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Abstract

Iron is crucial to many processes in the brain yet the percentages of the major iron-containing
species contained therein, and how these percentages change during development, have not been
reliably determined. To do this, C57BL/6 mice were enriched in ®’Fe and their brains were
examined by Mdéssbauer, EPR, and electronic absorption spectroscopy; Fe concentrations were
evaluated using ICP-MS. Excluding the contribution of residual blood hemoglobin, the three
major categories of brain Fe included ferritin (an iron storage protein), mitochondrial iron
(consisting primarily of Fe/S clusters and hemes), and mononuclear nonheme high-spin (NHHS)
Fe!l and Fe!!! species. Brains from prenatal and one-week old mice were dominated by ferritin and
were deficient in mitochondrial Fe. During the next few weeks of life, the brain grew and
experienced a burst of mitochondriogenesis. Overall brain Fe concentration and the concentration
of ferritin declined during this burst phase, suggesting that the rate of Fe incorporation was
insufficient to accommodate these changes. The slow rate of Fe import and export to/from the
brain, relative to other organs, was verified by an isotopic labeling study. Iron levels and ferritin
stores replenished in young adult mice. NHHS Fe!! species were observed in substantial levels in
brains of several ages. A stable free-radical species that increased with age was observed by EPR
spectroscopy. Brains from mice raised on an Fe-deficient diet showed depleted ferritin iron but
normal mitochondrial iron levels.
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Iron plays a major role in generating the chemical energy required for neurological activity,
in that Fe/S clusters and heme groups are abundant in mitochondrial respiratory complexes.
This transition metal is found at the active sites of numerous metalloenzymes in the brain?
and is required for myelin biosynthesis.3 Over a billion people worldwide suffer from
anemia?, and Fe deficiency affects neonatal brain development and cell-mediated
immunity.5 An overabundance of Fe is also problematic, as certain forms of iron,
particularly NHHS Fe!' complexes, promote Fenton chemistry that generates reactive
oxygen species (ROS). The brain may be particularly sensitive to ROS damage because of
its high rate of O, consumption® and limited ability of neuronal cells to be repaired or
replaced.” Moreover, Fe accumulates with age and neurodegeneration.8
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Iron traveling into the brain passes through the blood-brain barrier (BBB).? Fe!'l-bound
transferrin in the blood binds to receptors on the luminal side of the endothelial cells
associated with this barrier.1% Once inside neurons and other cells of the brain, a portion of
the Fe is trafficked to mitochondria, where hemes and iron-sulfur clusters are assembled.
Another portion is stored as ferritin, a spherically shaped protein complex with a hollow
core into which large amounts of Fe can be deposited in the form of magnetically-interacting
Fe!ll oxyhydroxide material.1! Ferritin helps regulate cytosolic Fe concentrations and
sequester Fe that might otherwise generate ROS. Similar forms of Fe are found in
hemosicigrinlz, a degradation product of ferritin, nueromelanin!3, and perhaps mitochondrial
ferritin.

X-ray fluorescence®, high-field magnetic resonance imaging6 and high-resolution
histological stainingl’ have revealed an inhomogeneous spatial distribution of Fe in the
brain. The globus pallidus, putamen, substantia nigra pars reticulata, red nucleus, cerebral
dentate nucleus, the nucleus accumbens and portions of the hippocampus contain high
concentrations of Fe; white matter and the cerebrospinal fluid contain lesser amounts. The
distribution of brain Fe follows the distribution of ferritin whereas the distribution of
transferrin is more homogeneous18, reflecting the dominance of ferritin Fe in the brain.

These imaging methods provide excellent spatial resolution of brain Fe but their ability to
resolve different fypes of Fe-containing species is limited. Mdssbauer spectroscopy can
distinguish different types of Fel?, but it has barely been applied to the brain, perhaps due to
the insensitivity of the technique, the low concentration of Fe in the brain, and the ability of
Mossbauer to detect only °’Fe (2% natural abundance).

We have used Mdssbauer spectroscopy, in conjunction with EPR and UV-vis
spectroscopies, and ICP-MS, to assess the Fe content of yeast mitochondria, vacuoles and
whole cells.20-22 Qur objective in those studies was to evaluate the types and relative
amounts of Fe present in these organelles and cells. In yeast, the two dominant Fe “traffic
hubs” include vacuoles, which store Fe, and mitochondria, which use it to obtain cellular
energy.

Here we apply the same methods to study the iron content of intact ®’Fe-enriched mouse
brains. Previous Mdssbauer studies of the brain have focused on particular Fe-rich
subcomponents of unenriched human brains. These studies found that virtually all Fe in
these regions consists of magnetically interacting, superparamagnetic ferric species,
including ferritin and nueromelanin® 11-14: curiously, mitochondrial Fe, e.g. Fe/S clusters
and heme groups were not observed. This is difficult to rationalize, given the enormous role
of mitochondria in brain function, and the substantial proportion of yeast Fe due to this
organelle. We show here that, besides ferritin-like species, the brains of mice contain
substantial amounts of Fe/S clusters, much of it arising from mitochondria. Also detected
were nonheme high-spin (HS) Fe!! and Fe!!l species. A portion of these mononuclear species
may constitute the labile iron pool (LIP) and which may participate in ROS-generating
reactions.

Experimental Procedures

Animal care and dissection

C57BL/6 mice were raised and manipulated in accordance with the TAMU Animal Care and
Use committee (AUP 2011-223). Mice were housed in disposable plastic cages (Innovive
Innocage Static Short) with all-plastic water bottles and plastic feeders with zinc
electroplated reinforcements. Mice were fed Fe-deficient chow (Harlan Laboratories, Inc.
Teklad 1D #80396) supplemented as follows. For experiments involving 56Fe or 57Fe, the

Metallomics. Author manuscript; available in PMC 2013 August 25.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Holmes-Hampton et al. Page 3

Densities

chow was supplemented with 50 pg/g of either natural abundance Fe citrate or 5’Fe citrate
(IsoFlex USA) prepared as described.22 For each kg of chow, 22 mL of a 40 mM stock
solution of Fe citrate (adjusted to pH 7) was added. The chow was further moistened with
ca. 45 mL of double-distilled water containing 0.6 ng Fe/g water. The chow was compressed
into pellets, heated at 100°C for 20 min, and then stored at —20°C in zip-locked plastic bags.
Samples of the 7 batches of this chow examined contained an average of 33 + 2 g Fe/g
chow as determined by ICP-MS.

Fe-deficient pups were born to a mother that was fed the Fe-sufficient diet until ~3 days
prior to birth when her diet was switched to Fe-deficient (1.2 png Fe/g chow). Fe-deficient
animals received water that was house-distilled, deionized using ion-exchange columns
(Thermo Scientific 09-034-3), and distilled again using a sub-boiling still (Savillex
DST-1000). The resulting sub-boiling distilled water contained 0.02 ng Fe/g water.

Each cage contained ca. 200 g of synthetic bedding (Ketchum Omega Dry) with 1.5

g %6Fe/g. Nestlets (Ancare) that were included in the cages of pregnant females weighed ~
10 g and contained 20 g 6Fe/g. Nitrile gloves were worn when mice, chow, water,
bedding, etc. were handled. So-called “58Fe-enriched” mice were treated equivalently but
were raised on chow supplemented with natural-abundance Fe citrate.

Mice were euthanized by an IP injection of a solution that provided 3 mg ketamine and 0.5
mg xylazine per 20 g body wt. Immediately after breathing ceased and the heart stopped
beating, animals were imported into a refrigerated (5 — 10° C) argon-atmosphere glove box
(MBraun Labmaster) containing between 2 — 20 ppm O, where all dissections and tissue
manipulations were performed. The “hands” of a pair of standard butyl rubber gloves on the
box were cut off and replaced with tight-fitting surgical gloves using custom-designed
plastic cuffs. The open end of each surgical glove was stretched over one end of a cuff and
secured with two O-rings that fit into grooves on the cuff. The other end of the cuff was
attached similarly to a butyl rubber glove, the other end of which was secured on the box
glove port in standard fashion.

Unless noted otherwise, animals were perfused with Ringer’s buffer (155 mM NaCl, 5 mM
KCI, 2 mM CaCly, 1 mM MgCl,, 2 mM NaH,PQOy4, 10 mM HEPES, 10 mM glucose, and
~10 U heparin/mL). A 27 gauge 1/2” long stainless-steel needle was inserted into the left
ventricle of the heart, and buffer was pumped at ca. 0.7 mL/min. After ~1 min, the
descending aorta was severed, and pumping continued for an additional 1-2 min until
blanching of the liver was evident. For some dissections, blood diluted with Ringer’s buffer
was collected.

Immediately after perfusion, brains and other organs were isolated by dissection using
stainless steel and/or titanium instruments. The ®/Fe concentration of a 50 mL solution of
Ringer’s buffer into which the stainless steel instruments were immersed for 30 min
increased by 190 nM. This is far longer than animals contacted the instruments. Thus, an
insignificant amount of °/Fe was leached from these instruments during dissections and
none of the Fe-associated features observed in the spectra originated from them.

Masses of dissected brains were determined using an analytical balance (Toledo Mettler
Model AB104) in the glove box. Volumes were measured using a 10 mL graduated cylinder
into which a Delrin screen, supported by a thin plastic line, was submersed in buffer. Brains
were submersed into the cylinder and the displaced volumes were measured. Densities were
determined for 6 samples; an average value of 1.17 g/mL was obtained, similar to the
reported value of 1.06 g/mL.23 The latter value was used for all calculations.
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Mdssbauer Spectroscopy

Whole brains were anaerobically loaded into Delrin Méssbauer cups and frozen as
described.24 Low-field spectra were collected using a model MS4 WRC spectrometer (SEE
Co, Edina MN). High-field (6 T) and low-field spectra were collected at 4.3 K using a model
12CNDT-6T spectrometer (SEE Co, Edina MN). Spectra were analyzed using WMOSS
software (SEE Co, Edina MN). Parameters are reported relative to a-Fe foil at room
temperature.

EPR and UV-visible spectroscopy

ICP-MS

Results

Following Mdssbhauer analysis, brains were transferred to disposable plastic 15 mL tubes
containing an equal volume of Ringer buffer. Samples were homogenized for 1 min using a
plastic rotary knife inserted into a tissue grinder (Omni TH). For EPR measurements,
homogenates were packed (4,000xg, 10 min) and frozen in custom quartz tubes as
described.24 Spectra were collected on an X-band spectrometer (EMX, Bruker Biospin
Corp., Billerica MA) with an Oxford Instruments ER910 cryostat. For UV-Vis
measurements, samples were transferred to a 2 mm pathlength custom-designed quartz
cuvette (NSG Precision Cells), sealed anaerobically with a septum. RT UV-vis spectra were
collected on a Hitachi 4400U spectrophotometer with a head-on photomultiplier tube.
Spectra were analyzed as described for specific heme &, heme b, and heme ¢ content as
described.20

The contributions of blood from the UV-vis spectra of brain homogenates were removed,
based on the percentage contribution of deoxyhemoglobin present in corresponding
Massbauer spectra of the same brain sample. This percentage was multiplied by the
concentration of Fe in the sample, affording the concentration of hemoglobin (typically ~ 20
pM). The UV-vis spectrum of 100-fold diluted blood was determined (Figure S5), as was
the Fe concentration of undiluted blood (7.6 mM Fe). The spectral absorbance was scaled
based on the ratios of Fe concentrations in blood vs. in the brain samples, and the scaled
spectra were subtracted from the raw UV-vis spectra of the corresponding brain
homogenate.

Homogenized brain samples were transferred to plastic tubes containing 350 pL of
concentrated trace-metal-grade nitric acid (Fisher). After overnight digestion at 90° C,
samples were diluted with 6.5 mL of H,O and analyzed by ICP-MS (Agilent model 7700x).
The H,0 used was sub-boiling distilled as described above.

S7Fe-enrichment

The concentration of Fe in the mouse brain was so low (Tables 1) that >’Fe enrichment was
required for Mossbauer studies. To evaluate enrichment rates, mice born to an *6Fe-enriched
mother were fed 5Fe-supplemented chow immediately after weaning. Their brains enriched
slowly such that only partial 5’Fe-enrichment was achieved after 58 wks on the 7Fe-
supplemented diet (Figure 1). Other organs, including liver, spleen, heart, and kidney
enriched faster and to a greater extent than the brain, with the duodenum enriching fastest
(Tables S1 — S3). The slow incorporation of °’Fe into the brain was probably due to the
blood-brain barrier.? Cu, Mn, Zn, Mo and P concentrations in these organs were also
determined (Table S4 — S8).

The rate of Fe enrichment was biphasic, with the transition from fast to slow phase
occurring 4-6 wks postpartum. During the fast-enrichment period, the total nanomoles
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of %6Fe in the brain declined rapidly while that of 5’Fe increased gradually (Figure 1). The
overall concentration of Fe in the brain declined during the fast-enrichment phase, followed
by a gradual recovery in the slow-enrichment phase. Brain mass increased rapidly during the
fast-enrichment phase and slowed thereafter. The concentration of 3’Fe in the brain
increased with each generation raised under 5’Fe-enrichment conditions, maximizing at ~
80% after about 3 generations. Thus, Mossbauer spectra were typically collected from
animals raised under 3’Fe-enrichment conditions for > 2 generations.

Brains from three wk old mice

The low-temperature low-field Mossbauer spectrum of a 3-wk old brain exhibited 4
discernible features. A sextet typical of ferritin-bound Fe!!l ions dominated (Figure 2A); the
blue line is a simulation with 6 = 0.5 mm/s, AEg =-0.3 mm/s and I = 0.6 mm/s. At 70 K,
this feature collapsed into a doublet (& = 0.5 mm/s and AEq = 0.7 mm/s) (Figure 2B),
similar to the behavior of authentic ferritin.2> The baseline of the 70 K spectrum did not
reveal underlying features. When a 6 T field was applied at 4.3 K, the resulting pattern
(Figure 2C) associated with this feature was again indistinguishable from that of ferritin. We
conclude that this feature arises from ferritin, but other magnetically interacting Fe!!! ions
such as Fe-bound haemosiderinZ®, neuromelanin3 or mitochondrial ferritinl4 could have
contributed.

Another major feature in the spectrum was a quadrupole doublet with 6 = 0.45 mm/s and
AEq = 1.15 mm/s; these values are typical of S=0 [FesS4]?* clusters and low-spin Fe!
heme centers. At 6 T, the splitting pattern observed for this so-called Central Doublet (CD)
was simulated (Figure 2C, purple line) confirming the expected diamagnetism. A doublet
with identical parameters in spectra of isolated mitochondria from yeast2? arises primarily
from respiratory complexes, and so we assign the majority of the CD intensity in brain to
mitochondrial respiratory complexes.

The spectrum also exhibited a quadrupole doublet with & ~ 1.4 mm/s, AEq ~ 3.3 mm/s
arising from one or more NHHS Fe!! species. This is simulated by the green line in Figure
2B. These parameters are typical of such complexes with 5 — 6 O/N donor ligands. Most
evident in the 70 K spectrum was the doublet from HS Fe!l heme centers (Figure 2B, yellow
line).

UV-vis spectra of corresponding brain homogenate (Figure 3D) revealed the Soret, a and B
bands indicating reduced hemes. These features were similar to those of yeast
mitochondria??; their concentrations were quantified and are listed in Table 1.

Low-temperature EPR spectra of packed 4-wk mouse brain homogenates (Figure 4) were
virtually identical to those of a 3-wk old animal but were slightly more intense. The spectra
exhibited overlapping signals in the g = 2 region. Resonances at g = 1.93 and 1.86 probably
arose from the S = % [Fe,S,]** cluster of succinate dehydrogenase and the reduced Rieske S
= 1 [FeyS,]1* cluster associated with cytochrome bc;, respectively.20 Also evident was an
isotropic signal at g = 2.00, probably from an organic radical. The weak signal at g = 4.3
undoubtedly arose from mononuclear HS Fe!ll species with rhombic symmetry. The origin
of the derivative-like feature at g = 2.16 is uncertain. Spin quantifications are listed in Table
1.

Brains from iron-deficient mice

A pregnant 5’Fe-enriched mouse was switched to Fe-deficient chow 3 days prior to giving
birth, and her offspring were euthanized 3 wks later at which time they displayed alopecia
(Figure S3), an indicator of Fe-deficiency.28 Also, the average Fe concentration in their
livers (260 M) was nearly 6-fold lower than in Fe-replete livers. Beard et a/. found a 4-fold
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decline of liver Fe in mice fed an Fe-deficient diet for 8 wks.2” The average Fe
concentration in their brains (Table 1) was also less than in Fe-sufficient brains, but the fold
change was less dramatic. Mdssbauer spectra (Figure 2D) exhibited less of the ferritin sextet
relative to Fe-sufficient brains, while, unexpectedly, the CD (purple line) was more intense.
Also surprisingly was that the absolute concentration of the CD Fe in these brains was
slightly Aigherthan that in comparable Fe-sufficient brains (75 uM vs. 55 uM). A minor
NHHS Fe!! feature was evident (Figure 2D, green line). EPR and UV-vis spectra of Fe-
deficient brains exhibited the same suite of signhals and comparable intensities as were
observed in spectra from brains of Fe-sufficient mice.

Prenatal brains

Prenatal mice could not be perfused, such that the quadrupole doublet due to hemoglobin in
the corresponding Mdssbauer spectra was more intense than in the 3-wk brain spectra. The
exact position of the heme doublet (6 = 0.96 mm/s, AEq = 2.35 mm/s) was also shifted
slightly relative to that in other spectra, due to the presence of fefa/hemoglobin in prenatal
brains.28

The average Fe concentration in the prenatal brains (Table 1) included a significant
contribution from blood (~ 100 tM). Since the concentration of Fe in undiluted blood was
7.8 mM (Table S9), we calculate that ~ 1.3% of the dissected prenatal brain volume was
occupied by blood. This underestimates the value in living animals, as some blood exited the
tissue during dissection. Apart from the blood contribution, the Mdssbauer spectrum of
prenatal brains was dominated by the ferritin sextet, with only a minor percentage due to the
CD (Figure 2E, Table 1) A NHHS Fe!! doublet was evident (arrow), with intensity
comparable to that of the 3 wk brain spectrum. The UV-vis spectrum of prenatal brain
homogenate (Figure 3A) was dominated by features due to fetal hemoglobin; other heme-
based species (e.g. mitochondrial cytochromes) could not be discerned. Intensities of EPR
signals from the prenatal brain homogenate were diminished relative to those in other
spectra (Figure S4A). These results indicate that prenatal brains were deficient in
mitochondria, with most Fe present as ferritin or ferritin-like species.

Brains from mice at different ages

Massbauer spectra of brains from mice of different ages (Figure 2, E — G, and Figure S1)
showed an age-dependent /ncrease in the percentages of the CD and a relative decreasein
the ferritin-like sextet. This is indicated most reliably by the ferritin:CD intensity ratios
(Table 1) which was highest for prenatal brains and lowest at 4 wks. Mdssbauer spectra of
the 24 and 58 wk brains exhibited age-dependent increases in the percentage of the ferritin-
like sextet and decreases in the CD. UV-vis spectra also showed an age-dependent increase
in cytochromes at early ages (Figure 3). EPR spectra exhibited increasing intensities of the
signals in the g = 2 region (Figure S4), including features that likely originate from
mitochondria. The radical signal at g = 2.00 also increased with age, while the g = 4.3 signal
intensity was age-invariant.

Discussion

During the 150 year history of studying Fe in the brain, the vast majority of imaging studies
have involved staining the brain with Fe chelators, e.g. using Perls’ stain.29 This gives
useful, albeit qualitative, estimates of the distribution of Fe. Quantitative estimates of brain
Fe concentrations have been obtained by analytical methods (e.g. AA and ICP). Since the
mid 1980’s, the distribution of brain Fe has been monitored indirectly using NMR
spectroscopy.30 With this technique, Fe is detected indirectly, in that ferritin and other
magnetic forms of Fe shorten T, relaxation times.31 Magnetic susceptibility contrast
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measurements have also been used as a reporter of brain Fe in MRI studies.32 These are very
powerful techniques, but they also have limitations. They can only detect magnetic forms of
Fe, such that diamagnetic Fe are not detected. Non-iron paramagnetic metal ions will also
affect NMR-based measurements, which complicate analyses.33

X-ray absorption spectroscopy does not suffer from these problems, and has also been used
to evaluate the spatial distribution of brain Fe.33: 34 This method measures Fe directly,
regardless of magnetic properties, and has some ability to distinguish oxidation states. XAS
methods have shown that the brain contains both Fe!' and Fe!!! ions, with the Fe!!! state
dominating.3* Wang et al.3° and Pushie et al.1® used synchrotron X-ray fluorescence
spectroscopy to map the distribution of Fe and other metals in the mouse brain. However,
the type of Fe centers, including oxidation states and coordination environments, could not
be determined.

Madssbauer spectroscopy can play a complementary role to these other spectroscopic
method, as it has unique strengths and weaknesses. The low-sensitivity of standard
Massbauer spectroscopy precludes its use in spatially resolving brain Fe, and the
requirement for °’Fe-enrichment limits the technique (for practical reasons) to the study of
rodent brains. Although it might be possible to study micro-dissected regions of a mouse or
rat brain, this would take many animals and thus we have focused in this initial study on
whole intact mouse brains. Thus, our results reflect the average of all of the *”Fe nuclei
distributed inside the brain, without any spatial resolution. Mossbauer spectroscopy also has
distinct and powerful advantages, relative to these other spectroscopic methods, in its ability
to resolve different types of Fe centers in the brain and to determine, with great precision,
the percentage of each type of Fe present. No other method can compete with Mdssbauer
spectroscopy in this regard.

Comparison to Previous Mdssbauer Studies

The only type of Fe observed in previous Mdssbauer studies of the brain was a sextet due to
ferritin or ferritin-like Fe.11:36.37 The Mossbauer spectra presented here are significantly
different in that other types of Fe were observed. Why none of the previously published
spectra of brain displayed the CD, a heme quadrupole doublet, or NHHS Fe!l species is
puzzling but perhaps rationalize-able. Previous studies utilized human brains which were
unenriched in ®"Fe; this diminished the spectral quality greatly such that minor species, e.g.
NHHS Fe!!, could have gone undetected. That does not explain why intense features, like
those originating from heme centers or the CD, would not have been observed. We suspect
that blood would have been drained from postmortem human samples, explaining the
absence of spectral features due to hemoglobin. Previous spectra were exclusively obtained
on Fe-rich regions of the brain (e.g. the substantia nigra), which may be dominated by
ferritin Fe. The averaged Fe content of the entire brain may not be dominated by ferritin to
this extent. More speculatively, the human donors were generally at the end of their natural
lifespan, and older brains may possibly contain more ferritin than younger and middle-aged
ones, the age periods we have studied here.38 Finally, the concentration of Fe in the average
human diet may be higher, relatively speaking, than in our mouse chow, which could
translate into relatively more ferritin and less CD in the human brain. Further studies are
required to examine each of these possibilities.

Incorporation of Fe into Brain

In this study, we found that young mouse brains exchanged Fe rapidly during the rapid
growth phase, including the export of Fe. This resulted in an overall decline in the
concentration of Fe in the brain. During this period, the brain appears to grow faster than
could be maintained by the rate of Fe import, such that ferritin stores were activated. With
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age, the dynamic exchange of Fe slows, brain growth slows, and the concentration of Fe in
the brain recovers. During the first month of life, the proportion of stored Fe declines while
the proportion of mitochondrial Fe increases. As the animals become adults, the proportion
of stored Fe increases again. In our study, the concentration of mitochondria did not decline
noticeably up to 58 wks; we are currently investigating whether mitochondrial levels decline
towards the end of the animal’s natural lifespan, as has been reported.’

A decline of Fe concentration in the brain immediately after birth has been reported.3%-41
Keen and Hurley measured age-dependent brain Fe concentrations in hybrid mice.3 At
birth, Fe concentrations were 17.3 g Fe/gm brain wet wt (which corresponds to 330 uM
using the same density assumed here). By days 5 — 8, the brain contained 8.6 jg Fe/gm
(160.M). By day 60, [Fe] returned to newborn levels.

Burst of Mitochondriogenesis

In yeast cells, the Mdssbauer CD and HS heme doublet, the g = 1.94 and 1.90 EPR signals
and the heme a, b, and ¢ UV-vis signals arise primarily from the mitochondrial respiratory
complexes?0, and so we have assigned the analogous features in brain spectra similarly. The
intensity of these signals, considered collectively, undoubtedly reflects the concentration of
mitochondria in the brain. The ferritin-like sextet in the Mdssbauer spectrum reflects brain
Fe that is stored. These assignments are supported by a recent study of the ironome of
human Jurkat cells and their isolated mitochondria.*?

Our results show that most of the Fe in the brain of prenatal and hewborn mice is stored, and
that during the first month of life, the proportion of stored Fe declines while the proportion
of mitochondrial Fe increases. As the animals move into adulthood, the proportion of stored
Fe in the brain increases again. We did not detect an overall decline in the concentration of
mitochondria with age up to 58 wks; further studies are underway to determine whether
mitochondrial levels decline towards the end of the animal’s natural lifespan. Mitochondrial
levels have been reported to decline with age due to mitophagy.’

These results, in conjunction with those of the °’Fe incorporation study, suggest a
connection between this burst of mitochondriogenesis and an increase in brain activity
(Figure 5). Before birth and immediately thereafter, the level of brain activity is low and so
might be the demand for energy. During this period, Fe is slowly imported into the brain
where most of it is stored as ferritin or ferritin-like material. During the first few weeks of
life, there is an increased level of brain activity as the animal’s eyes open and they explore
their environment. The increased brain activity increases the demand for more chemical
energy, prompting a burst of mitochondriogenesis. This demand for Fe is beyond that at
which Fe can be imported into the brain. Thus, the brain draws upon its Fe stores to build
the requisite Fe/S clusters and heme centers. The scarcity of Fe is exacerbated by the rapid
increase of brain volume during the same period, resulting in the overall decline in the Fe
concentration in the brain. Eventually, the burst of mitochondriogenesis slows, as does the
rate of brain growth. The brain replenishes its Fe stores, via the slow import of Fe from the
blood, and it reestablishes a higher overall Fe concentration.

This model is consistent with previous results. Pysh and co-workers used electron
microscopy to determine the proportion of rat cell volume (in the inferior colliculus) due to
mitochondria during different stages of development.*3 The mitochondrial profile number
was relatively low during the first few postnatal days but increased rapidly thereafter,
leveling off at ca. 25 days postnatal. The mitochondrial volume fraction increased 6-fold,
reaching 9% of tissue volume in adults. Interestingly, there was no correlation of
mitochondria with synapse concentrations, rather, the rate of mitochondriogenesis correlated
with increased levels of synaptic activity.
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Effect of Iron deficiency

Our results indicate that the regulation of brain Fe is sensitive to dietary changes. The brain
responds to Fe deficiency by reducing levels of stored ferritin Fe while maintaining normal
mitochondria levels. Ten-day old rats fed an Fe-deficient diet for 28 days showed a 27%
decline in non-heme brain Fe*4, similar to the 25% decline that we observed. Interestingly,
in our study, the concentration of mitochondria in Fe-deficient brains was actually Aigher
than observed in Fe-sufficient animals at any developmental stage examined. Explaining this
counterintuitive result will require further study, but Fe regulation in the brain is
undoubtedly complex, and the brain is probably protected from organism-level Fe
deficiencies. In other studies, levels of the brain Fe-containing proteins tyrosine hydroxlase,
tryptophan hydroxylase, monoamine oxidase, succinate hydroxylase and cytochrome cin Fe
deficient animals were also normal.*> Mackler et a/%6 reported that the levels of
cytochromes gand ¢ were normal under Fe deficient conditions, and that that the level of
cytochrome 6 was only slightly reduced relative to in Fe-sufficient mitochondria.
Neurological problems may only arise if the Fe deficiency is so severe that all storage forms
of Fe in the animal have been exhausted and the brain can no longer be protected from the
deficiency.

Mononuclear Nonheme high-spin Ferrous and Ferric Species

Our results indicate the presence of substantial amounts of NHHS Fe!! in the mouse brain.
NHHS Fe!l complexes are generally less tightly coordinated than LS complexes and they
exhibit more rapid ligand-exchange. Such properties would be expected for trafficking Fe
and for complexes that undergo Fenton chemistry. Three of our Mdssbauer spectra clearly
indicate the presence of substantial concentrations of NHHS Fe!l species in the brain (-1
wk, 3 wks, and Fe-deficient). In these cases, the concentration of all NHHS Fe!! species in
the mouse brain was ~ 20 uM. The NHHS Fe!! doublets were broad, suggesting that many
NHHS Fe!l species contribute. The NHHS Fe!! doublet in the other brain Méssbauer spectra
were present but less well resolved.

The g = 4.3 EPR signal was present in every brain homogenate examined; this indicates the
presence of HS Fe!!l ions with rhombic symmetry in the brain. The quantified intensity of
this signal indicates that these Fe!!! species are present at a combined concentration of ~ 100
nM. A portion of these species are undoubtedly Fe!! and Fe!!! ions bound tightly in the active
site of enzymes in the brain; perhaps some is present as Fe!!l transferrin.4” Another portion
may be involved in trafficking and/or the Labile Iron Pool (LIP).48-50 Such species have not
been observed in previous Mdssbauer and EPR studies of the brain.51-53

Other groups have reported the presence “chelatable”, “free, “labile” or “loosely-bound Fe
in the brain. These pools of Fe are defined operationally, i.e. as the Fe in supernatant
fractions of brain extracts treated with Fe chelators and then spun by centrifugation. Sohal et
al®* measured bleomycin-chelated and ferrozine-chelated (called nonheme) Fe in the mouse
brain, and observed an age-dependent increase of nonheme Fe but not bleomycin-chelatable
Fe. Magaki et a/.>®> measured “loosely bound iron” and “non-heme iron”, defined
operationally, in 6, 12, and 24 week old mouse brains. They found that loosely bound Fe
represented 20% — 30% of non-heme Fe, with the latter type of Fe increasing with age and
the former decreasing slightly or remaining constant. Using chelator induced calcein-
quenching, Kaur et al.>® found that an operationally defined LIP in mouse brain increased
with age. Other LIPs are defined by staining the brain directly. Using high-resolution
histological staining methods, Meguro et a/17 reported substantial amounts of (again,
operationally defined) nonheme Fe!! and Fe!ll species distributed heterogeneously
throughout the rat brain. They determined that the levels of these species increase with the
age of the animal.
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All of these previously reported LIPs, defined by their chelation ability, differ fundamentally
from the mononuclear HS Fe!' and Fe!!! species observed here. The species we observed are
defined solely by their spectroscopic properties, not by their chelation properties. Comparing
the two will require establishing the chelation properties of the species we observe and the
spectroscopic properties of the chelatable Fe species reported previously.

Spin radical species

The radical species detected here may be physiologically relevant since samples were
prepared in the absence of O, which minimizes the possibility of generating artifactual
radical signals during sample preparation. Transient radicals in the brain have been detected
using spin-probes®’ but the radical detected here is fundamentally different because it is
stable in the absence of such probes (radical probes trap unstable radicals). Radical species
are cleared from the brain faster in young mice than in old, suggesting that the reducing
capacity of the brain may decrease with age.>8 These changes may be related to the age-
dependent increase in the stable radical species that we observed by EPR. Most theories of
aging involve the age-dependent accumulation of ROS®9, which could be responsible for the
gradual build-up of the stable radical.

Conclusions

Our study provides new insights into Fe metabolism, trafficking and homeostasis in the
brain. We have enriched mice with °’Fe and have used Mdssbauer spectroscopy, along with
EPR, UV-vis and ICP-MS, as biophysical probes of the types of Fe centers contained in the
mouse brain at different stages of development. We quantified the rates of Fe incorporation
into the brain, and found that Fe is imported slowly, relative to the rate of import into other
organs. The slow rate of Fe incorporation into the brain is probably due to the tight
regulation at the BBB. The rate of Fe incorporation is biphasic, with a rapid phase occurring
in very young animals and a slower phase occurring in adult animals. During the rapid Fe-
incorporation phase, the brain grows rapidly, and the level of brain activity increases. As
such, ATP-generating mitochondria are being generated rapidly. This creates a high demand
for Fe. This demand cannot be met solely with newly imported Fe. As a result, the
concentration of Fe in the brain declines and some ferritin-stored Fe is released and used for
mitochondriogenesis. As brain growth and mitochondriogenesis slow, the Fe import rate
becomes sufficient to allow some of the imported Fe to be stored once again.

The brain contains substantial concentrations of NHHS Fe!! and Fe'!! species a portion of
which may be used in trafficking and homeostasis. Iron in this category is known to undergo
the Fenton reaction to generate reactive oxygen species which is associated with aging.
Further studies are required to determine whether the detected Fe species actually participate
in such reactions. We observed a stable organic radical EPR signal which increased with
age, consistent with the ROS theory of aging. Only ferritin-like Fe was observed in previous
Massbauer studies of the human brain, possibly because only Fe-rich regions were
examined, and/or because of differences in the age and/or diets of the mice vs. human
involved. We demonstrated that the Fe content of the brain is sensitive to diet, in that stored
Fe was preferentially utilized when mice were Fe-deficient.

The methods developed here are widely applicable, and could be applied to any and all
mouse organs, including those found in transgenic animals with various Fe-associated
disorders. This approach may reveal differences in Fe metabolism, trafficking and/or
regulatory homeostasis, and thus significantly impact the mechanistic study of Fe-related
diseases.
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Figure 1. Enrichment of 37Fe into ®®Fe-enriched mice

Upper plots refer to the % 57Fe scale, including solid triangles (duodenum), circles (average
of liver, kidney, heart and spleen) and squares (brain). Solid diamonds in the middle plots
refer to total [Fe] in the brain; open triangles refer to brain mass. In the lower plots, open
circles and squares refer to nmoles of %Fe and ’Fe in the brain, respectively. Individual
values and statistics are in Tables S1-S3.

Metallomics. Author manuscript; available in PMC 2013 August 25.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Holmes-Hampton et al. Page 16

absorption [%]

-0.2 4

1
T T | T T T T I T T T T | T T T T I T T T T I T T

-10 -5 0 5 10
velocity [mm/s]

Figure 2. Mdssbauer spectra of brains isolated at different ages
Spectra were collected at 6 K and with a 0.05 T field applied parallel to the radiation unless

otherwise noted. A, 3 wk brain; B, same as A but at 70 K; C, same as Abutat 43 Kand 6 T
field applied perpendicular to the radiation; D, 3wk Fe-deficient brain; E, —1wk brain; F, 4
wk brain; G, 58 wk brain. Red lines are composite simulations for E — G. Simulations
assumed parameters mentioned in the text and percentages in Table 1. The vertical dashed
line shows the position of the high-energy line of the central doublet. The arrow in E shows
the position of the NHHS Fel!! feature. Hj,; values associated with the ferritin sextet ranged
from 480 — 506 kG, perhaps reflecting subtle differences in the ferritin core structure.
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Figure 3. UV-vis spectra of brains isolated at different ages

A, -1 wk; B, 1 wk; C, 2wks; D, 3 wks; E, 3 wks and Fe-deficient; F, 4 wks; G, 24 wks; and

H, 58 wks. Intensities at wavelengths > 500 nm were multiplied by 5. Contributions due to
hemoglobin have not been removed in the displayed spectra.
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Figure 4. EPR spectrum of 4 wk brains

Highlighted EPR signals in the bottom panel are indicated by arrows. Conditions:
temperature, 4 K; microwave frequency, 9.43 GHz; microwave power, 0.2 mW; modulation
amplitude, 10 G; sweep time, 335 sec; time constant, 164 msec. The average of 10 scans is
shown. Spectra of brains isolated from animals at other ages are given in Fig. S4. The inset
shows the relative intensity of highlighted features as a function of age. Plots are offset by
arbitrary amounts.
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Figure 5. Model of Fe utilization in the developing mouse brain

During the first ~ 4 wks of life, the mouse brain grows rapidly and exhibits a rapid dynamic
exchange of Fe with the blood, including both import and export of Fe to/from the brain.
Early during this period most of the Fe in the brain is present as ferritin or ferritin-like
material. During the first week or so of life, brain growth and mitochondriogenesis are so
fast that Fe cannot be imported rapidly enough to maintain the overall [Fe] in the brain. The
decline in [Fe] within neuronal cells causes some ferritin-like Fe to be released, with much
of that Fe used for mitochondriogenesis. Gradually, the [Fe] in the brain recovers, rates of
dynamic Fe import/export slow, and a greater proportion of Fe becomes stored as ferritin.
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