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Loss of divalent metal transporter 1 (DMT1) function promotes
brain copper accumulation and increases impulsivity
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Abstract

The divalent metal transporter 1 (DMT1) is a major iron transporter required for iron absorption
and erythropoiesis. Loss of DMT1 function results in microcytic anemia. While iron plays an
important role in neural function, the behavioral consequences of DMT1 deficiency are largely
unexplored. The goal of this study was to define the neurobehavioral and neurochemical
phenotypes of homozygous Belgrade (6/5) rats that carry DMT1 mutation and explore potential
mechanisms of these phenotypes. The b/brats (11-12 wk old) and their healthy littermate
heterozygous (+/) Belgrade rats used as controls, were subject to elevated plus maze tasks. The
b/b rats spent more time in open arms, entered open arms more frequently and traveled more
distance in the maze than +/b controls, suggesting increased impulsivity. Impaired emotional
behavior was associated with down-regulation of GABA in the hippocampus in &/brats. Also, b/b
rats showed increased GABA receptor al and GABA transporter, indicating altered GABAergic
function. Furthermore, metal analysis revealed that 6/b rats have decreased total iron, but normal
non-heme iron, in the brain. Interestingly, &/6 rats exhibited unusually high copper levels in most
brain regions, including striatum and hippocampus. Quantitative PCR analysis showed that both
copper importer Ctrl and exporter Atp7a were up-regulated in the hippocampus from b/brats.
Finally, b/b rats exhibited increased 8-isoprostane levels and decreased GSH/GSSG ratio in the
hippocampus, reflecting elevated oxidative stress. Combined, our results suggest that copper
loading in DMT1 deficiency could induce oxidative stress and impair GABA metabolism, which
promote impulsivity-like behavior.
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Iron-copper model: Mutations in the divalent metal transporter 1 (DMT1) decrease body iron

status and up-regulate copper absorption, which leads to copper loading in the brain and
consequently increases metal-induced oxidative stress. This event disrupts GABAergic
neurotransmission and promotes impulsivity-like behavior. Our model provides better
understanding of physiological risks associated with imbalanced metal metabolism in mental
function and, more specifically, the interactions with GABA and redox control in the treatment of
emotional disorders.
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INTRODUCTION

Iron plays an established role in proper brain function and emotional behavior (Beard et a/.
1993, Delinard er a/. 1981, Han & Kim 2015, Menon et al. 2016). For example, iron
deficiency in children causes increased anxiety and depression along with social and
attention problems (Lozoff et a/. 2000). Animal studies demonstrated that dietary iron-
deficient rats display increased anxiety with hypoactivity and impaired memory function
(Youdim et al. 1989, Pinero et al. 2001, Li et al. 2011). These behavioral problems are
closely associated with imbalanced monoaminergic function and alterations in -y-amino
butyric acid (GABA)-mediated neurotransmission (Beard et a/. 2003). In particular, GABA
levels are elevated in both iron-deficient anemia and hypoxia (Batra & Seth 2002, Madl &
Royer 2000). Conversely, iron overload has been implicated in neuropsychiatric disorders
(Maaroufi et al. 2009, Sobotka et al. 1996) as well as age-related neurodegenerative diseases
(Zecca et al. 2004, Barnham et al. 2004). Experimental evidence indicates that excess iron
increases oxidative stress that impairs dopaminergic neurons and alters GABA homeostasis
(Sobotka et al. 1996). Together, these findings suggest that abnormal iron metabolism,
including both iron-deficient anemia and iron overload, promotes emotional dysfunction.

Like iron, copper (Cu) is also essential for brain development, required for cellular
respiration and neurotransmitter synthesis (Tainer et al. 1983, Prohaska 1990, Schlief &
Gitlin 2006). Copper deficiency is associated with Menkes disease and neurobehavioral
deficits in cognitive (Pajonk et al. 2005) and motor function (Penland & Prohaska 2004). In
contrast, excessive copper results in neurotoxicity, including emotional liability,
hyperactivity and cognitive impairment (Madsen & Gitlin 2007). Elevated Cu levels are
associated with Wilson’s disease (WD), which is caused by mutations in the copper
transporter gene ATP7B (Bull et al. 1993, Tanzi et al. 1993). WD is characterized by several
neurological dysfunction and psychiatric disturbance (Das & Ray 2006), including memory
deficit and impulsivity (Dening & Berrios 1989). It is generally accepted that Cu’s
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neurotoxic effects arise due to increased oxidative stress promoted by excess brain Cu
(Jomova & Valko 2011). Moreover, the neurobehavioral deficits in Cu overload are
accompanied by inappropriate metabolism of monoamines (Pfeiffer & Mailloux 1987) and
impaired GABAergic function through blockade of GABA-GABA receptor binding
(Sharonova et al. 1998).

The intimate relationship between iron and copper in human nutrition has long been
acknowledged (Fox 2003), but the mechanism of interaction between these two metals still
remains elusive. For example, copper is accumulated in the body during iron deficiency in
several mammalian species (Fox 2003, Ravia et al. 2005), likely due to altered expression of
copper transporters, including copper transporter 1 (Ctrl) and copper-transporting ATPase 1
and 2 (Atp7a and Atp7b). Conversely, the assimilation of iron and synthesis of heme are
impaired in swine with copper deficiency (Williams et a/. 1976). In addition, ceruloplasmin
(Cp), the major copper carrier in blood, has been considered a direct link between copper
and iron (Hellman & Gitlin 2002) since it mediates oxidation of ferrous iron.

The divalent metal transporter 1 (DMT1) is a major iron transporter required for intestinal
iron absorption and erythropoiesis (Gunshin et a/. 2005). The homozygous Belgrade (6/b)
rat is an animal model of DMT1 deficiency since it carries a mutation in DMT1 protein due
to a glycine-to-arginine substitution at amino acid 185 (G185R) (Fleming ef a/. 1998). As a
result, &/b rats display hypochromic, microcytic anemia (Sladic-Simic et al. 1969). However,
b/b rats also exhibit high serum iron and hepatic iron loading due to increased circulating
iron which results from ineffective erythropoiesis (Thompson et a/. 2006). This unique
feature of iron loading anemia resembles several types of transfusional iron overload, such
as thalassemia, sideroblastic anemia and myelodysplastic syndrome (Mehta et a/. 1989).
While DMT1 plays an essential role in the absorption of iron, it also transports several other
divalent metals, including manganese (Mn), zinc (Zn), lead and cadmium (Garrick et al.
2006, Gunshin et al. 1997). However, conflicting results exist about copper transport by
DMT]1; It has been suggested that copper transport could be mediated by DMT1 (Arredondo
et al. 2014, Jiang et al, 2013), while others (llling et al. 2012, Shawki et al. 2012) claimed
that DMT1 does not contribute to copper uptake. These results imply that altered iron status
due to DMT1 deficiency could affect Cu homeostasis.

While both iron and copper contribute to proper CNS function and emotional behavior, the
influence of DMT1 on brain copper metabolism and behavioral outcome has been largely
unexplored. Hence, the goal of this study was to define the neurobehavioral and
neurochemical phenotypes of homozygous Belgrade (6/b) rats that carry DMT1 mutation
and explore the potential molecular mechanisms of these phenotypes. We demonstrated that
b/b rats display increased impulsivity-like behavior with normal non-heme iron levels in the
brain. Moreover, 6/b rats exhibited copper loading and decreased GABA in the brain along
with increased oxidative stress markers. Combined, our results suggest that elevated copper
in the brain resulting from impaired iron homeostasis could disrupt GABA metabolism and
alter emotional behavior.
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diets

Animal protocols were approved by the Division of Laboratory Animal Medicine and the
Northeastern University-Institutional Animal Care and Use Committee. Breeders of
heterozygous (+/5) and homozygous (/) Belgrade rats (Fischer F344 background) were
kindly provided by Dr. Michael Garrick (SUNY Buffalo). The rats were maintained on a
12:12-h light/dark cycle and given water ad /ibitum. Weanling male rats (3—4 weeks old)
were given facility chow for 3 weeks, followed by an iron-supplemented diet containing 500
mg iron/kg (TD.02385, Harlan Teklad, Madison, WI) to support anemic condition of b/brats
for 5 weeks. Since iron metabolism is affected by estrogen (Hou et a/. 2012), only male rats
were used in this study.

Elevated plus maze test

Emotional behavior is commonly tested by the elevated plus maze task in rodents (Walf &
Frye 2007). The elevated plus maze (Harvard Apparatus, Holliston, MA) consists of two
open arms and two closed arms. The test was conducted as previously described (Li et al.
2011). Briefly, each rat was placed on the center of the maze facing one of the open arms
and allowed to explore the maze for 5 min. The test area was enclosed by curtains with dim
light. Time spent in the open and closed arms, entries into the open arms and total distance
traveled were recorded by a CMOS camera and analyzed by ANY-Maze software (Stoelting
Co., Wood Dale, IL). The apparatus was cleaned with Quatricide TB.

Tissue collection

Metal analys

Non-heme ir

After the behavior tests, rats were euthanized by isoflurane overdose, followed by
exsanguination and collection of tissues, including blood, liver, urine and brain. The brain
was further microdissected to harvest olfactory bulb, cortex, striatum, hippocampus and
cerebellum. Serum was harvested from blood. All tissues were flash-frozen in liquid
nitrogen and stored at —80°C until analysis.

is

Wet tissues were weighed and digested in nitric acid as previously described (Chang et al.
2014) in the presence of yttrium as internal standard. The levels of Fe, Mn, Cu and Zn were
quantified by inductively coupled plasma mass spectrometry (ICP-MS) and analyzed by a
calibration method using ICP-MS standard solutions (ICP-MS calibration standard 3-A;
High-Purity Standards, Charleston, SC).

on analysis

Following tissue digestion in an acid solution (10% trichloroacetic acid, 3 M HCI) at 65°C
for 20 h, non-heme iron concentrations were quantified by a colorimetric assay, as
previously described (Torrance & Bothwell 1968).
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GABA analysis

The hippocampus samples from Belgrade rats were homogenized in 10 volumes (w/v) of 0.4
M perchloric acid containing 50 uM EDTA. L-norvaline was added as an internal standard.
After neutralization by sodium borate buffer (10 mM, 10-volume) and centrifugation at
15,000 g for 15 min at 4°C, the supernatant was derivatized with o-phthalaldehyde (16.4
mM, 20:1, v/v) (Rowley et al. 1995) and injected (100 pL) into an HPLC system
(Shimadzu). Mobile phase consisted of aqueous phase (0.1 M monosodium phosphate, 0.5
mM EDTA, pH 4.5) and methanol at a 3:1 ratio (v/v). The GABA peak was detected at 344
nm by an UV detector (Shimazu), which was normalized to norvaline.

Real-time qPCR

RNA was isolated from snap-frozen tissues of Belgrade rats using TRI reagent (Sigma-
Aldrich) as per the manufacturer’s instructions. RNA (1 ug) was reversely transcribed into
cDNA, which was used for real-time polymerase chain reaction assays. The iScript™
reverse transcription supermix and iTaq™ universal SYBR® green supermix were obtained
from Bio-Rad (Hercules, California). Primers were obtained from Eurofins, MWG Operon
(Huntsville, AL). These primers are copper-related genes, including Atp7a, Atp7b, Ctrl
(Bauerly et al. 2005), Cp (Lestaevel et al. 2009) and metallothionein 1 (Mt1) and 2 (Mt2)
(Pankhurst et al. 2012), and GABA-related genes, including GABAA receptor al
(GABRAL1L), GABAA receptor a2 (GABRA?2) (Fujimura et al. 2005), glutamate
decarboxylase 65 (GADG65), glutamate decarboxylase 67 (GAD67) and GABA transporter
(GAT) (Takano et al. 2014). The expression level of each gene was normalized to that of
cyclophilin and analyzed by the comparative Ct method (2-2CY) (Schmittgen & Livak 2008).

Analysis of isoprostanes and glutathione

The hippocampus and liver samples were homogenized using Tris buffer (100 mM, pH 7.4;
10-time dilution) containing 0.005% butylated hydroxytoluene. The lysate was centrifuged
at 8,000 g for 10 min for 8-isoprostane analysis. Another aliquot of tissue samples was
homogenized using Tris buffer (100 mM, pH 7.4; 10-time dilution). The lysate was
centrifuged at 10,000 g for 15 min and deproteinized for glutathione (GSH) assay. The levels
of 8-isoprostane, GSH and glutathione disulfide (GSSG) in the hippocampus and liver were
determined using assay kits (Cayman Chemical, Ann Arbor, MI) according to
manufacturer’s instructions.

Statistical analysis

Values reported were expressed as means £ SEM. Comparisons between 6/ and control +5
rats were performed by the Student’s #test. Differences were considered significant at p <
0.05.

RESULTS

Belgrade rats display iron loading anemia

The homozygous Belgrade (6/5) rats displayed significantly decreased body weight
compared with +/ rats (Table 1; 14% decrease, p < 0.001). Hematocrit was decreased (16%
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decrease, p < 0.001), but liver non-heme iron levels were significantly higher in 6/b rats
(320% increase, p = 0.015), indicating the condition of iron loading anemia (Kim et al.
2013).

Belgrade rats exhibit iron and copper loading in the liver

In b/brats, total iron concentrations were decreased in blood (Figure 1 and Supplementary
Material), likely due to impaired hemoglobin synthesis (Bowen & Morgan 1987).
Interestingly, the Mn level was decreased, whereas Cu and Zn levels were increased in the
blood of b/brats (Figure 1A). In the liver of b/brats, levels of Fe and Cu were increased,
while those of Mn and Zn were not altered (Figure 1B). There was a trend of elevated
urinary Fe, Mn, Cu and Zn in b/brats (Table 2).

Belgrade rats display copper loading in the brain

In b/b rats, total iron levels were significantly decreased in the olfactory bulb, cortex,
striatum, hippocampus and cerebellum (Figure 2). However, non-heme iron in the brain of
b/b rats was not different from that of +/ rats (Table 1). Mn levels in the brain were not
different between the two genotypes. Interestingly, Cu levels were elevated in the cortex,
striatum and hippocampus of £/ rats compared with +/4 rats, suggesting that Cu loading in
the brain upon DMT1 mutation. Zn levels were higher in the striatum, but not in other brain
regions, of b/brats.

Copper transporters are abnormally expressed in Belgrade rats

To examine if increased copper levels in &/b rats result from elevated expression of copper
transporters, we characterized copper transporters by gPCR (Figure 3). In the duodenum,
there was no significant difference between +/ and 6/ rats in the expression of either
copper importer (Ctrl) or exporters (Atp7a and Atp7b). In contrast, both Ctrl and Atp7b
were down-regulated in the liver of &/brats, while Cp, Mt1 and Mt2 were not altered. In the
brain of &/brats, both Ctrl and Atp7a were up-regulated by 31% (p = 0.023) and 39% (p =
0.043), respectively. These data indicate that copper loading in the liver and brain is not
likely caused by increased absorption of copper from the intestine, but is associated with
altered expression of copper transporters and storage proteins at tissue levels.

Emotional behavior is impaired in Belgrade rats

In order to characterize emotional behavior in Belgrade rats, the elevated plus maze task was
employed (Figure 4). The b/brats spent more time in the open arms (196% increase; p <
0.001) and less time in the closed arms (49% decrease; p <0.001) compared with & rats. In
addition, b/b rats entered open arms more frequently (93% increase; p < 0.001) and traveled
more distance in the maze (41% increase; p = 0.017) than +/ controls. These results suggest
increased impulsivity and hyperactivity in &/b rats.

GABA and GABA-related protein transcript levels are altered in Belgrade rats

Since impaired emaotional behavior is associated with abnormal GABA metabolism,
molecules related to GABAergic neurotransmission were examined in the brain of &/brats
(Figure 5). The &/brats demonstrated decreased levels of GABA in the hippocampus (19%
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decrease; p = 0.017). Moreover, GABRA1 (78% increase; p = 0.015) and GAT (78%
increase; p = 0.018) were significantly up-regulated in &/b rats. However, there was no
change in GABRAZ2 expression between &/ and +/ rats. The mRNA expression of GAD65
and GADG67, the enzymes that catalyze the production of GABA from glutamate at different
locations in the cells, did not differ between the two genotypes.

Oxidative stress is elevated in Belgrade rats

Since oxidative stress plays an important role in behavioral deficits and neurochemical
alterations, we quantified the levels of 8-isoprostane and GSH/GSSG in the liver and
hippocampus of Belgrade rats (Figure 6). In b/brats, hepatic isoprostane levels were
significantly elevated compared with +/brats (248% increase; p < 0.001). Moreover,
isoprostane was up-regulated in the hippocampus of 6/ rats (42% increase; p = 0.013).
Concordantly, the ratio of GSH/GSSG was decreased in the liver (78% decrease; p < 0.001)
and brain (21% decrease; p = 0.042) of b/brats. Combined, these results indicate increased
oxidative stress and decreased antioxidant reserves in the brain of b/brats.

DISCUSSION

While there is a significant association between impaired iron metabolism and emotional
behavior, our study demonstrates that £/b rats display risk-taking behavior and thereby
increased impulsivity. These results are distinctively different from the case of iron-deficient
anemia and/or hypoxia which typically demonstrate increased anxiety with hypoactivity (Li
et al. 2011, Dratcu 2000). In addition, increased GABA in the brain, including hippocampus,
is found in both iron-deficient anemia (Batra & Seth 2002, Rao et a/. 2003, Mittal et al.
2003) and hypoxia (Madl & Royer 2000), but hippocampal GABA levels in &/b rats were
decreased. These findings suggest that impaired emotional behavior and GABA homeostasis
in b/brats are unlikely influenced by their anemic status. With respect to brain iron, our &/6
rats displayed decreased total iron in the brain, consistent with findings by Carlson et al.
(Carlson et al. 2009) who demonstrated decreased brain iron in hippocampal DMT1-
knockout mice. Notably, these mice exhibit impaired spatial memory and prepulse inhibition
(Carlson et al. 2009, Pisansky et al. 2013). These results suggest that brain iron deficiency in
b/b rats could contribute to abnormal emotional behavior. However, we found that iron
deficiency alone does not fully explain behavioral and neurochemical changes in b/brats;
For example, non-heme iron in the brain of &/b rats was within a normal range, while the
information of hippocampal non-heme iron in DMT1-knockout mice is unavailable (Carlson
et al. 2009). It has been reported that non-heme iron plays an important role in a variety of
physiological processes in the brain, including myelination (Connor & Menzies 1996) and
enzymatic and biosynthetic activity (Magaki et al. 2007), as well as neurobehavioral
function (Black 2003, Halterman et a/. 2001, Blanton et a/. 2013). In addition, while iron
deficiency impairs recognition memory (Pinero et al. 2001), &/6 rats showed no evidence of
altered memory (Supplementary Material), which was consistent with unchanged non-heme
iron, but poorly associated with decreased total iron in the brain. For these reasons, we
hypothesized that, in addition to iron deficiency, there could be other mechanism(s) involved
in the development of behavioral deficits in &/brats, which we investigated in the current
study.
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Metal levels in tissues of Belgrade rats were in good agreement with reported values from
other rat studies (Kucukatay et a/. 2006, Mercadante et a/. 2016, Tarohda et al. 2004, Abdel-
Mageed & Oehme 1991, Molina ef a/. 2011). It has been known that abnormal levels of
several trace metals are associated with psychiatric disorders. For examples, Islam et al.
demonstrated that generalized anxiety disorder patients display elevated Cu, Mn and Fe, but
decreased Zn, in serum (Islam et al. 2013). In contrast, Yanik et al. found higher Cu and
lower Fe and Mn in serum from schizophrenic patients (Yanik et a/. 2004). Moreover,
patients with WD have very high levels of Cu in the liver and brain, but serum Cu is
deficient (Dening & Berrios 1989). These studies indicate that serum metal levels do not
necessarily represent brain metal status and therefore may not be directly correlated with
emotional behavior.

Several lines of evidence have indicated that copper overload, including WD, results in
increased impulsivity (Russo 2010, Stock et al. 2015). Since Cu was consistently elevated
across the brain regions with brain non-heme iron unchanged in &/brats, we speculate that
increased brain copper plays a significant role in the progression of abnormal emotional
behavior. Notably, Atp7b-deficient mice, an animal model of WD, display age-associated
copper accumulation in the brain; brain Cu level does not differ at the age of 2-month-old
between Atp7b-deficient and wild-type mice, but increases 50-130% in Atp7b-deficient
mice when they become 11-24 months old (Boaru et al. 2014). Our b/b rats exhibit
increased brain Cu (up to 50%) at the age of 4 months old, providing a relevant rat model of
WD, potentially with early onset. However, brain Cu loading in &/brats is less severe than in
WD patients who exhibit 5-10 times higher Cu concentrations in the brain than normal
levels (Scheinberg & Sternlieb 1975). It remains to be explored if older &/b rats show a
similar extent of Cu deposition in the brain as observed in WD patients.

With respect to the iron-copper relationship, our observation of Cu loading in blood and liver
of b/brats is consistent with increased Cu during anemia (Fox 2003, Ravia et al. 2005). In
contrast, Jiang et al. reported that serum Cu level is reduced, but unchanged in the liver in
b/brats (Jiang et al. 2011). This difference could be due to different ages/sex tested and/or
different iron and copper content in chow. For example, both female and male rats at ages
ranging from 3.5 to 22 month were fed semipurified AIN93G-based diet with 200 ppm iron
in chow for +/ rats and 300 ppm iron for &/brats (Jiang et al. 2011), whereas we used 11—
12 weeks old male rats with 500 ppm iron in chow for both +/and b/ rats (Supplementary
Material). Since iron and copper levels change with age (Yunice et al. 1974, Mohri et al.
2007), our study using age- and diet-matched Belgrade rats provides an important insight
into neurobehavioral and neurochemical phenotypes under impaired iron and copper
metabolism.

Recent investigations have suggested that the hippocampus is closely involved in emotional
behavior (Barkus et al. 2010, Xiang et al. 2011). For example, the spontaneously
hypertensive rats, a model of ADHD, demonstrated decreased GABA levels in the
hippocampus (Sterley et al. 2013), consistent with our b/b rats that display increased
impulsivity with decreased hippocampal GABA concentrations. We also found that GAT
MRNA levels were increased in 6/ rats, which suggests a decrease in synaptic GABA
levels. A future study is necessary to directly determine extracellular GABA concentrations
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using microdialysis. While several studies have indicated that the GABRA1 gene is linked to
mood disorders (Brambilla et a/. 2003, Horiuchi et al. 2004), mMRNA expression of
GABRAL is up-regulated in schizophrenic subjects with no significant changes in GABRA2
(Mudge et al. 2008). Heckers et al. demonstrated that GABRAS are elevated in the brain
regions, including the hippocampus, along with reduced GABA input in schizophrenia
(Heckers & Konradi 2002). Combined, these findings suggest that abnormal emotional
behavior in b/brats could be associated with a compensatory up-regulation of GABRA1
expression in response to decreased brain GABA. Furthermore, GABA receptor activity is
inhibited by several divalent metals, such as nickel, cadmium, zinc and copper (Fisher &
Macdonald 1998, Kim & Macdonald 2003, Draguhn et a/. 1990, Ma & Narahashi 1993,
Narahashi et al. 1994). In particular, Cu inhibits extrasynaptic GABRA in the striatum and
cerebellum (McGee et al. 2013). The effect of Cu on GABRA inhibition is concentration-
dependent (Kardos et al. 1989), but this effect is attenuated by increased GABA levels
(Sharonova et al. 1998). Interestingly, GABA agonists (e.g. clonazepam) are used for
treating individuals with WD (Das & Ray 2006). These results indicate that Cu-induced
neurotoxicity could in part be mediated by chronic GABRA blockade (Sharonova et al.
1998) and that activation of the GABA system could reverse the neurotoxic effect of Cu.

Copper accumulation in &/b rats prompted us to further examine if the expression of copper
transporters was altered. In the duodenum, there was a trend of increase, although
insignificant, in the expression of these transporters in b/brats. Our results are different from
those reported by Jiang et al. who showed that Atp7a is significantly up-regulated in the
duodenum of b/brats (Jiang et al. 2011). Again, these differences could result from different
ages and metal contents in chow. We indeed note that duodenal copper transport using
everted gut sacs is unchanged in &/b rats when the identical diet was given to both +/ and
b/brats (Jiang et al. 2013). By contrast, iron-deficient rats by diet display increased
expression of both Ctrl and Atp7a in the duodenum (Collins et a/. 2009), consistent with
greater intestinal uptake of Cu (Jiang et al. 2013). These findings suggest that a distinct
mechanism may exist in Cu transport between genetically anemic /b rats and postnatally
iron-depleted rats. Whether or not DMT1 mediates copper transport is controversial. In our
study, copper levels increased upon DMT1 mutation, favoring the claim that DMT1 does not
directly transport copper. It is possible, however, that intestinal copper uptake could be
increased due to potential up-regulation in other copper-transporting proteins, such as other
members of Ctr family or zinc-regulated-transporter/iron-regulated-transporter-like protein
(ZIP) family (Ohrvik et al. 2013, Grotz et al. 1998), in response to DMT1 deficiency.

We also examined copper transporters in the liver since copper is mainly excreted by bile
secretion (Roberts & Sarkar 2008). It has been known that patients with WD display
impaired copper excretion (Roberts & Sarkar 2008) and increased urinary copper (Das &
Ray 2006). Similarly, we observed decreased hepatic Atp7b expression along with high
urinary copper content in &/b rats. Therefore, copper excretion by the biliary route is likely
reduced in &/brats. Combined, both increased uptake and decreased excretion of copper in
b/b rats could result in systemic copper overload, which could facilitate copper transport into
the brain. Future study is needed to directly measure copper levels in the bile juice and also
to determine the pharmacokinetics of copper in Belgrade rats. Our results also revealed
increased levels of Ctrl and Atp7a in the brain of &/brats. Interestingly, hypoxia is a
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stimulus for enhanced intracellular copper transport in murine macrophages (White et a/.
2009). Thus, it is possible that up-regulation of Ctrl and Atp7a could be induced by hypoxia
resulting from anemic effect in 6/ rats, and this effect could be more obvious in the brain
(hypoxia-sensitive tissue) than in duodenum or liver. The molecular mechanism of brain
copper transport under altered iron metabolism should be explored in the future study.

Increased Cu is potentially toxic due to the ability to generate free radicals via the Fenton
reaction (Jomova & Valko 2011). Cu is typically bound in tissues by metallothioneins as a
nontoxic form. However, increased Cu beyond the detoxification capacity can elevate
oxidative stress and lead to tissue damage. In support of this, elevated isoprostanes are found
in copper overload (Viquez et al. 2008). Importantly, oxidative stress reduces GABA levels
(Rego et al. 1996) and alters GABA uptake (Braughler 1985). Therefore, it is plausible that
increased brain copper in 6/b rats promotes metal-induced oxidative stress that consequently
impairs GABA function and associated behavior. Together, our study provides a molecular
and neurochemical basis for the development and progression of abnormal emotional
behavior in loss of DMT1 function. It remains to be tested whether a reversal of oxidative
stress (i.e. supplementation of antioxidants) and/or a removal of excess copper (e.g. copper
chelators; D-penicillamine and trientine) could correct abnormal GABAergic function and
emotional dysfunction in /b rats. These approaches will contribute to the better
understanding of physiological risks associated with imbalanced metal metabolism in mental
function and, more specifically, the interactions with GABA and redox control in the
treatment of emotional disorders.
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Atp7a copper-transporting ATPase 1
Atp7b copper-transporting ATPase 2
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Cp ceruloplasmin

Ctrl copper transporter 1
DMT1 divalent metal transporter 1
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GSSG glutathione disulfide
Mt metallothionein
Mn manganese
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Figure 1. Metal levelsin blood and liver of Belgraderats
The concentrations of essential metals including iron (Fe), manganese (Mn), copper (Cu)

and zinc (Zn) were determined in blood (A) and liver (B) using inductively-coupled plasma
mass spectrometry and analyzed using the two-sample £test. Open and closed bars represent
control +/®and b/b rats, respectively. Data were shown as ratios of &/bto +/b rats (means +
SEM, n =4 per group). * p < 0.05 vs. #/brats.
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Figure 2. Metal statusin the brain of Belgrade rats
Brain tissues were microdissected to obtain olfactory bulb, cortex, striatum, hippocampus

and cerebellum. Metal concentrations were determined using ICP-MS and analyzed using
the two-sample #test. Open and closed bars represent control +/ and b/b rats, respectively.
Data were shown as ratios of &/bto +/brats (means £ SEM, n = 4 per group). * p < 0.05 vs.
+/brats.
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Figure 3. Copper transportersin Belgraderats
The gRT-PCR was used to quantify the mRNA levels of copper transporter 1 (Ctrl), copper-

transporting ATPase 1 (Atp7a) and 2 (Atp7b), ceruloplasmin (Cp) and metallothionein 1
(Mt1) and 2 (Mt2) in the duodenum, liver and hippocampus. Open and closed bars represent
control +/and b/b rats, respectively. The expression level of each gene was normalized to
that of cyclophilin according to the comparative Ct method (272Ct) and analyzed using the
two-sample #test. Data were presented as ratios of &/ to +/ rats (means + SEM, n = 6-8
per group). * p < 0.05 vs. +/rats. N/D, not detected.
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Figure 4. Emotional behavior in Belgraderats
Rats were placed in the central area of the elevated plus maze, facing an open arm, and were

allowed to explore the maze for 5 min. Time spent in the open arms (A), time spent in the
closed arms (B), entries to the open arms (C) and total distance traveled (D) were analyzed
by ANY-Maze behavioral tracking software. Open and closed bars represent control +/ and
b/brats, respectively. Data were presented as means + SEM (n = 12-14 per group) and
analyzed using the two-sample #test. * p < 0.05 vs. +/rats.
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(B) mRNA levels of GABA-associated proteins in the hippocampus

3 -
c
Re
? * *
(0] 2 -
| -
AN
X +
cDO
QO
>
2 1-1- R P
o)
[}
0
0

GABRA1 GABRA2  GAT GAD65 GAD67

Figure5. GABA and related protein mRNAs in the brain of Belgrade rats
HPLC was used to measure the levels of GABA in the hippocampus. The mRNA expression

of GABA receptor al (GABRA1L), GABA, receptor a2 (GABRA2), GABA transporter
(GAT), glutamate decarboxylase 65 (GAD65) and glutamate decarboxylase 67 (GAD67)
were determined by qRT-PCR. The expression level of each gene was normalized to that of
cyclophilin according to the comparative Ct method (22CY) and analyzed using the two-
sample ~test. Data were presented as ratios of b/bto +/brats; means + SEM (n = 4-8 per
group). * p < 0.05 vs. +/brats.
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Figure 6. Oxidative stressin Belgraderats
The liver (A and C) and hippocampus (B and D) were analyzed for 8-isoprostane levels and

the ratio of glutathione/glutathione disulfide (GSH/GSSG). Open and closed bars represent
control +®band b/b rats, respectively. Data were presented as means = SEM (n = 6-8 per
group) and analyzed using the two-sample £test. * p < 0.05 vs. +/brats.
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Table 1
Physiological and hematological parametersin Belgraderats

Homozygous Belgrade (6/) rats and control heterozygous (+/) rats (6—7 weeks old) were fed an iron-
supplemented diet (500 mg iron/kg diet) for 5 weeks and euthanized to collect tissues. Data were presented as
means + SEM and analyzed using the two-sample #test.

Parameter (unit) +/b b/b n p value
Body weight (g) 256 + 1 220+4  10-12 <0.001
Hematocrit (%) 487+05 40907 10-12 <0.001

Liver non-heme iron level (ug/g)  103+11 434 +107 4 0.015
Brain non-heme iron level (ug/g) 5.6+0.1 5.0+0.6 4 0.428
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Table 2

Metal levelsin urine of Belgraderats
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Urine samples from 4 b/brats and 4 +/ rats were pooled and analyzed for metals levels by ICP-MS. Data
were presented as ppm.

Metal (unit) +b bbb
Iron (ppm) 031 145
Manganese (ppm) 0.14 25
Copper (ppm) 064 23
Zinc (ppm) 035 0.81
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