1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

"% NIH Public Access
@@‘ Author Manuscript

2 HEpst

NATIG,

O

Published in final edited form as:
J Neurochem. 2004 February ; 88(4): 813-820.

Brain capillary endothelium and choroid plexus epithelium
regulate transport of transferrin-bound and free iron into the rat
brain

Rashid Deane”, Wei ZhengT, and Berislav V. Zlokovic”

*Frank P. Smith Neurosurgical Research Laboratory, Department of Neurosurgery, University of
Rochester Medical Center, Rochester, New York

TPurdue University School of Health Science, West Lafayette, Indiana, USA

Abstract

Iron transport into the CNS is still not completely understood. Using a brain perfusion technique
in rats, we have shown a significant brain capillary uptake of circulating transferrin (Tf)-bound
and free %9Fe (1 nM) at rates of 136 + 26 and 182 + 23 pL/g/min, respectively, while their
respective transport rates into brain parenchyma were 1.68 + 0.56 and 1.52 + 0.48 pL/g/min.
Regional Tf receptor density (Bmax) in brain endothelium determined with 123|-holo-Tf correlated
well with 59Fe-Tf regional brain uptake rates reflecting significant vascular association of iron. Tf-
bound and free circulating ®°Fe were sequestered by the choroid plexus and transported into the
CSF at low rates of 0.17 £ 0.01 and 0.09 + 0.02 pL/min/g, respectively, consistent with a 10-fold
brain-CSF concentration gradient for °9Fe, Tf-bound or free. We conclude that transport of
circulating Tf-bound and free iron could be equally important for its delivery to the CNS.
Moreover, data suggest that entry of Tf-bound and free iron into the CNS is determined by (i) its
initial sequestration by brain capillaries and choroid plexus, and (ii) subsequent controlled and
slow release from vascular structures into brain interstitial fluid and CSF.
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Iron (Fe) is essential for normal brain development and functions. However, high levels of
Fe are neurotoxic and associated with development of neurodegenerative disorders (Connor
and Benkovic 1992; Gerlach et al. 1994; Beard et al. 1996; Smith et al. 1997; Zheng 2001,
Bishop et al. 2002; Thompson et al. 2003). A number of iron-binding transport proteins
including transferrin (Tf), divalent metal transporter (DMT1), melanotransferrin (p97) and
lactoferrin have been suggested to regulate Fe transport in the CNS (Jefferies et al. 1996;
Moos 1996; Berg et al. 2001; Qian and Shen 2001; Ke and Qian 2003).

Circulating Tf-Fe complexes enter brain interstitial fluid (ISF) across the vascular CNS
barriers, i.e. the blood-brain barrier (BBB) at the capillary endothelium and the blood—CSF
barrier at the choroid plexus epithelium (Fishman et al. 1987; Roberts and Fine 1987; Morris

© 2004 International Society for Neurochemistry

Address correspondence and reprint requests to Rashid Deane PhD, Frank P. Smith Neurosurgical Laboratory, Department of
Neurosurgery, University of Rochester Medical Center, 601 EImwood Avenue Box 645, Rochester, NY 14642, USA.,
Rashid_Deane@urmc.rochester.edu.



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

1duasnuey Joyiny vd-HIN

Deane et al.

Page 2

et al. 1992; Skarlatos et al. 1995; Takeda 2001). Tf-Fe complexes are also taken up by
neurons and glia (Hill and Switzer 1984; Taylor and Morgan 1990; Connor and Menzies
1995). In addition, a non-Tf-mediated route for Fe transport across the BBB and its uptake
by neurons and glial cells has been suggested by a few studies (Ueda et al. 1993; Bradbury
1997; Moos and Morgan 1998; Malecki et al. 1999; Takeda et al. 2002). The role of non-Tf
mediated iron transport in the CNS, however, is less well understood. Furthermore, the exact
role of brain endothelium and choroid plexus epithelium, and the relative contributions of
Tf-mediated versus non-Tf mediated transport in regulating iron delivery across the vascular
CNS barriers are not clear.

Here, we studied uptake of circulating °°Fe by cerebral capillaries and choroid plexus, and
its transport across the BBB and blood—CSF barrier in the presence and absence of Tf, using
a modified Takasato et al. (1984) technique of vascular brain perfusion in rats, as described
by Preston et al. (1995). In addition, the heart was cut to eliminate blood contamination of
the perfused brain. Various modifications of brain perfusion technique have been used to
characterize transport of amino acids, metals, peptides and nutrients at the BBB (Takasato et
al. 1984; Zlokovic et al. 1986; Deane and Bradbury 1990; Martel et al. 1997; Egleton and
Davis 1999; Allen and Smith 2001; Deane et al. 2003). The present findings suggest that Tf-
mediated and non-Tf-mediated transport routes for circulating iron could be equally
important for its delivery across the vascular CNS barriers. Moreover, our data reveal that
iron, Tf-bound and/or free, is rapidly taken up from local brain microcrulation by brain
capillary endothelium and choroid plexus epithelium, and subsequently released from these
vascular structures into brain ISF and CSF at controlled moderate to slow rates, which
ultimately limits its transport into the CNS.

Materials and methods

Materials

Animals

Chemicals were obtained from the following sources: sodium chloride (NaCl), potassium
chloride (KCI), sodium bicarbonate (NaHCO3), HEPES, D-glucose, calcium chloride
(CaCly), dextran-70, bovine serum albumin (BSA), rat holo-transferrin, chloramine-T,
sucrose, mercaptoethanol, aprotinin, leupeptin, and phenyl-methylsulfanyl fluoride (PMSF)
from Sigma (St Louis, MO, USA); magnesium sulfate (MgSO,) and potassium phosphate
monobasic (KH,PO,4) from Aldrich Chemical Co. (Milwaukee, WI, USA). Radiolabeled
products, %9Fe (18.7 mCi/mg), 3H-mannitol and 1251 (17.4 Ci/mg), were obtained from NEN
Life Products (Boston, MA, USA). All reagents were of analytical grade, HPLC grade, or
the best available pharmaceutical grade.

All rats (male, Sprague-Dawley) used in this study were 9-12 weeks old (285.8 + SD 29.7
g). They were purchased from Hilltop (Scottdale, PA, USA). Animals were kept in a
temperature-controlled, 12-h light/dark cycle facility and fed ad libitum with a Teklad rat
chow (Teklad, Madison, WI, USA). The experimental protocols were approved by the
Institutional Animal Care and Use Committee at Columbia University and at the University
of Rochester (UCAR).

Perfusion procedure

We used a modified method of Takasato et al. (1984) and Preston et al. (1995). Briefly, both
common carotid arteries of anesthetized (50 mg sodium pentobarbital (Sagatal)/kg i.p.) rats
were cannulated after ligation of the pterygopalatine, occipital, superior thyroid and external
carotid arteries, and the brain was perfused with a Ringer solution, contained (g/L): NaCl,
7.31; KCI, 0.356; NaHCO3, 2.1; KH5PQy, 0.166; MgS0,4.3H,0, 0.213; glucose, 1.50; and
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sodium pyruvate, 1 mmol/L and CaCly, 2.5 mmol/L, at a flow rate of 3.9 mL/min through
each carotid artery (Variable Flow, Mini Pump, VWR.USA), 37°C, pH 7.4 and gassed
continuously with 5% CO, and 95% O». Prior to starting the experiment, this solution was
filtered and pre-gassed with 100% O,. In contrast to the original Takasato’s method, oxygen
pressure in the perfusate in the present studies was kept at about 240-280 mmHg, which
allows a rate of O, delivery of about 4.6 x 1072 umol/s/g compared with 2.9 x 1072 pmol/s/
g in Takasato et al. (1984), thus allowing for the extension in perfusion time without relative
anoxia, as reported by Preston et al. (1995). With this modification in oxygen delivery,
Preston et al. (1995) reported no significant difference in ATP levels between perfused and
non-perfused brains over longer perfusion times in 1-, 2- and 3-week-old rats, and adult rats.
In addition, we demonstrated by using the MTT (a tetrazolium-based compound) test
(depends on cellular reduction of MTT by mitochondrial dehydrogenase) that mitochondrial
function in the isolated brain microvessels after 30 min perfusion was the same as in
microvessels from non-perfused brains (data not shown).

Prior to the start of perfusion, the jugular veins and left ventricle of the heart were cut to
allow adequate perfusion and to prevent re-circulation of the rat’s blood. Therefore, there
was no mixing of the rat’s blood with the Ringer solution during the perfusion. This
technique was validated and used extensively for CNS transport studies (Takasato et al.
1984; Zlokovic et al. 1986; Deane and Bradbury 1990; Preston et al. 1995). Thirty seconds
before the end of each time period, a CSF sample (100-150 pL) was collected from the
cisterna magna, using a 25-gauge butterfly needle (Decton Dickinson, Sandy, UT, USA).
The brain was then carefully removed from the skull, washed with ice-cold saline, and then
placed on an ice-cold filter paper, saturated with cold saline on the surface of a beaker filled
with ice and the meninges were rapidly removed with the aid of cold forceps and a
microscope. The choroid plexuses from the lateral ventricles were removed and half the
brain was used for capillary separation and the other part for regional brain uptake studies.
The choroid plexus was removed from ventricles separately from brain regions.

Isotope infusions

Gassed Ringer solution (20 mL) in two separate syringes, containing the isotope (°°Fe

or %9Fe-Tf complex and 3H-mannitol) was delivered to each cannulated carotid artery via a
slow driven pump (Harvard Compact Infusion Pump, Model 975), at 0.4 mL/min (therefore,
the total rate of perfusion of each carotid artery was 4.3 mL/min). The final concentration
of %%Fe in the arterial inflow was 1 nM. At the end of each perfusion (5, 10, 15 or 30 min)
the Harvard pump was switched off and the brain vascular system washed for 30 s with a
saline containing 1.0 mM EDTA, to remove iron adsorbed to the luminal surface and the
luminal content (Deane and Bradbury 1990). 3H-mannitol served as a reference molecule,
and its distribution volume (< 5 pL/g) in the vascular washed brain was subtracted from the
total >%Fe uptake.

Transferrin—>2Fe complex

The transferrin->°Fe complex was prepared by incubating the same volume of >°Fe-Ringer
solution with rat apo-transferrin for 1 h at 37°C to ensure complete binding of >°Fe. Excess
free iron was removed, and binding confirmed, by subjecting the solution to ultrafiltration
using a membrane with a 30 000-Da cut-off (Micropore, Bedford, MA, USA). This showed
that > 99% of 59Fe was bound. The free iron in the perfusate in the presence of Tf is
expected to be extremely low, as Tf has a very high affinity for iron, i.e. K4 = 1022/M
(Thorstensen and Romslo 1990; Bradbury 1997). The concentration of Tf of 0.5 nM in the
present studies would not saturate the TfR as the dissociation constants for di-ferric-Tf and
mono-ferric-Tf are about 108 and 10%/M, respectively (Sawyer and Krantz 1986;
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Thorstensen and Romslo 1990). In contrast, there was no binding of >°Fe in the absence of
transferrin in the perfusate as > 99% of 59Fe was filterable.

Capillary separation

This was carried out as described (Triguero et al. 1990; Preston et al. 1995; Zlokovic 1995).
Briefly, the cold brain was weighed and homogenized in a cold solution of buffer and
Dextran 70 (26%) in a ratio of 1 : 3: 4 (brain : buffer : Dextran 70). The buffer solution
contains (mmol/L) HEPES, 10; NaCl, 141; KClI, 4; MgS0,4.3H,0, 1.0; NaH,P0,4.2H,0, 1.0;
CacCly, 2.5; glucose, 10; sodium pyruvate, 1, at pH 7.4 and gassed with 100% O,. The
homogenate was then spun at 7245 g for 6 min using an Eppendorf centrifuge (Eppendorf,
54/7C), at 4°C. The pellet was carefully separated from the supernatant. Light microscopic
examination confirmed that the pellet consisted mainly of networks of brain vessels, while
the supernatant was essentially depleted of vasculature. Aliquots of supernatant (capillary-
free brain), pellet (vessels), and perfusate were then counted in triplicates using a Packard
Cobra Il Gamma counter.

Calculations

59Fe uptake was expressed as a distributing volume, Vg, and calculated as (Crissue or csry/
Chperfusate) (€9. 1), where Cissue or csk are d.p.m./g of brain tissue (e.g. cerebral capillaries,
capillary free brain homogenate, whole brain tissue, choroid plexus, brain regions) or CSF,
and Cperfysate are d.p.m./mL of the perfusion fluid. Vg for the capillaries was calculated from
d.p.m./g. Although it is impossible to remove all trapped fluid between isolated microvessels
the variation in wet weight between different capillary preparations was only 2-3%. The
effect of trapped dextran/buffer on the weight of the microvessels was very small. Inclusion
of the extracellular marker indicated that the contribution was less than 0.1% of the capillary
weight. As there was no significant difference in water content between different
preparations, dry weight was not used. 3°Fe uptake was corrected for residual radioactivity
by deducting Vg4 for 3H-mannitol from the total %°Fe distributing volume.

The unidirectional transport rate constant, Kj, (ml/g/min x 103), corresponding to the slope
of the uptake curve was determined using linear regression analysis of V4 against the
perfusion time T (min) as Vg4 = Kj, T + Vj (eq. 2), where V;j is the ordinate intercept of the
regression line (Deane and Bradbury 1990; Zlokovic et al. 1996).

Transferrin receptor binding studies

lodination of Tf—25] (2 mCi) was mixed with 50 pg of holo-Tf (iron saturated
transferrin) with a Tf to 1251 molar ratio of 1.5. lodination was initiated by adding 50 g of
chloramine-T and, at exactly 1 min, the reaction was arrested with 250 pug sodium
metabisulfite. lodinated Tf was separated using a Sephadex G25 column (Pharmacia) and
eluted with 0.05 M potassium phosphate buffer, pH 7.5, at room temperature (22°C). The
concentration of 1251-Tf was estimated by a relationship of E1% = 0.57 (with 1-cm light
path) by reading the absorbance at 465 nm (Karin and Mintz 1981). The specific activity
was 0.8-1.2 uCi/ug of Tf and it was stored at —75°C.

Preparation of brain regional capillary homogenates—Rats were anesthetized and
the brains perfused with 40 mL of ice-cold saline via the heart with the jugular veins cut.
The brain was then removed and selected regions (i.e. cerebellum, striatum, hippocampus,
and frontal cortex) dissected as before. Adequate amounts of regional capillaries were
obtained by pooling brain regions from five rats for each sample. Three to five pooled
samples were used for statistical analysis.
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Brain regional capillaries were separated from brain parenchyma by the method described
above. The pellet was weighed and resuspended in homogenizing buffer (1 : 5 wt/vol)
containing 100 mM HEPES, 250 mM sucrose, 150 mM NaCl, 15 mM mercaptoethanol, 10
pg/mL aprotinin, 10 pg/mL leupeptin, and 0.25 mM phenylmethylsulfanyl fluoride (PMSF).
The mixture was sonicated, using a Sonifier Model 250 sonicator (Branson, Danbury, CT,
USA), on ice, at the 20% duty cycle and output 5 for 25 pulses to break up the endothelial
cells. The preparation was further centrifuged at 13 600 g, at 4°C, for 15 min to pellet the
membrane fraction and finally re-suspended in homogenizing buffer (1 : 10 wt/vol), before
using for receptor binding assay and protein determination.

Receptor binding assay—TfR binding assay was conducted according to the procedure
described by Roskams and Connor (1990). For each assay, 100 g of capillary proteins and
10 pmol/mL 125]-Tf were maintained constant, while the concentrations of unlabeled holo-
Tf was varied between 0 and 2000 pmol/mL. The assay was conducted at room temperature
for 60 min with a constant shaking and terminated by adding 2 mL of ice-cold
homogenizing buffer at 4°C for 15 min. The pellet was separated by centrifugation at 130
000 g, at 4°C for 15 min and washed one more time before the radioactivity counting.

Receptor binding parameters, i.e. the maximum binding (Bmax) and the affinity constant
(Kp), a concentration of ligand that half maximally occupies the receptor, were estimated by
fitting the data to one-site competitive binding curve using Prism software package 3.0
(GraphPad Software, San Diego, CA, USA Motulsky 1999). The protein concentration was
determined by using a Bio-Rad (Hercules, CA, USA) assay Kit.

All data were expressed as a mean + SEM and the differences compared by multifactorial
analysis of variance and Student t-test; p < 0.05 was considered significant.

59Fe accumulation by cerebral microvessels and transport into capillary-depleted brain

59Fe uptake by cerebral capillaries and transport into brain parenchyma (capillary-depleted
brain) with and without Tf were linear up to 30 min, i.e. the time period studied (Fig. 1). The
uptake rate constants, Kj,, obtained from the slopes of the uptake curves by linear regression
analysis indicated significant sequestration of iron by brain capillaries, at rates of 182 + 23
(R?=0.999) and 136 + 26 (R? = 0.989) pL/g/min with and without Tf, respectively (Fig. 1a,
Table 1). The intercepts, on the y-axis were not significantly greater than zero. These data
indicate significant accumulation of circulating iron in the cerebral endothelium irrespective
of whether its uptake is in the form of free Fe or Tf-Fe complexes.

59Fe transport into capillary-depleted brain was moderate (Fig. 1b). Like in brain capillaries,
comparable rates for Fe were obtained in the presence and absence of transferrin, i.e. 1.68
0.56 and 1.52 £ 0.48 pL/g/min, respectively (Table 1). These data suggest initial rapid
sequestration of circulating iron by brain capillaries and its controlled transport from brain
endothelial cells into brain ISF.

Regional brain ®%Fe uptake

Regional brain uptake of 5°Fe was studied in the presence and absence of Tf to establish
whether there were regional differences in iron transport routes (Table 2). There were no
significant differences in the Kjp, values for free iron versus Tf-bound iron in the cortex,
striatum and hippocampus. In contrast, the rates of uptake of free iron in the cerebellum and
brain stem were significantly higher than for Tf-bound iron (p < 0.05, n = 3-5). In the
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presence of Tf, the K, values for iron in the cerebellum and brain stem were reduced to 54
and 68% of values without Tf, respectively (Table 2).

Uptake of iron into the brain regions (Table 2) mainly reflects its significant regional uptake
and/or sequestration by the microvessels, which is a major component of iron uptake by the
brain, as shown in Table 1. The K;, values for transport of iron in either form into capillary
depleted brain reflecting its transcytosis across the BBB were about 1% of its respective
uptake values by the isolated capillaries expressed per unit weight. In the brain in situ,
however, the microvessels represent a relatively small faction compared with non-vascular
tissue. Consequently, the rates of uptake of iron by the brain regions expressed per unit
weight (Table 2) are one order of magnitude lower than for its uptake by brain capillaries,
but still much higher than for its transport into capillary-depleted brain (Table 1).

There were also regional differences in iron uptake patterns for each of these two routes,
with or without Tf. For 59Fe-only perfusions, the K, values in the cortex and hippocampus
were about half of that in other brain regions. Transport rates of >°Fe-Tf were greater in the
striatum or hippocampus compared with the frontal cortex or brain stem, and for striatum
compared with cerebellum (Table 2).

Regional distribution of TfR in brain endothelium

To further elucidate whether the rates of >°Fe-Tf regional brain uptake correlate with the
regional distribution of TfR in brain endothelium, we determined the kinetic parameters of
Tf binding to TfR on brain capillary endothelium from selected regions using a receptor-
binding assay (Motulsky 1999). A typical competitive binding curve of one-class receptors
for hippocampal endothelium is shown in Fig. 2. Table 3 summarizes the regional values,
Bmax (receptor density) and Kp (binding constant) for holo-Tf, i.e. Tf fully saturated by iron.
Although the affinity of binding of holo-Tf was by 3—-4-fold lower in the striatum and
hippocampus compared with the cortex, respectively, the maximal receptor density of TfR
was by 3-7-fold higher in the striatum and hippocampus compared with the cortex,
respectively. This suggests that the distribution of TfR in cerebral capillaries seems unlikely
to be uniform throughout brain regions tested. It is noteworthy that the rates of >°Fe-Tf
regional uptake were by 3- and 2-fold higher in the striatum and hippocampus compared
with the cortex, respectively (Table 2), which correlates well with the in vitro determined
regional density of TfR in brain endothelium (Table 3).

S9Fe uptake by the choroid plexus and CSF

Kin values for 5%Fe uptake into the choriod plexus were similar with and without Tf, but two
orders of magnitude higher than its uptake into the CSF in either form (Table 4). In the CSF,
the presence of Tf significantly reduced by 57% the K;, value for iron entry compared with
the rate of entry of free iron (p < 0.05, n = 3). The rates of 59Fe transport into brain
parenchyma of both free iron or Tf-bound iron were by about 10-fold greater than the rates
of its entry into the CSF (Fig. 3). These observed brain to CSF concentration gradients for
iron possibly reflect its significant cellular uptake, in either form, by brain cells and a
relatively slow transport via bulk flow from brain ISF into CSF.

Discussion

This study demonstrates that the rates of iron transport across the vascular CNS barriers with
or without Tf in the arterial inflow are comparable. Our data reveal that Tf-bound Fe and/or
free Fe is first taken up rapidly from brain microcirculation by brain capillary endothelium
and choroid plexus epithelium where it initially sequesters. Next, Fe is released from these
vascular CNS structures into brain ISF and CSF compartments in a controlled manner and at
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much slower rates to be utilized by brain cells. 5°Fe-Tf uptake by brain capillaries is
mediated via TfR located on the luminal membrane of the BBB and possibly at the
basolateral membrane of the choroid plexus epithelial barrier (Jefferies et al. 1984; Moos
and Morgan 2001; Takeda 2001; Zheng 2001; Pardridge 2002). A correlation between
regional TR brain endothelial density and >°Fe-Tf regional brain uptake rates may support a
significant vascular accumulation of circulating iron found in this study.

While the levels of free iron in systemic plasma are very low, its concentration in local brain
microcirculation may be different. Iron could dissociate from Tf after binding of Tf-Fe
complexes to TfR (Bali et al. 1991; Sipe and Murphy 1991). This would release free Fe
within the local brain microcirculation, and unbound free Fe could be taken up and
sequestered at the BBB. Based on maximal inhibition of iron transport in the presence of
anti-TfR antibodies, Ueda et al. (1993) suggested some 35-65% of Fe (depending on
species) could be transported into brain via a non-Tf route. In hypotransferrinemic mice
(hpx/hpx), which have < 1% transferrin, there is a significant brain iron uptake after
intravenous injection of >°FeCl; (Malecki et al. 1999). In addition, in our opinion, Takeda et
al. (2002) also found evidence of non-Tf mediated uptake of brain iron, when they
intravenously injected 59Fe into iron-loaded mice and found that it does not bind to Tf but is
still taken up by the brain in appreciable amounts, as supported by the present study.

Although the rates of uptake of unbound and Tf-bound iron by brain microvessels isolated
from the whole perfused brains were similar, the regional analysis of Fe-only to Fe-Tf
uptake by the cortex, striatum, hippocampus, cerebellum and brain stem revealed subtle
differences with respect to their respective free to Tf-bound Fe uptake ratios of 1.45, 0.88,
0.62, 1.85 and 2.60. This may suggest that contribution of non-Tf-mediated versus Tf-
mediated routes for iron delivery across the BBB is region-dependent. Whether this reflects
regional difference in density and distribution of TfR and ‘non-TfR’ transporters for free
iron in brain microvessels remains to be determined. DMT1 is present in blood vessels,
choroid plexus, glia and neuronal cells (William et al. 2000; Siddappa et al. 2002; Siddappa
et al. 2003) and is associated mainly with endosomes, but is also found on the cell
membranes (Gunshin et al. 1997; Andrews 1999; Roth et al. 2000). Ferric iron can be
converted to the ferrous state by ferrireductase on the cell membranes and then transported
via DMTL1 (Low et al. 1987; Takeda 2001). One can speculate that non-Tf-mediated route
could be important during the passage of Tf-Fe complexes through the brain
microcirculation resulting in release of free Fe. In support of this concept, our preliminary
data have shown that an anti-TfR antibody (OX26, 25 pug/mL) inhibits significantly 59Fe-Tf
uptake at the BBB, but does not affect the uptake of free °°Fe in the absence of transferrin
(data not shown).

Our data on iron uptake into the cerebellum, brain stem and CSF may suggest that Tf could
provide a more controlled way for Fe transport into these CNS regions as it reduces the rates
of transport by half compared with free Fe. Alternatively, the higher Tf-dependent iron
uptake by the striatum and hippocampus may reflect the greater density of TfR in brain
microvessels in these regions compared with the frontal cortex as suggested by the present
study. This might explain the higher Fe accumulation in these regions in the aging brain and
in neurodegenerative diseases (Dexter et al. 1991; Sofic et al. 1991; Connor et al. 1992;
Griffiths and Crossman 1993; Loeffler et al. 1995; Smith et al. 1997; Ke and Qian 2003).

In the cytoplasm of the endothelial cells, iron is sequestered by intracellular organelles and
iron binding molecules such as citrate and ascorbate or stored as ferritin (Beard et al. 1996;
Burdo and Connor 2003). This would explain the significant accumulation of iron
(distribution volume exceeds 1), determined in this study, associated with the cerebral
capillaries. The presence of TfR on the abluminal membrane (Huwyler and Pardridge 1998)
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may recycle Fe back into the endothelium and/or favor its export from brain into blood by
reverse-transcytosis (Zhang and Pardridge 2001). Thus, the endothelium might act as a
protective vascular barrier that restricts the entry of excess Fe into brain ISF by
accumulating it from either side of the BBB.

The CSF Fe is regulated by transport across the choroid plexus and bulk flow of brain ISF.
The lower Fe uptake rates into the CSF with Tf, compared with free Fe, could be due to Tf-
dependent iron uptake into the surrounding ependymal cells or its restricted secretion across
the apical membrane at the choroid epithelium into the CSF. The greater transport of Fe,
with and without Tf, into capillary-depleted brain compared with its transport across the
blood—-CSF barrier suggests concentration gradients for iron under physiological conditions,
possibly reflecting its slow transport via bulk flow of ISF into CSF and/or its retention in the
brain due to uptake and/or utilization by brain parenchymal cells.

In conclusion, the present study reveals the importance of both Tf-mediated and non-Tf-
mediated routes in regulating iron transport into the brain. Our data also suggest that the
major controling homeostatic points that restrict transport of Fe into the CNS in either form
is its sequestration by the CNS vascular structures coupled to its limited efflux across the
basolateral and apical membranes of the vascular organs, i.e. the brain capillaries and the
choroid plexus, respectively. In addition, there may be differences in brain regional
distribution and density of iron transport receptors. It is also suggested that the present brain
perfusion model can be utilized to study CNS iron homeostasis in rodent brain with
genetically manipulated iron transporters, which would ultimately help to better understand
iron reducing strategies for the aging brain and neurodegenerative disorders.
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Fig. 1.

59Fe uptake (as a distributing volume, mL/g) into isolated cerebral capillaries (a) and
capillary-depleted brain (b), after brain perfusion, at different time periods, with (Fe-Tf,
square) and without transferrin (Fe-only, circle). Values are mean + SEM, n = 3-5 for each
time point.
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Fig. 2.

A typical one-class receptor binding curve of bound 12I-holo-transferrin to transferrin
receptor on isolated brain capillaries from hippocampus at different concentrations of holo-
transferrin. Data were best fitted to one-site competitive binding equation using Prism 3.0
software.
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Fig. 3.

Comparison of 29Fe uptake (mL/g) into capillary-depleted brain (filled column) and
cerebrospinal fluid (open column), after 15 min brain perfusion with and without transferrin.
Values are mean £ SEM, n = 3-5. *p < 0.001.
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Table 1

Unidirectional uptake rates, Ky, of free and Tf-bound iron in brain capillaries and capillary-depleted brain

Kin (uL/min/g)

Samples 59Fe-only SFe-Tf
Brain capillaries 182.00+ 22,932  136.00 + 25.87"@
Capillary-depleted brain 1.68 +0.56 1.52 +0.48"

Values are mean + SEM, n = 3-5.
*
Not significant for 5gFe—onIy versus 99Fe-Tf.

ap < 0.001, for brain capillaries versus capillary-depleted brain.
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Table 2

Brain regional unidirectional uptake rates, Kj,, of free and Tf-bound iron

Kin (wL/min/g)

Brain regions S9Fe-only SOFe-Tf

Frontal cortex 854+1.33  5g74053"C
Striatum 14.65+3.33  1667+2.67"
Hippocampus ~ 7.75£2.00 1759+ 263"

Cerebellum 16.31+2.139  8.80+0.8630
Brain stem 12.60 £ 1.61 4.85 + 0.268C

Values are mean + SEM, n = 3-5.

*Not significant for 5gFe-onIy versus 29Fe-Tf,

ap < 0.05, for 59Fe-Tf versus 59Fe-only.

bp < 0.05, for cerebellum versus striatum with 59Fe-Tf.

Cp < 0.05, for brain stem or frontal cortex versus striatum or hippocampus with 59%e.-Tt.

d . .
p < 0.05, for cerebellum versus hippocampus or frontal cortex with 59Fe—only.
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Table 3

Kinetic parameters of 12%|-holo-transferrin binding to selected brain endothelial cell homogenates

Brainregions  Kp ("M)  Bpax (pmol/mg protein)

Frontal cortex ~ 1.42 + 0.46 1.81+1.00
Striatum 4.39 + 0.492 5.78 +1.432
Hippocampus 53 + 1772 13.30 + 4.012

Values are mean £ SEM, n = 4,

ap < 0.05 compared with frontal cortex.
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Table 4

Unidirectional uptake rates, Ky, of free and Tf-bound iron for choroid plexus and cerebrospinal fluid (CSF)

Kin (uL/min/g)

Samples 59Fe-only S9Fe-Tf

Choroid plexus 1939+ 2000  13.15 + 2.50™D
CSF 0.17+001 g9 0,022

Values are mean + SEM, n = 3-5.
*
Not significant for choroid plexus 59Fe-Tf versus 5gFe—onIy.

ap < 0.05, for CSF 59Fe-Tf versus 59Fe-only.

duosnuely Joyiny vd-HIN duosnuely Joyiny vd-HIN

wduosnue Joyiny vd-HIN

bP < 0.001 for choroid plexus versus CSF.
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