region-selective decreases in iron
content.

HIF-1α appears to be an upstream modulator for iron deficiency-
induced plasma membrane DAT expression
HIF-1α is an important transcription factor in response to
hypoxia. It is known that knockdown of Clk1 induces enhanced
expression of HIF-1α in association with production of ROS
[19, 20] and we confirmed that expression of HIF-1α was
upregulated in both Clk1+/− mutant mice and Clk1 knockdown
PC12 cells (Fig. 5e, h). Downregulation of iron content by
deferoxamine (DFO), a high affinity iron chelator for treatment of
iron overload, was reported to induce accumulation of HIF-1α
in vivo and in vitro [48–51]. We confirmed elevated expression of
HIF-1α in PC12 cells in response to DFO treatment (Fig. 6a) and
additionally detected significantly enhanced plasma membrane
expression of DAT similar to that observed in Clk1 deficiency
(Fig. 6b). This indicated that iron deficiency mimicked Clk1
deficiency in elevating expression of both HIF-1α and plasma
membrane DAT. To further elucidate the role of iron in Clk1
deficiency-mediated enhancement of DAT expression, we treated
LV-shClk1 PC12 cells with 100 μM FeSO4 to restore the iron

content of PC12 cells and found that Clk1 deficiency-induced
elevations in plasma membrane DAT and HIF-1α expression were
no longer present (Fig. 6c, d). Moreover, increased DAT ubiquitin
in response to Clk1 deficiency was also reversed (Fig. 6e). We
then employed YC-1, an inhibitor of HIF-1α, to inhibit HIF-1α
expression. In PC12 cells with Clk1 knockdown YC-1 treatment
decreased expression of HIF-1α, as expected, and also inhibited
the elevated expression of DAT and FPN1 (Fig. 6f). These data
clearly demonstrate that iron plays a critical role in mediating
Clk1 deficiency-induced alteration in DAT expression, in which
upregulation of HIF-1α in response to Clk1 deficiency is a critical
signaling mechanism in altered iron homeostasis.

DISCUSSION
In the present study, we utilized Clk1+/− mutant mice to study
how mitochondrial function alters METH reward behaviors and
found that Clk1+/− mutant mice exhibited marked impairment in
METH-induced CPP. Clk1 deficiency resulted in increased expres-
sion of plasma membrane DAT, which was attributed to Clk1
deficiency-induced inhibition of DAT lysosomal degradation but
not in de novo synthesis of DAT. Furthermore, we identified brain
region-selective changes in iron content in Clk1+/− mutant mice,
i.e., decrease in total iron content in hippocampus and striatum
but not in prefrontal cortex. Such change in iron content was also
confirmed in vitro using PC12 cells transfected with LV-shClk1.
To further elucidate the underlying molecular mechanisms, we

found that FPN1 was upregulated while expression of hepcidin
was decreased in both Clk1+/− mutant mice and in PC12 cells with
Clk1 knockdown. We further demonstrated that depletion of iron
content in PC12 cells by deferoxamine mimicked Clk1 deficiency-
elevated plasma membrane DAT and HIF-1α expression, whereas
supplement with FeSO4 to restore iron content in PC12 cells
blocked the changes induced by Clk1 deficiency. Furthermore,
application of an inhibitor of HIF-1α, YC-1, blocked the enhanced
expression of HIF-1α, DAT and FPN1 in PC12 cells by Clk1
knockdown. The present data thus provide the first clear
experimental evidence that alteration of iron homeostasis is
associated with METH reward effects.
It is well known that METH-mediated reward circuit activation,

via competitive inhibition of DAT to increase transmission via
dopaminergic neurons projecting from the ventral tegmental area,
plays a key role in METH addiction [52]. On investigating the effect
of Clk1 on DAT expression, Clk1 deficiency-induced elevation in
plasma membrane expression of DAT, both in vitro and in Clk1+/−

mutant mice, which was associated with inhibition of DAT
lysosomal degradation but not of de novo synthesis. DAT is
subject to dynamic recycling, hence internalized DAT could be
either degraded via the ubiquitination-mediated lysosomal path-
way or recycled to the plasma membrane [6, 46]. Thus, disturbed
DAT ubiquitination could impair lysosomal degradation and lead
to increased DAT accumulation in the plasma membrane,
contributing to DA re-uptake by the presynaptic membrane and
elimination of DA from the synaptic cleft. In agreement with
previous reports, our data indicate that inhibition of lysosomal

Fig. 4 Clk1 deficiency suppresses the DAT lysosomal degradation pathway. a WT or Clk1+/− mutant mice were sacrificed and striatum and
hippocampal tissues were collected for assay of DAT mRNA expression. b LV-shNC and LV-shClk1 PC12 cells were collected for assay of DAT
mRNA expression. c LV-shNC and LV-shClk1 PC12 cells were treated with 10 μM cycloheximide (CHX) for indicated periods and cell lysates
were prepared for immunoblotting against specific antibodies. d PC12 cell lysates were precipitated with anti-ubiquitin beads followed by
immunoblotting with anti-DAT antibody. Total cell lysate was used as control with specific antibodies as indicated. e Expression of Rab 5, EEA1
and LAMP 1 and f immunofluorescence images (scale bar, 10 μm) of co-localization (Rab 5, EEA1 and LAMP 1) with DAT-positive intracellular
punctums in PC12 cells (3 fields of view per sample). For c and f, representative images for immunoblots and immunofluorescence are shown
in the left panel and quantitative data are shown in the right panel. For e, representative images for immunoblots are shown in the upper
panel and quantitative data are shown in the lower panel. Bar graphs are presented as means ± SEM for at least 3 independent experiments.
Statistical analyses for a–e were performed using two-way ANOVA followed by Bonferroni-corrected tests and statistical analyses for f was
performed using Student’s t test (*P < 0.05, **P < 0.01, ***P < 0.001).
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degradation of DAT may be responsible for the upregulation of
plasma membrane DAT in response to Clk1 deficiency, which
results in decreased dopaminergic activity and ultimately con-
tributes to attenuation of METH-induced CPP.

Iron is an essential element in regulating a large range of
biochemical processes in the brain. Changes in iron homeostasis
are associated with deficits in memory/learning capacity and
motor skills, together with other psychological disturbances [53–

Fig. 5 Clk1 deficiency alters iron homeostasis and upregulates HIF-1α expression. WTor Clk1+/− mutant mice were sacrificed and striatum,
hippocampus and prefrontal cortex tissues, together with LV-shNC and LV-shClk1 PC12 cells, were used as follows: a, b ICP-MS analysis of total
iron levels; c, d mRNA expression of DMT1, TfR1, FTL and Hepcidin; e Western Blotting for HIF-1α, FPN1, FTL and Clk1; f, g ELISA assay of
hepcidin; h Western Blotting for HIF-1α, FPN1 and FTL. For e, representative images for immunoblots are shown in the left panel and
quantitative data are shown in the right panel. For h, representative images are shown in the upper panels and quantitative data are shown in
the lower panels. Bar graphs are presented as means ± SEM for at least 3 independent experiments. Statistical analyses for a, c, d, e, g and h
were performed using two-way ANOVA followed by Bonferroni-corrected tests and statistical analyses for b and f were performed using
Student’s t test (*P < 0.05, **P < 0.01, ***P < 0.001).
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Fig. 6 HIF-1α modulates iron deficiency-induced plasma membrane DAT expression. a PC12 cells were treated with 100 μM DFO for
indicated periods prior to immunoblot assay and b membrane protein of PC12 cells was isolated as described in Methods. Cell lysates were
prepared for immunoblotting against specific antibodies. c, d LV-shNC and LV-shClk1 PC12 cells were treated with 100 μM FeSO4 for 8 h prior
to immunoblot assays and e DAT-ubiquitin assay. f YC-1 (100 μM) was added to LV-shNC and LV-shClk1 PC12 cells for 24 h prior to immunoblot
assays. Bar graphs are presented as means ± SEM for at least 3 independent experiments. For each of a–d, representative images for
immunoblots are shown in the upper panels and quantitative data are shown in the lower panels. For e and f, representative images for
immunoblots are shown in the left panels and quantitative data are shown in the right panels. Statistical analyses for a–c, e and f were
performed using two-way ANOVA and statistical analysis for d was performed using one-way ANOVA, each followed by Bonferroni-corrected
tests (*P < 0.05, **P < 0.01, ***P < 0.001; ##P < 0.01 vs 0 h).
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55]. Disturbance of iron metabolism has been shown in substance
abuse [25, 26, 56–58] and a recent study has reported altered iron
levels in METH abusers [28]. Notably, application of the iron
chelator DFO also attenuated METH-induced hyperthermia and
hyperactivity in rats [59]. Interestingly, we found that Clk1
deficiency selectively decreases iron levels in striatum and
hippocampus but not in prefrontal cortex. FPN1 is the only
known iron export protein negatively regulated by hepcidin. The
FPN1-hepcidin system plays an important role in the regulation of
iron homeostasis [45, 60–63] and we found that FPN1 was
upregulated while expression of hepcidin was decreased both in
Clk1+/− mutant mice and in PC12 cells with Clk1 knockdown,
indicating that altered FPN1 and hepcidin may be responsible for
the observed changes in iron homeostasis. We further demon-
strated that altered iron homeostasis is associated with Clk1
deficiency-induced suppression of DAT lysosomal degradation via
ubiquitin. This is in line with previous reports showing that iron
homeostasis plays an important role in PKC-mediated ubiquitina-
tion-dependent degradation of DAT [46, 64–66].
We next investigated the key signaling molecules mediating

iron/DAT changes in response to Clk1 deficiency. Previous reports
from our group and others have shown that Clk1 deficiency
enhances expression of HIF-1α in brain [20, 22], with changes in
HIF-1α known to alter iron metabolism [67, 68]. Also, alteration of
iron content altered the expression of HIF-1α, revealing that iron is
also an oxygen sensor [69]. The present data depict a mechanism
for HIF-1α-modulated iron homeostasis via enhanced iron
exporter activity, which consequently alters plasma DAT expres-
sion by affecting DAT ubiquitin in response to Clk1 deficiency.
Since it is known that DAT ubiquitin is a key step for DAT
internalization and degradation [46, 66, 70], impaired DAT
ubiquitin due to iron homeostasis would disturb the internaliza-
tion of DAT in the plasma membrane and consequently result in
elevation in plasma membrane DAT. Given that DAT is a key target
of METH, elevated DAT expression in the plasma membrane will

lead to enhanced reuptake of DA from the synaptic cleft and result
in decreased DA activity, which may underlie impairment in CPP
development in Clk1-deficient animals [71, 72].
Clk1, also known as Coq7, is an important hydroxylase for the

biosynthesis of ubiquinone, a critical electron carrier from complex
I and complex III to complex II in the mitochondrial respiratory
chain [73, 74]. Thus, Clk1 is a critical regulator of mitochondrial
functions. Notably, Clk1 deficiency results in selective elevation in
plasma membrane DAT expression in hippocampus and striatum
but not prefrontal cortex, which parallels alteration in iron content.
These differential changes across brain regions may be related to
distinct processes identified in these same brain regions [75]. They
may also be related to distinct responses of individual brain
regions to METH administration [76–80]. In addition, we detected
significant differences in basal Clk1 expression across brain
regions in naïve animals. As prefrontal expression of Clk1 is the
lowest among these three brain regions, whereas prefrontal iron
content was not altered by Clk1 deficiency. This may imply that
prefrontal Clk1 may play a less important role in regulation of DAT
and iron homeostasis.
We also found that METH induces elevated expression of brain

Clk1 in both WT and Clk1+/- mutant mice. It is well known that
systemic administration of METH results in increased central
respiratory activity, heart rate and basal metabolism [81], which
would result in increased energy consumption. As Clk1-catalyzed
ubiquinone biosynthesis is critical for mitochondrial energy
generation [82, 83], elevated Clk1 expression in response to METH
treatment may be an adaptive response to such enhanced
requirement for energy.
In summary, Clk1 deficiency inhibited the development of

METH-induced CPP. Mechanistically, altered mitochondrial func-
tion induced by Clk1 deficiency results in elevated HIF-1α
expression, which promotes iron exporter activity by enhancing
FPN1 expression to decrease iron content in selective brain
regions involved in reward circuitry (Fig. 7). Furthermore,

Fig. 7 Schematic diagram to indicate possible mechanisms underlying Clk1 deficiency-mediated inhibition in acquisition of METH-
induced CPP. Clk1 deficiency inhibits transcription of hepcidin by HIF-1α and then efflux of iron is promoted by upregulation of FPN1. In
addition, expression of each of Rab 5, EEA1 and LAMP 1 is reduced. Finally, iron deficiency down-regulates PKC activity and suppresses DAT
lysosomal degradation, thus decreasing DA concentration to inhibit acquisition of METH-induced CPP.
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disturbed iron homeostasis stimulates HIF-1α expression and
inhibits ubiquitination of DAT and impairs its lysosomal degrada-
tion; this ultimately leads to elevation of plasma membrane DAT
that may be responsible for decreased DA activity and suppres-
sion of METH-induced CPP in Clk1+/− mutant mice. The current
study provides robust experimental evidence and a potentially
novel mechanism for how iron is involved in METH-induced
reward behaviors, which may in turn serve as a novel approach for
the treatment of METH addiction. However, several issues remain
regarding such mechanisms: How does Clk1 regulate HIF-1α
expression? Why does Clk1 deficiency result in selective alteration
in DAT and iron content? Further studies are required to clarify
these processes.
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