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Abstract A powdered diet containing 100 or 3 ppm Fe
was fed to rats starting at the age of 3 weeks. The voluntary
activity level was checked using a wheel in the cage during
the 17th week after the beginning of supplementation.
Significantly less activity was seen in the 3 ppm Fe group
during both light and dark periods. After 20 weeks, the
blood and diencephalon were sampled from both groups.
Lower hematocrit and blood hemoglobin content was
observed in the 3 ppm Fe group. The level of 70 kDa heat
shock cognate (HSC70) expression was greater in the
diencephalon of the 3 ppm Fe group. In addition, the dis-
tribution of HSC70 was determined by proximity ligation
assay. More HSC70-positive as well as total cells were
noted in several areas of the diencephalon of the iron-
deficient rats. The altered expression and distribution of
HSC70 might play some role in the neurological changes.
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Introduction

Dietary iron deficiency causes anemia and results in
decreased work performance in humans [1-3] and rats
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[4-10]. Iron is also known as the essential molecule for
proper neurogenesis and differentiation of certain brain
cells and regions [11-13]. It was further reported that
decreased dietary availability of iron is associated with
hypomyelination in rat brain [14, 15]. In human studies,
iron-deficient children showed the common neurological
signs, such as poor school performance, decreased cogni-
tive abilities, and behavior problems [16—18]. These neu-
rological abnormalities remained even after therapeutic
supplementation of iron [19-21]. However, the precise
mechanisms responsible for iron deficiency-induced neu-
ropathology are still unclear.

The thalamus is located within the diencephalon and is
known as the entryway for incoming sensorimotor infor-
mation to the cerebral cortex and the locus of efferent
influences from both basal ganglia and neocortex on the
behavioral outputs [22, 23]. The synaptic changes in the
thalamic nuclei represent a potentially important compo-
nent in psychomotor sensitization and addiction [24].
Further, it was reported that the connections between the
hypothalamus and medial prefrontal cortex largely con-
tribute to the behavioral and autonomic functions in rats
[25-27]. These facts may indicate that the diencephalon
plays an important role in behavior of mammals. However,
few in vivo studies have been performed to investigate the
organic changes or cellular mechanisms in the diencepha-
lon of iron-deficient and anemic rats. Since the present
study focused on the effects of iron deficiency anemia on
the psychomotor system in rats, the diencephalon was
targeted in this manuscript.

Advanced proteome analysis is a powerful tool for
studying cellular mechanisms and finding new insights into
pathology. Recent studies have identified the proteins
expressed in the brain of Alzheimer’s [28-30] and Par-
kinsons’s [31-33] disease and dementia with Lewy bodies
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[32, 34] in humans. Therefore, the proteomic approach was
performed to study the possible factor(s) related to the
neurological changes in the diencephalon of iron-deficient
and anemic rats in the present investigation.

Materials and methods
Animal care and experimental model

All experimental procedures were conducted in accordance
with the Japanese and American Physiological Society
Guide for the Care and Use of Laboratory Animals. The
study was also approved by the Animal Use Committee at
Osaka University.

Male Wistar Hannover rats (Nihon CREA, Tokyo) were
randomly separated into the control (100 ppm Fe, n = 7)
and iron-deficient (3 ppm Fe, n = 7) groups at the age of
3 weeks. The powdered diet containing 100 or 3 ppm Fe
(Nihon CREA) was fed to the respective groups for
20 weeks. The original diet, which was composed of
61% cornstarch, 22% milk casein, 7% mineral mixture, 5%
crystallized cellulose, 4% purified soybean oil, and 1%
vitamin mixture, contained 100 ppm Fe, but 0.058%
FeC¢Hs507-5H,0 was replaced with 0.058% cornstarch to
adjust the iron content to 3 ppm. Two or three rats were
housed in the same cage (45 x 28 cm and 20-cm height).
The amount of food provided during the first week of the
experiment was increased gradually. From week 4 to the
end of experiment, 20 g of food, which was completely
eaten within a day, was supplied to each rat per day. Dis-
tilled water was also given to both groups ad libitum.
Temperature and humidity in the animal room were main-
tained at ~23°C and ~55%, respectively, with a 12:12 h
light:dark cycle.

Voluntary activity

During the 17th week after the beginning of the experi-
ment, voluntary activity was determined. Each rat was
assigned individually to a cage (40 x 15 x 14 cm)
equipped with a running wheel (10 cm wide and 37 cm
diameter, Shinano), thereby permitting the rat to run vol-
untarily. The recording was started at 3 p.m. and continued
for 24 h. The total number of wheel revolutions was reg-
istered every 1 h using the connected printer with a
counter (Shinano). The total numbers during the light (3—6
p-m. on the first day and 6 a.m.—3 p.m. the next day) and
dark (6 p.m. on the first day to 6 a.m. the next day) periods,
as well as the total daily activity level, were calculated for
each rat. During the whole-day recording, 20 g of food
was supplied to each cage. Distilled water was also given
ad libitum.
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Tissue sampling and preparation for proteomic
and histochemical analyses

After 20 weeks, the rats in both groups were anesthetized
by i.p. injection of sodium pentobarbital (5 mg/100 g body
weight). Blood was withdrawn into a heparin-coated syr-
inge from the jugular vein before the sampling of the brain
(n = 4 in each group). The diencephalon was isolated from
the sampled brain and frozen in liquid nitrogen. Subse-
quently, the frozen diencephalon was powdered in a liquid
nitrogen-cooled mortar and dissolved in the lysis buffer
(1% triton X-100, 20 mM Tris, 150 mM sodium chloride,
50 mM sodium fluoride, and 1 mM sodium vanadate, pH
7.6) overnight at 4°C. On the next day, the dissolvent was
centrifuged at 1,200g for 10 min, and the supernatant was
saved and stored at —80°C until analyses. Furthermore, the
crude extract of four rats was mixed (1 mg protein per
rat x 4), and the extract containing 4 mg protein in each
group was utilized for the fractionation of phosphoproteins
using Phosphocruz™ Protein Purification System (Santa
Cruz Biotechnology). The obtained phosphoprotein-enri-
ched fraction was also stored at —80°C until analyses.

The remaining rats (n = 3 in each group) were perfused
by 4% paraformaldehyde diluted in 0.1 M phosphate buf-
fer, and the brain was removed and kept in 4% parafor-
maldehyde diluted in 0.1 M phosphate buffer overnight at
4°C. The fixed brains were further placed in 30% sucrose
diluted in 0.1 M phosphate buffer overnight at 4°C. Then,
the brain was frozen in isopentane cooled to —80°C. The
cerebrum was mounted on a cork by using OCT (optimum
cutting temperature) compound (Miles) for the histo-
chemical analyses of the cross-sections.

Hematocrit and hemoglobin content

Hematocrit levels were analyzed by centrifugation of
capillary tubes filled with blood at 11,000 rpm for 5 min
using a high-speed hematocrit centrifuge (Kubota). Further,
the remaining blood was dissolved in 200 parts of hemo-
lysis solution containing 0.02% potassium hexacyanofer-
rate (II), 0.005% potassium cyanide, and 0.1% sodium
hydrogen carbonate. The absorbance at 540 nm was mea-
sured using the spectrometry (SmartSpec’™ Plus, Bio-
Rad). The hemoglobin content (g/dL) was then calculated
(the absorbance x 0.146 coefficient x 200, where 200 is
the dilution factor).

Two-dimensional electrophoresis

The crude extract of diencephalon containing 25 pg protein
was made for each group by mixing an equal amount of
protein (6.25 pg/rat x 4 rats), desalted and precipitated
using 2-D Clean-Up kit (GE Healthcare). The whole
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amount of phosphoprotein-enriched fraction obtained from
the crude extract containing 4 mg protein was also desalted
and precipitated. The precipitate was dissolved in 150 puL
DeStreak rehydration solution containing 0.5% IPG buffer
(pH 3-10, GE Healthcare). The dissolvent, containing the
protein, was absorbed in the dry-strip gel with the pH
gradient 3-10 (7 cm length, GE Healthcare) for 12 h.
Subsequently, the isoelectric focusing was performed using
IPGphor™ system (GE Healthcare). The voltage was
gradually increased from 500 to 5,000 V keeping the cur-
rent constant at 100 pA. The gels were then washed in pure
water for 2 h and incubated in the equilibrating buffer [6 M
urea, 2% sodium dodecylsulfate (SDS), 30% glycerol, and
50 mM Tris-HCI, pH 8.7] containing 1% dithiothreitol or
2.5% iodoacetamide for 15 min at room temperature.
Further, SDS-polyacrylamide gel electrophoresis (PAGE)
was carried out on 10% polyacrylamide slab gel with 1 mm
thickness keeping the current constant at 10 mA per gel for
~3h at 4°C. After two-dimensional -electrophoresis
(2DE), the gels for the crude extract were silver-stained
using SilverQuest™ silver staining kit (Invitrogen),
whereas the gels for the phosphoprotein-enriched fraction
were stained using the staining solution containing 2%
coomassie brilliant blue (CBB), 40% methanol, and 10%
acetic acid for 15 min. After the CBB staining, the stained
gels were washed in the solution containing 20% methanol
and 5% acetic acid for 6 h. The stained gels were then
computerized using a gel image scanner (GE Healthcare) to
compare the spot pattern between the 100 ppm and 3 ppm
Fe groups.

Peptide mass fingerprint

Spots with differences in the expression levels (spots in the
dotted circles of Fig. 3b) were sampled, destained in the
destaining solution (50 mM ammonium hydrogen carbon-
ate and 50% methanol) at 40°C, and ground into small
pieces using a pestle. The gel pieces were then dried using
the centrifugal concentrator (Taitec), rehydrated in 50 mM
Tris-HCI buffer (pH 8.7) containing 5 pM trypsin (Pro-
mega), and incubated overnight at 37°C. The peptide
fragments were collected, concentrated using the centrifu-
gal concentrator, and desalted using ZipTip C18 (Milli-
pore). Ultraflex mass spectrometry (Bulker Daltonics) was
used to obtain the mass spectrum of peptide fragments.
Subsequently, a database search on the MCBI web site was
performed using the obtained mass of peptides.

Western blot
The crude extract was dissolved in an equal volume of

2x SDS sample buffer (20% glycerol, 12% 2-mercap-
toethanol, 4% SDS, 100 mM Tris-HCl, and 0.05%

bromophenol blue, pH 6.7) and adjusted to the final con-
centration of 1 pg protein per pL by 1x SDS sample buffer.
The SDS-PAGE was carried out on 10% polyacrylamide slab
gel with 1.5 mm thickness keeping the current constant at
20 mA per gel for ~1 h at 4°C. Equal amounts of protein
(10 png/10 pL) were loaded into each lane.

After SDS-PAGE, the proteins were transferred to poly
vinylidene fluoride membranes (Bio-Rad) by using the
trans-blot cell (Bio-Rad) keeping the voltage constant at
60 V for 2 h at 4°C. After the transfer of protein, the
membranes were blocked in the blocking buffer [5% non-
fat dry milk in 0.1% Tween 20 in Tris-buffered saline
(TTBS)] for 1 h. The membranes were incubated overnight
at 4°C with anti-70 kDa heat shock cognate protein
(HSC70, 1:1,000, Stressgen) diluted in TTBS containing
5% BSA. Blots were then incubated with horseradish
peroxidase (HRP)-conjugated secondary antibody to mouse
IgG (Cell Signaling Technology) for 30 min. The anti-
body-bound protein was detected by the chemilumines-
cence method using the enhanced chemiluminescence plus
kit (GE Healthcare). After the first immunoreaction, the
blots were incubated in WB stripping solution (Nacalai
Tesque) for 4 h at 50°C to dissociate the antibodies from
the membrane. The blots were again blocked and incubated
with the anti-o-tubulin antibody (1:5,000, Santa Cruz
Biotechnology). The blots were further reacted with
HRP-conjugated secondary antibody to mouse IgG (Cell
Signaling Technology), and the bands were visualized by
the same procedure stated above.

Western blot was also performed following 2DE. The
crude extract containing 10 pg protein was precipitated,
desalted, and dissolved in DeStreak rehydration solution as
stated above. 2DE and subsequent Western blot were car-
ried out following the above-mentioned procedures.
Quantification of the bands and spots was carried out using
image analyzing software (Scion Image). The protein
expression level was represented as the integrated density
of band or spot, which was calculated as the mean density
multiplied by the band area.

Proximity ligation assay

To determine the distribution of HSC70, the magnification
of HSC70 signals was performed by proximity ligation
assay (PLA) [35, 36] by using a commercial kit (Duolink,
Olink Bioscience). The frozen coronal sections in the
diencephalon of perfused rats (4 pm thickness) were made
approximately 3 mm dorsal from the bregma using a
cryostat (Leica Microsystems) maintained at —20°C. The
sections were fixed in 0.1 M phosphate buffer containing
4% paraformaldehyde for 10 min and degreased in 100%
methanol for 10 min at —20°C. The antigen retrieval was
then performed in the target retrieval solution (Dako) for
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20 min at 95°C. The sections were permeabilized in the
phosphate-buffered saline containing 1% Triton X-100 for
15 min, blocked in 1x blocking buffer (Olink Bioscience)
for 30 min at 37°C, and incubated in the mouse mono-
clonal IgG specific to HSC70 (Stress Marq Bioscience),
diluted (1:100) in the antibody diluent (Olink Bioscience)
overnight at 4°C.

On the next day, the sites bound with first antibody were
further labeled by the oligonucleotide-conjugated antibody
specific to the mouse IgG (mouse plus and minus PLA
probe, Olink Bioscience), which was diluted (1:10 for each
probe) with the antibody diluent (Olink Bioscience) for 2 h
at 37°C. Conjugation and ligation of connector oligonu-
cleotide were performed for 1 h for each reaction at 37°C
using the kit (Olink Bioscience). Subsequently, the conju-
gated oligonucleotide was amplified by the DNA poly-
merase (Olink Bioscience) for 3 h at 37°C. The amplified
oligonucleotide was then detected by Texas-red-conjugated
DNA probe (Olink Bioscience). The stained sections were
mounted in the mounting medium (Olink Bioscience) for
the microscopic analysis. The negative control was also
tested for the accurate detection of HSC70. The staining of
the negative control sections was followed by the same
procedures, but the sections were incubated without the
primary antibody.

Image analysis

The portion in the stained section was captured digitally
with a fluorescent microscope system and CCD camera
(BX50 and DP20, OLYMPUS). The numbers of total and
HSC70-positive cells were counted in each portion. Percent
distribution of HSC70-positive cells relative to the total
cells in the portion was also calculated. The number of
cells was counted on both the right and left side and
averaged. Two sections were measured approximately
3 mm dorsal from the bregma in each rat.

Statistical analyses

All values are expressed as means = SEM. Significant
differences between the 100 ppm and 3 ppm Fe groups
were examined by unpaired ¢ test. Differences were con-
sidered significant at the 0.05 level of confidence.
Results

Voluntary activity

During the 17th week after the beginning of the experi-

ment, the total number of revolutions per day was ~ 5,200
in the control rats (100 ppm Fe group) (Fig. 1). The
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Fig. 1 Voluntary activity levels of rats in 100 ppm (open bars) and
3 ppm (solid bars) Fe groups. Total revolutions of the running wheel
per day were measured during the 17th week after the beginning of
experiment. The numbers of revolutions in the light and dark periods
were also calculated. Mean £ SEM. *p < 0.05 versus 100 ppm Fe

group

number of revolutions in the 3 ppm Fe group was signifi-
cantly less (—31%, p < 0.05) than the controls. The rats in
the 3 ppm Fe group also showed significantly less volun-
tary activity during the light (—29%) and dark (—33%)
period compared with the control rats (p < 0.05).

Body weight and hematology

No significant difference was observed in the body weight
between the 100 and 3 ppm Fe groups after the 20 week
experiment (Fig. 2a). The mean hematocrit level in the
100 ppm Fe group was approximately 45%, and that in the
3 ppm Fe group was only 17% (p < 0.05, Fig. 2b). The
blood hemoglobin concentration was also ~73% less in
the rats of the 3 ppm Fe group (4.1 g/dL) than the control
group (15.0 g/dL) (p < 0.05, Fig. 2c¢).

2DE and peptide mass fingerprint

The 2DE gel spots, visualized by silver staining, are shown
in Fig. 3a. Up- or down-regulation of the spot intensity was
not clearly seen in response to the provision of low-iron
diet. Figure 3b shows the magnified images of the 2DE gel
spots in the phosphoproteins stained by CBB. The
expression intensity of spots enclosed by the broken circles
seemed to be greater in the 3 ppm Fe group than in the
control. In addition, the density of the most acidic spot
(arrowheads in Fig. 3b) was remarkably higher in the
3 ppm Fe compared with the 100 ppm Fe group.

The spots enclosed by the dotted circles in Fig. 3b were
sampled and combined, and the proteins in the spots were
determined by the peptide mass fingerprint. The obtained
mass spectrum of the peptide fragments is shown in
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Fig. 2 Body weight (a), hematocrit (b), and blood hemoglobin
concentration (c¢) after 20 week provision of 100 ppm (open bars) and
3 ppm (solid bars) Fe diet. Mean £+ SEM. *p < 0.05 versus 100 ppm
Fe group

Fig. 4a. In this spectrum, 39 peaks with different masses
were detected (Fig. 4b). According to the results of the
MASCOT search, the scores (greater than 60) of six pro-
teins were significant (Fig. 4c). The heat shock protein 8
(70 kDa heat shock cognate protein, HSC70) was identified
in five out of six matched proteins (nos. 1-4 and 6 of the
list shown in Fig. 4c). Figure 4d shows the amino acid
sequence of HSC70, and 34.5% of the full sequence of
HSC70 was detected based on the peptide mass, shown
using red in Fig. 4b.

Expression of HSC70

The expression level of HSC70 was quantified by Western
blot. The total HSC70 level was significantly greater
(+89%) in the 3 ppm than the 100 ppm Fe group (Fig. 5a,
b). No difference was seen in the level of «-tubulin, which

was the internal control of the homogenate (Fig. 5a). Five
spots were detected as HSC70 by Western blot following
2DE (spots a—e in Fig. 5c¢). The intensity of each spot was
not affected by the provision of the low iron diet (Fig. 5d).

Distribution of HSC70

Figure 6 shows the typical staining patterns following PLA
in rat diencephalon. Generally, red signals following PLA
were observed in the cell bodies and the extracellular space
in which nerve fibers and interstitial space were thought to
be exist. The major distribution of cells with the intracel-
lular expression of HSC70 was in the medial region of the
diencephalon, such as the medial habenular nucleus (MH),
post paraventricular thalamic nucleus (PVP), central med-
ial thalamic nucleus (CM), and ventromedial hypothalamic
nucleus (VMH), whereas the higher density of PLA signals
was observed in the extracellular space of the lateral
region, such as the internal capsule (ic, Fig. 6b). The PLA
signal aggregates were also noted in the extracellular space
of the regions close to ic, such as the ventral posteromedial
thalamic nucleus (VPM) and ventral posterolateral tha-
lamic nucleus (VPL), as well as the mammillothalamic
tract (mt). Non-specific staining was not observed in the
negative control, in which the sections were incubated
without the primary antibody (data not shown).

The number of total and HSC70-positive cells was
counted, and the percent distribution was calculated in the
mediodorsal thalamic nucleus (MDC, Fig. 7a—c), VPM
(Fig. 7d—-f), VPL (Fig. 7g—i), ventromedial thalamic
nucleus (VM, Fig. 7j-1), and mt (Figs. 7m—-o, 8) of the
100 ppm and 3 ppm Fe groups. The middle portion,
including MH, PVP, CM, and VMH, was omitted from the
analysis, since most of the cells expressed HSC70 in this
portion of the 100 ppm and 3 ppm Fe groups. In contrast,
the distribution of HSC70-positive cells was minor in ic of
both the 100 ppm and 3 ppm Fe groups. Therefore, this
portion was also omitted from the analysis. The numbers of
both total and HSC70-positive cells in the MDC, VPL,
VM, and mt regions were greater in the 3 ppm than the
100 ppm Fe group (p < 0.05), whereas no significant
effects of iron levels were seen in the percent distribution
(Fig. 7). No significant effects on the distribution of these
cells were induced in the VPM region following the pro-
vision of low-iron diet (Fig. 7d—f).

Discussion
It has been reported that iron-deficient children show
common neurological signs, such as poor school perfor-

mance, decreased cognitive abilities, and behavior
problems [16-18]. However, the precise mechanisms
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Fig. 3 Gel images following
two-dimensional electrophoresis
(2DE) in the crude extract

(a) and the phosphoprotein-
enriched fraction (b). No spots
with clear differences in
expression were observed in the
gels following 2DE using the
crude extract (a). However, the
expression intensity of the spots
enclosed by the dotted circles
seemed to be greater in the

3 ppm than in the 100 ppm Fe
group (b). Further, the density
of the most acidic spot

a
(kDa) 100 ppm Fe
75 - g

15

EE

(arrowheads) was remarkably % Alkaline
higher in the 3 ppm compared b
with the 100 ppm Fe group (kDa)
100 ppm Fe
75 = pp
50 =

%~ Alkaline

responsible for the iron deficiency-related neuropathology
are still unclear. Here we report that greater HSC70
expression and/or increased number of HSC70-positive
cells in the brain might be one of the possible neuro-
pathological factors related to iron deficiency anemia.

Effects of iron deficiency on physical parameters

The provision of a low-iron diet, containing 3 ppm Fe,
caused anemia, as was also reported previously [4, 8, 10].
However, weight gain was not affected by the iron defi-
ciency and anemia. A lower voluntary activity level was
seen in the iron-deficient rats in the present study. The data
agreed with the previous study, which reported that rats
with iron deficiency and anemia performed fewer revolu-
tions in the voluntary wheel running [37]. These observa-
tions indicated that the iron deficiency and anemia
inhibited daily voluntary activity in rats. The water-maze
test was also performed in the same experimental series,
but no differences were seen in the time and distance to the
platform between the 100 ppm and 3 ppm Fe groups (data
not shown). The result suggested that iron deficiency ane-
mia in rats does not affect the learning capability and
cognitive function.

HSC70 expression in brain

Greater expression of HSC70 was observed in the dien-
cephalon of rats with iron deficiency anemia in the present
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study. According to the staining intensity in Fig. 3b, it was
speculated that the level of phosphorylation might be
altered. But the speculation was not correct, although the
total expression was increased. Therefore, it was suggested
that the iron deficiency anemia did not contribute to the
phosphorylation-associated functional changes in HSC70
in the brain.

The constitutively expressed HSC70 and heat-inducible
72 kDa heat shock protein (HSP72) belong to the 70 kDa
family of HSPs in brain [38, 39]. The increased expression
of HSC70 was previously found in the Lewy bodies of the
brain in humans with a clinical history of dementia [32] or
Parkinson’s disease [38]. Increased HSC70 was co-local-
ized with a-synuclein, which is known as the major com-
ponent of Lewy bodies in the Parkinsonian midbrain,
suggesting that HSC70 inhibits the aggregation of aberrant
protein by its chaperoning function [38]. Therefore, the
increased expression of HSC70 indicates the abnormality
of neurons and/or glial cells in the diencephalon of iron-
deficient and anemic rats.

Furthermore, there is a possibility that one of the causes
for lower HSC70 expression in the iron-deficient rats might
be the inhibited daily activity indicated by the wheel run-
ning test. Sumitani et al. [40] reported that HSC70 level in
the hippocampus of mice was increased following severe
long-term exercise. In contrast, Chen et al. [41] reported
that the level of HSC70 in the hippocampus of rats did not
change in response to voluntary or forced (treadmill)
exercise performed from the age of 5 months to 23 months.
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Amino acid sequence of rat heat shock protein 8 (70 kDa heat shock cognate protein, HSC70)

1 mskgpavgid lgttyscvgy fghgkveiia ndggnrttps yvafidter]l igdaakngva mnptntvfda krligrrfdd avvgsdmkhw pfimvvndagr
101 pkvqveykge tksfypeevs smvitkmkei aeaylgktvt navvivpayf ndsqrgatkd agtiaglnvl riineptaaa iaygldkkvg aermvlifdl
201 ggetfdvsil tiedgifevk stagdthlgg edfdnrmvnh fiaefkrkhk kdisenkrav rrirtacera krtlssstqa sieidslyeg idfytsitra

301 rfeelnadlf retldpveka Irdakldksq ihdivivggs tripkigkll gdffngkeln ksinpdeava ygaavqaail sgdksenvgd Illldvtpls
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601 kvenpiitkl ygsaggmpgg mpgefpggga ppsggassgp tieevd

Fig. 4 a Mass spectrum of the peptide fragments analyzed in the
spots enclosed by dotted circles in Fig. 3b. b List of peaks seen in the
spectrum. Thirty-nine peaks were detected. The peaks indicated by
red characters were matched with the protein sequences listed in
c. ¢ Results of the NCBI database search. The distributions (numbers)
of the scores of 44 proteins, shown by the three bars on the left side,
were not significant. But those of six proteins with scores higher than

Therefore, it is still unclear whether the daily activity level
is related to the change in the expression of HSC70 in
brain.

It was further reported that HSC70 was necessary for the
optimal synthesis of myelin basic protein in the oligoden-
drocytes during differentiation [42]. Oligodendrocytes are
one of the glial cells that produce myelin [15]. Iron is
known as the differentiation marker of the oligodendro-
cytes [14, 15]. Badaracco et al. [14] reported that hypo-
myelination was induced in the brain of the iron-deficient
rat pups, whereas the postnatal treatment of apotransferrin
by intracranial injection stimulated myelination. These
investigations indicate that HSC70 and iron accumulation
are required for the normal differentiation and myelination

(Coverage: 34.5%)

60 were significant. The names of those proteins are listed on the
right. Five (nos. 1-4 and 6) out of six proteins were identified as heat
shock protein 8 (70 kDa heat shock cognate protein, HSC70). d Full
amino acid sequence of HSC70. The sequences estimated by the
peptide mass, which are also indicated in b, are shown as red
characters. A total of 34.5% of the full sequence of HSC70 was
detected by the peptide mass, shown in red in b

of the oligodendrocytes. However, the present data showed
inhibited daily voluntary activity in iron-deficient and
anemic rats with greater expression of HSC70 in the brain.
Although the levels of HSC70 and myelination in the oli-
godendrocytes were not checked in the present study, the
differentiation and myelination of the oligodendrocytes
may not be the main causes responsible for the behavioral
outcome, based on the discrepancy with the results of the
previous studies.

Localization and distribution of HSC70

The expression of HSC70 was noted in both cell bodies and
the extracellular space (Figs. 6, 7, 8). Furthermore, the
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Fig. 5 Western blot analysis of q
HSC70 expression in the crude

S 100 ppm Fe
extract of diencephalon.

3 ppm Fe

HSC70
10 -

a Typical blot patterns of
HSC70 (upper) and o-tubulin
(internal control, lower).

b Mean integrated areas of
HSC70 bands. ¢ Spots detected
by Western blot using anti-
HSC70 antibody following two-
dimensional electrophoresis in
the crude extract. Five spots
(a—e) with different isoelectric
points were detected in both the
100 ppm (upper) and 3 ppm
(lower) Fe groups. d Mean
percent integrated area

(density x area) of each spot,
relative to the whole five spots
(a—e), in the 100 ppm (open
bars) and 3 ppm (solid bars) Fe
groups. Mean £+ SEM.

*p < 0.05 versus 100 ppm Fe

group

HSC70

o~tubulin

3 ppm Fe

S Alkaline

PLA signals in the extracellular space were dense in the
lateral region of the diencephalon (Fig. 6). However, the
type of cells that expressed HSC70 in the cell bodies was
not determined.

A greater number of total cells was observed in several
portions of the diencephalon of iron-deficient and anemic
rats (Fig. 7). More HSC70-positive cells were also seen in
these rats, although the percentage of these cells relative
to the total cells was similar to that in the normal con-
trols. These results indicated that severe iron deficiency
anemia induced the morphological alteration of the
diencephalon. A growth-related change in the total
number of cells was not found in the present study
because the size of each region, as well as the brain size
itself, was different between the 3- and 23-week-old rats.
The number of cells in mt, where the outline of the region
was visualized following the HSC70 staining by PLA,
was approximately twofold greater in 3-week-old than
23-week-old rats (data not shown). More cells (+~34%
vs. 100 ppm Fe group), however, were noted in the 3 ppm
Fe group (Fig. 7m), although the number was less than
that in the 3-week-old group (data not shown). Therefore,
it was suggested that the enhanced expression of HSC70
in the individual cells, related to the greater cell number,
might inhibit the growth-associated withdrawal of dien-
cephalic cells in the iron-deficient and anemic rats.
However, the precise mechanisms responsible for the
contribution of HSC70 to the survival or death of dien-
cephalic cells are still unclear.
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It has been reported that diencephalon plays some
role(s) in the somatosensory input to the cerebral cortex
[43, 44]. Therefore, it was speculated that some changes
in the somatosensory system may be induced by iron
deficiency anemia. It was also reported that the VPM,
where no changes were induced by iron deficiency ane-
mia, relayed the thalamocortical input derived from the
whisker to the cerebral cortex [45, 46]. There might be
some region-specific effects of iron deficiency anemia on
the somatosensory system. Effects of iron deficiency
anemia on the functional properties of each region are
still unclear.

Furthermore, the greater expression of HSC70 was
noted in the extracellular space of mt, although the
morphologies of the signal aggregates were different
between the 100 ppm and 3 ppm Fe groups (Fig. 8). For
example, the upper picture of the 3 ppm Fe group in
Fig. 8 indicated large gap areas between the bundle-like
signal aggregates, and there was no clear outline of mt in
the lower picture of the 3 ppm Fe group compared with
the 100 ppm Fe group. These findings also suggest that
morphological changes in the diencephalon may be
induced in rats with iron deficiency anemia. Although the
precise mechanisms are still unclear, the morphological
changes, accompanied by the changes in the expression
and distribution of HSC70, might be related to the neu-
ropathogenesis in the brain of iron-deficient and anemic
rats. Further studies are needed to investigate the func-
tional responses in each region, as well as the relationship




J Physiol Sci (2011) 61:445-456

453

Fig. 6 a Typical staining patterns of HSC70 in the particular
portions of the rat diencephalon. Immunoreacted signals of HSC70
were amplified by proximity ligation assay (PLA, red spots). Nucleus
(blue), which indicates a single cell, was also labeled by Hoe-
chst33342. Note that the red signals, which were detected by PLA,
were generally observed in the cell bodies and the extracellular space
in which nerve fibers and interstitial space were thought to exist.
b The magnified images of HSC70-positive (blue arrowheads) and
HSC70-negative (yellow arrowheads) cells in the medial and lateral
regions of the diencephalon. The areas enclosed by the dotted circles

.ateral region

| N

indicate the extracellular space of the diencephalon, in which the PLA
signals are also present. Pictures also show the higher intensity of the
PLA signals in the extracellular space of the lateral region. CM
Central medial thalamic nucleus, ic internal capsule, MDC central
mediodorsal thalamic nucleus, MH medial habenular nucleus, mt
mammillothalamic tract, PVP post paraventricular thalamic nucleus,
VM ventromedial thalamic nucleus, VMH ventromedial hypothalamic
nucleus, VPL ventral posterolateral thalamic nucleus, and VPM
ventral posteromedial thalamic nucleus. Scale bars 50 pm (a) and
10 pm (b)
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Fig. 7 The mean number of a
total (a, d, g, j and m) and
HSC70-positive (HSC707; b, e, 100 ppmFe  *

C
(%)
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h, k, and n) cells counted in 200 |83 ppm Fe
central mediodorsal thalamic O 1504
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(VPM, d-f), ventral 504
posterolateral thalamic nucleus

0

(VPL, g—i), ventromedial
thalamic nucleus (VM, j-1), and d
mammillothalamic tract (mt,
m-o). The percent distribution
of HSC70™ cells (c, f, i, 1 and
0) is also shown. Mean + SEM.
*p < 0.05 versus 100 ppm Fe
group
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between behavioral and morphological
response to iron deficiency anemia.

changes, in

Conclusions

The provision of a low-iron diet to newly weaned rats for
20 weeks caused severe anemia. The anemic rats showed
less voluntary activity. According to the proteomic analysis
of the diencephalon, greater expression of HSC70 in the
iron-deficient and anemic rats was found. Although the
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modification of HSC70 was not affected by the iron defi-
ciency anemia, the total expression level was greater in the
iron-deficient and anemic rats. According to the results of
the PLA, HSC70 was distributed in the cellular bodies and
the extracellular space. A greater number of HSC70-posi-
tive cells was also observed in the diencephalon of rats fed
a low-iron diet, but this change was induced in parallel
with the number of total cells. Furthermore, HSC70 signals
were generally noted in the extracellular space of mt,
although the morphologies of the signal aggregates were
different between control and iron-deficient and anemic
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100 ppm Fe

3-ppm Fe

3 ppm Fe

Fig. 8 Typical staining patterns of HSC70 (red) and nuclei (blue) in the mammillothalamic tract (mt). Scale bars 50 pm

rats. These results suggested that iron deficiency anemia
caused the morphological changes in the diencephalon and
might be related to the neuropathogenesis. The altered
expression and distribution of HSC70 might play some role
in the morphological changes.
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