Neurochemical Research (2019) 44:1201-1213
https://doi.org/10.1007/5s11064-019-02764-x

ORIGINAL PAPER q

Check for
updates

Iron is Responsible for Production of Reactive Oxygen Species
Regulating Vasopressin Expression in the Mouse Paraventricular
Nucleus

Jong-A Hyeun#® . Ji Young Kim'® . Chan Hyung Kim? - Jin-Hee Kim3 - Eun Young Lee' - Je Hoon Seo'

Received: 14 August 2018 / Revised: 12 February 2019 / Accepted: 25 February 2019 / Published online: 4 March 2019
© Springer Science+Business Media, LLC, part of Springer Nature 2019

Abstract

Reactive oxygen species (ROS) act as signaling molecules for maintaining homeostasis, particularly in the regulation of
body-fluid balance in the paraventricular nucleus (PVN) of the hypothalamus. However, there has been little discussion
regarding the source of ROS generation in this hypothalamic region. Because iron is the most abundant metal in the brain,
we hypothesized that iron may act as a source of ROS, which regulate vasopressin (VP) expression. In the present study, we
compared the amount of iron in the PVN to that in other forebrain regions of normal ICR mice, and examined the relationship
among iron, ROS, and VP in the PVN of the iron-overloaded with iron dextran and iron-chelated mice with deferoxamine.
The amount of iron in the PVN was significantly higher than in any of the forebrain regions we examined. The amount of
iron in the PVN was significantly increased in iron-overloaded mice, although not in iron-chelated mice. These results sug-
gest that the PVN exhibits high iron affinity. Both ROS production and VP expression in the PVN of iron-overloaded mice
were significantly increased relative to levels observed in control mice. VP concentration in blood of iron-overloaded mice
was also significantly higher than that of control mice. Interestingly, iron overload did not alter the expression of nitric oxide
synthase, another modulator of VP expression. Taken together, our results suggest that high levels of iron in the PVN induce
the production of ROS, which regulate VP expression, independent of nitric oxide signaling.
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Introduction

Reactive oxygen species (ROS) are hyperactive molecules
formed via the mitochondrial electron transport chain of res-
piratory metabolism. Excess ROS can cause cellular damage
that leads to lipid peroxidation, protein oxidation, and DNA/
RNA modification [1]. Given their role in various pathologi-
cal processes, ROS have been implicated in the onset and
progression of neurodegenerative diseases [2], cancer [3],
aging [4], myocardial infarction, and stroke [5]. However,
ROS are essential for normal cellular function, playing key
roles in the control of food intake [6, 7], the regulation of
blood pressure and hypertension [8—10], synaptic plasticity
and memory [11, 12], cell development [13], differentia-
tion [14], and the early-induced innate and adaptive immune
responses [15].

Iron is the most abundant metal in the brain, and brain
iron can act as a source of ROS generation via iron-catalyzed
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reactions or enzyme activation. Several previous studies
have demonstrated that high iron accumulation can generate
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large amounts of ROS in the substantia nigra, cerebral cor-
tex, hippocampus, and hypothalamus [16-20]. Hydroxyl
radicals (-OH), oxygen (O,), and hydroxide ions (OH™) can
be formed from hydrogen peroxide (H,0,) and superoxide
(-O,7) via the Haber—Weiss reaction and Fenton reaction.

The paraventricular nucleus (PVN) of the hypothalamus
is composed of magnocellular and parvocellular neurons.
Magnocellular neurons in the PVN synthesize and liberate
vasopressin (VP) into the neurohypophysis via the hypo-
thalamohypophyseal tract [21]. Released VP is responsible
for blood pressure control by vasoconstriction of smooth
muscle cells and antidiuretic control by absorbing water
from the renal tubules. In addition, VP has a multitude of
functions involved in glycogenolysis in the liver, platelet
aggregation, release of adrenocorticotrophic hormone in the
adrenal gland [22]. Recent studies have suggested that ROS
production is necessary for stimulating the VP response to
osmoregulatory activity in the supraoptic nucleus (SON)—
the connectivity, functions, and composition of which are
similar to those of the PVN [21, 23]. Interestingly, previ-
ous investigators have reported that the SON and PVN
are comparative iron-rich regions in the brain [24, 25].
Although there have not been reports about a direct asso-
ciation between iron levels and VP expression, high iron
content in the PVN might be closely related to regulation
of VP expression in this nucleus, considering that iron can
act as a source of ROS generation. Therefore, we hypoth-
esized that iron is responsible for the generation of ROS
that regulate VP expression in the SON and PVN. To verify
our hypothesis, we measured iron richness in the PVN and
examined whether changes in iron levels can affect ROS
generation and VP expression in iron-overloaded and iron-
chelated mice.

Materials and Methods
Experimental Animals

Six week-old male ICR mice (30-32 g, n=100) were
obtained from a commercial source (DBL, Korea). Mice
were housed under standard laboratory conditions under a
12 h light/dark cycle and were provided ad libitum access to
a commercial diet and water. Mice were divided into three
experimental groups: normal (n=10), iron-overloaded
(n=50), and iron-chelated groups (n =40). Iron-overloaded
mice received an intraperitoneal injection of iron dextran
(500 mg/kg, Sigma, USA), as previously described [18], and
were sacrificed at 6 (n=10), 12 (n=15), and 48 h (n=10)
after injection. As a sham control, 15 mice were intraperi-
toneally injected with saline and sacrificed at 12 h. Iron-
chelated mice were deeply anesthetized with a mixture of
ketamine hydrochloride (100 mg/kg, Yuhan Co., Korea) and
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xylazine hydrochloride (10 mg/kg, Bayer Korea, Korea).
Each iron-chelated mouse was stereotaxically microinjected
with deferoxamine (deferoxamine mesylate: 50 ng/ul, Sigma,
USA) into the lateral ventricle at a point 0.46 mm poste-
rior and 1.0 mm lateral to the bregma (2.5 mm deep) in
accordance with the mouse stereotaxic map, as previously
described [18, 26]. Iron-chelated mice were sacrificed at 6,
12, and 48 h after injection (n =10 each). As a sham control,
10 mice were stereotaxically microinjected with saline at
the same point and sacrificed at 12 h. The present study was
approved by the Institutional Animal Care and Use Com-
mittee at Chungbuk National University (Approval NO.
CBNUA-092-0906-01). All procedures involving animals
and animal care were conducted in accordance with the
guidelines issued by the same committee.

Blood Sample Collection

Whole blood samples (50 pl) for enzyme-linked immuno-
sorbent assay (ELISA) were drawn from the orbital plexuses
of sham control (n=15) and iron-overloaded mice (at 12 h
after deferoxamine injection, n=135) using heparinized cap-
illary tubes (Kimble Chase, USA). We centrifuged whole
blood samples at 1500 rpm for 10 min to obtain sera. All
sera were stored at — 80 °C until used.

Tissue Preparation

Mice were deeply anesthetized with a mixture of ketamine
hydrochloride and xylazine hydrochloride, following which
they were transcardially perfused with precooled saline and
4% paraformaldehyde (PFA) in 0.1 M phosphate-buffered
saline (PBS, pH 7.4). The brains were removed from the
heads and postfixed in 4% PFA in cold room air (4 °C) for
8 h. The brains were dehydrated in 30% sucrose in PBS
overnight for cryoprotection. Brain tissues embedded in
OCT compound (Leica, Germany) were rapidly frozen in
2-methyl butane (Junsei, Japan) adjusted to its freezing point
with liquid nitrogen. Tissues were sectioned to a thickness of
50 um using a cryostat (CM3050S, Leica, Germany). Con-
secutive coronal slices were collected in PBS and transferred
to six-well plates. A series of coronal sections was placed in
each well at intervals of 300 um.

Detection of ROS

In situ detection of ROS was performed in accordance with
protocols previously described [23]. Briefly, dihydroethidine
(DHE, Invitrogen, USA) was diluted to 1 mg/ml in PBS and
maintained at room temperature (RT, 22-25 °C). Mice were
sacrifice 12 h after intraperitoneal injection of 300 ul DHE.
Mouse brains were sectioned to a thickness of 40 pm using a
cryostat. The sections were washed in PBS, following which
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they were incubated with DHE (1 uM in PBS) for 5 min
at RT in total darkness. Following incubation, the sections
were washed three times (5 min each) in PBS. The sections
were coverslipped with aqueous mounting medium (Biom-
eda, USA), and the fluorescence intensities of ROS were
analyzed using a multipurpose microscope with an epifluo-
rescence attachment (DMLB, Leica, Germany).

Iron Histochemistry and Nissl Staining

Iron histochemistry, known as Pearl’s histochemistry is a
well-established straining method to visualize localization
of iron in the tissue [27]. We performed iron histochemis-
try to identify the regional distribution of iron in the fore-
brain, in accordance with protocols previously described
[17]. Briefly, the sectioned tissues were washed in Milli-Q
ultrapure water and incubated in iron staining solution (4%
potassium ferrocyanide: 2% Triton X-100: SN HCl1=1:2:1)
for 2 h. The sections were then rinsed in PBS and reacted
with 0.2% 3,3'-diaminobenzidine (DAB) in PBS containing
0.1% hydrogen peroxide. Iron-stained sections were mounted
on gelatin-coated slides and air-dried. The stained sections
were dehydrated, cleared, and coverslipped with mounting
medium (Permount, Fisher Scientific, USA). To confirm the
localization and subdivision of the PVN, Nissl staining was
performed using 1% cresyl violet solution (Sigma, USA).
Stained sections were dehydrated, cleared, coverslipped, and
examined using a multipurpose microscope (DMLB, Leica,
Germany) equipped with a digital camera system (Macrofire,
Optronics, USA).

Immunohistochemistry

The sections were incubated with 0.3% hydrogen peroxide in
methanol for 20 min to quench endogenous peroxidase activ-
ity. Then, the sections were pre-blocked in 10% normal goat
serum for 30 min and incubated with rabbit anti-VP antibody
(1:5000; Chemicon International, USA), rabbit anti-gamma-
aminobutyric acid (GABA) transaminase antibody (1:50;
Abcam, USA), and mouse anti-aB-crystalline (aBC, 1:200;
Stressgene, USA) for an oligodendrocyte marker diluted in
PBS in 4 °C cold room air. Subsequently, we performed
the avidin-biotin peroxidase complex method, as previ-
ously described [28]. Briefly, the sections were incubated
in biotinylated goat anti-rabbit immunoglobulin G (IgG)
(Vector Laboratories, USA) or goat anti-mouse IgG (Vec-
tor Laboratories, USA) diluted at 1:400 in PBS for 2 h at
RT. The sections were washed three times for 10 min each
in PBS and incubated in the avidin—biotin peroxidase com-
plex (ABC Elite kit, Vector Laboratories). The peroxidase
reaction was visualized using 0.2% DAB in PBS contain-
ing 0.1% hydrogen peroxide, following which the sections
were dehydrated and coverslipped with mounting medium.

For negative controls, either primary or secondary antisera
were omitted during immunohistochemical staining. Fol-
lowing iron histochemical staining, we performed immu-
nohistochemistry to identify specific types of iron-positive
cells. We used anti-VP and anti-aBC antibodies to detect
magnocellular neurons and oligodendrocytes, respectively.
Immunoreactivity was visualized using an SG peroxidase
substrate kit (Vector Laboratories, USA).

Sandwich ELISA

VP concentration in sera was determined by the sandwich
ELISA method as previously described [29]. Briefly, 96-well
ELISA plates (Nunc, USA) were coated with mouse anti-
VP antibody (1:1000; EMD Millipore, USA) and blocked
with 1% skim milk in PBS. Sera (1:100 dilution) were added
to each well and incubated for 2 h at RT. To each well,
3 ug/100 pl of horseradish peroxidase (HRP)-conjugated
secondary antibody was added for 1 h at RT. A color reac-
tion and interruption of reaction were performed by adding
50 pl of substrate solution (2 pg/100 ul of 3,3%,5,5 -tetra-
methylbenzidine, Sigma, USA) and 50 pl of stop solution
(Southern Biotech, USA), respectively. The absorbance was
measured at 450 nm using a microplate spectrophotometer
(SpectraMax M5e, Molecular Devices, USA). We used Soft-
Max Pro 5.4.1 (Molecular Devices, USA) for the analysis.

NADPH-Diaphorase Staining

NADPH-diaphorase positive neurons were detected as previ-
ously described [30]. The sections were washed in PBS and
incubated in NADPH-diaphorase staining mixture for 1 h at
37 °C (1 mg/ml B-NADPH, 0.3 mg/ml nitroblue tetrazolium,
0.3% Triton X-100 in PBS). Following incubation, stained
sections were rinsed three times for 10 min each in PBS and
mounted on gelatin-coated slides, dehydrated, cleared, cov-
erslipped, and examined using a multipurpose microscope
(DMLB, Leica, Germany).

TUNEL and Hematoxylin Staining

To examine whether iron-overloaded mice exhibited
increased neuronal damage in the PVN, we performed ter-
minal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) in accordance with previously described meth-
ods [31]. Briefly, the sections were incubated with TUNEL
labeling mix (Roche, Germany) containing 0.135 U/ul
calf thymus terminal deoxynucleotidyl transferase (TdT),
0.0044 nmol/pl digoxigenin-11-2'-deoxy-uridine-5'-
triphosphate (DIG-dUTP), and 1 mM cobalt chloride for
1 h at 37 °C in a moist chamber. Following incubation, the
sections were washed in Tris-buffered saline (TBS, pH 7.4)
for 10 min and then blocked with 1% blocking buffer for
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30 min. They were then incubated with mouse anti-DIG anti-
body (1:500, Roche, Germany) in 1% blocking buffer for
1 h at 37 °C. The sections were washed in PBS for 10 min
and incubated with peroxidase-labelled mouse IgG for 1 h
at RT. The tissues were then rinsed in PBS and reacted with
0.2% DAB in PBS containing 0.1% hydrogen peroxide. The
other sections for histologic examination were stained with
hematoxylin. Hematoxylin staining was used to detect pyk-
notic nuclei. The stained sections were coverslipped with
mounting medium, dehydrated, and analyzed using a mul-
tipurpose microscope (DMLB, Leica, Germany) equipped
with a digital camera system (Macrofire, Optronics, USA).

Cell Size Analysis

To determine whether iron-stained cells in the PVN were
magnocellular or parvocellular neurons, we examined the
distribution of cell diameter (%) in cresyl violet-stained and
iron-stained neurons. Microphotographs for cell size analy-
sis were taken at the same magnification using a multipur-
pose microscope (DMLB, Leica, Germany). The diameters
of the cresyl violet-stained and iron-stained neurons in the
PVN were analyzed using i-Solution DT (IMT, Korea). We
calculated the percentage of cells with the same diameter
between 5 and 20 pum, using intervals of 1 um. Cell size data
were obtained from 14 sections acquired from 10 brains of
normal mice.

Optical Density and Cell Count

The optical densities (ODs) of iron-stained sections were
measured to determine iron reactivity in several forebrain
regions, including the PVN. We standardized and analyzed
the images captured from iron-stained sections. We first
converted the captured RGB color images to grayscale, fol-
lowing which the grayscale images were inverted using Pho-
toshop CSS5 (Adobe, USA). Then, the gray values (0-255)
of the inverted grayscale images were standardized by sub-
tracting the background gray values. We outlined the spe-
cific regions in the standardized gray images as outlined in
Fig. 3a and obtained the gray values in the outlined regions
using i-Solution. The relative gray values were regarded as
the ODs. Increases and decreases in OD were calculated
as follows: ((ODyer102d = ODcontro)/ODcontror) X 100 and
((ODcontrol - ODchelation)/ODcontrol) X 100’ respectively.

We counted the numbers of VP positive, NADPH-d
positive, TUNEL positive and pyknotic cells to determine
change in number of these cells in iron-overloaded mice.
We first outlined the PVN and measured its size. Then, we
counted the numbers of these cells in the outlined PVN.
Finally, we calculated the number of cells per mm? to stand-
ardize the counts.
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Statistical Analysis

Results were expressed as the mean + standard error of
the mean (SEM). The significances of differences were
determined using Student’s t-tests or analyses of vari-
ance (ANOVA), followed by Bonferroni post hoc tests.
All analyses were performed using Prism 4 (GraphPad,
USA). P-values less than 0.01 were deemed statistically
significant.

Results
Iron Histochemistry

The location and subdivisions of the PVN were identified
via cresyl violet staining. The neurons in the PVN were
densely gathered adjacent to the third ventricle (Fig. 1a).
The PVN exhibited strong iron reactivity (Fig. 1b). Iron
reactivity was detected in almost all neurons in the compact
(Fig. 1c) and medial parts (Fig. 1d) of the PVN. With the
exception of scattered iron-reactive cells with small, round
cell bodies, iron reactivity was not observed outside the PVN
(Fig. 1e). Iron histochemical staining patterns remained
unchanged and were very similar in repeated experiments,
indicating that the iron staining method we performed was
reproducible.

Double staining using iron histochemistry and immuno-
histochemistry showed that most iron-reactive cells in the
PVN exhibited VP immunoreactivity, suggesting that these
cells were magnocellular neurons (Fig. 2a). In contrast,
iron-reactive round cells outside the PVN exhibited aBC
immunoreactivity, suggesting that these cells were oligo-
dendrocytes (Fig. 2b).

Comparison of Iron Reactivity in Forebrain Regions

Strong iron reactivity was observed in several regions
throughout the forebrain (Fig. 3a), including the PVN,
anteroventral nucleus (AV), lateral hypothalamic area (LH),
globus pallidus (GP), and thalamic nucleus reuniens (Re).
Under high magnification, we examined the cell shapes of
iron-reactive cells in these iron-rich regions. Except for the
PVN, iron-reactive cells in all regions had small, round cell
bodies (Fig. 3b—e). The shape of these small, iron-reactive
cells was very similar to that of iron-reactive oligodendro-
cytes in the corpus callosum and internal capsule, which are
the main white matter regions of the brain (Fig. 3f, g). These
findings suggest that the iron-reactive cells in the AV, LH,
GP, and Re with small, round cell bodies were oligodendro-
cytes rather than neurons. In addition, our results indicated
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Fig. 1 Iron histochemistry and
cresyl violet staining. a Cresyl
violet staining. Neurons of the
PVN (in dotted line) are located
adjacent to the third ventricle.

b Iron histochemical staining.
Almost all cells of the PVN are
strongly iron-stained. c-e: High-
magnification images of boxed
areas in b. All neurons in the
compact (¢) and medial parts
(d) of the PVN exhibited strong
iron reactivity. Small, round
iron-reactive cells are scattered
outside the PVN (e). 3V, third
ventricle; cp, compact part; mp,
medial part. Scale bar in e for a,
b=200 pm, for c-e=40 pm

Fig.2 Double-staining using
iron histochemistry and immu-
nohistochemistry. a Iron and VP
in the PVN. Most VP-positive
neurons (dark gray) exhibited
iron reactivity (brown). b: Iron
and aBC outside the PVN. All
aBC-positive oligodendrocytes
(dark gray) also exhibited
strong iron reactivity (brown).
Inserts show the magnifica-
tions of a and b. Scale bar for a,
b =50 pum. (Color figure online)

that ODs in the PVN were significantly higher than those in
other forebrain regions (Fig. 3h).

Iron Reactivity in Iron-Overloaded
and Iron-Chelated Mice

We examined iron reactivity in iron-overloaded mice. The
OD of the PVN was significantly at 6 and 12 h after iron
dextran injection, although it recovered to normal levels at
48 h after injection (Fig. 4a). The ODs of the other brain
regions except the PVN did not reach to significant increases
(Fig. 4a). We then compared rates of OD increase among
regions at 12 h after injection. The rate of OD increase in the
PVN was approximately 28% at 12 h after injection. How-
ever, rates of increase were less than 20% in other regions
(Fig. 4b).

We also examined iron reactivity in iron-chelated mice.
Although the OD of the PVN tended to be decreased for up
to 6 h and recover by 48 h after deferoxamine injection, these

differences were not significant (Fig. 5a). We then compared
rates of OD decrease among regions at 12 h after injection.
The OD of the PVN was decreased to approximately 10%
at 12 h after injection. However, the ODs in other regions
were significantly decreased to approximately 20% at 12 h
after injection (Fig. 5b). Taken together, these results indi-
cate that the PVN has a higher affinity for iron than any other
forebrain region.

Cell Size Analysis

We determined whether most iron-stained neurons were
magnocellular or parvocellular neurons by comparing cell
size distribution between cresyl violet-stained and iron-
stained neurons. The diameters of cresyl violet-stained neu-
rons, which consist of both magnocellular and parvocellular
neurons, ranged from 5 pm to 20 pm. The distribution of
cell diameters was very similar between iron-stained and
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Bregma —0.94 mm
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PVN AV

Fig.3 Iron reactivity and ODs. a Coronal forebrain sections stained
for iron at -0.94 mm to bregma. b—g High magnification images of
several regions in a. Scattered iron-reactive cells have small, round
cell bodies in the anteroventral nucleus (b), lateral hypothalamic area
(c), globus pallidus (d), thalamic nucleus reuniens (e), corpus callo-
sum (f), and internal capsule (g). h Comparison of ODs among fore-

cresyl violet-stained neurons (Fig. 6), and there was no sig-
nificant difference between the two. This result means that
iron-stained cells in the PVN include both magnocellular
and parvocellular neurons.
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brain regions. The OD of the PVN is much higher than those of other
regions. AV, anteroventral nucleus; cc, corpus callosum; CPu, caudate
putamen; GP, globus pallidus; ic, internal capsule; LH, lateral hypo-
thalamic area; Re, thalamic nucleus reuniens; PVN, paraventricular
nucleus. Scale bar in G for a=400 um, for b-g=25 um

ROS Production and VP Expression in Magnocellular
Neurons

We evaluated the relationships between ROS production
and VP expression in iron-overloaded and iron-chelated
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Fig.4 Iron-overloaded mice. a Time-dependent changes. The OD of
iron in the PVN was significantly increased at 6 h and 12 h after iron
dextran injection. b Rates of OD increase at 12 h after iron dextran
injection. Rates of OD increase were significantly higher in the PVN
than in other forebrain regions. Asterisks in a indicate significant dif-
ferences versus O h. Asterisk in b indicates significant differences ver-
sus the rate observed in the PVN (¥p <0.01)

mice. Iron reactivity was significantly increased in the
PVN of iron-overloaded mice (Fig. 7a, b, d), along with
ROS production (Fig. 7e, f, h) and VP expression (Fig. 7i,
j» I). Relative to controls, iron-overloaded mice exhib-
ited an approximately 30% increase in OD in the PVN
(Fig. 7d). Similarly, ROS production and VP expression
were increased by approximately 30% in iron-overloaded
mice (Fig. 7h, 1). However, iron reactivity remained
unchanged in the PVN of iron-chelated mice (Fig. 7a, c, d).
Furthermore, iron-chelated mice exhibited no changes in
ROS production (Fig. 7e, g, h) or VP expression (Fig. 7i,
k, I). These data suggest that the production of ROS that
regulate VP expression results from iron accumulation in
the PVN.

VP Concentration in Blood

To investigate the VP concentration in sera, relative sand-
wich ELISA was conducted in control and iron-overloaded
groups. The results showed that the VP concentration in
the sera from the iron-overloaded mice was significantly

Fig.5 Iron-chelated mice. a Time-dependent changes. The OD of
iron in the PVN remained unchanged after deferoxamine injection.
b Rates of OD decrease at 12 h after deferoxamine injection. Rates
of OD decrease were significantly lower in the PVN than in other
forebrain regions. Asterisks in a indicate significant differences ver-
sus 0 h. Asterisks in b indicate significant differences versus the rate
observed in the PVN (*p<0.01)
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Fig.6 Cell size distribution. There were no significant differences
in cell size distribution between iron-stained cells and cresyl violet-
stained neurons (two-way ANOVA), indicating that iron-stained cells
in the PVN included both magnocellular and parvocellular neurons

increased, compared with that from the controls (Fig. 8).
This result means that iron overload increases not only VP
expression the magnocellular neurons, but also VP release
into blood.
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Fig.7 Iron, ROS, and VP expression in iron-overloaded and iron-
chelated mice. The amount of iron was significantly increased in the
PVN of iron-overloaded mice (a, b, d). ROS production (e, f, h) and
VP expression (i, j, 1) were also increased in iron-overloaded mice.
However, the amount of iron remained unchanged in the PVN of

31

Arbitrary uni

+ Iron

Cor;trol

Fig.8 VP concentration in blood of iron-overloaded mice. Rela-
tive VP concentration in the blood of iron-overloaded mice was sig-
nificantly increased compared with that of the controls (*p<0.01).
+ Iron means iron overload
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iron-chelated mice (a, ¢, d), along with ROS (e, g, h) and VP expres-
sion (i, k, ). Scale bar =100 pm. + Iron and - Iron mean iron overload
and iron chelation, respectively. Asterisks indicate significant differ-
ences among the three groups (*p <0.01)

NADPH-Diaphorase Expression in Magnocellular
Neurons

To determine whether changes in iron accumulation in the
PVN can affect the production of nitric oxide (NO), another
regulator of VP expression, we examined the expression of
nitric oxide synthase (NOS) via NADPH-diaphorase his-
tochemistry. There were no significant differences in NOS
expression among the control, iron-overloaded, and iron-
chelated mice (Fig. 9a—d). This result suggests that iron
is not involved in osmoregulation via the NO signaling
pathway.

GABA Transaminase Expression in Parvocellular
Neurons

We examined whether GABA transaminase expression in
parvocellular neurons was altered in iron-overloaded and
iron-chelated mice. There were no significant differences
in GABA transaminase expression among the control,
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Fig. 9 NADPH-diaphorase
expression in iron-overloaded
and iron-chelated mice. No
significant differences in NOS
expression were observed
among the three groups (a—d).
Scale bar for a-¢=100 pm.
+Iron and - Iron mean iron
overload and iron chelation,
respectively

iron-overloaded, and iron-chelated mice (Fig. 10a—d). This
result suggests that changes in iron accumulation do not
affect GABA transaminase expression in parvocellular neu-
rons of the PVN.

Detection of Cell Death in the PVN

We examined whether changes in the amount of ROS in the
PVN were associated with changes in levels of cell death
via TUNEL and hematoxylin staining. No TUNEL-positive
cells were detected in either control or iron-overloaded mice
(Fig. 11a—c). Upon histologic examination, a few cells in
the PVN exhibited condensed nuclei, a sign of cell death, in
both control and iron-overloaded mice (Fig. 11d, e). How-
ever, no significant differences were observed between the
two groups (Fig. 11f). These data suggest that iron-induced
increases in ROS do not induce cell death in the PVN.

Discussion

In the present study, we examined whether changes in iron
levels can affect ROS generation and VP expression in iron-
overloaded and iron-chelated mice. Our results demonstrated
that iron accumulation was greater in the PVN than in any
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other forebrain region. Furthermore, we observed that the
PVN tended to maintain high iron affinity in iron-overloaded
and iron-chelated mice. High iron affinity of the PVN led to
significant increase of iron levels in iron-overloaded mice.
However, in the iron-chelated mice, high iron affinity of the
PVN did not cause a change in iron levels. As a result, exces-
sive ROS were generated by increased iron in the PVN of
iron-overloaded mice. These results suggest that iron levels
are directly correlated with ROS generation. We speculate
that abundant iron in the PVN generates ROS via the Fen-
ton reaction, which forms hydroxide (OH™) and hydroxyl
radicals (-OH). The PVN has the underlying mechanism to
regulate excessive ROS induced by abundant iron. The mag-
nocellular neurons contain ferritin mRNA and protein [32,
33]. Ferritin binds toxic free iron and stores iron in a stable
state. If necessary, iron can be easily released from ferritin.
Release of iron from ferritin is mediated by intracellular glu-
tathione, xanthine oxidase, reduced flavins, and superoxide
[34]. Thus, ferritin can precisely regulate ROS formation
by binding iron.

Previous studies demonstrated that ROS play crucial role
in the control of physiological regulation of VP expression
in magnocellular neurons of the hypothalamus [21, 23].
Although the signaling pathway through which ROS regu-
late VP expression is still unclear, it is well known that ROS
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Fig. 10 GABA transaminase
expression in iron-overloaded
and iron-chelated mice. No
significant differences in
GABA transaminase expres-
sion were observed among

the three groups. Scale bar for
a-¢=100 pym. +Iron and -Iron
mean iron overload and iron
chelation, respectively. GABA-
TA, GABA transaminase

serve in signaling pathways of various cellular processes
including cell proliferation, survival, and antioxidant regu-
lation. ROS interact with crucial signaling molecules such
as the mitogen-activated protein kinase (MAPK), phospho-
inositide 3-kinase (PI3 kinase), protein kinase C (PKC),
phosphatase and tensin homolog (PTEN), and nuclear factor
erythroid 2—related factor 2 (Nrf2). The cGMP-dependent
protein kinase (PKG) regulating MAPK activation is a redox
sensor activated by ROS [35]. Through PTEN oxidized by
ROS, the PI3K pathway is regulated [35]. Oxidation of
cysteines in Kelch-like ECH-associated protein-1 (Keapl)
by ROS causes Nrf2 release from the Keap1-Nrf2 complex.
Subsequently, Nrf2 undergoes nuclear translocation and
binds the antioxidant-responsive element [35]. The PKC is
also regulated through redox mechanisms [36]. Emerging
evidence indicates that the PKC activation increases the VP
expression through the c-Fos-mediated pathway [37]. There-
fore, it is conceivable that abundant ROS induced by iron
accumulation in the PVN regulates the PKC pathway, which
results in the VP gene activation.

Although there were no changes in iron, ROS, or VP
expression in the PVN of iron-chelated mice in the present
study, our findings demonstrated that iron overload produces
excessive ROS, in turn leading to increases in VP expression
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in magnocellular neurons. It is well known that magnocel-
lular neurons in the SON and PVN are responsible for VP
expression [21]. We also observed iron accumulation in the
SON (Fig. S1). However, as we did not examine whether
iron accumulation affects ROS production and VP expres-
sion in the SON, further studies are required. Future studies
should also aim to examine the influence of iron-induced
increases in ROS signaling on the production of oxytocin in
magnocellular neurons.

Our cell size analysis indicated that both magnocellular
and parvocellular neurons in the PVN contain large amounts
of iron. These findings are in accordance with those of previ-
ous electron microscopic studies [25], which have suggested
that the expression of GABA transaminase can be affected by
iron accumulation in parvocellular neurons [25], since this
enzyme contains iron-sulfur bonds at the center [38]. They
also presumed that the postsynaptic parvocellular neurons
have strong iron demand, because GABA transaminase plays
a crucial role in the degradation of GABA in the PVN with
strong GABAergic inhibitory inputs. Therefore, we antici-
pated that iron overload would increase GABA transami-
nase expression in the parvocellular neurons. However, we
observed no significant differences in GABA transaminase
expression between the control and iron-overloaded mice.
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Control

TUNEL

Hematoxylin

Fig. 11 Cell death in the PVN of iron-overloaded mice. No TUNEL-
positive cells were detected in the PVN of control or iron-overloaded
mice (a—c). A few cells with condensed nuclei were observed in the
hematoxylin-stained PVN (arrows in d, e), although there were no

Our result reflects that the GABA transaminase expression
is controlled differently than VP expression in terms of ROS
that are induced by iron accumulation. Although parvocellu-
lar neurons contribute to homeostasis via the hypothalamo-
hypophyseal portal system, few studies have examined the
relationship between iron accumulation and parvocellular
neurons. Therefore, future studies should investigate addi-
tional iron-related enzymes as well as the role of iron in
parvocellular neurons.

Previous researchers have proposed that VP expression
in the PVN is regulated by NO, which acts as a gaseous
messenger molecule. Indeed, previous studies have reported
that NOS expression is directly correlated with VP and oxy-
tocin expression in the rat PVN and SON [39-41]. Thus,
we examined changes in NOS expression in iron-overloaded
mice. Despite increases in VP expression, iron overload did
not increase NOS expression. Taken together, these findings
strongly suggest that VP expression is regulated by at least
two independent pathways (i.e., iron-related ROS and non-
iron-related NO signaling).

Like a double-edged sword, abundant iron in the PVN
may be responsible for susceptibility to harmful oxida-
tive damage as well as the production of ROS to control
osmoregulation in the body. Iron accumulation in neurons is
an abnormal phenomenon, and is often observed in patients
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significant differences in cell death between the control and iron-
overloaded groups (f). Scale bar in e for a and b=100 um, d and
e=25 pm. +Iron means iron overload

with neurodegenerative conditions such as Parkinson’s dis-
ease and Alzheimer’s disease [42, 43]. Brain iron is com-
monly restricted within glial cells such as oligodendrocytes,
microglia, and Bergmann glia [17, 44]. Interestingly, iron
overload in PVN neurons did not result in increased cell
death in the present study, in accordance with previous find-
ings: High levels of antioxidants in the SON—which is iden-
tical to the PVN in terms of cell composition, connectivity,
and hormone production—are known to prevent oxidative
damage [23]. Another study demonstrated that the numbers
of magnocellular neurons in the PVN do not decrease during
aging in mice [45]. Taken together, these findings suggest
that the PVN is highly stable and resistant to oxidative dam-
age, promoting cell survival.

In summary, our results indicated that both magnocellular
and parvocellular neurons in the PVN exhibited abundant
iron accumulation, and that the PVN exhibits higher iron
affinity than any other forebrain region. Iron overload in
the PVN increased ROS production, in turn increasing VP
expression in magnocellular neurons. However, iron over-
load did not alter GABA transaminase or NOS expression.
Our results suggest that iron in the PVN is responsible for
the production of ROS that regulate VP expression, and that
this pathway is independent of NO signaling.
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