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HEALTH
EFFECTS
INSTITUTE

The Health Effects Institute was chartered in 1980 as an
independent and unbiased research organization to provide
high quality, iimpartial, and relevant science on the health
effects of emissions from motor vehicles, fuels, and other
environmental sources, All results are provided to industry
and government sponsors, other key decisionmakers, the
scientific community, and the public. HET funds vesearch on
all major pollutants, including air toxics, carbon monoxide,
diesel exhaust, nitrogen oxides, ozone, and particulate
matter. The Institute periodically engages in special

review and evaluation of key questions in science thatare
highly relevant to the regulatory process. To date, HET has
supported more than 220 projects at institutions in North
America, Europe, and Asia and has published over 160
Research Reports and Special Reports.

Typically, HEI receives half of its core funds from the

US Environmental Protection Agency and half from 28
waorldwide manufacturers and marketers of motor vehicles
and engines who do business in the United States. Other
public and private organizations periodically support special
projects or certain research programs. Regardless of funding
sources, HE] exercises complete autonomy in setting its
research priorities and in reaching its conclusions.

An independent Board of Directors governs HEL The
Institute’s Health Research Committee develops HEL five-
year Strategic Plan and initiates and oversees HEI-funded
research. The Health Review Committee independently
reviews all HEI research and provides a Commenfary

on the work’s scientific quality and regulatory relevance.
Both Committees draw distinguished scientists who

are independent of sponsors and bring wide-ranging
multidisciplinary expertise.

The results of each project and its Commerlatry are
communicated widely through HEl's home page, Annual
Conference, publications, and presentations to professional
societies, legislative bodies, and public agencies.
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Manganese Transport at the Blood-Brain Barrier

Metuls comprisc a Jarge group of clements. Many
of these metals are vssential to living sysilems
because they parlicipate in a variely of biological
functions, bul they can be toxic at concentrations
above those needed in the body, Exposure to some
melals has been found to cause neurologic
damage—for instance, in children exposed to low
levels of lead via ingeslion and in workers exposed
to moderate to high levels of manganese via inhala-
tion, Metals are present as parlicles or parlicle com-
ponents in emissions from vehicles and other
soarces and have been implicated as one possible
reason for the adverse health effects associated with
airborne particulate matter exposure,

As part of its research program to address the pos-
sibie health effects of metal emissions from motor
vehicles and fuels, an HEI workshop held in Fob-
ruary 1998 focused in part on fuel additives con-
taining cerium, iron, and manganese. One such
additive, methyloyclopenladienyl manganese lricar-
bonyl (MMT}, is an antiknock agent that also reduces
emissions of nitrogen oxides, Because MMT con-
tains manganese, CONiroversy exists about whether
its widespread use as a [uel additive may pose a
health risk to the general population. MMT is cur-
rently used in Canada and parts of the United Slates.
Pending completion of a mandated series of emis-
sions and loxicily tesls in 2004, the US Environ-
mental Protection Agency will determine whether
regulation of MMT as a fuel additive is necessary.

Afler the 1998 workshop, HEI issued a Request
for Preliminary Applications, RIPA 98-4, Research
on Melals Emitted by Motor Vehicles. In response,
Dr Robert Yokel proposed to study the mechanisms
by which manganese enters and leaves the brain
across the hload—brain barrier and, in particular,
whether transporter molecules are involved. The
blood—brain barrier is a function of the walls of
small bload vessels that shield the brain from pos-
sibly harmful motecules. Certain molecules may
cross the bleod—brain barrier via diffusion or via
carrier-mediated transport, HEI funded Dr Yokel’s

study in parl because il would be the firsl direct
investigation of whether specific transporter mole-
culos remove manganese from the brain, Tvidence
for carrier-mediated transport of manganese out of
the brain would be particularly intercsting in that it
would indicate a possible mechanism [or pre-
venting mangancse accumulalion, thereby affecling
the likelihood of neurologic damage from chronic
low-level exposure.

APPROACH

In this study Drs Yokel and Crossgrove used in
vivo brain perfusion in rats as well as in vitro tests
in several cell lines o assess specific characteristics
of manganese transporl, such as pH and energy
dependence. Manganose fransport rates were com-
pared with those of sucrose and dextran, which do
not easily cross the blood—brain barrier. Experi-
menls to identify putative transporters focused on
known transport molecules, such as a divalenl
metal transporter, a monocarboxylate transparter,
and calcium channels. The investigators used both
a genelic approach {comparing results in rats with
and without a functional divalenl metal trans-
porter} and a pharmacologic approach (evaluating
manganese transporl function in the prescnce of
several sejective inhibitors),

RESULTS AND INTERPRETATION

Yokel and Crossgrove have provided convincing
evidence thal manganese enters Lthe brain via carrier-
mediated transporl, confirming and extending pre-
vious observations. They also are the first to have
shown that manganese leaves the brain via diffusion
only, a much slower process than carrier-mediated
transport, Experiments conducled to identify the
transporters involved in manganese upiake into the
brain suggested that the divalent metal transporter
DMT-1, which is specific for iron uplake, ig not
involved. However, the identity of the putative man-
ganese lransporters remains elusive.

This Statement, prepaved by the [ealth Effects Institute, summarizes & research project lunded by HEl and conducted by Drs Hobert A Yokel
and Janelle § Crossgrove at the University of Kentucky Medical Center, Lexington KY. The following Rescarch Reporl contalns both the
detailed Investigators’ Report and a Commentaty on the study prepared by the Institute’s Health Review Commilice.
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The finding thal manganese transport out of the
brain accurs via the slow process of diffusion, rather
than via carrier-mediated {ransport, is important: it
suggests that no mechanism exists to pratect the brain
from accumulating manganese. This [inding has impor-
tant implcations for neurotoxicity resulting from
chronic manganese exposure. Although Yokel and
Crossgrove studied manganose transporl rates in rats,
their observations may be relevunt to humans because
transport mechanisms al the blood-brain barrier are
similar in rodents and humans, Their resulls supporl

Copyright © 2004 Ieatth Effects Tnstitute, Bostorn MA USA. Cauncographics,

the current understanding that the polential for manga-
nese accumulation in the brain should be considered
when assessing risk from exposure to manganese in the
environmenl, Fulure studies and risk assessments
should also consider susceptible populations (such as
people with iron deficiencies or liver diseasc) who may
he al grealer risk from increased manganese uptake,
New rescarch would be useful to confirm the lack ol a
carrier-mediated transport system for removing manga-
nese from the brain and to address the relevance of
these [indings lo humans.

Union ML, Compositor. Printed at Capital City Press, Montpelier VL.

Library of Congress Catzlog Nuwnber for the HEE Report Series: WA 754 R452.

The paper in this publication meels the minimum standard requirements of the ANST Standard 439.48-1984 (Permanence of Paper) effective
with Report 21 in December 1988; and effective with Reporl 92 in 1999 the paper is reeyeled from at least 30% postconsumer waste with
Reporis 25, 26, 32, 51, 65 Pacts IV, VL, and IX, 91, 105, and 117 excepted, Thesc excepted Reports are printed on acid-frec coated paper.
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This Stalenient is a nontechnicat sumsmary of the Investigatars' Report and the Health Review

Committee’s Commentary.

PREFACE
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{hat produced his and other reporls on refated topics.
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rale in selecting or managing the project. During the review

process, the invesligators have an

oppottunily to exchange COnLMents with the Review Committee and, if necessary, revise the report.
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PREFACE

Melals comprise a large group of elements thal can exisl
in several valence states and combine with a lazge number
of organic and inorganic compounds. Many metals are crit-
ical for living sysiems because they participate in essential
cellular, physiclogic, and structural functions. ¥or
example, ivon js part of the hemoglobin molecule that car-
ries oxypen in the blood, and zine is a component of
insulin, body Ituids, and many enzymes. At concentra-
tions abuve those needed for essential biological functions,
howevor, these metals are toxic. Oiher metals, such as
arsenic and lead, are toxic to most living systems, cven al
tow levels (US Agency for Toxic Substances and Disease
Regislry 1999, 2000a). Toxic effecls caused by metals range
from damage to the immuno system, kidneys, Leart, brain,
reprod uctive organs, and fefus, to genc damage an d cancer.
Metal accumulation in the environment raises concern
because melals are not biodegradable.

Moetals can be emitted into the environment from a
numhber of sources. From molor vehicles, emissions may
come from componenls such as catalytic converters, lubri-
cation oil, and brake pads and from [uels and [ucl addi-
tives used Lo reduce cerlain emissions or improve engine
performance, Il is important to explore possible exposure
to and the possibie adverse cffects of these metal com-
pounds. In February 1968 HEI held a workshop to gather
information aboul the use of metals as fuel additives and
abuut other cxposures (o melals [rom mobile sources. A goal
of the workshop was to help HEI define priorilies for a
research program on metals by gaining a better under-
standing of which additives were most likely to be used,
how much was known about their chemical form and con-
centration in emissions, the toxicity of these emissions, and
what research was being conducted. As aresult ol the work-
shop, HEI issued a Requosl for Preliminary Applications:
RFPA 98-4, Research on Melals Emiited by Molor Vehicles.

Among other metals proposed for use in fuel additives,
such as cerium and iren (used in ferrocene), HET was inler-
ested in manganese as a component of methyleyclopentadi-
enyl manganese tricarbonyl (MMT*}, which was develeped
as an antiknock agent bul also reduces emissions of nitrogen
oxide. MMT has been used for more than 50 years, initially
as an alternative to letraethyl lead and currently as an aiter-
nalive Lo fuel additives such as methyl tesi-butyl ether

%A Hist of abbreviations and other terms appears at the end of the Investiga-
tors” Report.
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(MTBE), which is being pbased out due to groundwater con-
{amination from leaking underground fuel-storage tanks.

Proposed increases in usc of MMT have raised concerns
that higher concenltrations of manganese in ambient air
may pose a threal to public heaith (Kaiser 2003}, Some
researchers have compared the risk of manganese expo-
sure in the general population to that of exposure to lead in
the environment, in part because both metals aflect the
nervous system, A Jarge body of occupational data, dating
back to the 1837, has provided strang cvidence that high
concenlrations of manganese inhaled by miners and other
workers cause neurologic symploms similar to those of
Parkinson disease. Whether or not manganese midy cause
neurclogic damage at low concenlrations, and Lhe extenl to
which it may accumulate in the brain and thereby cause
long-lerm effects, however, arc unclear, As a prelude 1o
addressing many of these questions, the stndy by Yokel
and Crossgrove described here evaluated the mechanisms
by which manganese may enter and leave the brain.

REGULATORY BACKGROUND

MMT was developed in 1954 by the producer of tetra-
elhyl lead, and smail-scale use of the additive in the United
States began shortly therealter. After new government regu-
lations issued in 1970 required registration of all fuel addi-
tives, MMT was registered far use in both leaded and
unleaded fuel. In 1977 the Clean Air Act Amendments
spurred creation o a program to ensure the operability of
automobile emission conlrel systems in the United States,
and as a Tesult some additives suspected of being harmful
to these systems—including MMT—were hanned. In 1978,
the sole producer of MMT, Ethyl Corporalion, filed a
request for a waiver with the US Epvironmental Protection
Agency (EPA) to allow the sale and distribution of MMT to
resume. EPA denied the walver, citing insufficient evi-
dence thal the addilive would not interfore with automo-
bile emissien control systems. As result, MMT was
effectively banned [rom sale and usc in unleaded fuel in
the United States from 1978 until 1895, During this period
Ethyl Corporation periodically reapplied io oblain a waiver
for MMT, but each application was denied on grounds that
[urther testing was necessary to determine whether MMT
posed an operational threat to emission control systems.

n 1994 EPA agreed that recenl studies suggested MMT
had no significant adverse effects on automabile emission
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control syslems. However, the agency again denied the
Clean Air Act Section 211(f) waiver, citing uncerlainties
over possible adverse health elfects of MM'E. Tithyl Corpo-
ration filed suit againsl EPA, asserting that such action was
outside the agency’s authority. Tn 1995 the Upited States
Courl of Appeals for the DC Gircuil ruled thal MMT had
not yet cloarly been proven to be a danger to public health,
and that according to Clean Air Acl Scclion 211(b){(3), the
FEPA Administrator should granl the waiver once all
required information from the manufacturer was made
available. MMT was retroactively approved for use in all
fuels as of late 1993,
1n Canada, MMT was introduced into the markeiplace
in 1972 and officially approved for usc in unleaded gaso-
line 2 years later. In 1997 the Canadian Parliament banned
the import and interprovincial trade of MMT owing to con-
cerns over possible public health elfects and possible
impairmenl of vehicle cmission control syslems. Ethyl
Corporation sued the Canadian government under Chapter
11 of the Norlh American Free Trade Agreement [(NATTA),
claiming that the ban ecn MMT reduced the value of its
Fthyl Canada plant {which blends and distributes MMT).
fithyl Corporation alsu argued that the ban precluded sale
of MMT producls already on the markel. Furthermore, it
argued that the Canadian government’s actions would cur-
tail Fature sales, and that the claim that MMT was an incl-
fective fuel additive and an unsafe product harmed the
company’s reputation. The Canadian government settted
the dispute and rescinded the trade ban on MMT in 1998,
MMT is currently available in Canada and the United
States, except in California and Nevada, where it is banned
(State of Nevada 1999; Calilornia Air Resources Board
2003], but most US oil refiners do not add it to their prod-
ucts. The Alliance of Automobile Manufacturers, based on
analyses it has conducted (Alliance of Automohile Manu-
acturers 2002: Benson and Dana 2002) is of the opinion that
MMT can lead to failure of emission control systems of
_some vehicle models and has advised consumers againsl
using gasoline containing MMT. Nonetheless, use of MMT
is increasing throughoul the world; in addilion lo Canada
and the United States, MMT has been officially approved
for use hy the governments of Argentina, Bulgaria, Russia,
South Alrica, and New Zealand (Health Canada 2003).
Environmentalists and some scientists continue to raise
concerns about the public health impact that might result
[rom more widespread use of MMT through increased
manganese particulate cmissions in the environment
(Kaiser 2003). Under the US Clean Air Acl Section 211c),
[PA is mandated to assess risks posed by fuels and [uel
addilives and to take regulatory action to control the man-
ulacture or sale of thess products if they are reasonably

anticipated to endanger public health or wellare. Pursuant
to Clean Air Acl Section 211(b)(2) and 211{e], EPA is
autharized o require producers of fuel and fuel additives
(o fund further testing that will provide information on the
potential risks associated with use of their products. The
EPA has stated that in order to conduct a more accurate
risk assessment, further scientific research is needed to fill
in the knowledge gaps about mechanisms of mangancse
neurotoxicity {Davis 1998}, Therciore, EPA issued Alterna-
tive Tier 2 Requirements for MMT, which include charac-
terization of manganese emissions from vehicles ulilizing
fucls conlaining MMT and pharmacokinetic testing of
manganesc compounds (EPA 2000).

Boecause EPA has suggesled that “differences in the
valence state of inhaled manganesc may resull in differ-
ences in disteibution or toxicity” (EPA 1994), the agency has
stated that “il is important 1o determine the composition of
actual manganese particles emitted by vehicles burning
fuels containing MMT.” Allhough Ethyl Corporation had
performed emissions lesling under Tier T requircments,
EPA concluded that “there are important unresolved ques-
tions regarding the relalive proportions of the various man-
ganese species present in the vehicle exhaust” (EPA 2000}
I[nfermation obtained {ron1 emissions testing would help
determine the manganese parlicle atmosphere for future
toxicologic studies. Pharmacokinetic studies in rats and
nonhuman primates, specifically the development of a
physiologically based pharmacokinelic model, may pro-
vide insight into which species of manganese arc most
problematic in terms of delivery to the brain and also shed
light on the appropriate atmosphere for jong-term animal
toxicolugic testing (EPA 2000).

As mandated by EPA, Tihyl CGorporalion has funded sev-
oral studies of manganese emissions and toxicity. Studies
on manganese Loxicily are being conducted al the CIIT Cen-
tors for Health Research (eg, Vitarella et al 2000; Dorman ot
al 2001, 2002a,h), including 90-day inbalation toxicily
studios in primates and rats, developmental toxicily studies
in rats, and ongoing sludies of manganese uptake in primate
brain, Emission studies are being conducted at the
Lawrence Livermore Nalional Laboratory (Bhuic and Roy
2001; Nelson et al 2002 and the Southwest Research Insti-
tute. Results from this and other research on manganese
smissions and toxicity will be evaluated in 2604. The EPA
will then determine whether regulation of MMT is neces-
gary. If uncertainties over health effecls or exposure to emis-
sions remain, EPA reserves the right to call for a sccond
stage of research (for example, involving population expo-
sure assessments or neuroloxicily testing on animals,
including nonhuman primates}.
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In addition to guidelines for limits of exposure to man-
ganese in the air {see Commentary Table), puidance exists
for exposure to MANGANESC in drinking waler. Under the
1996 Amendments to the Safe Water Drinking Act, manga-
nese was included in a list of candidate conlaminants for
which EPA must provide regalation or guidance. However,
manganese concentrations detecled in drinking water are
frequenty far below the average daily intake from dietary
sources {1 to 10 mg/day), and manganese levels in public
drinking water are not likely lo posc a health risk (US
Ageney for Toxie Subslances and Discase Regislry 2000b;
FPA 2001, 2002). Therelore, no National Primary Drinking
Waler Slandard [or manganese has been issued (EPA 2001).
For acsthelic gquality, the World Health Organization
(1984) has issued a gnideline mangancse value of 0.1 mg/L
far drinking waler. At the same time, guidelines exist for
minimum daily inlake Jevels of manganese 10 prevent
diclary deficiency ol this essenlial trace etemenl, The US
Institute of Medicine (IOM} has recommended Adequale
Intake levels of 2.3 and 1.8 mg/day for adult men and
women, respectively, with a Tolerable Upper Intake Level
of 11 mg/day as a no-pbservable-adverse-cilect level for
Western diets (IOM 2003).

MANGANESE NEUROTOXICITY

Abundant oceupational evidence indicales that chronic
exposure to high levels {1-450 mg/m?) of inhaled manga-
nese compounds can lead to a neuroiogic syndrome called
manganism (World Tealth Organization 1981, US Agency
for Toxic Substances and Discase Registry 2000b). Manga-
nism is a progeessive condition thal usually begins with
relatively mild neurologic symplonis bt can evolve into
impaired molor ability, altered gait, fine lremor, and psy-
chiatric disturbances {sce Levy and Nassetfla 2003},
Becausc their symploms progress similarly, manganism
has frequently been misdiagnosed as—or conlused with—
parkinsonism, The first signs of manganism are general-
ized feelings of weakness, heaviness, o1 stiflness of the
iegs, anorexia, muscle pain, nervousness, irritability, and
headache. These feelings are often accompanied by apathy,
dullness, impotence, and loss of libido. Further symptoms
of the disease include halting or inflectionless speech,
slow and clumsy movement of the linbs, and emotionless
facial expressions (Rodier 1955; Mena et al 1867).

As the disease progresses muscles become hyperlonic.
Victims have difficulty walking, develop a slaggering gait,
and suffer from tremor, Once it bas progressed to this
middle stage, manganism is widely (hought Lo be irrevers-
ible (Levy and Nassetta 2003), although some evidence

suggests thal recovery is possible when exposure ceases
{Smyth et al 1973), Extreme neurotoxicity has been
observed in manganese miners and, to a lesser extent, in
industrial workers; the advanced condition known as
manganese madness involves aggression, destructivenoss,
and bizarre compulsive and seemingly uncontrollable
behavior (US Agency For Toxic Substances and Disease
Registry 2600h).

The evidence of manganese neurotoxicily has driven
research to elucidate the mechanism by which manganese
may damage specific neural pathways. The similarities
with parkinsonism have pointed to damage of the mid-
brain, specifically in the dopaminergic arcas of the basal
ganglia, part of the extrapyramidal motor cireunitry. In
humans with compromised liver function, who have
increased manganese levels in blood despite normal
dictary intake (Kricger et al 1995), manganese accumula-
lion has been observed in the basal ganglia (Haaser et al
1996; Spahr et al 1996; Lucehini et al 2000). One study
supgested that intial damage resulting from manganese
exposure may occur in pathways thal are postsynapiic {0
the nigrostriatal syslem, most likely involving striatal or
pallidal neurons (Woiters et al 1989). Another study using
magnetic resonance imaging showed manganese accumiul-
lalion specifically in the globus pallidus {which is rich in
neurons containing y-aminobutyric acid), rather than the
striatum (Lucehini et al 2000). Animal studies have inves-
tigated manganesc accumulation in specific brain regions
after inhalation exposure; some studies found cvidence for
mapganese accumulation in the striatum, globus pallidus,
and substantia nigra {Newland et al 1989; Tjdlve et al 1996;
Roels et al 1997; Vitarella et al 2000; Normandin el al
2002}, These studies indicated (hat manganesc accumu-
lates in certain brain regions, prompling research into the
mechanisms by which manganese may enter and be
retained in the brain.

The current report describes a study by Yokel and Cross-
grove Lhal investigated how manganese may enter the brain
across the blood—brain barrier, which protects the brain
from harmful molecules thai circulate in the blood. They
also investigaled how manganese may leave the brain across
the harrier. Assessing rates of movement both inlo and out
of the brain is important because they can be used to eval-
uate how manganese accumulates in the brain with pro-
longed cxposure, even at much lower levels than found in
oceupational sctlings. Another study, by Gunter of the Uni-
versily of Rochester, investigated whether manganesc expo-
sure caused increased calcium Lransport into mitochondria,
which may in turn lead to cell death. This study was ini-
tially funded by HET and completed with funding from the
National Institutes of Health (Guater et al 2004]).
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Manganese Toxicokinetics at the Blood-Brain Barrier

Robert A Yokel and Janelle S Crossgrove

ABSTRACT

Increased mangancse (Mn) use in manufacturing and in
gasoline has raised concern about Mru-induced parkin-
sonism. Previous research indicaled carrier-mediated
brain entry bul did not assess brain eftlux.

Using in situ rat brain perfusion, we studied influx
acrass ihe blood—brain barrier {BBB*) of three predomi-
nant plasma Mn species available 1o cnter the brain: Mn?®*,
Ml citrate, and Mn transferrin. Our results suggested
trapsporter-mediated uplake of these species. The uptake
rale was greatest for Mn citrate, Our resulls using the brain
offlux index method suggested that diffusion mediates dis-
{ribution from rat brain to blood.

To characterize the carriers mediating brain Mn uptake,
we used rat erythrocytes, an immortalized murine BBB cell
line (b.End5}, primary bovine brain endothelial cells
(bBMEGs), and Sprague Dawley and Belgrade rats. Studies
with bBMEGs and b.Ends cells suggested concentrative
Brain Mn?* and Mn citrate uptake, respectively, consistent
with carrier-mediated uptake. Mn?* nptake posilively cor-
related with pH, suggesting mediation by an eleclromotive
[orce. Ma?* uptake was not inhibited by iron or the
absence of divalent metal transporter 1 (DMT-1] expres-
sion, suggesting an iron-transporter-independent mecha-
nism. Mn2* uplake inversely corretated with ealcium and
was allected by calcium channel modulators, suggesting a

+ A st of ubbreviations and other terms appears al the end of the Investiga-
tors’ Report.
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role for calcium channels, Rat erythrocyte resulés suggested
manocarboxylate transporter 1 (MCT1) and anion exchange
transporters do nol mediale Mn citrate brain uptake.

Considering carrier-mediated brain influx (but not
efflux), repeated excessive Mn exposure should produce
brain accumulation, Further work is necessary o identify
the specific transporter or ransporters mediating Mn dis-
tribution across the BBB.

INTRODUCTION

Mn is an essenlial trace element for normal brain devel-
opment and function throughout life for all mammals
(Smith 1990; Keen et al 2000). It is a cofactor for metallo-
proteins in the brain, such as the glial-specific enzyme
glatamine synthetase, which accounts for 80% of the brain
concentration of Mn, as well as superoxide dismulasc and
pyruvate carboxylase (Wedlor and Denman 1984),

Excess brain Mn produces a parkinsonian syndrome,
manganism (fludnpell 1999; Iregren 1999). Neurotoxicity
has becn reported in miners exposed to manganese dioxide
(MnO,} by inhalation (Couper 1837), factory workers pro-
ducing dry-cell batteries (Keen and Lénncrdal 1995}, chil-
dren receiving long-term parenteral nulrition containing 0.8
to 1 pmol Mn/kg body weight/day (Fall et al 1996}, and
people drinking well waler contaminated by buried dry-ceil
batteries (Fudnell 1998}, Mn accumutation is associated
with damage to neurotransmilter function, particularly
dopaminergic systems (Verity 1999). Mn poisoning resulis
from damage to many of the basal ganglia struclures
(Agency for Toxic Substances and Disease Registry 2000).
Higher Mn concentrations have been found in the caudate
nucleus, lenticular nuclel, and substantia nigra of monkeys
{Nowland et al 1989}, and basal ganglia of tats (Kabata et al
1989}, T1-weighted magnelic resonance imaging of patienis
who exhibited parkinsonism-like symptoms after prolonged
total parenteral nutrition has shown high density attributed
to Mn in the basal ganglia {especiatly the globus pallidus),
the toclum, and the legmentum of midbrain and pons (Ejima
et al 1992; Ono et al 1895; Fitzgerald et al 1999; Nagatomo el
al 1999; Masumolo ot al 2001).
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Symptoms of manganism include reduced coordination,
hiallucinations, and hyperirritability (Schuler et al 1957;
Mena et al 1967). With prolonged exposure, symploms
progress and the chances of recovery diminish, suggesting
thal cumulative neurotoxicity resulls from repeated Mn
exposure. Subtle neuropsychiatric delicits have been
attributed to Mn in people exposed to lower concentrations
{Sjbgren et al 1990, 1996; Mergler ct al 1994; Lucchini et al
1995). Barly signs of nervous system dysfunction, in the
absence of clinical manifestations, have been detected in
people with occupational and environmental Mn exposure
(Mergler ot al 1989). Occupational expasure for an average
of 7 years was associated wilh significant decrements in
neurologic funclion (Roels el al 1987}, with higher preva-
lence of abnormal symploms in individuals who had been
exposed longer. Other epidemiologic studies of indusltrial
workers showed a positive correlation between neurologic
dysfunction and lifetime integrated or cumulative Mp
exposure (Roels et al 1992; Lucchini et al 1995, 1999}

Production of Mn ore has increased approximately 20-
fold during the 20th century Lo accommodate increased
uses: production of aluminum cans, fungicides such as eth-
ylenebis(dithiocarbamato)manganese (manebj, fertilizers,
electronic devices, and mangafodipir trisodium, a conlrast
agent used in medical diagnostics. Currently concern
focuses on airborne Mn exposure from the fuel additive
methyleyclopentadienyl manganese tricarbonyl (MMT)
(Hudrell 1999). MMT has been used in Canadian gasoline
since 1976 (except for 1997 o 1998, when it was banned), in
the United Stales MMT was approved as a fuel additive by
courl ruling in 1995 (District of Coluwmbia Circuit Court
1695}, and it is being used to some extent, Amendmenis in
1996 Lo the Safe Drinking Wator Acl directed the EPA to
generate a lisl every 5 years of candidale contaminants for
which a decision is to be made to regulate, not regulate, or
provide guidance, once sufficient data are available to do so.
Mn is on that list, suggesting further understanding of its
toxicolagy will be helpful to the EPA.

Mn SPECIES

The primary chemical forms (species) of Mn released
from the lailpipe after MMT combustion arc Mn** phos-
phate and suifate (Reynolds ol al 1947; Heallh Effects [nsti-
tute 1998; Lynam ct al 1999; Zayed el al 1999), Emitted into
the air, they create the potenlial for humans to inhale or
ingest Mn. Mn phosphate and sulfate readily dissolve in
aqueous solution, releasing Mn?*, Upon absorption, some
Mn?* may oxidize lo Mn®*, which is quite reactive (Collon
and Wilkinson 1980) and rapidly associales with transferrin

{Tf) Lo form a stable complex. The formal binding con-
stants (log K) of Mn®* are ~ 3 and 4 (Harris und Chen 1994)
and of Mn**, corrected for carbonate ellects, are 22.2 and
23.4 al Tf's two metal-hinding sites (Harris 1998). There-
[are, litthe free Mn®* would he expected in plasma in vivo
because nearly all of it associates with Tf. Mn** does oxi-
dize in blood to Mn®* within 1 to 5 hours {Scheanhammer
and Cherian 1985; Crilchfield and Keen 1992). HEI-sup-
porled research has suggested Lhe presence ol Mn as Mt
adenosine triphosphale {ATP) in neuron-like PC12 eells
and possibly as Ma®* and Mn®* in Mn superoxide dismu-
tase in brain mitochondria {Gunter et al 2002).

Normal Mn concentration in plasma is approximately 20
nM (Keen et al 2000). A small percentage of Mn?* in plasma
exists as species thal may crass the BBR, Thermodynamic
modeling of Mn2" in serum suggests il exists in several
forms: for example, as an albumin-bound species (84%), as
a hydrated jon (6.4%), and in 1:1 complexes with bicar-
bonate {5.8%), citrate {2.0%}, and other low molecular
weight ligands (1.8%) (Harris and Chen 1994). Mun?* forms
weak complexes with these ligands. The calculations based
on this model are consistent wilh the ohservalion of low
molecular weight species in plasma (Critchfield and Keen
1992}, We found approximately 8% of Mn®* in rat blood
plasma to be in he free fraction (Study 2 of this report), also
consisient with the model catoulations. Similar modeling of
Mn®* in serum suggests that it is almost 100% bound to Tf
(Aisen et al 1969; Harris and Chen 1994}

Introduction of manganese chloride (MnCly) into blood
reloases jonic Mn in plasma. Equilibrinm is quickly
achieved with Mn, resulling in similar Mn species after
exposure to Mn phosphale, suifate, and chloride. {See the
Discussion and Conclusions section for more details on
the rate of Mn-ligand exchange.) Therefore, MnCl, was
used in the present studies as a modsl for readily dissoci-
ated Mn salts. The log K (stabilily constant) values of Mn?*
are 4,06 and 2.96 with Tf's two moetal-binding sites, 1.2
with lactic acid, 3.1 with oxalic acid, and generally 2.5 to 3
for 1:1 complexes with amine acids (Martell and Smith
1974-1982; National Instiluie of Standards and Tech-
nology 1995). At the dilute Mn and citrate concentrations
and pH (7.33) of extracellular fluid, the Mn cilrate com-
plox would be expected to be a monomer (Amico and
Danicle 1979). The 1:1 Mn citzate complex involves coor-
dination bonds between Mn and the central hydroxyl
group and the two terminal carboxylates of citrate, forming
a tridenlate complex. The central carboxylale group is not
involved in this complex (Glusker and Carrell 1973;
Amico and Daniele 1979; Gregor and Powell 1986), but it
may serve as the recognition moiety of Mn citrate for a
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transpozter. Tn the present studies, we used Mn citrale as a
mode! low molecular weight Mo compiex and Mn T¢,
which is the predominant species of Mn, as a representa-
tive large Mn prolein complex. Although other Mn species
might contribute to distribution of Mn across the BBB,
{heir lower concentralions and stability conslants suggoest
they are less likely to play a major role,

Mn DISTRIBUTION

After entering blood, Mn rapidly distribules o other
compartments. The terminal elimination half-lifc of Mn in
blood has becn reported to be 1.83 hours after intraveaous
MnCl, injection in Sprague Dawley rats (Zheng et al 2600).
The whole-body terminal Ma hall-life afler intravenous
injection was 119, 146, 99, and 68 days in RF mice,
Sprague Dawley rats, Macaca m ulatta monkeys, and
beagle dogs, respectively (Furchner et al 1966). Mn
decreases were slower in brain than in most other tissucs.
After an intravenous Lracer dose of 9Mn, a half-life ol 32 lo
40 days was seen in rats thal woere followed for 112 days
(Vitarella et al 2000} The rat whole-body Mn halflife was
reported to be between 6 and 30 days (Dastur et al 1969;
Manghani et al 1970; Lee and Johnson 1988, 1989); how-
ever, Mn eliminalion was studied for shorter duralions than
in the studies previously cited (Furchner et al 1966;
Vitarella el al 2000). The whole-body half-tife of ¥IMn in the
rhesus monkey was found to be 95 days (Dastur et al 1971).
Liver, kidney, and other organs eliminaled Mn with a half-
life of 10 to 15 days, whereas in bone a Mn hall-life longer
than 50 days was demonstrated (Furchner ol al 1966). The
whole-hody Mn half-life in humans has been reported to
vary from 6 to 43 days after orat administration and from 24
to 74 days after inlravenocus administration (Mena et al
1967, 1969; Mahoney and Small 1968; Sandstrom el al
1986; Davidsson et al 1089; Johnson et al 1991). Extending
the duration of study of substance remaining in the body or
a specific tissue cnables identificalion of a longer, perhaps
the terminal, half-life of elimination, which probably
accounts for some of the dilferences among the cited
studics. To rigorously determine a hiological half-life, one
should determine the declining concentralion of the test
substance for three half-lives. Not all of the above studies
meel this criterion. The reported data on the climination
whole-body half-life of Mn indicate thal the tat is a valid
model for the human.

in the brain, Mn concentrales in the corpus striafum and
globus pallidus and remains there for weeks or months.
The 5Mn content of the cerebrum has been shown 1o
increase over the first 4 days alter administration in the rat
{Dastur el al 1969) and 50 days in the vhesus monkoy

(Dastur cl al 1971). Cerchrum Mn concentration did not
appreciably decrease over 34 or 64 days in the rat; a half-
life of Mn elimination from the brain was not calculated
(Dastur el al 1969; Manghani et ai 1670). in rhesus mon-
keys Mn was higher in the brain after 150 days than in all
other sampled tissues and only slowly decreased in var-
ious brain regions over 278 days, resulting in a half-life
that was longer than 100 days but could nol be calculated
{Dastur et al 1971). Ovor 278 days the retenlion of vin in
ihe cerebrum rejative to thal in the whole body increased,
while that in most other tissues remained [airly conslant,
suggesting a selective retention of Mn in the hrain (Pastur
ot al 1971). In rals the decline over 80 days of ¥*Mn in the
brain was slower than thal in liver, kidney, and skoletal
musele (Drown et aj 1986}, In one study the half-life esti-
mates of ¥*Mn in 16 rat brain regions ranged from 52 days
in interpedancular nuclei to 74 days in hypothalamic
nuclei (Takeda el al 1995}, but this study determined brain
54\ for only 60 days after intravenous 54MnCl, injection.

Overall, these animal siudies show a much stower elim-
ination of Mn from the brain than from many other tissues.
Comparable data are nol available for the human, A prin-
ciple of pharmacokinelics is that elevated (cg, double)
uxposure will elevate (eg, double) the steady-slate Mn con-
centration. Steady state would be expected to be reached in
the brain in four Lo five half-lives. i the findings of these
reports of brain Mn half-life in animals were extrapolated
to the human, elevated Mn exposure would not resuit in a
higher Mn steady-state concenlration [or at least one-half
year, but would eertainly do so within the human life span.

1n contrast to texicokinelic endpoints, the rat is not a
good model for the pharmacodynamic endpoints of human
Mn toxicity. The Toxicological Profile for Manganese
(Ageney for Toxic Substances and Discase Registry 2000}
notes that animal inhalalion studics have not produced
neurologic signs similar o those seen in bumans and that
only a few studies have reported clinical signs such as
weakness, alaxia, or altered gait after oral exposure. Tlhe
authors nole that available evidence suggests rodents are
less susceptible than humans to neurologic damage {rom
Mp. Because the present report describes toxicokinetic
studies, the reasonable similarily of toxicokinelic end-
points has grealer importance.

Mn BRAIN INFLUX

Central to homeostatic reguiation of brain Mo levels is
the exchange of Mn between blood plasma and brain
lissue. Mn can enter the brain from blood plasma by
crussing the capillary endothelial cells of the BBB or the
choroid plexuses into cerchrospinal fluid and then into the
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brain (Bradbury 1997). Brain Mn influx and eiflux ocour
by dilfusion or by carrier-medinted processes with specd
and volume depending on the size, charge, and shape of
the molecule. At physiologic Mn concentrations, brain
influx has been reported 1o be nonsaturabie and lo occur
primarily through the capillary endothelinm of the BBB.
At high plasma concentrations in the same study, Mn
influx was salurable and occurred primarily via the cere-
hrospinal fluid (Murphy el al 1991; Rabin et al 1993).

Mn can enter the brain as a complex wilh Tf via endocy-
tosis, which is mediated by the Tf receptor (TfR) (Aschner
and Aschner 1990; Aschner and Gannon 1994], bul the
role of TIR-mediated endocytosis in brain Ma uptake may
be minor (Takeda el al 2000; Malecki 2001), M2 not
bound to protein enters the brain so much more rapidly
{than Mn®* Tf thal even if il were only 1% of tolal plasma
M, il would still be the predominant species entering the
brain from plasma (Murphy et al 1991}

Transport mechanisnis other than TfR-medialed
endocytosis also have been proposed (Murphy et al 1991;
Maleck ¢l al 1999; Takeda et al 2000). A second, more
rapid, brain influx of Mn not bound Lo prolein may be the
main Mn species crussing the BBB (Murphy ct al 1981;
Aschner and Ganmnon 1994). The presence of albumin and
71 reducad brain Mn uptake (Rabin et al 1993} This sug-
gests low molecular weight Mn species are rapidly taken
up into the brain, because albumin wauld not cross the
intact BBB and TiR-mediated endocytosis is quile slow
(Cole and Glass 1983). A recenl review recognized thal
carrier-mediated systems appeared Lo be involved in Mn
transport across the BBB bul that the transporters respor-
sible for non-Tl-nmediated Mn transport were unknown
(Takeda 2003).

Some have concluded that Tf does not play a major role
in Mn elflux from brain to hlood {Bradbury 1997), The con-
centration of Tf in brain extracellular finid is less than
0,25 pM. The Tf metal-binding sites may be occupied by
iron, leaving them unavailable for Mn binding.

Whether there is a predominant Mn species crossing the
BBE is unctear. We proposed studies to test ihe hypothesis
{hal Ma citrate is the predominant non-protein-hound
Mn?* species crossing the BBB. An extensive literature
gearch and a discussion in 1899 with chemists who con-
duct metal speciation studies failed to reveal an available
method 1o directly determine Mn species in vivo. One of
the projects funded through HEPs Request for Preliminary
Applications 98-4, “Reogearch on Metals Emitled by Molor
Vehicles,” did develop a method o identify Mn** and
Mn?* in vivo in liver and hearl mitochondria {Gunter et al
2002); however, these investigators did not develop
methods that would differentiate Mn ions [rom Mn cilrate
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or other low molecular weight Mn species. The lack of
methods Lo directly determine Mp species in vivo led us Lo
use in situ brain perfusion to provide better control over
M species in the influx studies.

Mo is actively transported across cell membranes by sev-
oral types of cells. Biliary excretion accounts for more than
a5% of Mn excretion. M concentration in bile can exceed
that in plasma by 100-fold, suggesling active transporl
{Klaassen 1974). The carrier has not been characlerized
(Schramm and Brandt 1986) other than by its indepen-
dence {rom glutathione {Sugawara et al 1994; C Klaassen,
personal communication, January 1998). Ma is actively
transported into and out of astrouytes (Aschner et al 1992),
Although the transporter has not heen idenlified, introduc-
tion of MnCl, into the cell medinm stimulated efflux from
astrocyles, suggesting transstimulation, “consistent with
elflux and influx mediated by the same system” [Aschiner
ot al 1092). Carrier-mediated Mn transport was shown inlo
Caco-2 cells from the apical side {absorplion from gut), bul
perhaps not from the basolateral side (exsorption from
blood) (Leblondel and Aliaia 1999), This untdentified car-
rier might mediate Mn absorption [rom the gastrointestinal
tract, The authors found evidence that Mn uptake
depended on sodium, did not depend on ATP, and
ocenrred in competition with caleium, suggesting to them
that Mn uptake from the gastrointestinal tract may be
mediated by the same type of channel that is involved in
calcinm uptake.

Mn BRAIN FIFFLUX

Efflux of Ma from cells and the brain has received little
altenfion. Wark in vitro showed Mn efflux from cultured
chick glial cells {Wedler et al 1989}, but the same process
would not resudt in Mn efflux out of the brain. Prior to the
present work, 10 sindies investigating Mn effiux from the
brain had been reported. As ail organisms have systems for
the export of toxic cations (Ketchum 1999}, we hypothe-
sized that the nenrotoxicant Mn is olfluxed from the brain
by a carrier. Numerous facilitative diffusion carricrs and
aclive transporters exist at the BBB {shown in Table 1)
Some of these transporters are capable of effluxing nouro-
toxicants from the brain: for example, azidothymidine or
AZT (by the nucleoside transporter); cyclosporin, vinca
alkaloids, etoposide, and taxol (by P-glycopratein and
mullidrug—rcsisiance-assoﬂiatcd protein); iodine and thio-
cyanate; theophylline; atenolol; acelaminophen; flucona-
zole; baclofen; valproate; methotrexate; p-lactam
anlibiotics; and quinolones and fluoquinolones. Thus,
brain clflux of a wide variety of substances occurs by many
mechanisms. Casriers for nonmetabolizabic subsirates,
guch as melals, protect the organism againsl toxicity, just
as PA50 metabolism detoxifics metabolizable substrates.
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Table 1. Some Carriers at the Blood-Brain Barrier®

Distribution! Transport
Locus  — —— Rate
Carrier” Symbol© L A Type® Substrates [nmol/g/min)
Hexose (glutamate transporter 1) SLC2 X X ¥D Glucose 700
Manocarboxylate SLC16 X X FD Lactate, pyravate 60O
Anioen exchange (hand 3) SLC4 FD Lactate, C}/HCO4
metal-anion complexes
Large neuiral amino acid (L-system) SLC3 X X FD L-DOPA, phenylalanine 12
Small newtral amino acid (A-systom) SLCS X SAT Alanine, serine, cysieine
Neutral anino acid (EISCO]'bﬂ’[(-}fS}fSiBI'ﬂ] 5LC7 X n-serine
Basic amino acid X X Lysine 3
Acidic amina acid X Glutamate, aspasiate 0.2
N-system X D Clutamine & glutamate
Excitatory amino acid (EAAT1-3} SLC1 x Glutamate
Amine (cation, ¥7) 5LC7 X X Choline 0.2
B-Amtino acid X X Taurine
Low-affinity y-aminobutyric acid SLC6? X
High-affinity y-aminobutyric acid SLCE? X
Saturated falty acids Octanoate
Urea SLC14 FD
Purine X X Adenine 0.066
CNT2 (Na-coupled nucleoside transporter, Adenosine
member 2}
Nucleoside SLC28/297 X % purine nucleosides 0.004
Na/K-ATPase ATPH x AT Potassium
Ca-ATPase ATP2 X X AT Calcium
Sodium X AT Soedium 200
Potassium SLC12 X AT 12
Chloride SLG127 140
DMT-1, BCT1, Nramp2 SLC11 Fe?t, Zn, Mu, Cu, Cd, Ca,
Ni, Ph
P-glycopratein ABC, x AT Organic calions with high
Muitidrug resistance transporter (MDR] subfamily B lipophilicity: vincristine
Multid1'ug—1'csistance—associated proteins ABC, AT Organic anions &
(MRP1, MRP5, MRPS) subfamily € glutathione, glucuronate &
sulfata conjugates
Organic anicn transporting polypeptide SLC21 Negatively charged
(Oatp2) amphipathic organics
BBEB-specific anion transporter type 1
(Oatpid) )
Peptide transporier S5LC15? Thyraotropin-releasing
hormons, w-melanccyte-
stimulating hormone,
interleukin 1
‘Transterrin receplor transport TFRC X b RM Transfersin 0.083

# yorom Alwmininm ond Alzheinrer’s Disease; The Science Thal Describes the Link (C Exlcy, ed), RA Yuokel, Aluminum toxicokinetlics at the blood-brain
Darries, pp 234-260, copyright 2001, with permission from Rlsevier Sciencc. Compiled from Locus Liuk(Wlvn'.nchi.n]m.nih.gov/Lur:usLink]: from Busic
Neurochemistry: Molecular, Cellular and Medical Aspects, 6th ad {(] Siuge!, RW Albers, PW Agranofl, SK Fisher, MD Uliler, eds), | Laterra, R Keep, A Belz,
G Goldstein, Blood-brain-verebrospinal fluid barziers, pp 671-648, copyright Lippincott-Raven Publishers, 1699, with permission from Lippincott Williswms
& Wilkins and Dr Belz: and from other sources. The substrates and transport Tales iisted are typical.

b (\lser catriers are 1Hpti|\-rcceplm‘-medinied transport, many carriers for vilamins and vofaclors, and several cazriers for horsuones.
¢ j.ocus symbols are from LocusLink. 81.C = solute carrier.
d pjgeibution: L, luminal; A, antiluminal,

¢ AT indicates aclive transport; FT3, fucilitated diffusion; RM, receplor-mediated transporl; and SAT, secondary active transport.
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Studies wilk metabolic inhibilors have suggested that lead
is transported [rom brain Lo blood by Ca-ATPase (Bradbury
and Deane 1993), presumably revealing an offlux mecha-
mism al the BRB for this neurotoxicant. We have found evi-
dence for affllux ol aluminum (Al), presumably as Al
citrate, from the brain (Ackley and Yokel 1697; Ackley and
Yokel 1998). For all of these substances, the ralio of brain
extracellular fluid concentration lo blood extracellular
[luid {plasma) concentration was significantly less than 1,
suggesting each is a substrate for carrier-medialed efflux
from the brain.

METHODS TO ASSESS Mn TRANSPORT

Considering both the cssentiality of Mn in the brain and
its poiential lo damage the hrain when presenl in excess,
wa hypothesized thal there may be mechanisms to main-
tasn Drain Mn homeostasis by mediating both the influx
and efflux of Mn in the brain, The present rescarch
doscribes studies conducted 1o determine the rates of Mn
influx and efflux across Lhe BEB, There are many methods
to assess the influx of substances into the brain and to elu-
cidale the propertics of transporlers at the BBB. In situ
brain perfusion is accuraie and sensitive, and it allows the
investigator ta choose the perfusion medium in which to
administer the test subslance (Smith 1996). Injection and
infusion techniques allow substances to interact with
blood and to travel throughout the body, where they can
change chemical species (including changes in oxidation
states), be metabolized, or be eliminated. Plasma concen-
tralions may change over fime with injections, whereas
infusions can be used to achieve steady-state concentra-
tions. In situ perfusion has been used to determine influx
in mice and rats (Murakami et al 2000) for small com-
pounds and for proteins (Deane and Bradbury 1990; Rabin
ol al 1993, Bonate 1995; Deguchi et al 2000; Allen and
Smith 2001). We chose this technigue to maintain conlrol
over Mn species in our studies.

In contrast, [ew experimental approaches are availabie to
study efflux from the brain across the BBB. Farly work used
efflux from brain slices. Whole-animal fechniques have
included measuring the decrease in brain conlent over time
after a bolus intracarotid injection (Oldendorf et al 1982;
Cornford et al 1985); comparing the ratios of coinjected sub-
stances over lime {Leininger et al 1991); and microdialysis
(Peguchi and Morimoto 2001; Yokel 2001). A more recent
method involves determination of the brain efflux index,
which is designed to determine efflux [rom brain to circu-
jating blood across the BBE (Kakee et al 1596).

The brain efflux index has been used 10 idenlify efflux
of waler, 3-O-methyl-D-glucose, azidothymidine, dideoxy-
inosine, p-aminohippurate, quinidine, taurocholate, BQ-
123 (an anionic cyclic pentapeplide), ~y-aminobutyric acid

12

(GABA), L-aspartale, L-glutamate, dehydroepiandros-
teronc, eslrone, and estrone-3-sulfale (Kakee et al 1996,
1997, 2001; Kusuhara et al 1997: Takasawa ct al 1997;
Kitazawa cl al 1898; Hosoya el al 1599, 2000; Zhang et al
1999; Asaba et al 2000). Studics using this method have
also shown the absence of efflux of L-glucase, octreotide {a
cationic eyclic oclapeptide}, and p-asparlate (Kakee ot al
1996; Kitazawa et al 1998; Hosoya et al 1949). The lack of
dilference in recovery of inulin from the brain of living rals
versus thal from nonliving rats (Kakee ci al 1996) and the
lack of significant loss ol carboxyinulin, inmlin, mannilol,
and high molecular weight dextran from brain over time
(Kakee clal 1996, 1997; Takasawa et al 1997; Kilazawa et al
1998; Zhang and Pardridge 2001) suggesl these substances
diffuse (hrough the BBB very slowly. Each of these sub-
slances is useful as a marker compound that crosses mem-
branes extremely slowly. The brain offlux index is used to
compare the amounts of test substlance and marker com-
pound remaining in the brain alter coinjection. The hrain
efflux index (Kakee et al 1996) was the method used in the
present work.

The most likely candidate transporter for Mn** efflux
from the brain was hypothesized to be DMT-1, which has
heen described in the brain (Gunshin et al 1997) and in the
cells that comprise the BBB {Burdo et al 2001). DM1-1 trans-
ports melals across the cell membrane {Garrick ot al 1998).
Candidate transporters for Mn citrate brain efflux are the
monocarboxylate transporters for lactate, pyruvale, and
small carboxylate molecules (Price et al 1998). Most memn-
lrane Lransporters are well conserved across species; the
monocarboxylale transporters have homologues that are
helieved to be present from yeastio human (Price et al 1998).

We used two appsoaches to ascertain the properties ol
Mn {ransporters at the BBB with fhe ultimate goal of iden-
tilying the carriers medialing Mn transporl across the BBB.
The first approach was lo conduct uplake studies in single-
cell preparations ol ral erythrocytes, an immorlalized
murine brain endothelial celt line (b.Inds), and bovine
brain mierovascular endothelial cells (bBMEGCs}. The
bBMEGs were used because they are the classical single-
cell preparation for in vilro study of the BBB (Audus cl al
1996). They form the tight junctions that provide the har-
rier propesty of the BBB. They were studied as primary
cells isolated from cow brain, The second approach was to
characterize transporter preperties using in siln brain per-
fusion in Sprague Dawley rats. Additienally, Betgrade rals
wore studied. The homozygous recessive Belgrade rat {b/D)
expresses an inherited form of DMT-1 that is not [unctional
for cation uptake. The heterozygous littermales (+/b} azre
phenotypically normal. Brain Mn uptake was compared
among +/b and b/b Belgrade rals and Wislar rats,
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The resulls of the present studies have implications for
risk assessmenl and risk avoidance. An underslanding of
the absence or presence of carrier-mediated brain Mn infhax
and efflux processes indicates whether elevaled Mn expo-
surc represents a potential risk to {he brain, or if there are
protective processes 10 maintain a healthy brain Mn conceri-
tration under high-exposure copdilions. An understanding
of the characterislics of the carriers al the BBY might pro-
vide the opportunity to avoid exposure Lo agenls or condi-
tions that would enable excessive Mn to enter the brain.
Identification of Mn carriers at the BBB might reveal inher-
ited trails that alter the risk of brain Mn exposure compared
1o that of the general population and might identify condi-
tions that increase or decrease, through up-regulation or
down-regulation, the ability of Mn to cross the BBB.

SPECIFIC AIMS

The main aim of the present work was to address the
hypothesis that the brain is profecied both by processcs of
carrier-mediated influx that provide essential Mn and by
processes of carrier-mediated efflux that shield it from exces-
sive Mn accumulation, The findings could indicate whether
homeostalic mechanisms exist that maintain a healthy brain
Mn conceniration in siluations of low or glevated Mn intake.
Identification of the properties of the carriers thai maintain
brain Mn concentration may provide guidance on condi-
tions that could disrupl transporl by these carriers.

We proposed 1o investigaie three chemical species of
Mp: Mn?", Ma citrate, and Mn Tf, which represent the
unbound, small ligand-complexed, and prolein-bound
fractions of Mo in plasma, respectively. To cstimate the
cates al which (hese theee Mn specics would cross the BBB
by dillusion, we determined their lipophilicity and their
molecular weight (Study 1}. We hypothesized that a brain
influx rate significantly greater than the calculated diffu-
sion rale would provide evidence of {he influence of one or
more carrier-mediated processes on brain Mn uptake.

To seek evidence for Mn transport across the BBEB, weo
had conducted preliminary studies (prior to the studies
funded by FIEL) using intravenous injeclion of Mn species
into rals (Study 2), These siudics employed the microdiai-
ysis method to sample unbound exiracellular Mn in brain
and blood plasma of injected and control rafs, To quantily
influx rates of Mn®*, Mn citrate, and Mn Tf into the rat
brain (Study 3), we proposcd to acquire and master the in
situ brain perfusicn lechnique, as developed by Takasalo
and coworkers {1984) and subsequently modificd and cuor-
rently utilized in the laboratorics of Drs Quentin Smith and
David Allen al Texas Tech University in Amarillo. The
influx transfer coeflicients (Kj,) could then be compared

wilh the diffusion rates of the threc Mn species across the
BBB. We also proposed to determine brain efflux rates
(Clufitux 07 Kow) of the three Mn species lo test the hypoth-
gsis that brain Mn efflux is carrier-mediated (Study 4}, Kou
is o lerm describing the rate of eftlux from the brain, is
comparable to K, and can be considercd the efflux
transfer cocfficient. It is a product of the brain efflux index
and the brain distribution volume of the tesl substance. We
proposed to master, validate, and usc a reported methad
(Kakee et al 19986} Lo determine the brain efflux index and
brain distribution volumes of these threc Mn species in the
ral.

The final major aim of the proposed work was Lo charac-
terize, and ideally identify, the transporters responsible for
carrier-mediated Mn [lux across the BBB (Study 5} As we
did not find evidence for carricr-mediated brain M efllux
in Sludy 4, characlerizalion of transporters was jimited Lo
siudies addressing brain Mn influx, In vitro and in vivo
modeis were used to evaluate the roles of specific pro-
cesses in the uptake of MnZ* and Mn citrate (o rule oul or
reveal evidence consistent with candidate teansporters of
Mn uptake. Toward this goal we delermined the character-
istics of Mn uplake into rat erythrocyles, which express
the MCT1 and anion exchange carriers; uplake into b.End5
cells, an immorlalized murine brain endothelial cell line;
and uptake into bBMEGs, which are primary bovine cells
thal express most of the barrier properties of the BBB. We
also addressed this aim with studies of brain Mn influx in
{he whole animal, including a rat strain that does not
cxpress a functional [orm ol one of the putalive Mn trans-
porters, DMT-1. Pharmacologic manipulations were ¢on-
ducted using cells as well as the whele animal to
determine whether Mn uptake depends on sodinm or pH
and 1o determine the infinence of competitive substrates
and inhibitors of putalive transporters.

METHODS AND STUDY DESIGN

All usc of animats complied with the provisions of the
Animal Welfare acl and the guidelines set forth in the
Guide for the Care and Use of Laboratory Animals (us
Nalional Research Council 1996} The protacols for these
studies were approved by the University of Kentucky Insti-
tutional Animal Care and Use Commitlee.

STUDY 1. ESTIMATION OF CEREBRAL CAPILLARY
DIFFUSION PERMEABILITY OF Mn SPECIES

The rate of diffusion of small molecules through a
plasma membrane, such as the BBB, can he predicled from
{heir molecular weight and lipid solubility, measured as
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the partitioning between an octanol and an aqueous phase
(Levin 1980; Laterra cl al 1999). Deviations from the pre-
dicted relation have been aftributed to carricr-mediated
transporl (Lalerra et al 1089). For example, the brain influx
rate of p-glucase is approximately 1000-fold greater than
that of L-glucose, owing to glucose transporter 1 {GLUT1),
which mediates he rate of glucose uptake required 1o sup-
port brain metabolism. The brain uplake rates of 1-leucine
and 1-dopa are similarly greater than would be predicted if
they crossed the BBB by diffusion, which has been attrib-
uted to their transporl across the BBB by the large neutral
amino acid (L-system)} carrier, Conversely, the rate of brain
uptake of phenytoin is slower than would be predicted for
membrane permeation by diffusion. This difference is duc
{o ils efflux from the brain or brain endothelial cells by
P-glycoprotein, which exports substances from the brain lo
protect it against <enobiolje taxicity, If there is a carrier for
one or more Mn species, the rate at which they cross the BBB
will be greater than that attributable to diffusion. Therefore
our first step in identifying polential transport mechanisms
[or Mn was to cstimatc the rate of diffusion of Mn spocies
through the BBB. This was calculated from the product of
diffusion permeability and surface arca (Pgifusion S}, which
is ostimated from the oclanoi-to-aqueous partitioning coef-
ficient (D). Therefore we determined the Dy, of the
three Mn species. To conduet these and subsequent
studies with Mn citrate and Mn Tf required demonstration
and validation of our ability to form these Mn species
(described in Appendix A}

The dislribution (parlitiening) of nonradioisotopic
5502+, 55Mn citrate, and 3Mn Tf belween octanol and an
aqueous phase was determined as previously described
{Yokel and Koslenbander 1987), The agueous phase was
modified lo exciude bicarhonate (HCOg 7} in the 5*Mnp?* and
58)\n citrate systems, because il is a polential ligand for Mn.
Ricarbonate was inctuded when Mn Tf was studied because
il is necessary for Mn TI formation. Octanol/aqueous sys-
tems were agilated overnight at 37°C to establish equilib-
rium, Mp concentrations in the octanol and aqueous phases
were determined by electrothermal alomic absorplion spec-
trometry (ETAAS) {see Appendix Al

The caleulation of permeability through the BBB by dif-
fusion {Pyiffusions 1 centimeters/second) is described in
ihe Statistical Methods and Data Analysis scction. The
product of rat hrain cerebral eapitlary diffusion perme-
ability and rat brain capillary surface area {PyjprusionS) DS
the same units as Kj, and Ky, which are measures of
influx and efflux at the BBB, respectively. This cnabled
their comparison. Sucrose was included in these calcula-
tions for comparison because it was used as a vascular
marker in the determination of Mn influx (Study 3) and in
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the brain efflux index method to stndy brain Mo efffux
{Study 4}. Dexiran was sncluded because it also was used
in Study 4 as a marker (hal exhibits poor membrane per-
meability. Sucrose and dextran crass the BBB hy diffusiomn.

STUDY 2. Mn TOXICOKINETICS AFTER INTRAVENOUS
INJECTION AND BRAIN-BLOOD RATIO

We determined the toxicokinetics of Mn aller an intrave-
nous bolus injection of MnCl, or Mn citrale al 25 wmol/ky
body weight in anesthetized Sprague Dawley rats. Blood
samples were collocted for approximately 2 howrs alter Mn
injection. From the clearance and volume of distribulion,
we calculated a holus MnCly injeclion (50 pmol/kg) and
infusion rale {75 pmol/kg/hr) to achieve and maintain Mn
steady stale, which we used in microdialysis studies.
These condilions rapidly produced a steady-state Mn con-
cenlration of approximately 185 pg/L (3.4 pM) in plasma,
which is considerably above (he approximate physiologic
concenlration of 20 nM.

Microdialysis is a sampling method utilizing semipet-
meable membrane tubing that is sealed on one end and
mounted on the end of a needle-like probe witl two chan-
nels. This produces a closed system excepl for diffusion
across (he membrane. The probe is implanied into a tissue.
Extracellular unbound subslances in the tissue thal are
able Lo diffuse through the membrane enter the dialysaie,
which is continuously perfused through and collected
from the probe for analysis. For the microdialysis studies a
cannula constructed from Silastic tubing, with 0.20-inch
internal diameter and 0,037-inch ouler diametes, was
inserted into the femoral vein in 13 anesthelized Sprague
Dawley rats, The tubing was expanded 1o accommodate
polyethylene (PE-50) tubing, which was connected to the
infusion syringe. The overlspping area of Silastic tubing
and PE-50 tubing was inserted inlo the vein. The cannula
was held in place with a suturc over the overlapped
tubing, The cannula enabled holus injection and infusion
of Mn-conlaining test solution. A similarly constructed
eannula was inserted in the jugular vein to enable bleod
withdrawal, Microdialysis probes CMA/20 and CMA/12
were implanted, respectively, in the jugular vein and the
brain (cortox or striatum). The brain microdialysis probes
were implanted using a stereolactic instrument to hold the
head in a defined position. A rat brain atlas was used {0
identify the coordinates lo guide insertion of the probe in
the desired brain location (Paxinoes and Walson 1986). The
cortex, often considered to be representalive of brain
tissue, was selected as a typical brain region for microdial-
ysis studies. The slriatum was sclected beeause ol its role
in Mn neuroloxicity.
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{ndicators ol microdialysis probe recovery and BBB
integrily, antipyrine and 4-trimethylantipyrine, respec-
lively, were inciuded in the intravenous perfusale (Allen et
al 1995), The dialysates from the microdialysis probes were
analyzed to quantify Mn (by ETAAS) and antipyrine and
44rimethylantipyrine (by high-pressure liquid chromatog-
raphy [HPLC]), as described elsewhere (Allen el al 1995).
An aliquot of the blood plasma fram 5 of the 13 rais was
centrifuged through an Amicon Cenirifree Ulteafiltzation
System, containing a membrane with a molecular weight
cutoll of 30 kDa, to determine the free [non-p1‘0%9511430\111(]}
M fraction, by comparing M concentration in the plasma
ultrafilirate with that in the blood plasma.

STUDY 3: DETERMINATION OF Mn BRAIN INFLUX

Radioisotopic **Mn was emplayed in the studies of Mn
brain influx (and efflux) because il enabled investigation
of Mn distribution across the BBE at concentrations that
do not exceed the reported Michaelis-Menten constant
(K,,) of Mn influx into the brain, which is approximately 1
pM (Murphy el al 1991). It also allowed studies at more
physiologically relevant Mn concentrations than could be
achieved using nonradicisotopic Mn (3*Mn}. The microdi-
alysis technique used in preliminary studies allowed lim-
ited recavery of Mn and involved nonradioisotopic 55Mn,
which is normaily present in the brain and blood; there-
fore, we had 1o establish Mn concentrations in the rat that
werc considerably higher than physiologic concentrations.
In contrast, in laler studies we used "Mn species, which
are not normally present, so that their presence was
unequivocally due Lo the administration of the 7*Mn test
dose, A further disadvantage of microdiatysis is that it typ-
icalty requires sampling inlervals of 5 to 20 minutes,
which is sufficient time for Mn respeciation, in blood for
example, Use of the in situ brain perfusion technique
enabled us to study Mn influx over much shorter times
after ils administralion than would be possible with
microdialysis. The in situ brain perfusion technique also
enabled control over M chemical species in the perfusate.
Ligands that might associate with Mn could be excluded,
reducing Mn respociation.

Brain Influx Transfer Coefficients for Mn Species

We measured (he brain influx rales aof Mn?t, Mn citrate,
and Mn Tf to determine whether their influx rates differed
significanlly from their estimated diffusion rates, Greater
influx than that which could be explained by diffusion
was laken as evidence ol one or more carrier-mediated
influx processes. The wnidirectional influx transfer coefti-
cient {K;,) was determined for Mn2* {after MnCl, adminis-
tration), Mn citrate, and Mn Tf using the in situ brain

perfusion technique (Takasato et al 1984), as modilicd by
Drs Queniin Smith and David Allen (Smith 1996; Allen
and Smith 2001). Ki, is a measure of clearance from blood
into one compartment containing endothelial cells, brain
cells, and brain inlerstitial space. We coupled the determi-
nation of K, described here with determination of the frac-
tional distribution of isolope between the endothelial cells
and the brain proper {(brain cells and interstitial space)
using lhe capillary depletion lechnique, as described later.
This allowed us fo report the corrected clearance from
blood into the brain proper.

The in situ brain perfusion technique is a Lype of intra-
venous administration. Such techniques can be up lo 100
times more sensitive than lechnigues based on indicalor
diffusion and can be modified to deseribe the Kj, of sub-
stances with a wide range of BBB permeabilities {Smith
1989). In situ brain perfusion aliows [or more control over
the chemical species of Mn than is possible with other
techniques. Using this technique Dr Quentin Smilh's
group (Rabin et al 1993) found rapid uptake of Mn (when
administered as MnCly) into the brain. The single-pass
technique that employs bolus intracarctid arterial injec-
tion followed by decapilation in 15 seconds {Oldendorf
method) was used lo measure Mo uptake in the presence
of TE, at Mn concentrations up to 1000 1M (Aschner and
Cannon 1994). This presumably demonstrated thal 15 sec-
onds is sufficient time to measure brain Mn uplake by TiR-
mediated endocytosis, which is slower than the uptake
process for low molegular weight Mn species {Murphy et
al 1991). Therefore, we expected to be able lo determine
the K;,, of Mn**, Mn cilrate, and Mn Tf using the in situ
braip perfusion technique. Longer incubation of Mn in the
presence of Tf, which presumably increased Tf binding of
Man, increased the initial rate of brain uptake (Aschner and
Cannon 1994), The extent of Tf binding of Mn was not
determined. These results seem to conflict with the
finding of reduced brain influx of Mn (introduced as
MnCl,) in the presence of blood, which was altributed lo
protein binding of Mn (Rabin el al 1993), We determined
the K, of Mn ion (introduced as MuCly }, Mn Tf, and Mn
citrate, under similar conditions. We initially determined
the Ky, of Mn** and compared the results to those obtained
using a saline perfusate (Rabin et al 1993), as part of the
validation of this method in our hands.

In Situ Brain Perfusion Technique in Rats

The in silu brain perfusion technique is a surgical
method used to study influx of subslances across the BBB.
A known concenlration of radiolabeled test and reference
materials perfuses the brain for a specific length of time
(Figure 1), The animal is then decapitated, the brain is
removed and dissected, and the Lissucs are weighed and
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assayed for tabeled test substances. The relerence malerial,
which has a very slow jnflux rate and does not appreciably
cross the BBB during the lime course of the experiment,
serves as a marker ol vascular volume and dilfusion into
the brain in a given tssue sample. For this study, 54Mn2t,
84Mn cilrate, and % Mn T were used, The vascular marker
reference compound included in the perfusate was -
labeled sucrose.

Male Sprague Dawley rals were anesthetized with 75
mg/kg ketamine and 5 mg/kg xylazine. They were prepared
for brain perlusion using described methods (Takasato el al
1984) thal have been subsequently modified (Smith 1996;
Allen and Smith 2001). The righl common carotid artery
was exposed near the branch of Lhe internal and externat
carolid arterics, The external and common carotid arleries
were ligaled, and a perfusion catheter {PE-50 lubing} was
insertod into Lhe commaon carotid artery, with the outlel
facing rostrally and terminating al the bifurcation. The
pterygopalatine artery, which branches off the internal
carolid artery and perfuses nonbrain tissue, was nol
ligaled—a modification of the original technigue. To com-
pensate for this loss of perfusion flujd to the brain due to
the perfusate flowing into the pterygopalatine artery, the
perfusion rate was increased (o maintain pressure, as
described (Smith 1996; Allen and Smith 2001).

The cannula was attached to a syringe containing the
perfusion fluid. #*Mn2t, *Mn citrate, and 540 1'f were
administercd in a perfusaie (described in Appendix A)
that also conlained ' C-sucrosc to indicate the vascular
and extravascular space of the brain occupied by the perfu-
sale, as described under Slatistical Methods and Data
Analysis, The animal's chest cavity was opened, and the
hearl vonlricles were cut open. Perfusion was slarted
within 3 seconds and maintained al a constant delivery
rate. The animal was decapitated at the complelion of the
perfusion duration (30-180 seconds). The brain was
removed, surface blood vessels and meninges were
removed, and the brain was dissected lo harvest a number
of regions from the perfused and contralateral hemi-
spheres (sce Table 4). After being weighoed in tared tubes,
{he brain samples (usually 30 to 60 mg) were assayed for
radiocaclivily in a y counter Lo quantify **Mn, and the sam-
ples were digested (deseribed in Appendix A), MC-sucrose
was quantified by *C determination in a liguid scintilla-
tion counter {(LSG), using established procedures
{described in Appendix A). Two samples of the perfusion
solution (20 1o 50 pl.) were obtained to determine the con-
centralions of *Mn and '*C-sucrose. At least four brain
perfusion durations were studied with each of the three
Mn species. Perfusion durations were selecied Lo ensure
that enley of ®Mn into the brain was sufficient for reliable
determination of Ki,; that the time was insutficient for
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Figure 1. The in situ brain perfusion technique used to deleymine Mn
influx. ACA is anterior cerebral arlery; MCA, middle cerebral artory; PCA,
posterior corabral artery; Ext., exteraal; Int., internal; Com., commen; A.,
arlary. Reproduced from Smith {1996}, with permission of Kluwer Aca-
demic/Plenun: Publishers and Dr Quentin Smith.

hrain M to exceed 10% of blood **Mn, to minimize any
contribution of Mn eofflux to the determination of Kjp; and
that perfusion times would yield iinear distribution vol-
umes versus perfusion lime curves (calculated as described
under Statistical Methods and Dala Analysis).

Flow Rate Dependency of Mn Influx Rate

This study cxamined the effect of perfusion flow rate on
brain Mz influx rate. Flow-rale-dependent uptake is a
property ol some carrier-mediated uptake systems, but is
not a property of diffusion. Animals were prepared for in
situ brain perfusion and paired lo receive the "iMnit or
11¢.gucrose perfusate at flow rates of 10 or 20 mL/min for
30, 60, 96, or 180 seconds,

Isolation of Brain Capillary Cells

The objective of this study was to differcnliate ®*Mn
reaching brain extracellular fluid from 59Mn adsorbed onlo
or localized within endathelial cells. The capiilary deple-
tion method (Triguero et al 1990) separates hrain tissue from
capillary tissue. In this study, (he brains were perfused,
using the in situ brain perfusion technigque, prior to separa-
lion into capillary and brain fractions. A detailed protocol
of the capillary deplelion is provided in Appendix A,

Animals were prepared as described previously and
perfused at 10 mL/min through the right carolid artery.
Perfusion durations of 90, 45, and 90 seconds for Mn®t,
Mhn citrate, and Mn TI, respectively, werc chosen to maxi-
mize uptake while remaining within the linear portion of
the uptake curves for all brain regions, The forebrain was
isolated and the right lateral ventricle choroid plexus was
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removed. The brain tissue (0.4 to 0.6 g) was homogenized in
3 5-mL ice-vold buffer with 8 to 10 strokes in a 15-mL tissue
grinder (Tenbroeck, Wheaton Scientific, Milville NJ). The
buffer contained (in wM): Nat {142}, K* (4), Ca®t (2.8}, Mp*
(1), G}~ (151), HyPO, ™ (1), 50,2~ (1), p-glucose {10), and 4-
(2—]1ydruxyethyl)-pipemzine-lvclhanesulfonic acid (HEPES)
(10), at pH 7.4 Dextran (70,008 ghmol) was added to a (inal
concenleation of 18% w/v, and the sohalion was homoge-
nized with five additional slrokes.

After centrilugation al 5400¢g for 15 minutes at 4°C, the
gupernatant {capillary-poor fraction containing neurons,
glia, and contents of the vagenlar lumen) and pellet (capil-
lary-enriched fraction containing the vascular network and
nuclet of ruptured cells) were separated and counted for
radioaclivity. One disadvantage of this method is thal the
isotopes may redistribute between fractions during the iso-
lation process, Lare was taken to work rapidly and on iceto
Yimit any redis(ribution of ¥Mn between the vascular and
neuronal or glial compariments. We also examined the dis-
tribution of the relatively impermeable marker 1 gucrose,
which did not appear to redistribule between fractions. Qur
values for the distribution volume of *#C-sucrose in each
fraction were 8,3 £ 1.0, 6.8 * 1.3, and 0.20 + 0.08 ul./g
(mean + SD), for {he homogenale, supernatant {capillary-
puor), and pellet (capillary-rich) fractions, respectively.
These agree with reporied values (Triguero et al 1990). If we
assume that *Mn and 140 gucrose would redistribute simi-
larly, then our lack of evidence Jor G gucrose redistribu-
tion implies that we were successful in Himiting the
redistribution of Mn.

Effect of Nonradioactive Mn on Radioactive Mn Uptake

The objective of this study was to differentiate carrier-
mediated from diffusional uptake processcs, The diffusion
rate, a function of membrane and substrale properties, is
concentration-independent. Transporters, like enzymes,
have limited capacities and can he saturated. Nonradioac-
tive subslrate compeles with radioactive substrate for
transporter binding sites and ultimately for transporl
across the membrane. [£ upiake is carrier-mediated, then
5502+ should inhibil the uptake of 84pn?+ and P¥Mn cil-
rate should inhibit 54Mp citrate uptake. This inhibition
should be concenlralion-dependent.

Using the in situ hrain perfusion technique, we mea-
sured the influx of 7 nM S4Mn2* in the presence of 0 and 1
% 102, 10°%, 104, 10%, 105, and 107 pM *SMn?* over 90 sec-
onds. The influx of 7 1M 54pp citrate was measured in the
presence of 0 and 1% 102, 10%, 10%, 10°, and 107 nM *°Mn
citrate over 45 seconds. Isolated brains werc cleaned and
dissected into nine brain regions and the choroid plexus,
and tissue samples were prepared for radioactivity deter-
smination, as described previously.

STUDY 4. DETERMINATION OF Mn BRAIN EFFLUX

The experimental approach ulilized determinations of
the apparent slimination rate constant (K,y) and volume of
distribution of Mn in the brain (Virainl)s 45 initiaily
described (Kakee et al 1996) and subsequently used {Kakee
et al 1997, 2001, Kusuhara el al 19971 Takasawa et al 1997;
Kitazawa el al 1998; Hosoya ct al 1999, 2000; Zhang et al
1999; Asaba et al 2000). The brain alflux index (BED) is the
percentage of substance jnjected into the brain that has
effluxed from brain to bioed across the BEB. Therefore the
percentage of Mn semaining in the brain is caleulated as
100% (injected Mn} minus percenlage of effluxed Mn
(BILD); the term 100 _BEI{%) is used to represent this quan-
lity. Kq is determined from 100-~BEI(Y%), as described in
(he Statistical Methods and Data Analysis section. Virin is
determined from Mn uptake into brain slices. The brain
capillury eltlox raie (Kout) is calcwated from the product of
Vippain and Ky 1L can be cansidered a clearance term wilh
(he units of yolume/lime/weight of brain. Koy the influx
sransfer coefficient {(Kin), and the product of brain capillary
pormeabilily and surface area (PsifusionS) have comparable
units of volume/time/mass brain.

Brain Ffflux Index

The BEI method incorporates a reference compound that
does not appreciably cross the BBB during the fime course
of the experimenls, filling the same function as #C-sucrose
in the in situ brain perfusion technique. We used both MC-
sucrose and #C-dextran for this purpose. The BEI of Mn
was determined {rom the coinjection of S4pn?* or Mn
citrate and '*G-suerose o¥ 14C_dexiran. The resulis
obtained suggested that after their injection S4pym?t and
540y gitrate respecialed to common species within the
brain; therefore, we decided not o study Mn Tf efflux.
Additionally, no evidence for Mn elflox from the brain was
observed, Finally, it is suggested (hat there would be no
Mn T{ in brain extracetlular fluid, as reviewed in the [ntro-
duclion section, to efflux from the brain,

Prior to conducting this study, we validated our ahility
to perform {he intracerchral microinjection (described in
Appendix A). Using these methods, the BEI was deter-
mined. A coin toss determined whether the right or left
hemisphere was 10 be injected. The injected solution con-
tained approximalely 0.02 1Gi{0.7 X 1071 mol} #*Mn and
0.008 pCi (1.6 X 10~ 11 mol) **C-sucrose or 0.688 nCi
(approx. 1.3 X 107 mol) ¥ C-dextran. When the time from
injection to termination was longer {han 5 minutes, 0.2 pGi
34pq and 0.005 pGi 140 _gucrose or | C-dextran were
injected. The amounts of 54Mn and M*C injected were
¢hosen such that 84pn would be sufficient for its roliable
quantification but would conlribate no more than 10% to
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the *C determination {described in Appendix A), Two
injection solutions weie studied: one contained (in mM)
Na* (150}, K* (5), Ca®* (2), Mg?* (1), G {141), ICO5~ (20),
and N-plucose (10), at pH 7.4; the other conlained {in mM)
Na* (147), K* (3.8), Ca”" (1.4}, Mg?" (1.2), CI” (128), HOO,
(25), PO,;"% (0.4), 8042~ (1.2}, HEPES (10), and D-glucose
(10), at pH 7.4, as previously used (Kakee et al 1996}

Ala predetermined lime after injection, the rat was
decapilated, and the brain was removed and dissected inlo
six equal sections, It was [irst bisecled ajong ihe midlina.
Each hemisphere was then cut into rostral, medial, and
candal porlions of approximalely equal size, as described
(Kakec et al 1896}, B40n was quantilied in each weighed
sample. The sample was then digesled for 14¢ determina-
lion (described in Appendix A}. 54\n and MC were also
quantified in an aliquot of the injection solulion.

The BEI method provided the possibilily lo study brain
offlux over shorter times Lhan would be possible with
microdialysis. It also provided control over (he chemical
species of Mn introduced into the brain, rather than having
to speculate on the chemical species of Mn present in the
brain after it entered the brain from blood.

Brain Distribution Volume

The distribution volume of Mn in the brain (Viyain) Was
determined by in vitro brain slice uptake experiments wilh
S4nip2t, 94Mn citrate, and 84\in Tf. Brains were removed
from unanesthetized and anesthetized, decapilated rats.
Anesllicsia was achieved with 75 mg/kg ketamine and
5 mg/kg xylazine given intraperitoneally. The brains were
dissected in ice-cold oxygenatod tracer-free uptake solution
and sectioned, using a Mcllwain tissue chopper, lo praduce
300-pm-thick slices weighing approximalely 10 mg from
lhe Par2 region of the parietal cortex. The slices werc
immersed in freshly prepared traces-[ree uptake sotulion at
47°C for 5 minutes prior lo lransfor to 12.5 mkL of uptake
salition at 37°C containing the radioisotopes. Two uptake
solutions were emploved, as described previously for the
beain cfflux index studies. For the uptake studies 0.05 nGi
(1.7 x 10712 mol) Sdpgn?t, 9Mn cilrale, or S4pdn Tf and
0.01 pGi (2 % 101 mol) C-sucrose were added. Uptake
studies were conducted at 37°C. Sucrosce indicated the
extracellular space of the uptake solulion.

At various times between 0 and 180 minutes (sec Figure
7), threc brain slices and an aliquot of the uptake solution
were removed. The slices were rapidly rinsed twice in ice-
cold (races-free uptake solution and transferred to a tube.
Each rinse was followed by vemoval of remaining lquid
through capiltary action by touching absorbent paper to
the internat wall of the dish without conlacling cells.
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Remaining uptake solution was remaved from the slice,
and the siice was weighed and counted to quantify S4Mn,
then digested in 500 pL 10% piperidine for H(; quantifica-
ton (described in Appendix A},

Initially, short uptake times (up fo 11 minules) were
studicd during which the Ve, value did nol reach steady
stale, Longer incabation limes, up to 180 niinuies, were
then studied (as shown in Figure 7). It was hypothesized
that the considerable **Mn cilrate uptake was due to incor-
poration of citrale in the tricarboxylic acid cycle, thereby
enbancing dissociation of the 54\ n citrale complex, pro-
moling further uplake into the brain slice. To test this,
1 mM aconiline, 1 or 10 mM monolluorcacelate, or 8.2, 1,
or 5 mM oxalomalate was added to the uplake solution.
Aconiline, meonofluoroacetate, and oxalomalale inhibit the
enzyme aconitase thal converls citrate Lo isociirale, thereby
reducing intracellular ATP {Fesla et al 2000; Shinoda et ol
2000). The clfect ol addition of sodinm azide (1 mM), ares-
piratory chain inhibitor acting at complex I, was also
assessed. Uplake of %\vin into slices was determined al 5,
30, 680, and 120 minutes in the presence of these inhibitors,
using the methods described above.

STUDY 5: CHARACTERIZATION OF Mn
TRANSPORTERS AT BBB

Resulls of the above studies revealed transporter-mediated
brain uptake of Mn?*, Mn citeale, and Mn TE We found no
cvidence of carrier-mediated Mn cfflux from the brain.
Experiments were then conducted with the aim of character-
izing the propestics, and ultimately identifying the trans-
porters, madiating brain Mn uplake. Both single-cell and
whole-animal models were utilized. Experiments were ini-
tially conducted with the rat erylhrocyle, which expresses
{wo transporlers, and with two sources of BBB-derived
cells, an immortalized murine celt line and primary cells
obtained from bovine brain. The results of the experiments
conducted in cell cultures were then used to design experi-
ments in whole apimals, This approach was taken because
manipulations could be more rapidly conducted in cell cul-
tures than in whole animals, enabling us to determine more
rapidly some of the characteristics of Mn transposters and 1o
rule oul some candidates. However, the cell cullure uptake
studies provided only & partial model of the BBB because
they were used lo investigate uptake into cclls, whereas
BBB transpor! involves movement of substances both inlo
and ount of brain endothclial cells. We then returned lo
whote-animal studies to pursue this ain.

Cell culture models included the rat grylhrocyle, which
cxpresses MCT1 and the anion exchanger and could be
used {o assess their roles in Mn Iranspott. The effccts of
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pharmacologic manipulation op Mn uptake were ascer-
tained in immortalized (b.End5) and primary (BBMEC)
BBB cells. Whole-animal experiments in Spraguc Dawley
rats used the in situ brain perfusion technique to inhibit
pulative Mp transporters through pharmacologic manipu-
lations. Experiments were also conducled in homozygous
Belgrade (b/D) rats, which do nol express a functional form
of DMT-1, one of the putative Mn transporters.

Experiments with primary cultures of bBBMEGs, a clas-
sical model of the BEB (Audus el al 1996), tested the effect
of many pharmacologic probes on Mn?* uptake. These
cells are ofien studied as & monoculture in containers with
4 membrane on which the cells are grown (Lranswells).
This ecnables the study of ransporl in bolh directions
through the cell layer, modeling influx into and efflux
fram the brain through the BEB.

The BBB consists of endothelial cells with tight junc-
tions, surrounded by a basement memhrane of collagen
and collagen-like protein, These endothelial cells consti-
tute approximately 0.1% of the total volume of the brain
{Pardridge 2003). Approximately 30% of the abluminal
surface of these cells is surrounded by pericytes. Aslrocyie
foot processes cover a high percentage, variably estimated
1o be 80% to 100%, of this complex (Maynard et al 1957,
Wolff 1963; Ambrosi et al 1995; Virgintino et al 1997}, The
bBMIECs are used to grow a relatively pure population of
brain capillary cells. Gells are plated and grown on a col-
lagen matrix o study either uplake or transport.

One disadvantage to this in vilro model is that tight junc-
tions between endothelial cells do not form as well as they
do in vive. This attows for greater movement hetween cells
vin diffusion. The gaps that can be found between cells in
confuent bBMEC cultures are wide enough 1o altow signit-
jcant paracellular passage of small jons [such as Mn?*) and
small complexes (such as Mn citrate), From the size of Mn#*
and Ma citrate and the rates of paracellular diffusion of
comparable molecules in confluent bBBMECs (Johnson and
Anderson 2000), the amount of Mn {ransport wough these
cells would be expected 1o be relatively small compared
with a large amount of diffusion. The studies of in situ
influx rates suggested that MnZt [92%), Mn citrate {90%),
and Mn TI (75%]) that initially entered the endothelial cells
had atready passed through {he endothelial cclls and
crossed into brain extracellular fluid or brain cells during
perfusion (see Isolation of Brain Capillary Cells, Study 3).
This suggests that Mn entry into endothelial cells is equal to
or slower than its export into brajn space. That is, Mn
uptake into bBMECs is {the rate-delermining step of Mn
transport across the endothelial cell during influx. There-
fore, Mn uptake studics were conducted.

Isolation of bBMECs

Janelle Crossgrove sravoled lo the University of Utah to
learn the procedures lo isolate bBMECs. She was trained
by Jian Chen, a graduate studenl of Dr Brad Anderson.
They successtully isolated endotheliat cells in Ulah, and
Jian shared his protocols. At the Univeesity of Kentucky,
the procedures werc slighlly modified to accommodale
our different centrifuges and rolors. This enabled us Lo
obtain sufficient yields of purified cells. The protocol for
bLBMEC isolation lias been described in detail in a review
{Audus et al 1996). The isolation procedures used also
generaily followed those described {Audus et al 1996).
Two differences from the procedures in the Teview were
that our isolation solutions of minimumn essential medium
cantained sodium bicarbonate (NaHCO3, 26 mb) and did
not conlain potymixin B. The celi culture medium used
was similar to that described, with subslitution of the anti-
biotics peniciliin and streplomycin {100 U/mL and
100 pg/mkL) for genlamicin (50 pg/mL).

In summary; bBMECs were isolated [rom fresh bovine
brains using an astablished method (Bowman el al 1983), as
described (Johnson and Anderson 1996} and reviewed
{Andus et al 1996). Cow heads inspecled and approved by
the US Department of Agriculture were ohtained immedi-
ately after slaughter, and the brains were removed. The
meninges and surface blood vessels were removed, and the
cortex was minced inlo millimeter-sized picces, This brain
dispersion was digested enzymalically with dispase
{0.5% w/v). Microvessel fragments werc collected by den-
sity centrifugation in 13% dextran before a second enzy-
matic digestion with collagenase-dispase {1 mg/mL) and
purification through a Percell gradient. The microvessel
fragments and endothelial cells {bBMECs) were stored
under liguid nilrogen until cultured, Approximately
25,000,000 cells were obtained from each bovine brain.

Approximately 500,000 cells were plated on cach plastic
35-mm-diameter cultuwe dish that had been collagen-coated
and treated with fibronectin. Gells were grown al 37°C in
5% (0, with media containing 10% horse serun. Conflu-
ence was achieved around day 10 to 12. These bBMECs
have the following characteristics of endothelial cells: {1}
They are posilive for y-glulamyltrans[erﬂse and alkaline
phosphatase activity. (2) They do not have the processes 0
shapes associated with newrons and glial cells according to
morphologic analysis of transmission electron microscopy
(TEM]} images. (3) They take up L-histidine, as do other iso-
lated brain microvascular endothelial cells (Yamakami el al
1998). (Details of these validation procedures are in
Appendix Al Cullured, primary, nonpassaged bBBMECs
maintain excellent BBB characteristics (Weber el al 1993).




Polarity of the cultured cells, grown on a collagen malrix that
resembles (he ahluminal basement membrane, is achieved
and maintained. When the cells atiach the abluminal face to
the collagen, the observed differences in rates of unidirec-
tional Lransporl correlate with the expected differences
{Borges et al 1994; Audus et al 1096).

Uptake Studies in bBMECs

5apn uplake was determined using procedures similar
to those we had used praviously (Yokel et al 2002). The
uptake medium contained the following (in mM): Nat
(122}, K* {4.2), Ga®" (1.5), Mg?* (0.9), C17 (181), HEPES
(10), and D-glucose (10}, al pH 7.4. Briefly, each dish was
rinsed three times in wash solution. This was a solution
containing all the componenls of the uptake solution
excepl the MC-sucrose and the Mn®* al the lemperalure
of the uptake experiment. The third rinse remained on the
cells Tor 10 minutes to equilibrate them to the reaction lem-
perature. The cells were then incubated with 0.75 mL
upieke media containing 54pMn?* at approximately
1.1 pCi/mL and at 184 nM +otal Mn (4Min and **Mn). Also,
the media contlained 14 gucrose at 1 pCi/mk (0.2 M), The
cells were incubated at their reaction temperature for the
duration of the uptake study (10 to 120 minutes). Alter the
completion of the ineubation, the moedium was removed
and (he cells were rapidly washed five times with ice-cold
wash solution. Cells were removed and lysed with 0.75 mL
sodium hydroxide (1 M) and neutralized with 0.75 mL
equimolar hydrochioric acid {HCI). Gell lysates were col-
Jocted for analysis ol radicactivity. Afler y radiation was
delermined, atiquots of the lysate were taken for scintilla-
tjon counting and for protein determination via the bicin-
choninic acid method.

Time Course of Mn Uptake in bBBMECs

The initial experiment using bLBMECs was lo defline the
parameters to use in subsequent uptake pxperiments and
identify a suitable time for those experiments prior to sai-
uration of uptake, Tolat Mn uptake inlo bBMECs in culture
dishes inclhudes adsorption onlo ceils, exposed vollagen,
and the exposed plastic dish, as well as uptake via diffu-
sion, pinacylosis, and carrier-medialed processes. To
examine carriec-mediated Mn uptake processes, we had 1o
account for these passive contributions to total 54Mn
uplake. Cell viability throughoul the experiments was also
measured, because carrier-mediated uplake is likely to he
diminished in dead or unhealthy cells. Uptake was
studied al two pH values to asceriain if it was linear al
normal and reduced pH.

54 fn?" adsorption onto collagen-coated dishes in the ab-
sence of cells was measured, because 54pn2t dous associate
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with collagen over the time course of the experiment, Collagen-
only dishes were treated using the same procedures as cell
dishes, from the initizl three prerinses through the base-
digestion and acid sleps. Plastic cell culture dishes
without collagen were similarly treated to measure the
adsorption of Mn Lo any exposed plastic. Nonspecific
binding of **Mn and 140 suarose to ali components of the
collagen-coated dishes was determined as uptake for
15 seconds into ice-cold cells in culture dishes with ice-
cold uplake media. Cells were lysed and lysates were ana-
jyzed as described previously.

Cell viabilily was measured in parallel dishes exposed Lo
(he same treatments. Cell menibrane inlegrity was measured
hy determising the amount ol laclate dehydrogenase released
jnlo the uptake media, Lactate dehydrogenasc is a cytosolic
enzyme. Cell redox potential was measurad by the conver-
sion of mcL]aylthiazuleiet1‘az01ium (MTT) Lo its formazan
product as an indication of celi health {Mossman 1983).

Pharmacologic Manipulations of Uptake in hBMECs

Once we had determined a suitable time for uptake
experiments, we determined the effects of various pharma-
cologic manipulations on MnZt upiake. Many of the major
characteristics that differenttate transporters are shown in
Figure 2. We uscd this scheme as a guide to the selection of
pharmacologic manipulations to characterize Mn uptake
processes. Fach experiment compared the uptake achieved
with one or more pharmacologic manipulations and the
gonlrol uptake; collagen-only dishes were used and non-
specific binding controls were included for each treatment.
Manipulations included uplake time, pH differences,
sodium replacement, and the presence of inhibitors of
energy produciion or ol transporlers.

Proton Dependence  We studied the effect of pH on
Bapp %+ uptake to test the hypothesis that the Mn carrier is
proton-dependent, Many transporlers are dependent on
proton gradients. There arc proton cotransporters for inor-
ganic lons, sugars, amino acids, dipeptides, lactate, and
other substances. There are also many proton-independent
transporters, For proton-dependent transporters, such as
the monocarboxylate lransporier, substrate uptake
inversely costelates with extracellular pH (Resenberg et al
1993; Garcia el a1 1994). This is presumably also true for
DMT-1. Mn?* was shown to be a substrate for DMT-1 at pH
5.5 when it was transfected into oocytes {Gunshin et al
1997). DMT-1 is expressed al some cell membranes,
including the intestine and BEB (Burdo et al 2001). DMT-1
is a proton-dependent pump (cotransporler), It transpotts
several divalenl metals, including Fe?t, Zn?", and Gu?", and
may work in conjunction with the TIR. For metal transport
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via DMT-1, the optimum pH is 5.5. We hypothesized that
Mn?* brain entry at the BBB, in the absence of T, was medi-
ated through DMT-1 at blood pH. To test the hypothesis thal
the Mn carrier is a proton colransporler [sympurter], B4pn¥
uptake al 30 minutes was measured in media buffered with
sulfonic acids to pH 6.4 (10 mM piperazine diethanc-
sulfonic acid [PIPES]), 6.9 (10 M 4-morpholine propane-
sulfonic acid [MOPS]), 7.4 (10 mM HEPES), and 7.9 (10 mM
HEPES). In one experiment, 59pn?* uptake was measured
in potassium hydrogen phthalate buffer at pH 5.4, but cell
viahility was reduced to only 6% of control viability, and
{hat experimenl was not repeated,

Sodium Dependence  We conducted experiments in
which sodium was partially or totally deleted [rom the
uplake medium to test the hypothesis that il has a role in
Mn2* uptake al the BBB. On ithe one hand, sodium plays a
role in the cotransport or exchange of several substrates.
Many lransporlers are dependent on sodium or proton gra-
dients. There are sodium cotransporiers for inorgainic ions,
sugars, amino acids, aucleosides, bile acids, lactate, and
other substances. On the other hand, there are many
sodium-independent transporters. The role of sodium in
Mn2* uptake into bBMECs was measured by replacing
50% or 100% of the sodium in Mnt uptake media with
choline or lithium,

Energy Dependence  Using metabelic inhibitors, we
tosted the hypothesis that the Mn carrier is energy-dependent.
Some iransporiers aclively import substrates while
expending energy, while others facilitate influx without
depleting energy slores. We found that the intracellular
Mn concentration in bBBMECs afler a 30-minute incubation
exceeded the extraceiiular conceniration by at laast 10~
fold (see Resulls section). This is evidence of concentra-
tive uplake. Il is expected {that a source of energy is
requirad to produce and maintain this concentralion gra-
dient. Energy may be provided by ATP hydrolysis or the
movement of slectrons. We hypothesized thal blocking
ATP hydrolysis wonld {ahibit Ma?* uptake into bBBMECs.
Cells were trealod with Mn?* in the presence ol several
energy inhibilors. 2 4-Dinitrophenol (0.25 mM) releases
proton gradicnts and causes Ca®* release from milochon-
dria to prevent the driving force of ATP production (Lynch
and Deth 1984; Patel el al 2001). Azide {10 mM) inhibits
complex IV in the electron transporl chain (Cheng et al
2001). 2-Deoxygtucose (10 m) produces a melabolically
inactive metabolite thal inhibils glycolysis (Newman el al
1990; Cheng et al 2001).

ATPase Membrane Channels We determined whethor

Mn upiake occurred via a P-type ATPase, P-type ATPascs
are membrane channels that pump ions across the cell
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membrane and use ATP as an energy source (Caraloli and
Brini 2000). Because Mn®* has the same charge and rela-
tive size as Ca?*, we hypothesized (hat Mn?* brain entry
may invelve one ar more Ca** channels or transporters.
Ca?*-ATPase is a plasma membrane calcium pump,
reviewed in Carafoli and Brini {2000), which is located on
brain capillary cells (Keep el al 19989; Manoonkitiwongsa
¢t al 2000}. We hypothesized thal Ga?*-ATPase may
mediate Mn?* (ransport al the BBB. Vanadate is a nonspe-
cific inhibilor of p-type ATPascs, including Ca®’-ATPase
{Tiffert and Low 2001). It was added to the uptake media at
0.063 and 1 mM. To address the concern thal vanadate
might not enler BBMECs rapidly enough to be available to
inhibit Mn uplake, it was added 30 minutes prior to Mn
uptake study and then washed oul. This also tested the
reversibility of the vanadale effect on Mn uptake. Ouabain
selectively inhibits Na™/K*-ATPase by compeling for the
K* binding site. It was added at 100 yM.

Uptake Studies in Intact Rats, Erythrocyies, and
h.End5 Cells

n order to elucidate the properties and possibly identify
Mn transporlers at the BBB, we also conducted experi-
ments in intact rats using in situ brain perfusion. Results of
our BBMEC experiments supported the hypothesis that
brain Mn uptake is mediated by a Ca*’-ATPase: Mn*
uptake was significantly and irreversibly inhibited by
1 mM vanadate, @ conceniralion sufficient to block Ca®*
movemenl in red cell suspensions (Tiffert and Lew 2001).
Therefore, we conducled in situ perfusion experiments in
which vanadate (1 mM} was included in treatment perfu-
sales. Perfusales with 10 mM vanadate were also studicd
because vanadate may not be extracted from the uptake
media to a greal extent. For example, Mn extraciion is loss
than 10% during a 90-second porfasion.

p-Hydroxyhippiuic acid is a specific inhibitor of CaZ*-ATPasc
(Jankowski et al 2001). It was hypothesized that Mn®* may enter
the brain via a Ca®*-ATPasc, as both arc divalent calions, In
human erythrocytes, p-hydroxyhippuric acid (100 M)
inhibited Ca®*-ATPase activity to 30% of basal activity
(Jankowski et al 2601}, In our experiments, p-hydroxy-
hippuric acid (200 or 400 pM) was added (o the perfusate,

Iron Competition We tested the hypothesis that uptake
of Mn and a similar divalent metal ion, ferrous iron {Fe®),
are mediated by a common transporler, Since Mn and Fe
are chemically similar, we hypothesized that they may be
transported into the brain by the same process or processes
and that Fe would compete for Mn upiake fransporters. Fe
and Mn are known to compete at Lhe intestinal lumen
(Simpson and Peters 1985). To test this hypothesis the
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effect of Fe** on **Mn?* uptake was determined. Sprague
Dawley rats were perfused with a perfusale containing
184 nM ¥*Mn2* and 0 or 100 pM [errous sullate (FeSQ,) for
90 or 180 scconds, Experiments were completed without
antioxidant present or with 0.01% (5.3 mM) sodium
bisuilite or 0.1 mM ascorbic acid. Control animals were
completed for cach experiment with Fe-free perfusate in
{he absence or presence of anlioxidant.

DMT-1 Transporfer To test the hypothesis that Mn is
transported inlo (he brain by DMT-1, we conducted exper-
imenls in a rat model thal does not express a functional
form of this szamsporter, the b/b Belgrade rat. The transporl
of iron, zine, copper, cadmiun, calcium, nickel, lead, and
manganese by oocytes Lransfected with DMT-1 messenger
RNA at pII 5.5 has beer shown (Gunshin et al 1997). Fe
and Mn compele for uptake via DMT-1 in human leukemia
and kidney cell lines (Conrad et al 2000}, DMT1 is present
in brain capillary cells (Burda et al 2001), We hypothe-
sizad that Mn®* brain uptake may be medialed by DMT-1.

Homozygous (b/b) Belgrade rats do not express func-
tional DMT-1. Genotyping of the b/b and +/b Belgradc rals
is described in Appendix A, A preliminary experiment
was conducted Lo determine the rates of “Mn?* brain
uptake in b/b and +/b rats. For at least 2 wecks prior to
study, all zals were maintained on a radent chow {Harlan
Teklad 2016) containing approximalely 215 mg Fe/kg body
weight. Brain Mn?* uptake was determined in five b/b
fernalo rals 135 to 220 days old, one female and five male
+/b rais 140 to 560 days old, and six fomale Wistar rats 115
to 130 days old. The in situ brain perfusion technique was
used. The perfusate solution contained 540in (375 nm total
Mn) as either *Mn?* or 840 T, Perfusion lasted 90 sec-
onds. The rats were nol paired. In a subsequent oxperiment
conducted under more controlled conditions, rats were
assigned to squads consisting of a b/b Belgrade rat 65 to
92 days old, a +/b littermate of the same sex, and & Wistar rat
that was on the average 24 days older. All subjects within
the sguad were randomly assigned to receive in situ brain
perfusion containing *'Mn?* or *'Mn T,

To determine the distribution of Mn that was associaled
with the brain, squads of rats were randomly assigned (o
receive in situ brain perfusion containing SMn®* or S4Min
Tf in the ahsence or presence of a cerebrovascular washout.
The Belgrade rats were 71 to 82 (mean, 77) days old, the
paired Wistar rats were 60 to 9¢ (mean, 69) days old, and
with two exceptions, the rats were the same sex. The first
objective was to determine whelher 54Mn adsorbed onto
the endothelial cells during in situ cerebrovascular porfu-
sion without further entering the endothelial cells, brain
extracellular fluid, or brain cells. The brain **Mn influx
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transfer coefficient {K;,) was determined in the perfused
cerebellum, midbrain/eolliculus, and pons/mcdul]a and
in nine brain regions contralateral to the perfused hemi-
sphere, To remove S4\n and MC-sucrose adsorbed onto the
luminal surface of the brain endothelial cells that consli-
iute the BB, a wash solution containing a Mn chelator was
perfused through {he brain after the *Mn-containing perfu-
sate. Tt was hypothesized that il 54\n simply adsorbed onto
the capillary membranes, then brain uptake of Snvin would
be lower in rats that reccived the cerehrovascular washoul
after perfusion, The second objective was to ascertain if (he
brain Mn was primarily associated with the brain endothe-
lial colls, or if o significant fraction had distribuied through
these cells into brain extraceliular fluid and brain cells.
After #'Mn perfusion in the absence ot presence of a cerc-
hravascular washoul, the hrain endothelial cells were sepa-
raled from the remainder of the cerebruin.

M Citrate Transporters  To determine the ahility of Mn
citrate Lo serve as a substrate for MCT1 and the band 3
(anion exchange) transporter, wo used the rat erythrocyle,
which expresses both MCT1 and the band 8 (anion
exchange) {ransporter. This enabled us to test the hypoth-
esis that Mn cilrate is a substrate for one or both of these
carriers. The ral erythrocyte is a classical preparation for
the investigation of these carricrs. Lactale and pyruvate are
substrates for the monocarboxylate transporter. Therefore,
pyruvate competes for lactale uplake. Band 3 exchanges
chloride for bicarhonate. Two experiments were con-
ducled to determine il Mn cilrate serves as d subslrate for
ane or both of these Lransporters. In the firsl experinment
M citrate {5 and 10 mM) and 2 mM pyruvale werc com-
pared [or their ability 10 inhibit uptake of 1 mM **C-lactate
at 6°C after 20, 60, and 300 seconds. The second experi-
ment was conducled at room temperature using a bufler
contajning sulfale {ralher than the usual chloride) to remove
the chloride gradient that might drive MCT1 and the anien
exchanger to efflux Mn from erythrocyles if it enlers those
cells, This ensures that the transporters are acting as influx
carriers. This experiment assessed the ability of t mM
140, citrate and § and 10 mM Mo 14 _citrate to be taken up
by the erythrocyte. Both of these experiments were ¢on-
ducted with triplicate observations.

We used an immortalized cell line, b.Ends, to determine
hoth the ability of Mn cilrate 1o serve as a substrate for trans-
porters and the pH dependence of its uptake. These cells
were established from murine Lrain endothelial cells (the
colls thal constitute the BBB) and were obtained from the
European Gollection of Cell Culture. These cells express
many of the properties of brain endothelial cells, ncluding
the endothelial-specific proteins PECAM-1, endoglin,
MEGA-23, and Fik-1, according to the supplier. We utilized

them in uptake experiments in conjunclicn with uptake
studies of Al citrate (Yokel et al 2002). We determined the
{ime course and pil dependence ol Mn ciirate uptake.

Tn an initial study we determined the time course over 4
hours of Mn 14C-citrate uplake by b.Ends cells. The cells
were grown in 35-mim plaslic dishes until nearly con-
fluent. They were bathed ina physiologic medium con-
taining 1 mM L4 pitrate, Mn 1 gitrate, or Al W itrate
for 15, 60, 120, or 240 minutes at room lemperature in one
experiment conducted with triplicale observations.
Uptake was normalized to cell volume, which was esli-
maled from proiein determination of the cells, assuming
intraceliular volume of 2 nL/1 mg protein, Upiake from
media with pH 6.9 and 7.4 was also determined affer
1 hour in three experiments, each conducted with tripli-
cale ohservalions.

An experiment was conducted to test the hypothesis
that (he Mn citrate carrier is a member of the family of
organic anion sransporters, Citrate is an endogenous retal
cholator. Al the dilute Mn and citrate concentrations and
pH (7.33) of brain extracellular fluid or blood plasma, Mn
citrate complex would be expected (o be & monomer
(Amico and Danicle 1979). Bach citrate jon forms a tridern-
tate complex with Fe, Mn, or Al involving the hydroxyl
group and two {erminal carboxylates, leaving a noncoordi-
nated central carhoxylate, as reviewed in the Introduction,
which may sesve as the recognifion moiety of Mn citrate
{or the monocarhoxylate transporier. As a1:1 complex, Mn
citrate has a negative charge and may serve as a substrate
for an organic anion transporter. To examine the character-
istics of Mn citrate npteke, rals werc perfused with MMM
citzate for 45 seconds at 10 mL/min in the near absence of
sodium, which is a potential cosubslrate of some trans-
porters, and in the presence of quercetin, an inhibitor of
the monocarboxylate transporter family.

Culcium Transport Pathways After Lhe resulls of Lhe
above studies, we generated the hypothesis that the MnZ*
carvier is a Ca®* carrier. Brain Mn?* influx may occur via
one or more calcium transporl pathways, Calcium inhibits
Mn enlry inio Hep-G2 cells (Finley 1998). Inhibitors of cal-
cium entry also decrease Mn influx inlo thymic lympho-
cytes (Mason et al 1993), human erythrocyles (Lucaciu et al
19497), and a subclone of HEK293 cells (Kerper and Hinkle
1997a), Therefore, Mn ion entry could occur through cal-
cium carriers al the BBB. Mn uplake into cells has becn
reporled to oceur via voltage-gated catcium channels, the
sodiwm-calcium exchanger, the sodium-magnesium anti-
porter, and the active calcium uniporter (for review, sce
Takeda 2003).

Normal Ca%* cycles include the release of endoplasmic
Ca?* slores into cylosol during Ca?t oscillations or waves,
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which are produced by a variety of events. Ca-ATPases
pump intracelinlar free CaZ* from the cytoplasm into the
endoplasmic reticulem (sarco-cndoptasmic reliculum Ca-
ATPasc) or oul of the cell (plasma membrane ealcium
pump) Lo recover fram the food of cylosolic calcium. When
intracellular stores are depleted of caleium, an unknown
signal opens the plasma membrane store-operated channel
lo allow Ca?* entry [rom exiraceiiular fluid.

BBB cells express Ca?*-ATPase, receplor-operated cal-
cium channels, and slore-operated calcium channels. The
endothelial cells, which provide the inttial barrier from
blood to brain, are considercd nonexeitable and would not
be expecled to have voltage-sensitive calcium channels. The
perlusate and uptake solutions we used did not include
receptor ligands, so activation of these pathways was nol
expocted, assuning a minimal role for paracrine or auto-
crine factors. The store-operated calcium channel has not
been specifically identified or crystallized but is thought to
be homologous to the transienl receplor potential (TRP)
gene family. M enlry through store-operated calcium chan-
nels increases in response to thapsigargin and cyelopiaz-
onic acid, chemicals that deplete CaZ* stores, Mn®* has been
shown to enter rai peritoneal mast cells through the store-
operated calcium channel (Fasolato ¢l al 1993a,b).

To test the hypothesis that Mn2t influx is mediated by
one or mare calcium carriers, we conducted experiments
using the in sitn animal model. K, values werc deter-
mined al three perfusate calcium concentrations (0. 1.5,
and 9 mM) and in the presence of calcium influx inhibi-
tors, Inhibitors included nifedipine, amiloride, and vera-
pamil (for voltage-gated calcium channels) and lanthanum
nitrate [La(NOy)z, 50 #M] or nickel chloride (NiCi;,1 mM).
Lanthanum and nickel are inhibitors of a variety of cal-
cium channels. In cell culture studies, Mn upiake inlo
bBMECs was measured in the presence of La(NOgl};
(50 pM) or NiCl, {1 mM]). Also, intracellular calcium stores
were depleted by pretrealment with eyclopiazonic acid
(10 pM} or thapsigargin (1 pM) for 5 to 10 minutes, alter a
published prolocol for hBMECs (Kerper and Hinkle
1997h). Ma uptake in the continued presence of these
Ca%*-depleting chemicals was measured. The inhibitors
used are relatively nonspecific, but the number of probes
and preparalions increased our confidence in the resulls.

STATISTICAL METHODS AND DATA ANALYSIS

ESTIMATION OF BRAIN UPTAKE RATES OF Mn
SPECIES BY DIFFUSION

Rat brain cerebral capillary diffusion rates were esli-
maled from the results of Study 1 based on the relation
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between molecular weight (MW) and the Dy, 85 described
elsewhere [Ohna et al 1978; Levin 1080):

tog Piffusion = —4-005 + (0.4115
% log [Dofa = MW"21).

The product of permeabilily and surface area (PyifusionS
in mL/sec/g brain tissue) was then catculaled by multi-
plying diffusion permeabilily by rat brain capillary surface
area (240 em?/g; [Crane 1963]} as described elsewhere
(Smith 1989).

CALCULATION OF TOXICOKINETIC PARAMETERS

The toxicokinetic parameters describing the results
obtained after bolus intravenous injection of Mn into the rat
wore determined using a noncompartmenlal Lloxicokinelic
modeling program (Fox and Lamson 1989). The area under
ibe curve, arca under the momenl curve, initial blood con-
cenlration, and climination hall-life were deteemined from
ptots of Mn concenlralion versus sample collection time.
Clearance (C1) and volume of distribution {Vyy) were valeu-
lated as described (Rowland and Tozer 1995).

ESTIMATION OF INFLUX PARAMETERS

For each brain region harvested from aach animal after
in situ brain perfusion, y counts were converled to **Mn
disintegralions per minute (dpm) per gram brain tissue.
‘The ratio of #Mn in brain tissue lo thatin perfusate
{which resolves {0 milliliters per gram) was calculated and
piotted against time, I'rom the linear porlion of the graph,
the siope was determined as the regression of the points
for each tissue and each Mn species. The unidirectional
infiux transfer coeflicient (K,) is represented by the slope
of Lthe graph. Kjy, is a measure of the rate of influx of a sub-
stance in a given Lime into a given amount (space) of hrain.
It is the quotient of uptake space and time, and reflects the
volwne of perfusate clearcd of substrate that is transferred
into 1 g of brain over a given time period, The slope and s
SEM were calculated using Microsofl Excel. The slope (Kj,)
has the units of milliliters per second per gram brain tissue.

The distribution volume, or uplake space {3}, is Lthe
amount of brain tissue into which the substrate disteibutes
during a given perlusion duration. () values (in milliliters
per gram brain tissue) of **Mnp and 140 ywore catculaled as

(Q = Radioaclivily per weighl tissue (dpm/g)
/Radioaclivily per volume perfusate (dpm/mL).

The 5¥Mn uplake space results were corrected for the
sample’s vascular and extracellular space by subtracting
the 14C-sucrose uplake space; that is,
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Corrected Cyin = O total — Qsucroser

Thus,

Corrected (o = (B4Mpyain [dpm/gl
+ BMn g [dpm/mL])
— {H4C-Sucroseyrain [dpm/g}
+ 14C—Suurosepm-[dpm."le).

The second fraction [Qsucrase) had a mean of 0.011 mL/g
brain at 90 seconds. The corrected uplake spaces werc
plotled against perfusion time, Extreme values were tested
by the Dixon criterion to dolermine whelher they were out-
liers. To test for linearity, analysis of variance (ANOVA) of
the uplake space versus Lime was conducled for each
tissue and each Mn species. The F Llesl determined lin-
carily. If uplake was not linear throughout the four perfu-
sion duralions, then the lowes three perfusion duralions
{30, 60, and 96 seconds for Mn2t and Mna TF; 15, 30, and 45
seconds for Mn cilrate) were tesied [or linearity, The linear
leasl-squares regression of the data points was plotted
using Microsoft Excel. For 54nin Tt data, the ®*Mn activily
in dpm was correcled for the contribution of Spatt,
which accounted for 19% of the **Mn in the perfusate
(described in Appendix A), For perfusate samples, the cor-
rection simply decreased total dpm by 19%. In tissue sam-
ples, this correction is the product of the tissue Ky for
54ppn2t, the perfusion time, and the concentration of
SNt as follows:

Sivin TE (dpm/g) = Total ¥Mn (dpm/g)
— (K, ImL/sec/gl)
% (Time fsecl)
x {Total S [dpm/mb] X 0.19}

K;n values wore {hen convested to 5 (the product of
cerchrovascular permeability and surface area) using the
Renkin-Crone model values according to the equation
(Smith 1989):

PS5 =—vF xlo (1 — Kjp/v}

where P is permeability, S is the surface area of the per-
fused vapillaries, F is the regional flow, and v is the frac-
tional distribution of tracer in blood (for perfusale, v= 1). S
is 240 cm?/g brain (Crone 1963]). P has units of distance per
{ime. PS has units of volume per time per brain weighl and
is expressed as milliliters per second per gram. Influx ()
was caleulaled as the product of PS and Mn congentration
and had the units of nanomoles per second per gram, The
grapls of mean J versus concentration (C) were plotted and
fil to the following Michaelis-Menten equations where fo,
Ja, and J, each represent a fit of the same J data set as

defined below, K, is the diffusional constant, € Is concen-
tration of total Mn (in nanormoles), Viax is 1the maximum
velocity of the putative transporters, and Ky is the
Michaelis-Menten constant ol saturable nptake.

Jo = Kg#C

Ji = Vigax ¥ CilKy + O+ Kg% 8

Jo = Vinase = CHE 2 + Cl+ Vinax
KKy + O] + Kg» &

The product of Ka€: reprosents the nonsalurable compo-
nent of uptake. The Ftest was used to determine the best-
filting model for each lissue and each Mn species. The Ky
and Vi, values woere determined by nonlincar regression
analysis of Mn influx versus concentration using SAAM 1L
and GraphPad Prizm computer software Programs.

Differences hetween lissue Kjy, values and predicted dil-
fusion rales were compared by t tests, using the Bonferroni
correction for multiple testing. In single-time-poinl cxperi-
ments, the K, values were determined by directly dividing
each uplake spaco (milliliters per gram) by its perfusion
duration {scconds), Comparisons were made by # test with
the Bonferroni correction factor or with the Dunnetl test.

Comparisons of the Kj, values among the b/b, +/b, and
Wistar rats were made by one-way ANOVA lests followed
by a Bonferroni multiple comparison test.

To assess the resulis of in situ brain perfusion studies of
the effect of Mn®*, Fe?*, vanadate, p-hydrexyhippuric
acid, the ahsence of functional DMT-1 expression, and
guercetin on 54 uptake, influx rales were galeulated as
previously described wilh considerations for the diffusion
ol %*Mn and the amount of 54\n remaining in the vascula-
ture (sucrose space). The rates obtained in the presence ol
4 treatment were then converled 10 percentages of control
rates. The data were compared for any differences by a
twao-tailed t tesl with GraphPad Prizm.

COMPUTATION OF BRAIN EFFLUX INDEX

In Study 4, which investi gated the efflux of Mn from the
Brain, brain efflux index (BEI was catculated from the sum
of the ™Mn and 14c-guerose in the six brain sections com-
pared to the amount injected, as describad (Kakee ol al
1996}

100% — BEI = ("*Mn in brain/!*C in brain)
[(5*n injected/Amaount of MG
injected) X 100

The MC-sucrose associaled with the brain slices of Study
4 was graphed versus time to enable caleulation of tissue
extracellular space occupied by the uptake solution at lime
sero, from (he y-intercepl of the graph. The SiMn associated
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wilh the slices was graphed versus lime to enable determi-
nation of the apparent distribution volume (Viain) of the
Mn species. The 54 values were corrected for the extra-
cellular space occupied by the uptake solution, as estimated
from the *C-sucrose resulls, The Vigin resulls represent a
ralio of slice {tissue} 1o solution (medium}.

A onc-way ANOVA was used to compare all Viguin
yalues followed by two-tailed unpaired t fests lo compare
{he three Mn species Lo sucrose. The Vigin values obtained
al the last two times studicd for each Mn species were
compared by two-lailed paired ftests,

STURIES WITH CELL CULTURES

The y radioactivily of hBMEC lysales and aliquots of
uptake media from studies of Mn uptake inlo bBMECs was
measured. The sample was then split Lo determine protein
conlent and B radioactivity.

Total #¥Mn in the bBMEG lysate includes that of carrier-
mediated and dilfusional uptake as well as nonspecific
adsorption to cells and eellagen, as represented in the fol-
Jowing equation.

Lysate #*Mn = Carrier-mediated uptake into cells
+ Dilfusion-mediated or pinocytotic
uplake into cells
+ Nonspecific adsorption to cells
+ Nonspecilic adsorption to collagen

Within-experimenl determinations of nonspecific
binding and diffusional or pinocytolic uplake were mea-
sured 1o account for these coniributors. Uplake into dishes
without eclls (collagen-only dishes) and uplake into cells
for 16 seconds on icc were determined as a measure of
nonspecific adsorption to collagen and cells. We included
14 gucrose in the uptake media lo measuze diffusional
and pinocytolic uptake from the uptake media. The non-
specific adsorption of Mn to the dish was also determined
sevoral times and was found to be negligible.

Sublracting the **Mn due lo nonspecilic binding and
diffusional or pinocytotic uptake from the {otat amount of
543Mn in the lysate estimated carrier-mediated uptake of
M into BBMECs as picomaoles per milligram protein. if
one applies the estimation of 2 pL intracellular space per 1
mg lotal protein (Edlund and Haleslrap 1988; Poole et al
1984), one can calculate the intracellular Mo concentra-
tion. One can then compare intraccllular Mn concentra-
tion among trealments or Versus media concentration,

Tor the cell cullure expetiments described in Study 5,
each condition was examined in duplicate or (riplicale
within each experiment. Results of the time course of Mn
uptake al pH 6.4 and 7.4 were analyzed by regression anal-
ysis using GraphPad Prizm to determine if uptake was best

fit by a [izst-order or socand-order relalion. Uptake in the
Presence of treatments was convorted to a percentage of
control uptake for that experiment. The mean and relative
standard deviation were calculated. To tesl for treatment
differences, ! lests or one-way ANOVAs were conducted.
When found, post hoo comparisons werc conducted after
the ANGVAs (o delermine significant differences among
treatment groups.

For all studies, a difference of P < 0.05 was accepted as
statistically signilicant.

e

STUDY 1. CEREBRAL CAPILLARY DIFFUSION
PERMEABILITY OF Mn SPECIES

fn the absence of competing ligands for cilrale or 1L
(olher anions or complexing proteins that have a compa-
rable or superior slability constant with Mn and are
present in sufficient concentration), Mn would be antici-
pated to associale with citrate and TT. Our results suggesl
Mn citrate was successfully formed and that a high per-
centage of Mn was associated with Tf. The unbound [rac-
tion of Mn, in the presence of Tf, was estimated. {The
methods we used to prepare Mn citrate and Mn 'IT and the
results we oblained are reported in Appendix A}

The Dy of Mn T was corrected (o account for the con-
tribution of the unbound fraction of M. Nineteen percenl
of Mn was found to be unbound and was assunied (o have
{he same parlitioning coefficient as Mn?* in solution. The
Dy, values for Mn?*, Mn citraie, and Mn TI, corrected for
the contribution of the pnbound M, are shown in Table 2.

The ealculaled rat brain capillary diffusion rates of Mn,
Mn citrate, and Mn Tf are also shown in Table 2. All values
were estimated 1o be less than 3 X 1079 mL/sec/g brain.
For comparison, the diffusion rates of sucrose and dexlran
were alse estimated from (heir published permeability or
their octanol/agueous partitioning coelficients and molec-
ular weights, and were found to be legs than § X
1075 mL/sec/g brain.

STUDY 2. Mn T OXICOKINETICS AFTER
INTRAVENOUS INJECTION AND
BRAIN-BLOOD RATIO

The results of the toxicokinetic determination of Mn afler
its intravenocus administration (Tabie 3) show similar clear-
ances and steady-stale volumes of distribution for Mn** and
Mn citrate. These results, obtained after intravenous injec-
tion of 25 ymol/kg MnCly, are compared to results of a study
that adminislered larger doses o rais and was therefore abie
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Table 2. Octanol/Aqueous Partitioning Coefficients and
Prodicted Rat Brain Capillary Diffusion Rates for Three
Mn Species and Two Diffusion Markers®

vin SpUCiGS P(lii'fllsiuzls
or Diffusion Shown X 10
Marker Data Paittusion (mL/sec/g)
Mn2* 36x 1078 63 %10 % 1.5=01
Mn citrale 10%x107% 68 x107%  1,7+02
Ma T g0x 1074 1.2 x1077  28x05
Sucrose” . 1.2 %1077 2.4
Dextran® 913 1078 2.0 X 1077 4.8

2 1),z Getormined experimentally, is the oclanal-lo-aqueous parlition
coelficient. Paisusion 1¢ the diffusion permeability. S is the capillary
surface area of the rat brain (240 cmtfp). Mangancse vatues shown are
maans + SEM for i = 5 or 6.

Y Poitrusion determined dirgetly from Levin (1880) and Pardridge (1993).

© Dz, determined by Huang [1990).

to follow btood Mn concentrations for a longer time after
Mn dosing (up to 12 hours) (Zheng et al 2000).

A sleady-stale Mn brain-to-blood ratio was achieved
within the first 20-minute dialysis sample alter the bolus

Mn injection and initialion of Mn infusion, as evidenced
by consistent Mn concentrations over lime in the dialy-
sales fiowing out of the microdialysis probes implanted in
the jugular vein and brain frontal cortex, The mean (+ SD)
Mn brain-lo-blood ratio al steady slate was 0.15 (+ 0.11).
The Mn frec fraction in [ive rats was 7.8% * 2,0%. The
rapid achievement of sleady state suggests Mn was able to

rapidly enter brain extracellular fluid through the BBB.

STUDY 3: Mn BRAIN INFLUX

Influx transter coefficients (K,) of #Mn®T, 54Mn citrate,
and 5¥Mn Tf, determined by in situ brain perfusion, were
plotied graphically for each lissuc and cach Mn species.
Figure 3 shows uplake space versus lime for the parietal
corlex, a representative brain region, over the time course
of the experiment. For comparison, the uptake rales pre-
dicted by diffusion are plolted on euch graph. For the nine
braio regions studied, the Ky values ranged from 510 13,3
to 51, and 2 to 13 X 107" mL/sec/g for Shpn?*, #Mn cit-
rate, and 94Mn Tf, respectively,

Inllax coefficients for each Mn specios were compared fo
their corresponding estimated diffusion rates. Significant

Table 3. Toxicokinetic Parameters in Sprague Dawley Rats Alter Intravenous Injection of Mn?* (as MnCl;) or Mn Citrate®

Mn Species Injected ¢l (L/hy) Vg (L/kg) tiy, (b} Reference

Mn** (n=3) 2.20 = 0,10 110 = 0.10 0.35 = 0.08 Our results

Mn citrate (n = 5) 2.30 = 0.30 0.83 + 0.05 0,27 + 0,33 Onr results

Mn?* {n = 5} 0.43 = 0,13 1,20 + 0.50 0.17 + 06.03° Zheng et al 2060
1.80 + 0,60

% Values are mean = SI%. Ol is systemie clearance; v pvolume of distribution; i, wal-lile: o, mumber of rats.

b Initial half-life.

¢ Seqond half-lile.
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z
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Figure 3. Determinalion of Iy, for three Mn ss)ecics into rat brain, Uplake space is shown for the parletat covlex (¢)

&) fn T, Regrossion analysis of individual results (
are shown (~ —=). Values ate means {+
spectively, for Sipn2t: 7,11, 7, 11, and 4 rats for the five increasing times, raspectively, for Bdpin citrate; and 7 rais for all four times

only influx (@) for MiMn2t, B1Ma citrate, and ¥
pradicled uptake spaces for diffusion-only influxes

and predicted uptake space for dilfusion-
) praduced the Ky, values listed in ‘Table 4, For comparison,
SEM) from 1, 10, 10, and 10 Tats Tor the four increasing limes, Te-
for "ivn TE

27



differences between Ky, values and the predicted dilfu-
sion rates were found for each lissue {Tabie 4). Thesc Ky,
values were derived [rom the individual data rather than
(he mean uptake values shown in Figure 3. With each Mn
species, there was at least one brain region for which (he
influx rate exceeded that predicted for diffusion. Gener-
ally, influx into the choroid plexus was al leasl 10-fold
grealer than influx inlo Uhe brain regions far each Mn spe-
cies. Wilhin a given brain region, B4pin citrale influx rales
were gencrally higher than Bpan2* and ®Mn Tfinflux
rates and were signilicantly different in a number of brain
regions (see Tabie 4).

Comparison of K, values abtained with brain perfusion
rates of 10 and 20 mL/min did not show a significant
effect of flow rate on brain Mn2* uplake in any of the nine
brain regions or the choroid plexus. Figure 4 shows
cesults from two represenlative brain regions, the parietal
cortex and caudate, Furthermore, the space occupied by
14 gugrose, which represents the vasecular volume, did
not differ with flow rate {Table 5).

Separation of the capillarics from the brain parenchysma
revealed that most of the radioactivily in (he brain after
perfusion with ¥Mn?*, ¥Mn citrate, and ¥ Mn TT (92% =
294 89% * 2%, and 759 + 10%; mean = S0, respectively)
was associated with the brain cetls and brain ex(racetlutar
fiuid fraction, suggesting most of the Mn passed through
the endethelial cells. The influx transfer coefficients in
'pable 4 have been adjusted to account for the fraction of
5431 associated with the endothelial ceils.

Manganese Toxicokinetics at the Blood-Brain Barrier

In the presence of increasing amounts of 550in?", the
influx rate of 7 oM Spn?* was reduced in the choroid
plexus and in the frontal cortex, pm‘ielal cortex, hippoc-
ampus, caudate, and pons/medulia regions of the brain,
The rates of Mn2* influx in the parietal corlex and caudale
are shown in Figure 5A. There was no concentration-
dependent effect over the 10%-fold concentration range
studied. ¥Mn citrate significantly iphibiled uptake of
7 oM #Mn citrale in the caudate and parietal corfex
(Figure 5B) and in the choroid plexus al the highest con-
cenlration studied (107 nM).

The concentration and the velocity of brain uptake
were fit to models of enzyme kinctics involiving zero, one,
and two Michaelis-Menten lerms, Seven of eight regions
Lreated with ¥*Mn citrate and two of cighl regions trealed
with #Mn** (caudate and thalamus/hypothalamus) were
best fit by J; described as

Ji = Vinax ™ ClK, + Cl 4 Kg % C.

The remaining regions were best fit by Jo, the diffusion-
only model of brain Mn uptake. Very high Ky values and
some nepative Vi, values werc oblained. Statistically, this
results from (ke apparent lack of concentration-dependent
iphibition over the concentration range tested. For this
reason, K, and Vijax values for mos tissues are not reported.
Only in the caudate region was there evidence for uptake of
botl Mn?* and Mn cilrale viaa single-carrier model (/1}. The
Michaelis-Menlen values are showi in Tahle 6.

Table 4. (nflux Transfer Coeflicients (K;,,) for Threc Mn Species in Rat Brain®

Region St
Fronlal cortex 11.0 £ 4.0
Parietal corlex 13.0 + 4.0°
Occipilal cortex 11.0 = 6.0
Cerchellum 6.7 £ 2.3
Caudate 4.7 £ 2.3
Hippocampus 9.8 + 3.1"
Thatamus/hypoathalamus 7.4 x 3.1
Midbrain/colliculus 8.8 4.7
Pons/medulla 4,9 £ 2.0
Choroid plexus 850 x 468

Ki[l {shown X 1[]#5 Il}L/SBC/g}

S4pn Citrate Sdpn TI
42.0 +12.0° 6.0 = 4.3
40.0 +13.0° 12.0 + 6.0
51.0 +15.00° 7.9 + 4.8
22,0 = 5.0° 1,9+ 2.54
19.0 = 5.0° 1.8 + 2.01
8.0+ 8.9 2.7+ 2.5
31.0 = 9.0°° 3.8 + 3.74
2.7 £17.1 13.0 + 4.0
9.9 +10.0 1.7 + 3.7
463 +283 1383 £812

® The K;, velues are the slope of the uplake spaces versus time for data shown in Figure 3, Values shown are means + SEM.

b gjanilicant differences at P < 0.05 (i test) for K, versus diffusion permeability (shown in Table ).

¢ Significant differences at P < 0.03 (¢ test) for “Mn citrate versus SN,

d Significant dilforences at P < 0.05 {f test) for 54 citrate versus Sdpen T,
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STUDY 4: Mn BRAIN EFFLUX

The brain efflux index was dotermined after injection of
{he 54Mn?* or 3*Mn cilrate as an indication of (he rate of
Mn efflux from the brain, gornpared lo a coinjected marker
substance that slowly diffuses across the BRB. Because no
dilferences were seen in results ohtained with sucrose
versus dextran as the marker substance. those resulls were
combined. An average of 08.7% of Mn remaining in the
brain was in the central onc thicd of the brain hemisphere

14

—_
[yv)

o 10 mL/min
11 20 ml/min

-
=]

o

[=2]

K ml/sec/g X 10°

Parietal Cortex Caudate
Figure 4. SipIn?t uplake was indtependent of perfusion {lew rate. Uplake

4 10 mL/msn versus 20 mL/min was studied in paired animals at 30, 60, 90,
and 180 seconds, witk n.= 4 0 5 pairs por time point. Mean vahues + SEM
are shown in Lvo brain Tagions. There were no significant differences (1 test)
in uny of the nine brain regions or in the 1ateral ventricular charoid plaxus.

Table 5. Vascular Space of the Brain as Mcasured by
(-guerose Delivered at Different Flow Rales®

Vascular Space (pL/g brain)

Region at 10 mbL/min at 20 mL/min
Trontal cortex 9.2+ 09 105+ 0.9
Parietal corlex 10,7 = 1.1 12.8+ 1.5
Occipital cortex 10.8+ 0.9 13214
Cerebellum 123+ 0.8 13.2+ 1.6
Caudate 5.5 0.4 6.8+ 05
Hippocampus 8.4+ 0.8 9.7+ 3.0
Thalarmus/ 8.0=0.8 10.3+ 1.0
hypothalamus
Midbrain/colliculus 9.0+ 0.8 11.0x 1.6
Pons/medulla 135 1.0 15.2+ 1.6
Choroid plexus 206 + 38 236 = 69

® Yalues shown are means = sEM for 16 animals per flow ratc alter
perfusion jor 90 seconds. There arenc significant differenccs i vascular
space or in Bipn2* uptake rates (shown in Tigure 4) when these flow
vales are campared for cach region { test with Bonferconi correction).

jpsilateral to the injection site, indicating little distribu-
tion {rom the injection site to other brain sections. The
index resuits are graphically shown as 100-BEI(%) versus
time, an indicalion aof the percentage of ™Mb remaining in
the brain after its injection (Figure 6), The resulls show &
small increase in Mn remaining in the parietal cortex over
time, compared to coinjected 140 guerose or #C-dextran.
These resulls suggest that Mn distributes oul of the brain
more slowly than sucrose ot dextran. The calculaled rates
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0.0003 3 Parietsl Gorlex
B Gaudalz
0.0002 4
£.0001 - i
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= |
® 0+
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B Caudate
00002 4
I
| N
0000t 4 i
! r i -
| ; Y
H X
I N IR RSy LT
¢ vy 10* i 10° 10"

sspin Concentration (nM)

Figure 5. Effect of 553st on uptake of *Mn?* (4} and of ¥Mn citrate on
uptake of "n citrate (B). The medium contained 7 n¢ *Mn plus
increasing concenirations of P as indicated on the x-axis. Influx transter
confficiont (K, values are means = SEM, withn=31t05 for each concenira-
tion, *Significant differences {one-wuy ANOVA) from 0 1M 5.

Table 6. Estimales of Michaelis-Menten Kinetic

Paramelers lor My inflad®

Kinetic Parameter Sdpint Sdnn Citrate

K, (uM) 11,400 {660} 7,560 {150)°
V. (mmalisec/y 0311 (0.010) 0.265 (0.002)°
braisn}

& Vlues arc means (& SEM) for the average velocity at each of seven
5 I o
5N n2* or six S4pqn cilrate concentralions.

b gignificantly dilferent from TMa* (! test).
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of diffusion of mannitol, dexlran, sucrose, and inulin
across the capillaries of the BBB, as Pasfusiond: a1e 2.5, 4.8,
2.9, and 12 x 1075 mL/sec/g brain tissue, respectively.
The uptake of the threc Mn species info brain siices
enabled calculation of Wy as anl indication of the
volume of Mn distribution in the brain from which it could
distribuie to blood. No differences were 5cen in Viain
results from anesthetized rats versus those frony unanes-
thetized rals, so Lhe results wore combined. The ¥G from
140 _gucrose thal was associaled with the parietal Par?
slices increased linearly over 180 minuies. Linear regres-
sion showed a correlation between time and "¢ associated
wilh brain slices of 0.955. The y-intoreepl, 0.15 mL/g, was
laken as the extraceliular space of {he brain slice and sub-
tracled from all Mo uptake values represented in Figure 7.
The Mn associaled with the parielal Par2 slices increased
over lime lo a signilicantly greater extent for each of the
three Mn species than for 140, The Vi values for the
BaNn2* at 45 versus 60 minutes, **Mn citrate at 120 versus
180 minutes, and ¥Mn TT at 60 versus 75 minutes were not
sipnificantly different from each other. Therefore the means

1000 7
54Mn2+
100
)
<
i
“3 106 — T 7 T 1
(s ]
< 1000 1
84Mn Citrate
100
10 T T T -
0 60 120 180 240

Time (min)

Figwre 6. Povcentage of Mp remaining in the brain {100—BFIH"%]} versus
Limse after coinjection of S9p1n and PC-sucrase or MC-dextran. The injoo-
Lion was made into the pariatol cortex as S4pfu®* {upper panei] or FiMn ci-
rate (lower panel). Values sre meens x SD from 5 to 23 animais, The lines
represant fincar Tegressions of the poinis.
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of these pairs of values, 2.7, 5.1, and 3.2 mIL/g, were taken as
ostimates of the Vg 0f the S4pfn?t, 34n citvate, and SMn
11, respectively. Addition of the aconilase inhibitors
aconitine, monofluoroacetale, and oxalomalate and the
electron transport chain inhibitor sodium azide did not con-
sistently decrease **Mn citrate uptake (Figure 8},

8 7 Sdmn2+

Mn Citrate

me‘m (mug)

6
4-
&
2
o T T T T T T T T 1
0 20 40 €0 80 100 120 140 160 180

Time {min}

Figure 9. Volume of Mu distribution in te hraitt (Vyain) detormined feam
uplake into ral parictal cortex slices versus time. The uplake of *Mn was
determined, which had been added Lo the uplake solution s SInin?t (up-
per panel), Sinin citrate (conter panel), or Bingn T {lower panch]. Values
are means + SD from 4 to 13 experiments, gach with triplicale vhserva-
tions. The SD for M Tfal 5 minulas js less than 1he symbal height,
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STUDY 5; CHARACTERIZATION OF Mn "
TRANSPORTERS AT BBB |

54pn?t uptake into bBEMICs was initially studied for up
to 120 minutes to determine whether uplake was linear over
all or a portion of that time. Uptake values were converted to
intracellular Mn concentrations and plotted versus lime
(Figure 9). Regression analysis with Gl‘aphpad Prizm
allowed comparison of grsi-order and second-order fifs. 1l
showed that 3*Mn** uptake at pH 7.4 was hetter fithya
linear regression with slope 0,080 pmol/pL celt vol/min and
intercept 1.022 pmol/pL cell vol. The pH 6.4 data were also B
betier it hy Lhe linear repression with a slope of 0 i
0.021 pmol/pL cell vol/min and intercept 0.877 pmol/nl o 20 40 60 80 100 120
cell volume. The 95% confidence intervals ’for these slopes Tirne (rmin)
exclude one another, and the upiake of SQMHKH at pH 6.4 wus Fipore ¢ 546+ uplake into BIMHECs was lingar at pii 7.4 and 6.4 up o

significantly less than the uptake al pH 7.4. 120 minutes. Intraceltular Ma wencentration in YBMECs was determined

. . . after exposure to uptake media for 10 to 120 minutes, Values ave meais =
Uptake was linear throughout the cxperiment and was SuM for 2 to 3 experiments, each with 2 to 3 replicates. Lines represeill
not saturable up lo 1206 minutes. Therefore, steady state had Dest-fil repression analysis for ficsl-order processes (line) and second-
prder processes {bold line].

10

Intraceilular #Med- (UM}

nol been achieved, and any duration was an acceplable
selection [or influx characlerization studics. The 30-minute
ircubalion was chosen 1o optimize conditions for low rela-
tive slandard error, low Lime required for experiments, and
high total counts per sample.

200 T 200 ‘}

NMonofluoroacetate

Aconitine

150 150
100 - 100

50 -~

V, ., of #Mn (% control)

0
5 30 60 5 30 60 120
200-] 200 7
B Oxalomalate Azide

50 P 150

1004 100

50

ol

5 36 60 120 5 60 120

Time (min)
Figure 8. Effect of metabolic inhibitors on B4pqn itrate uplake into ral pariatal cortex glices versus time, The uptake of 5Mn citrale was determined in
the presence of scenitase inhibitors {1 mM aconitine; 3 and 10 mM monofluaroacetate; and 0.2, 1, and 5 mM oxalomalate) and the complex 1V inhibitor
azide (1 mM), Values ate {he means of 1 to 3 experiments, shown as separote hislograms, each conducicd with triplicate abservations, expressed as o per-
cenlage of the within-experiment control (lack of inhibitor).
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The intracellular Mn concentration in DBMECs exceeded
the concentration of lotal Mn in the media by 10-fold.
Uptake solution conlained 184 nM total BANIn2* (0,184 P,
and hBMECs contained 1 o 12 pM total 94Mn?t. These
results provide evidence for carrier-mediated Mn®" uptake.

Mn uplake was positively correlated with pi. That is,
uptake increased with decreased T concentralion. This
was secn in the tine course 0f 94Mn2t uptake at pH 6.4 and
7.4 (Figure 9) and in the uptake study conducied at pH 5.4,
6.4, 6.0, 7.4, and 7.9 (Figure 10). Uptake al pH 5.4 was
quite low compared to that in control cells (pt 7.4}, Cell
toxicity, indicated by decreased conversion of MTT to for-
mazan and increased release of lactate dehydrogenase, was
high. Cells treated at pH 5.4 for 3¢ minules produced only
6% of the formazan product/mg protein that was found in
control cells at ptl 7.4, Therefore thesc resulls were nol ana-
lyzed. Uptake was significantly greater at pHi 7.4 than at pH
6.4. This does not support the hypolhesis that DMT-1, a
proton cotransporter, mediates the uptake of Mn* at the
BBB. The role of sodium in 54\in2t uplake into bBMECs
was measured by replacing 50% of the sodiunm with cholina
or all of the sodium with choline ot lithium. $'Mn?* uptake
was nol inhibited by replacement of the sodium (Figure 11},
Replacement of sodium by choline resulted in a significant
increase of 2*Mn?* uptake into LBMECs. Addition of energy
inbibitors to the uptake medinm reduced formazan
production to approximately 60% of control. This
inhibition was believed to be sufficient Lo delermine
whether Mn uptake was energy-dependent.

The addition of energy production inhibitors did not
produce a significant effect on 8dpin?*t uplake into
LBMECs {Figure 12). Addition of 0.003 mM or 1 mM vana-
date inhibited S4pgn?t uptake into bBMECs (Figure 13},

200'}
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Figure 30. Bzt gptale into BEMEGs was pH-dapendant, Values are
means and relative SD of uptako ralative to control (pH 7.4) uptake. *A
Dunuett test vevealed that uptake at pH 6.4 was signilicantly less than
uptake ot pH 7.2
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Figare 11, Mn®" uptake into bBMECs was sodinm-independent. Valuas
are means and relative SD for ench lreatment, Sodium replacentent did not
inhibit ¥Mn2* uptake, *A Dunnet! test showed that replacement of
sodiwm with cholina significantly ineroased 0T uptake,
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Figure 12. Energy inhibitors did net decrease Sdpin?t uptake inlo
DEMECs. Values arc means and relative 501 of the uptake, campared 1o
conlral, exprossed as a percentage, with n =8, 6, 3, und 4 for control, 2,4-
dinitrophenal {DNP), sodium azide, and deoxyglucose treatiments, raspec:
tivety, Each experiment had duplicate or tiplicate observalions. None of
the trealments significantly differed from control by Dunsett test.
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Figure 13. Vanadate inhibited **Mn** uptake inlo BBMECs. Values are
means and S0 of uptake relative to conlrol (no vanadate). In the prelzeal-
menl condilion, vanadale was added 30 minutes prior tu the M uptake
study 1o address the concorn {hat vanadate may not enter bMECs rapidly
enough. *Each trealment resulted in signilicantly less Sipn 2t uptake than
coniral by {test.
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Figure 14, Iron did not inthibit uptake of BMn®! into the parietal cortex, Values

are means = SD. The perfusats coniainsd 184 nM 54pn?* and O o1 100 pM

FeS0, for 90 o7 180 seconds. Experiments wera completed witlout antioxidant (AG) prasent or with 0.01 % (5.3 mM) sodium bisuliite or &.1 mM ascorbic

acid {Asc).

furthermore, this effecl persisted after vanadate was
washed out. In cells treated 30 minufes with 1 mM vasna-
date, washed twice, and then incabated with vanadate-free
uptako media, S4\p uplake was only 19% of control
uptake. Treatment with ouabain did not inhibit Sinn 2t
uptake. In the assessment by in situ brain perfusion in rats,
addition of irom, in the presence or abscnce of antioxi-
dants, did not significantly atfect brain "*Mn*" uplake
(Figure 14). Vanadate did not significanily inhibit Mt
influx into any of the nine brain regions or the choroid
plexus (Figure 15). The most pronounced treaiment differ-
ence was in the choroid plexus, where P was 0.31047. In

=

each tissue, the average Sp 2t uplake was greater in the
presence of vanadate treatment than control. Experiments
that included 0.4 mM p-hydroxybippuric acid in the brain
perfusale did not show an inhibition of **Mn*" uptake into
rat brain (Figure 16). Only in the cerchellum was there &
nonsignificant trend for a p-hydroxyhippuric acid—
inducod decrease of S4Mn®t uptake.

In the preliminary experiment {0 determine the rates of
540 n+* brain uptake in homozygous (I/b) Belgrade rals,
which do not express [unctional tran sporler DMT-1, and het-
erozygous {+/b) Belgrade rats, which do, there were no stalis-
{jcally significant increases in "Mn?t uptake in b/k rats
compared to +/b rats. Tie subsequent study, conducted
under more controtled conditions using paired homozygous
and heterozygous Belgrade rats (littermales) and control
Wistar rats, tested S4Mp2+ and “*Ma Tl uptake and also
[aited to show any stalistically signilicant differences

(Figure 17). Cerebrovascutar washout did not significantly
affect brain Mn uptake. There were 10 significant differ-
ences in the percentage of Mo in the isclated brain capil-
laries among the b/b, +/b, and Wislar rats after #Mn? or
Sl Tf perfusion.

The calcinm concentration in the uplake medium nega-
tively correlated with Mn2* influx into rat brain {Figure 18).
This could not be attribuled to uptake through voltage-gated
calcium channels, as nifedipine failed Lo decrease Mn influx
(data not shown), as did amiloride and verapamil
(Figure 19}, relative to controls withoul calcium channel
blackers. La®t and NiZ* also failed 1o block Mn influx into
rats {Figures 18 and 20); however, Ni%* significantty
blocked 80% of Mn** uplake into LBEMECs (Figure 21). In
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Figure 15. Vanadate did not inhibit Bin influx inte hrain after perfusion.
Values arc [rom the paristal corlex and are mean percentages and rclative
SEM of uptake, for perfusien with 1 mM vanadate for 90 soconds {n=3),
10 mM vanadate for 90 senonds (22 = 4}, or 1 mM vanadate lor 180 seconds
(n=5)



Manganese Toxicokinetics al the Blood-Brain Barrier

300

250

200

150

% Control

100

50

O Confrol
p-Hydroxyhippuric Actd

Figure 16. p-Hydroxyhippuric acid (160 pM) did not inhibit 540+ hrain influx. Values are mean percentages of control with relative standard doviation

for G contrul or 7 treated animals.
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Figure 17. Brain M and %Mn TF uptake in paired Wistar, Belgrade +/0, and Belgrade bfb rats. Uplake ol #Mn** and 54pn Tf into nine brain regions
was nol Jowar in DMT1-deficient (b/h) rals. Left pansl: ®Mn®* in the perfusate, Right panck: 540\t Tf in the perfusale. Results with #Mn®t are means 2
SIM From 7, 8, and 8 Wistaz, +/b, and /D rats, respectively. Results with *Mn Ti are means + SEM from 8, 8, and 6 Wistar, +/b, and b/b 1ats, respectively.
There were ne slatistically significant differences among ral strains for eilher Mn specles.

BBMEC uptake studies, cyclopiazonic acid and thapsigargin
significantly increased Mn®" uptake (Figure 22).

Uptake of Taclale into ral erythrocyles after 20, 60, and
300 seconds at 6°C averaged 0,32, 0.36, and 0.50 nmal/pL
cell volume, The addition of 2 mM pyruvate decreased lac-
tate uptake to 58%, 53%, and 90% of cantrel afler 20, 60,
and 300 seconds, respectively. In contrasl, lactate uplake at

34

(he samec respective times averaged 128%, 102%, and 99%
of control in the presence of 5 mM Mn cilrate and 146%,
107%, and 100% of contiol in the presence of 10 mM Mn
citrate, In contrast to the rapid uplake of laclate at 6°C, cit-
rate and Mn citrate uptake achieved only 0.05 and 0.04
emol/pL cell volume alter 6& minutes at room temperature
{data not shown).
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The uplake of 1@ gitrate, Mn 1C-citrale, and Al
140 iitrate inlo b.Ends cells increased lincarly over 4 hours,
The uptake rate of Mn citrate was similar to that of citrate
and less than that of Al #C-citrate. The uptakes of H-citrate
and Mn *C-citrate were approximalely 170% and 185%
greater at pH 6.9 than 7.4, whereas Al *C-citrate uplake was
not pH-dependent. Mn 140 gitrate uptake averaged 102% *
16% and 109% = 50% of W citeate uplake, at pH 6.9 and
7.4, respectively (data not shown)}.

In situ brain perfusion was conducled in five or six
Sprague Dawley rals with ¥Mn cilrate perfusate confaining
2 yM querceiin or very iow sodium. The results from ali
brain regions were combined. Quercetin significanlly
reduced Mn citrate uptake into brain (Figure 23), while low
sodium had no significant effect on Mn citrate uptake.

DISCUSSION AND CONCLUSIONS

The work reparted hercin doscribes studies that address
several aims: to determine whether the chemical species of
M in the Bood that are the prinary candidates for distri-
bution into the brain through the BBB enter the brain by
processes other than diffusion: 1o determine whether Mn
distributes oot of the brain by processes other than diffu-
sion; and if this is the case, to characterize, and ultimately
identify, the transporlers that mediale Mp distribution
across the BBB. We focused on three Mn species for this
work: Mn?" and Mn citrate, which arc imporlant low
molecular weight Mn species in blood plasma and pos-
sibly in brain extracellular fluid; and Mn TF, a protein-
bound Mn species for which evidence of carrier-mediated
transport across the BBB has been reported.

FORMATION OF Mn-LIGAND COMPLEXES

Wo nsed established methads to prepare a 111 complex
of Mn and citrate and a 1:1 complex of Mn and TE The
near-infrared resulls suggest that the Mn citrale complex
was formed. The studies of Mu in the presence of Tf
showed most of the Mn was not able to penetrate a mom-
brane in an equilibrivm diatysis chamber, and the absor-
bance increased al 300 nm, suggesting we also successfully
prepared Mn Tt. When the free Mn** aquo ien and a suit-
able ligand such as citrate or TT are mixed, one would
expect rapid formation of the Mn-ligand complex. This
would be expected based op a scl of calculations provided
by Dr Wesley Harris (Appendix B). These calculations
show that equilibrium among Mn2* and Mn complexes
with citrale, phosphate, histidine, albumin, cysteine,
oxalate, glutamate, and TT will aeour within seconds.
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Figure 23, “Mn citrale influx at Ui BBB was inhibited by quercetin and
did not require Na. Values arve the mean uplakes of nine hirain regions
STEM for = 5 {low Na) or 6 [control, quurcclin] experimerits,

This rapid equilibrivm among Mot species suggesis
very rapid formation of Mn citrate and Mn Tf. This also
explains the comparable toxicokinetic parameters of Mn
after intravenous administration of Mn?* or Mn citrate
{Study 2) and the gomparabic Vpgain results obtained with
Mn?t, Mn cilrale, and Mn T (Study 4), discussed later,

CEREBRAL CGAPILLARY DIFFUSION PERMEABILITY

In Study 1, the oclanol/agucous patlition coefficients of
MnZ®, Mn citrate, and Mn Tf were found to be less than
(0.001 (Table 2). These oclanol/aqueous partilion coelfi-
cients were used in calculations of PyiffusionS (product of
diffusion permeabilily and surlace arca) for the three Mn
species (Levin 1980). The PyiffusionS values for sucrose and
dextran were also caloulaled for comparison and 1o assist in
the interprelation of the results of this work. The PajttusionS
values for the three Mn species and for sucrose and dex-
iran were similar and very small, suggesting that diffusion
of all three Mn species (hrough the BBB would be very slow;
however, sucrosc and dextran would be expected to dilfuse
meore rapidly through the BBB than Mn citrate and Ma?* if
there were no carrier for these Mn species.

In the uptake studies the amount of sucrose in the brain
when the animals were killed indicated the volume of the
perfusate that was in the brain as well as sucrose that had
diffused across the BBB into the brain. Subtraclion of brain
sucrose from brain Mn revealed Ma that entered (he brain
by carrier-mediated uptake. This resull is expressed as the

4

brain influx transfer coelficient {Ki,). Our positive values

suggest carrier-mediated uplake. Sucrose and dextran
[ . 5 . . .

were coinjected with 54\p for determination of brain Mn

afflux. If both Mn and sucrose or dexiran distributed
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across the BBB [rom brain to blood (brain efflux) by dil-
fusion alone, their PyiftusionS values would sugpest sucrose
and dextran would efflux from the brain faster than Mn, Over
time, the percentage of Mn remaining in the brain [referred 1o
as 100 —BEI(%])] would increase relative to that of the
relerence gompound, sucrosc ar dextran. We found
increasing 100—~BEI(%) valucs, suggesting the lack of carries-
mediated brain Mn efflux.

Transferrin, a large protein with a molecular weight of
approximately 77 KDy, would not be expected 10 eross an
intact BBB in the absence of a carrier. TfR-mediated
endoaytosis ts a known T{ transport mechanisnt al the
BBB. Because the relalion between oclanol/agueous parti-
tion coeflicienls, molecular weight, and diffusion across
the BBB was defined using low molecular weight com-
pounds, however, the relation may not directly indicale
the rate of Mn TT diffusion across the BBB.

Mn TOXTICOKINETICS AITER INTRAVENOUS
INJECTION AND BRAIN-BLOOD RATIO

We determined the toxicokinetics of Mn in rats (Study
2) after an intravenous injection of MnCly or Mn citrate at
approximately 229% of the injectled dose previously
studied (Zheng et al 2000). Whereas those authors
described clearance from two compartments, we were able
{0 characterize only the fivst elimination phase because the
smaller Mn dose did not enable us to quantify plasma Mn
concentrations for as long after the injection as would be
pussible with a higher dose. The greater clearance and
shorter mean residence time we found (see Table 3) prob-
ably refiect the first of two or more phases, accounting for
[heir higher values gompared lo previous results (Zheng et
al 2000). Because Mn very rapidly respeciales, the stmilar
{oxicokinetic results oblained after injection of MnCly and
Mu citrate probably reflect the equilibrim among all Mn
species formed in vivo.

The steady-state Mn cesults in brain and blood extracel-
lulawr fluid determined using microdialysis are consistent
with greater Mn brain efflux than influx. Apother interpreta-
tion is that unbound, oxtracellular, dialyzable Mn species in
plasma are 1101 able lo enler the brain, but the rapid respeci-
ation of Mn would not support {his interpretation. Because
of the rapid respeciation of Mn expected in vivo, we could
not control Mn species in the ral in experiments that used
microdialysis. Therefore we used in situ brain perfusion for
subsequent studies of Mn distribution across the BBB, This
approach did allow eonirol of Mn species in the perfusale
within the brain because we could eliminale from the perfu-
satc the ligands thal would cause respeciation of the intro-
duced Mn species (Mn?*, Mn citrate, and Mn T1). The
results from the preliminary studios using microdialysis

were nol supported by the resulls we subsequently obtained
using the more rigorous in gitu brain perfusion and brain
effiux index methods, We conciuded that the ohservation of
greater efflux than influx wilh microdialysis was not valid.

Mn BRAIN INFLUX

Influx Transfer Coefficients for Three Mn Species

In situ brain perfusion (Stady 3) enabled determination
of the brain influx transfer coefficient (K;,,) for Mn species.
The results obtained for Mn2* ave similar to results reported
in buffered saline from the laboratory of Dr Quentin Smith
(Rabin et al 1993), suggesting that we properly used the in
situ brain perfusion technigue. The influx rates of Mo®*, Mn
citrate, and Mo TFwere approximately a.fold, 20- to 40-fold,
and 1- 10 3-fold greater than their predicted rates of capillary
diffusion through the BBR, respectively. This is consistent
with the suggestion that Mn can enter tlie brain by mecha-
nisms other than diffusion. At least two mechanisms have
boen described: TfR-mediated endocylosis and another
mechanism mediating brain influx of Mn?* (Murphy el al
1991; Aschner and Gannon 1094). This influx was indepen-
dent of flow rate, showing Ma brain uplake was not rapid
enough to he limited by the rate of perfusate {low through
(1 brain.

The present work is unique in that it examined Mn brain
uptake with control ol its chemistry. Several studies previ-
ously estimated carrier-modiated brain uptake of Mn that
was administered systemically as the jon (Aschner and
Aschner 19980; Murphy et al 1991; Rabin et al 1893; Aschner
and Cannon 1994), but rapid respeciation of 54Mn con-
founded the identity of the transported Mn species. Further-
more, administration of Mn in bulfered solutions allows
formation ol Mn complexes with HGO4 ™, SO,*7, and
H,P0,~, which have log stability constants of 0.45, 0.7, and
3.2, respectively, for their 1:1 complex formation (National
Institute ol Standards and Technology 1995). The present
study excluded all anions excepl chloride in the uplake
stndies of *Mn?*; chloride and citrate in those of ®¥Mn cit-
rate; and chioride, Ti, and bicarhonale in {hose of 3*Mn T

Our resuils agree with earlier reporls suggesting carrier-
medialed transport of Mn at the BBB (Murphy et al 1991;
Rabin et al 1993). The prcdiutud diffusion rates of Mp?t,
Mn citrate, and Mn Tf are slightly less than thosc of
sucrose and dexiran (Table 2], which are vonsidered to
very slowly distribute across the BBB. *Ma?*, ®*Mn cit-
rate, and #*Mn Tf entered the Lrain more rapidly than pre-
dicted by diffusion and more rapidly than sucrose,
suggesting carrier-mediated transport. Brain influx transfer
coeffcients (K, values), which represent hrain uptake in
excess of that predicted by diffusion, were all positive.
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Choroid plexus inflax values were more than 10-fold
greater than overall brain influx values, a finding consis-
tent with suggestions that the choroid plexus rapidly
sequeslers metals (Zheng cl al 1991; Zheng 2001).

Previous sludies suggested Lhe rate of brain uptake ol
Mn jon would greatly exceed that of Mn TF. We found
more rapid uptake of Mn* than Mn 7§ but nol the 62-fold
greater rate from an unsaturated system than a saturaled,
prolein-bound form thal was previously suggested
{(Murphy et al 1991). Furthermore, Mn uplake decreased
704 in the presence of TT (Rabin et al 1993), This corre-
sponds to a 3-fold greater Mn influx of Mn?* than Mn T,
whicl is also consistent with our resulls.

When the 9Mn?* uptake rate inlo the parietal cortex
reported here is compared with thal previously reporled in
other perfusates, the influx transfer coeflicient in the
prosent work is twice the value reported for #*Mn in whole
blood and twao thirds the value reported for buffered saline
(Rabin et al 1993). The influx valucs determined using the
in situ brain perfusion technigue are less than those
reported for the serebral cortex wilh the infusion model
(Murphy et al 1981; Rabin et al 1893). To some extenl,
these differences may be due to rapid respeciation ofMnto
M citrate with the infusion model, compared Lo the iack
of respeciation expected using the in situ brain perfusion
technique with cell-free and protein-free porfusate.

Mn Influx inte Specific Brain Regions

The regional differences in Mn brain influx were exarn-
ined in the conlext of function and pathology. Greater Mn
influx into specific brain regions may vorrelale with greater
expression of a carrier or a greater requirement for Mn. The
astrocyle-specific enzyme glutamine synthelase accounts
for approximatcly 80% of the lotal brain Mn (Wedler and
Denman 1984), Areas of high astrocyle density include the
hypothalamus and hippocampus, with low astrocyte den-
sily in the cerebral corlex, neoslriatum, midbrain, medulla
oblongala, and cerebellum (Savehenko ¢t al 2000). The rei-
atively high influx rates for Mn?* (hippocampus) and Mn
citrate (thalamus/hypothalamus) support a correlation, but
the high influx despite low astrocyle density in cortical
regions [or Mp?*, Mn citrate, and Mn Tf and in the cerc-
bellum [or Mn citrale decreases the strength of the putative
correlation. In manganism, the caudate and basal ganglia
accumulate more Mn than other brain regions. In our
rosulls, the influx transfer coefficients for Mn?*, Mn citrate,
and Mn TI were lower in these regions {han in most other
regions. A lower Mo influx rate in these susceplible regions
may indicatc a neuroproteclive mechanism.

Resulis of the capillary engichment method suggested
92%, 90%, and 75% of the #Mn taken up by endothelial

cells had passed through brain endothelial cells into brain
parenchyma. The distribution of Mn species into brain
endothelial cells and the brain parenchyma from perfusatc
in blood as a result of diffusion and equilibrium helween
the two brain compartmenls would resull in 8.1% of Mn in
the brain endothelial cells because they represent approx-
{mately 0.1% of brain volume {Pardridge 2003). Tolal Mn
concentration in the brain endothelial cell and brain
parenchymal compartments reprosents M in bulk brain,
as collected afler in situ brain perfusion with Mn**, Mn
citrale, or Mn Tf. To model this system, the Mn concentra-
lion found in bulk brain was sel i0 100% alter perfusion
with each of the three Mn species. The mass transfer of Mn
inlo bulk brain followed Lhe same scheme as resulls for
comparison of influx transler coefficients versus diffusion
rates (eg, Mn citrate > MnZt > Mn TE). The ratio of Ma in
ihe brain endothelial call to that in brain parenchyma was
based on the results of our capillary ensichment studies.

The similar ratios of brain endothelial cell Mn concen-
{ration 1o brain parenchymal Mn concentyation for Mn**
and Mn citrate suggest a similar rale of Mn distribution
feom the brain endothelial cells to tle brain parenchyma.
This would be expected because Mn released into brain
endothelial cell cytoplasm from the carrier (hal imports it
into these cells would be expected to very rapidly respe-
ciate (association rate, approximately 10%/sec) within the
cytoplasm to the same mix of Mn species. Mn species
effluxing from the brain endothelial cells to the brain
parenchyma would be the same jrrespactive ol the Mn spe-
gies taken up into the cells. Therefore the more rapid
uplake of Mn citrate into the brain can be attributed to
more rapid uptake of this Mn species inlo the endothelial
cell, The prealer percentage of Mn in brain endothelial
cells alter uptake of Mn Tf can be attribuled to the longer
time required to form the endosome around the Mo TH-TIR
complex, decrease the pH within the endosome Lo free Mn
jon, and transport it out of the endosome inio the cyte-
plasm. We interproted these resulls to suggest that Mn?*
and Mn citrate enter the brain by dilferenlt carriers, or by
the same carrier ai different rates.

Mn Tf Brain Uptake

The influx of ¥Mn TT exceeded its predicted rate of
brain entry by diffusion into only one brain region, the
pons/meduila. Hewever, we did not conclude that Mn Tf
onters the brain via diffasion, Mn Tf can enter the brain via
TiR-mediated endocytosis (Aschner and Gannon 1994;
Aschner ol al 1999}, In our sludy Mn Tf uplake was not sig-
nificanily greater than the uptake rate predicted fora diffu-
sion-medinted process into most brain regions {shown in
Tuble 4). This may reflect two practical Himitations of these
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experiments: (1) the linear relation between lipophilicity
and molecular weight versus BBB permeability (Levin
1980) may nol apply (o molecules as large as Mn Tf; and
(2) endocylesis is a slow process refalive to movement via
iom channels and nutrient carriers, The higher fraction
(259%) of Bapp TT assuctated with the endothelial cells, rei-
ative to Mn®® and Mn citrate, may reflect the slow rale of
TfR-mediated endocylosis, determined for ixon to be
2.5 molecules/min for each receptor (Cole and Glass 1983;
Bradbury 1997). Brain regions found to have higher Mn TF
infiux rales generally have moderate to high TiR densily
(Hili et al 1983), The T{-dependent route of M hrain entry
appears lo play a limited role in total Mn uptake (Takeda el
al 2000; Malecki 2001}

Mn2+ and Mn Citrate Brain Uptake

We found thal Mn citrate transior coefficients at the BBB
were greater than thuse predicted for Mn citrate diftusion,
Our data are the first evidence that transpart of Mn citrale
at the BBB is facilitated by some mechanism, Furthermore,
she transfer coefficients for Mn cilrate arc genorally higher
than those for Mn®" determined in the present study (Table
4) and previous experiments (Murphy et al 1991; Rabin et
al 1993), Our infusion experiments found brain Mn**
influx from blood to be faster than that reported from
saline or blood using in situ brain perfusion (Murphy et al
1061; Rabin et a1 1993} From the onset of infusion to ini-
tial sampling, the 540 had sufficient time (20 minutes) to
enter blood eells or change chemical species by binding to
plasma proteins or low molecular weight ligands,
including citrate, The total uptake ol all 54Mn species was
greater than the uptake of B4Mip?t (Rabin et al 1993). This
and the present work suggest {hat Mn bound to low molee-
ular weight Jigands in plasma can enter the hrain more rap-
idly than the hydrated Mn ion. By excluding the low
molecular weight ligands, we could examine and differen-
tiate the influx rates of hydrated Mn ion from Mn citrate.
Even with the considerable vartability of Mn citrate data
and the correction for muitiple comparisons, we delected
two regions (occipital cortex and thalamus/hypothalamus}
with fastor uptake of Mo citrate tlaan Mn?*. These different
rales may be due 1o different affinities for the same carrier
system, or they may result from different carriers medi-
ating Mn®" and M citrate hrain uptake.

Differences hetween Mun?* uptake and Mo citrate uptake
werc suggested in experiments using "Mn?*, which inhib-
ited the inllux of 543402+ even though the resulls did not
show a concentration-dependent inhibition across the
10%-fold cuncentralion range studied. In four brain regions
the influx was not inhibited by any tested concentration of
85\n>*, The highesl tested concentration exceeded normal

serum Mn concentrations by 506,000-fold (Keen et al
2000), Similar studies of Mn cilrate ghowed inhibition in
three of nine brain regions tested, with significant inhibi-
tion at the highest concentration of Mn citrate. We did not
extend the study beyond thesc 55Mn concentrations
because 10% nM Mn would signilicantly affect the osmo-
larity of the perfusate. These resulls agree with the
description of a nonsaturable component of Mn?* uptake
from blood (Murphy ot al 1991).

Mn Brain nflux Madeling

All of the brain regions tesled in the in situ brain perfu-
sion studies were fit best, [or at least one Mn species, by an
cauation with one Michaelis-Menien (facilitaled transpari)
tcrm and a nonsalurable (diffusion} lerm. The Ky values
generated were al the uppes end of the concenlralions
tcsted, however, and must be regarded in a qualitative
mannor enly. The caudate region of the brain, which is rel-
evanl in the pathology of manganism, produced Ky, values
near or below the highest Mn concentration tested for both
Mn species. Although the K, valuss were significantly dif-
forent for Mo#* and Mn citrate (see Table 6), the magni-
tudes of these values [> 10°% nM]} are sa great that they are
nol physiologically relevant, In (he candate, the Viax
values of Mn citrate and Mn2+ were significantly different.
This is evidenee that, in al teast one brain region, Mnst
and Mn citrate have different influx carriers or different
alfintties for the same carrier,

Thal Mn citrate plays an important role in brain Mn
influx becomes more apparent when one considers Mn
speciation in blood relative to Mn®* and Mn citrate influx
rates. Thermodynamic modeling suggesls that 40% of Mn
available lo cross the BBB is in the form of the hydraled
jon, while about 15% is Mn cilrale. With about one third
the concentration and with an uplake rate three times
faster (40 versus 13 X 1075 mL/secfg in the parietal
cortex), Mn citrate total influx {J) is comparable 1o Mn?*
influx. It appears thal Mn citrate is o major specics of Mn
that enters the brain.

Mn BRAIN EFFLUX

The brain efflux study (Stady 4) altempted to quantify
the rate of Mn efflux across Lhe BBL from brain Lo blood
using eslablished methods {Kakec et at 1996}. The rate of
brain efflux (K, is caleulated from the volume of distri-
bution of Mn species in the brain( Vi) and the rate of
disappearance of the test substance from the brain after its
discrete microinjeclion (Kg), which is determined from
the brain efflux index, However, 100~-BEI{%) increased
aver time afier microinjection of Mn?* and Mn citrate, pre-
venting calculation of K, and therefore Ky . The results
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ol the Vi delerminations and brain efllux index studies
are individually discussed.

The extracellular space of the brain slice can be esti-
mated front the MC-sucrose results of the Vg, determina-
tjons extrapolated to lime zero. This was found to be
0.15 mL/g, comparable to the 0.13 mL/g reported with
140 nulin (Hosoya el al 2000). The Vyyai, for sucrose in our
studics was 0.057 mL/g. Thisis reasonable when compared
1o the vaseular volume of (he brain, which is about 3%, and
brain exlracellular fluid volume, which is about 10%.
Sucrose would be expecled to rapidiy dilfuse into blood
vossels and the extracellular space bul not to rapidly
achieve equilibrium in these compartments,

Uptake of Mn?*, Mn citrate, and Mn Tf into parietal cor-
lical brain stices was concenlrative for all three Mn species.
The volume of distribution was grealer than lhe whole-rat
total volume of distribution (Zheng vl al 2000}, consislent
with a reporl that Mn accumulates in the brain from blood
(Gianutsos et al 1985), Previous studies of uptake into brain
slices revealed a platcau {steady state) for 3-0-methyl-D-
glucose of 0.78 mL/g (Kakee ct al 1996} and for p-aminohip-
purate at approximately 60 minutes of 0.8 mL/g (Kakee et
al 1997). Concentrative uptake inlo brain slices was secn
with cstrone-3-suifale, L-asparlate, sstrone, delydroepi-
androsterone, and GABA, which reached steady-state
Viyain values of 1.1, 2.5, 3.3, 4.7, and 26 mL/g at approxi-
mately 30, 10, 36, 60, and 60 minutes, respectively (Hosoya
ot al 1909, 2000; Asaba el al 2000; Kakee et al 2001). L-
Glutamate appeared to be reaching a steady stale of
13 mL/g at 120 minutes (Hosoya et al 1999). However, -
asparlate brain slice uplake was linear for 120 minutes,
reaching a Viyin of 69 mL/g, but not a steady state (Hosoya
ol al 1999), The uptake of Mn?*, Mo citrate, and Mn Tf was
intermediate to these Tesults, approaching a steady state of
approximately 3 Lo 5 mL/g afler 45 to 120 minutes. The
uplake of Mn citrate does nol appear Lo be driven by its use
as a source of citrate for the eitric acid cycle or Lo be ATP-
dependent, as it was not affected by the aconitase inhibilors
aconitine, monofluoroacetate, and oxalomalate or the res-
piratary inhibilor sodiwm azide. The accumulation of Mn
in the brain slice may be due to its association with
enzymes such as glutamine synthetase in aslrocyltes,

After coinjection of **Mn or S4Mp citrate and sucrose or
dextran into the brain for the brain efflux index delermina-
tions, the Mn-sucrose or Mn-dextran ratio increased over
time, indicating that Mn was distribuling out of the brain
more slowly than the refercnce compound, Sucrose and
dextran distribute very slowly out of the brain across the
BBB by diffusion. Our calculations suggest sucrose and
dextran diffuse oul of the brain more rapidly than Mn. The
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slightly increasing 100— BEI[4%) Mn values over lime are
consistent with the slightly slower diffusion efflux of Mn
from (he brain than sucrose or dextran. These results sug-
gest brain Mn efllux is mediated by dilfusion. This novel
observalion is consistent wilh brain Mn agcumulation
during repeated or continuous exposure.

Although there are no previous reports of an increase of
100—BEI(%) aver time, it has been concluded that there
was no brain efflux of 1-glucose after 20 minutes, oct-
reotide after 60 minules, or p-aspartale after 20 minules
{Kakee et al 1996; Kitazawa 6 al 1998; Hosoya et al 1999).
The results for octreolide were not shown. A best fit of the
100—BEI(%} resulls obtained with L-glucose up to 20 min-
utes after ils coinjection inlo the brain with inulin would
probably result ina positive slope (Kakee et al 1996}, 1-
Clucose would be expected to diffuse from lrain to blood
slightly more slowly than inutin (PigusionS = 94 and 12X
1078, respectively), which should produce a positive slope
for 100—BEI(%). v-Aspartaic would also be expecled o
diffuse across the BBB more slowly than inulin (Pgifrsion™
was calculated to be 0.4 X 107°, based on a log Dojp =
—6.5) (Advanced Chemistry Development 2002).

The 100—BEI(%) values after the injection of Mn?* and
Mn cilrate into the brain were similar. After injection into
the brain, it is expected that Mn?* and Mn citrate would
rapidly equilibrale {0 the same species. Dr Wesley Harris
used the compesition and conceniration of ligands in cere-
brospinal fluid to calcutale these species: Mn?* aquo ion
represented 56% of total Mn; Mn{citrate) and Mn{H_; cit-
rate) together represented 20%: and Mn phosphate repre-
sonted 15%, with the halance as other species.

Although TIRs have been found al both the luminal and
abluminal surfaces of brain endothelial capillaries (Huw-
yler and Pardridge 1998), their role in the efflux of metals
from Lhe brain has not been well studied. Brain efflux of T
was recently demonslraied, after ils injeclion into the
brain, using the brain eftlux index method (Zhang and Par-
dridge 2001). However, the mammalian brain exiracellular
finid concentration of Tf is very low (< 0.25 pM), which is
less than 1% of its concenlration in bloud plasma. Furthor-
more, it has been suggested thal the T i brain extracel-
lular Buid may be saturated with iron, leaving no available
hinding sites for Mn {Bradbury 1997]. The lack of Mn
binding sites on Tf in brain extracetiular fluid suggests
TfR-mediatad endocytosis may not conltribule to brain-to-
blood Mn transfer, As T is belisved to play only a minor
cole in brain Mn influx from biood to Lrain, il would not be
expecled to play an important role in brain Mn efflux to
blood. For these reasons, the brain efflux index of Mn after
Mn T{ injection into the brain was not determined.
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CHARACTERIZATION OF Mn
TRANSPORTERS AT BBB

Prior Lo Study 5, some potential carriers for Mn?* and Mn
citrate had been predicted from the knowledge of trans-
porter systems at the BBB. A review of the varriers at the
BBB (Table 1) suggested that the most likely candidates for
mediating transport of Mn2* acrass mammalian membranes
were DMT-1 and one or more members of the ATP-hinding
cassetle {ABC) superfamily. DMT-1 serves as a high-affinity
non-Ti-bound Fe membranc transporter (Garrick et al 1999)
with nonselective affinity for MnZt, Co?t, Fe?*, Nit, Cu®,
7n?*, and CA** {Kniipfel et al 2000; Picard et al 2000).
Based on the known carriers at the BBB, candidates for
transport of Mn citrate across mammalian membranes were
more difficult lo predicl. At the dijute Mp and citrale con-
centrations and pH (7.4) of the ip situ brain perfusion
studies, they would be expected to remain as a 1:1 Mn cit-
rale complex (Glusker and Carrell 1973; Amico and Daniele
1979}, as showr in Appendix A. Each citrate ion forms a
{ridentate complex with Mn involving the hydroxyl group
and two erminal carboxylales, leaving a noncoordinated
gentral carboxylate (Glusker and Carrell 1973; Amico and
Danicle 1979; Gregor and Powell 1986) that may serve as
the recognition moiely of Mn citrate for an organic anion
transporler or 4 monocarboxylate iransporter. Candidales
for transport of Mn cilrate werc thought to include mono-
carhoxylale transporters or members of the organic anion
transporter polypeptide (Oatp) or ABC superfamilies.

Mn?* uptake into bBMEGs wus linear from 10 to 120
minutes. Uplake was also coneeniralive, providing evi-
dence of a carrier-mediated process of brain Mn uplake.
The increased Mn?* uptake in the presence of reduced
hydrogen ion concenlralion is nol consistent with DMT-1
being the sole mediator of prain Mn uplake. The brain
uptake of MaZt was sodium-independent, suggesting the
uplake carriers do not ulilize a sodium gradient as a
driving force. Replacing sodium with choline increased
brain Mn2* uptake. There is no other published report of a
choline effect on Mn uptake. One study suggested that Mn
inlibils choline uplake at the BBB (Lockman et al 2001},
The authors suggested that the chioline transportor may be
invoived in brain Mn uptake. Choline uplake has been
described ta be sodium-independent (Allen and Smith
2001). We did not {ind reduction of Mn uptake in the pres-
ence of reduced sedium in the uptake medium. In fact,
reduction of sodium in studies reported by Lockman and
colleagues (2001) and in our studies increased choline and
Mn uptake, an inleresting commonalily for which we do
not have a good explanation. We found that choline
increased Mn uptake, which would not be expected if they
were competing for an uplake process. Although the basis

of any interaclion belween Mn and choline is unclear, il is
cloar that Mn?" uptake at the BBB is sadium-independent.
Further work will be necessary to test the hypothesis for-
warded by Lockman and coworkers (2001) that the choline
transporter mediates Mi uptake.

Despite indications in cell aubture work, results of addi-
tion of vanadale lo the in silu brain perfusate did not sup-
port a role of ATPases in Mn?* uptake at the BBB. Although
vanadale, an inhibitor of ATPases, inhibited Mp** influx
into bBMECs, it did not inhibit brain Mn2* uptake, Nor was
brain Mn uplake inhibited by ouabain, showing Mn**
uplake to be independent of Na*/K*-ATPase. p-Hydroxy-
hippuric acid, a relatively seleclive Ga?™-ATPase inhibilor,
did not inbibil Mn?* uplake into brain, providing further
evidence of lack of a role for Ca??-ATTase,

Rats that do not express a funclional form ol DMT-1 (b/b
Belgrade rats) were included in this research to assess the
role of DMT-1 in brain Mn uptake. Brain Mn uptake was
not lower in the b/b Delgrade rals than in their +/b litler-
mate or contral (Wistar) rals. The lack of significant differ-
ences in Mn2+ or Mn T{ aplake among the three groups in
the absence versus presence of cerebrovasculiar washout
and in Mn associaled with the brain endothelial colls
shows that the absence of DMT-1 function did not affect
brain Mn uptake. These results suggesl that the DMT-1 is
not essenlial for brain Mn uptake. These results were not
expected. The lack of diflerence hetween b/b Belgrade rats
and +/b littermates in brain Mn uptake suggests the lack of
an essential role of this DMT-1-modiated process in the

" endosome. Mo uptake into a human erylhroleckemia cell

line (K562 cells) was inhibited in pil 7.4 media in the pres-
ence of a DMT-1-blocking anlibody (Conrad et al 2000).
This suggests DMT-1 may mediate Mn transport at hiood
pI into this translormed cell line, However, DMT-1 does
not appear lo play a major role in Mn: uptake into the brain.

Fo2* did not significantly inhibit uptake of Mn?* into
the brain of Spragee Dawley rats, using the in situ brain
perfusion technique. To the contrary, the nonsignilicant
trend was that Fe increased, rather than decreased, Mn
uptake. The conclusion {hat DMT-1 is not essential for
brain Mn uplake is consistent with tha lack of inhibition of
Mn?* uptake by Fe. These results do not provide cvidence
that brain MnZ* uptake is mediated by a carrier that trans-
poris both Fe and Ma into the hrain, such as DMT-1, unless
the V,qy of the uptake iransporter is mueh larger than ibe
concentrations of Fe and Mn tested.

The resulis with calcium uptake modulators suggesl a
possible role for store-operated caleium channpels in Mn
uptake. This is consistent with the proposed uptake of Mn
from the gastrointestinal tract by processes that mediale cal-
cium uptake (Leblondel and Allain 1999). The concentra-
tion-dependent effect of calcium on Mn uptake (Figure 18)
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suggosls calcium plays an active role in Mn uplake, either as
a competitive inhibitor at the transporter site or as a non-
competitive inhibiter at any number of sites, Cyclopiaz-
onic acid and thapsigargin, which causc relcase and
depletion of caleium slores and thereby activale slore-
operated catcium channels, also increased Mn®" uplake by
1.8-Fold and 1.7-fold, respectively, over vehicle-treated
control uptake. In the same cell type, iead uptake was
increased by 1.7-fold or 2.1-fold over vehicle control afler
treatment wilh cyelopiazonic acid or thapsigargin, respec-
tively (Kerper and Hinkle 1997a). Nickel inhibils calcium
flux through plasma membrane channcls and is not spe-
aific to the slore-operated channel. Trealment wilh nickel
also inhibited Mn uptake into bBMECs, consislent with a
role for caleium channcls in Mn uptake. The effect was sig-
nificant, with 80% less uptake than in the absence of
nickel. However, studies in the whole animal had the
opposite result, Nickel significantly increased Mn uptake
into brain after perfusions of 46 and 90 seconds. The elfecl
al 90 seconds was greater than the influx at 45 seconds,
which implies an early activation of Mn transport. This
aclivalion must be short-lived to praduce the net decrease
in Mn uptake after a 30-minute incubation in bBMLECs.

The results with the calcinm channel biocker lan-
thanum (La®*} do not suggest a role of slore-operated cal-
cium channels in Mn uplake. The cell culture studies
faited Lo show any elfect on Mn uptake due lo La3". In ani-
mals, La%* significantly increased Mn uptake more than
3.7-fold compared 1o control. We were unable 1o find other
reporls of La%* activation of a transporter or carrier. A
slight, nonsignificanl increase in Mn uptake with La®t
{realment is consislenl with the hypothesis that calcium
channel blockers cause a fast but transient activation of a
Mn (ransporler that is not inhibited by La®", An allernalive
explanation is thal the inhibitors were not effective in
blocking calcium pathways, which we did nol directly mea-
sure. To oxamine the relation of Ca and Mn al the BBB, we
are currently conducting experiments to follow influx of
both *8Ca and 5¥Mn in the presence of calcium charnel
inhibitors and activators. If *°Ca is unaffected by the inhibi-
tors or activators, then ihe carly activation is & specific
response of Mn transporters to the presence of the inhibitors
or activators. If the ealcium influx is affected as predicted
{decreased by inhibilors, increased by activators}, then the
early increase in Mn influx may ocour as a homeoslatic
mochanism ta Testore calcium or divalent charges within
the cell. If calcium influx inereases in response fo inhibi-
tors, then the increase in Mn influx parallels the increase in
calcium influx and the two ions may be utilizing the same
carrier. These experimonls are vital to understand the
nature of the interaction of Ca and Mn uptake at the BBB.
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Mn citrale did not serve as a substrate for the MCT1 or
band 3 (anion exchange)} transporters. Mn gilrate did not
inhibit lactate uptake into erythrocytes under conditions in
which pyruvate, a monocarboxylale transporter substrale
and therefore an inhibitor of lactale uptake, inhibiled
uptake by approximately 50%. These results sugpest the
lack of ability of Mp cilrate lo serve as a substrate for the
monocarboxylalc transporter al jow millimolar concenlra-
tions. Mn citrate uplake by rai erylhrocytes was not signifi-
cant after 60 minutes al room femperature, These results
suggesi thal Mn cifrate does nol scrve as an elfective sub-
airate [or either the MCT1 or anion exchange transporier.

One shortcoming of the use of pharmacologic agents, as
in the present work, is {heir lack of specilicily. However,
studios in cell lines and primary cultures were usually com-
pleted in conjunction with animal studies. In olher cases,
1wo or more agents modulaling the same carrier system
were used to increase confidence in the conclusion that the
offect, or lack of effect, could be altributed Lo the carrier
being studied. Conclusions were drawn from more than a
single probe or technique. The use ofbroad-spectrum inhib-
itors can be advantageous. For instance, quercetin inhibi-
tion of Mn citrate uplake demonstrated that the uptake was
carrier mediated. However, because of the multiple actions
of quercetin, the results do not reveal the carrier.

An inherent limiting [actor in (he characlerization of the
carriers madiating transpozl of subslances across the BBB
is that only aboul 50% of the functional BBE transporlers
have been discovered, according to one recenl estimate
(Pardridge 2003). The specific carziers mediating Mnp
transporl across the BDB may be among thosc that have not
yet been idenlified.

IMPLICATIONS OF FINDINGS

The results show evidence of carriers that mediale the
influx of Mn2*, Mn citrate, and Mn T inte the brain. Each
of these three Mn species is present in blood plasma.
These carriers would jncrease the rate of brain Mn enlry
over thal provided by diffusion. This might provide ben-
cfil if the brain required further Mn, an essential element
(cg, when blood Mn jevels are low). However, these car-
riers might mediate excessive brain Mn in the prescnce of
elevated blood Mn, as might resuli from increased Mn
cxposure to environmental or other sources.

The results suggest thal diffusion mediates brain Mn
offlux. In light of carrier-mediated brain influx, but not
efflux, repeated excessive Mn exposure waould be antici-
pated to resull in brain Mn accumulalion over time. Obser-
vations in animals and lumans confirm that Ma persists in



RA Yokel and JS Crossgrove

the brain for some lime, If this persistence is paired with
repeated or continuous Mn exposure, one waould expect o
sec increasing brain Mn concentralions over time. This has
been observed in animals (Gianutsos ot al 1985), Similarly,
human brain Mn concentration rose from 0.15 pg/g wet
hrain weight in human infants to .26 pgfg wet brain
weight in adults. The highest concentrations wore in the
basal ganglia, the site of Mn-induced neurotoxicity
(Markesbery et al 1684},

The results indicale thal brain Mn?* uptake is not medi-
aled by MCT1 or the anion exchange transporler. It nega-
tively correlated with proton availabilily, suggesting a role
for another jon in the brain Ma uptake process. Ma?* brain
uptake is not directly dependent on a source of ATP and is
not iphibited by Fe or ATPase inhibitors. Brain Mn upiake
appears to be mediated by an electromotive farce. The
transporters responsible for this uplake have not yet been
identified. Further work must be conducted Lo identify the
carriers responsible for M influx.
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APPENDIX A. TECHNICAL PROCEDURES

PREPARATION AND MEASUGREMENT OF Mn

Mn Citrate

We prepared Mn citrate by conditions roported to pro-
duce a 1:1 complex of Mn citrate: that is, incubation of
B4Mn(il, or P°MnCly with a 10% molar excess of Nay citrate
for 1 hour at 37°C (Pavlinova and Shnarevich 1860;
Schnarevich 1963). The citrate ion rapidly complexcs with
Mn. Near-infrared spectra of citric acid and Mn citrate we
produced were compared by Dr Rabert Lodder of the Col-
lege of Pharmacy, University of Kentucky. Using sophisti-
cated modeling he calculated the wavelengths of the near-
infrared signal for the three O groups of eitric acid that are
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predicted ta interact with Mn to form Mn citrate (Figure
A.1). Those OH groups are the central liydroxyl group and
components of the two terminal carboxylates, He then ana-
lyzed the dilference spectrum for citric acid versus Mn cit-
rate. The attenuation al 1950, 2073, and 2300 nm suggested
{hat Mn citrate preparation differed from the cilrate at these
positions (Figwe A1) These resuits imply interaction
between Mn and citrate al those Lhree positions.

Mn Tf

"[{ h1as two Mn binding sites. To maximize Mp binding to
Tt, #3MnCl, or **MnCl, and apo-Tt, in a ratio of Mn 1o
metal-binding sites of 3:4, were incubaled in 15 mM
HGO,™ for 1 hour at 37°C. Carbonate was introduced as
NatlCO, because il was shown to be necessary to form the
Tf metal complex (Teapp 1983}, Fvidence of Mn T com-
piex formation included (1) increased UV absorbance al
900 nm after incubation and (2) reduction of the abilily of
Mn o pass through a membrane with a 10-kDa molecular
weight cutoff, as follows.

Demonsiration of Mn Tf Formation Carhonate has been
shown to be necessary for the formation of Tf metal com-
plexcs in vitro, The UV ahsorbance increase of a Tf solution
has been shown to indicale that TT is binding the metal
(Trapp 1983). Therefore an increase in the UV absorbance of
Tf in the presence ol Mn would be expected to confirm
preparation of the Mn Tf complex. Two questions were
addressed: (1) Is Mn Tf formed? and (2) What is the effect of
increasing the HCO, ~ concenlration ahove 15 mM? To dem-
onsteate production of Mn T1, combinations of 37,5 1M Mn,
25 1M Tf, and 15, 30, or 60 mM NaHCO, were introduced
into a microcenlrifuge tube al pH ~8.0 and incubated ol 37°C
for 1 hour (Table A1), UV ahsorhance of these solations was
measured over the range of 240 to 400 nm. A characteristic
Tf peak, in the absence of Mo, occurred at approximately
290 nm. In the presence of Tt and Mn and 15 mM HCO4™,
UV ahsorbance increased with a peak al 306 nm {Figure
A.2). Increasing the HCO, ™ concentration above 15 mM did
ot further increase absorbance (dala not shown).

Demonsiration and Quantification of Mn Tf

Formation The abilily of Mn to pass through a filter was
initially assessed using Amicon Centrifvee devices that
have membranes with a 30-kDa molecular weight culoff,
These devices enable quantification of the fractions of Mn
that are bound to TF {which will not pass through the mem-
brane) and the unbound Mn {which appears in {he uttrafil-
(rale). Three sets of duplicate devices were loaded with TT
in 15 mM TICO,;~, Mn®* as MnCl,, or Mn Tf in 15 mM
HCO, ™. A sample of each loading solution was retained.
The devices were centrifuged al 3000g for 5 minutes to
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Figure A1, Difference of near-infrared speclra of citric acid and Mu cit-
raie, produced in an uxygen-containing environment. The sprcirat dif-
farcnce indicates ke changes in functional groups of vitrate due to ita
binding with Mn.

Table A.1. Conditions Tesled Lo Confirm Mn TT
Complex Formation®

HCO5™

Trial Mn TI (mM)
e

1 o — —

2 + — -

3 — + -

4 — - 15

5 + - 15

5] - + 15

7 - + 30

8 + + 15

9 + + 30
10 + + [s]0]

& Wiinus (—) denotes not inclwded; plus (+), inciuded. Mn included at
7.5 pM Mn2* as MnCly; Tf inciuded al 25 1M os human apolransferring
and HCO, = NaHCO;.

gencrate the ultrafiltrate (3iquid thal had passed threugh
the membrane). The ultrafiltrate and the loading solutions
were analyzed 1o quantitate Mn. However, we did not find
the devices to be satisfactory as we could not obtain mass
balance of Mn. Evidently a signilicant fraction was
adsorbing to the device.

To quantitate the fraction of Mn Lound to TL and detee-
mine the cause of Mn loss in the Gentrifree devices, we uti-
lized equilibrium dialysis. Equilibrium dialysis experiments
were performed in a two-chambered Plexiglas apparatus.
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{rum. Mote a change in the y-axis scale compared Lo panel A,

The capacity of each chamber was 0.5 mL. A presoaked
Spectrapore cellulose membrane, with a 10-kDa molecular
weight catoff, separated the two cells, Both chambers con-
tained 0.3 mL of a buffer solution (4.5 mM K* as KCl,
145 mM Na* as NaCl, 15 mM HCOy ", at pH 7.4). In one
chamber the soluticn also conlained "M Tf solution, pre-
pared as 37.5 uM Mn?" (from MnCly} and 25 pM Tf, or
Mn2* alone. The solutions were incubated at 37°C. Mn
concentration was determined in both compartments by
FTAAS. The resulis indicated that 81% of 1he total ®*Mn
was associated with Tf and 19% was not.

Mn Determination by ETAAS

The atomic absorplion system consisted of an electro-
{hermal atomic abserption specirophotometer (Perkin
Flmer 4106 AL) coupled Lo an AS-70 autosampler. Samples
were diluted in a modifier conlaining 2.4 mM Pd, 6.2 mM
Mg, and 0.2% HNO, prior to analysis at 279.5 nm.

IN SITU BRAIN PERFUSION TECHNIQUE

The unidirectional influx transfler coclficient {Ki,) of
Mnt, Mn citrate, and Mn T was determined using the in
situ brain perfusion lechnigue {Takasato el al 1984). Ta
acquire this lechnique, the principal investigator visited
the laboratories of Drs Smith and Allen and subsequently
trained other personnel in his own laboratory.

Preparation of Perfusate for in Situ Studies

To minjmize the formation of unwanted Mn complexes in
the brain perfusate, an isotonic perfusion solution was pre-
pared to contain the minimum number of anions. Chloride
salts of the physiologically relevant cations (153 mM Na™,
4.2 mM K, 1.5 mM Ca2*, 0,9 mM Mg?*) were used in the
preparation of the fluid for in situ brain perfusion studies.
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The perfusate did not contain phosphate or carbonate, to
avoid formation ol Mn carbonales or phosphﬂles, thereby
mainlaining Mn®* as the [ree ion whon introduced as MGl
Mn citrate was produced by incubation of Mn with triso-
dium citrate in 10% molar excess. Mn Tf was introduced
into the perfusion solution with the addition of 16 mM
NaHCO,, to ensure maiatenance of the Mn T complex.
MnCl,, Mn citrate, and Mn T were adminislered as carrier-
free ¥Mn, 5 wCifmL {5 o 12 nM 54\ n, with 8 to 4400 nM
55Mn, depending on specilic activity of each #1Mn stock).

Perfusales also contained 1 pGi/mL e gucrose (0.2 pM)
as a marker of the intravascular volume of the brain sam-
pled and diffusien through the BBB. Sucrose does nol
appreciably diffuse from the verchral vasculalure across
the intact BBB inlo the brain during the course of these
studies (Takasato et al 1084). A significanl increase of
sucrose in brain samples indicated damage to the BBB.
Resnils in such cases werc nol included in data analysis.
This perfusate is not well buffered and is therefore very
gensilive to pH changes. HL was indicated that the BEB
withstands variation in isosmotic perfusate cemposition
as long as the pH remains between 7.0 and 7.5 (Smith
1996). Great care was taken ta eosure the final pH was
within this pH range prior to ils use. Each solution was
prepared by mixing salls, glucose, waler, and radiciso-
topes (with eilrale or TI, as indicated). The solulion was
incubaled at 37°C for al least 1 hour belore bubbling 2 min-
utes with 5% CQ, in air. The pH was adjusted to 7.4+ 0.1,
and the sotution was returncd to the 37°C waler bath until
heing loaded into the syringe just before its use. Perfusates
were prepared on the day of the experimoent.

For the sludies using in situ brain perfusion to further
pursue (he tesults of the bBMEC studies, the perfusate salt
concentrations were changed {o more ciosely model the
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uptake media from {he bBBMEC studies. A bulfer was used o
maintain the solution pH. The perfusate contained (he fol-
lowing componenls (concentration in mbi): Na* (122}, K*
(4.2), Ca®* (1.5), Mg?* (0.9), CL” (131), HEPES (10), and glu-
cose (10), ¥4Mn?t was present at approximaleiy 1 pCi/mL {5
t0 12 nM *Mn wilh a **Mn concentration of 360 nM).

RADIOACTIVITY ASSAYS

Tissue Preparation

The brain seclions were weighed and y radialion was
counted For ¥Mn, We found that SeintiGest could not be
used Lo sotubilize the brain samples for 4G delermination
becanse the volume required was prohibitively large. There-
[ore we used 10% piperidine and a biodegradable scintilla-
tion {luid (BioSafe IT; Rasearch Products Internalional,
Mount Prospoct IL). A guench curve for 54Mn was produced
inciuding the ratio of piperidine to scintillant that was used
for the hrain tissue. A quench curve far 13C did not reveal
any effect of piperidine on 140 gounts per minute (cpm).
The brain tissue was dissolved in 10% piperidine al 55°C
overnight, The samples were then diluted to approximately
1:10 v/v with biodegradable scintillation fluid and counted
for HC determination in borosilicate glass vials. An aliquot
of the injected solution was similasly analyzed.

54\fn Determination

431y was determined in brain tissue and perfusates
using a y counler (Packard model A5550:Minaxi Auto with
a counting efficiency af 16.8% or Packard Cobra 1 model
with a counting efficiency of 17.8%). Samples were
counted for 2 minules at 750 to 1090 keV. The peak energy
for *Mn oceurs at 838 keV.

15 Determination

A quench curve Lo define the effects ol 1% piperidine on
59In counting in the window of 6 1o 156 keV was deter-
mined in the T.SC (Packard Tri-carh 2200 CA). Piperidine
(10%]) was used as the brain digestion medium, and a 1:10
dilution of the digestion medium was made with scintilla-
ton fluid. Aftor LSC energy window optimizalion and
guench curve construction, calculations that included fac-
tors for nuclide counting cfticiencies indicated that a
54pn /140 ratio of no more than 2:1 coald be used to ensure
{hat less than 10% of the counls wilhin 6 10 156 keV in the
LSC would be due to **Mo. This 8470/ 14C ratio is lower
than those in published reporis, It is unclear to us how
othor authors overcame this problent.

Optimization of Radioactivity Counting

In the LSC the #*Mn produces a peak fhat overlaps with
that of 14G. To optimize counting conditions for 4Mn and
4G e began with conditions in published reports. Unfor-
nately, these produced unaecepiable 54\n interference
io (he L.SC counting of 14¢ To minimize 1L.SCG interference,
we construcled an optimizalion graph with increasing
energy window size (Figure A.3). 31Mn produced a signal
in (ke f window from 0 to 12 keV, which overlapped Lhe
normal measurement of the 14 signal (0 to 156 keV). The
counting window of 6 1o 156 keV was selecled to minimize
both the contribution of S4nin to the B counts (a contribu-
{ion of 4.7% of the **Mn dpm 1o the **C dpm) and the
reduction of € activily due to the narrower B counting
window (aloss 0f 13.2% of the total 14C cpm). Therefore B
(0 156 keV was used for all LSG delerminations of "C.

Brain lissue weighing up lo 600 mg did nol have a
guenching effect on 50 nCi 5Mn activity. Digesled brain
weighing 0 (o 600 mg was found to quench linearly the g
signal, with 0.0524% cpm loss/mg brain, Elficiency of the
LSC for the 0 Lo 156 keV 1407 window was 96.1% for the
unquenched standards. Taken together, those produced a
correclion equation as follows:

140 dpm = [(M4C cpm — 0.047 X S4Mn dpm)
(1 + 0.524 X brain wt gl /101 - 0.132)
x (0,961}

700,000 ‘I
600,000
500,000
400,000 7

300,000 7

Counts per Minute

200,600 7

100,000 -

1] T T T T T T T T (] T
62 03 04 05 06 o7 08 09 01 01

LSC Windows {(keV)

Figure Ad. Window energy oplimization for Jiquid scintillation counter
{L.5C). S4vin produces Cerenkov radiation that overlaps with the .5C
energy windaw for 103, Two replicates of Sipq (@) and MC-sucrose (B)
were ropeatediy counted at snergios of 0-2 keV 1o 0-13 keV. Resulls are
axpressed in counts per nminute,
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This equation was used for all tissue samples, Perfusule
sample resulls were analyzed using a similar cquation
wilhoul the correction for brain quenching.

CAPILLARY DEPLETION

In this technique, the brain is not dissected, but homog-
enized alter in situ brain pesfusion. We had lo modify the
published procedure to abtain a homogenized sample that
would separate inlo the proper fractions during centrifuga-
tion, With the help of Dr David Alten, this fechnique was
mastered. Briefly, the key techaical points we cmployed
are as follows:

4. Mince the brain, after removing the choroid plexus and
meninges, into small cubes (about 1 mm) on a marble
tile on ice.

2. Weigh the brain in the ice-vold homogenizer and add 3.5
mk of ice-vold buffer. Homogenize with 8 o 10 strokes
in a 15-m1L Tenbroeck lissue grinder (Whealon Scien-
tific, Milviile NJ). The buller contains the following
{concentration in mM): NaCl (141), KCl (4}, CaCl, (2.8),
NaH,PO, {1), Mg80, (1), glucose (10}, and HEPLES (16)
at pH 7.4.

o0

. Do not push the pestle to the boltom of the homogenizer
to direclly mash the lissue. Rather, let the “shearing
forces” puil the tissuc up the sides of the homogenizer.
The tissue is properly mashed as it passes between the
pestle and the walls of the homogenizer.

4, Add dextran (70,000 g/mol) to a final concentration of
18% w/v and homogenize the solution with five addi-
tional strokes. This was found, by visual examination, to
be the most effective method to separate the capillary
cells.,

5, Using lhe swinging bucket rotor {HS-4) in a Sorvall RG
288 at approximalely 4°C, centrifuge the suspension for
15 minutes al 5400g.

Afler centrifugation, a thin dusting of cells and cell frag-
menls migrates to the botlom of the tube in a layer approx-
imately the thickness of a sheet of paper. The remaining
liquid appears transparent, with a small layer of lipid-like
material al the top.

Under microscopic examination, the pelleted cell frac-
ton conlains tubular cells and ceit fragmonts that exist in
straight or branching patterns, n discussion with Dr David
Allen, we agrecd thal these are endothelial cells or cell
fragments. This fraction also conlains unidentified cellular
debris not scen in the liquid fraction., This separalion tech-
nique produced a 3-fold enrichment of alkaline phos-
phatase (EC 3.1,3.1) aclivity, a capillary-specific enzyme,
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in the capillary-enriched fraction (25 U/mg protoin) using
enzyme activity kil 104-L from Sigma (St Louis MO).

VALIDATION OF CEREBRAL MICROINJECTION
TECHNIQUE FOR BRAIN EFFLUX INDEX STUDY

Cerebral microinjection of a visual marker into the tar-
goled brain region, followed by rapid removal of the brain,
was used for the brain efflux index study. To demonstrate
our ability to perform this technique, Berlin blue dye was
prepared in 0.9% saling and injecled over 1 second into
the left brain (n = 2) o right brain (n = 2) of rats that had
hoen anesthetized witl 75 mg/ky ketamine and 5 mg/kg
xylazine, The solution was injecled into the parietal lobe
0.2 mm aulerior and 5.5 mm lateral from bregma and
4.5 mm below the skuil surface. The 0.2 pL of injecled
solution was delivercd from a 0.5-pL syringe (Hamillon
series 7000, catalog no. 86257), The syringe was removed
over 30 seconds, starting 1 minute after the injection. The
ral was decapitated, and the brain remeved, frozen and
sectioned to visualize dye placement, The dye was in the
target location in all 4 rats.

We also demonstrated our ability to reproducibly per-
form the intracerebral micreinjection by injection of radio-
nuclides into the brain. 3Mn and '*C-sucrose were
dissolved at isosmolic concentralion, An intracersbral
microinjection of 0.2 pE was made into two anesthetized,
male Sprague Dawley rats (250 to 300 g) at cach of two
times prior lo termination on four different days. Brain
samples were counted to quantilate 54pn and Y4C. Upon
replication, the values were within 10% of cach other.
Data from these animals were not used in brain efflux
index caleulalions.

PROCEDURES FOR TJSING bBMECs FROM
BOVINE BRAINS

Validation of Iselation and Cultwre of bBBMECs

To verify that the cells we isolated and grew were
BBMECs, several measures were cblained, as follows.

Enzyme Aclivity The activities of seloclive enzymes
{markers) of endolhelial and glial cells were determined at
two sleps in the isolalion provedure and in the cultured
cells 8 to 10 days after plaling, During isclation, aliquots
were taken before and after the first enzymatic step. The
enzyme aclivity resulls are shuwn in Table A.2. Alkaline
phosphatase and y-glulamyllranslerase arc positive markers
for microvascunlar cndothelial cells. 5'-Nucleolidase is a
positive marker for glial cells. Determination of endothelial
cell marker activity showed increasing activity during the
subsequent steps of the bBBMEC jsolalion. However, the
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Table A.2. Enzyme Aclivity of Brain Homogenale, Partiaily Puritied Homogenate, Freshly Isolaled bBMECs, and 8- to
16-Day Cultures of Cell Isolates of Two Endothelial Cell Markers®

Toial Protein

~v-Glutamyltransferase  Alkaline Phosphatase

Cells {pg/mL} (U/mg prolein) (U/mg protein)
Brain homogenale 560-586 315 15--26
Partially purified homogenate 223-243 11-42 50-63
Freshly isolated bBMECs — 354 46090
Cultured cells 329-333 13-32 8495

2 Results are the range of Lwo or three obscrvations [rom one brain homogenate. For comparison, the means £ SEM af these enzymas, activities in freshly
isoluted colls, as previcusly reported (Johnson ond Anderson 1998}, are shown. 5'-Nucleolidase, n glial cell marker, was nol detected in the partially

purilied or cultured cells and not determined in the other preparations.

activity in cultured cells was well below that found in
fresh isolates (Johinson and Anderson 1996). This was
probably due to the decreasc in protein expression and
activily that oceur with the cell growth decrcases aftes
plating as cells approach confluence. The positive endo-
thelial cell markers were still active in the cultures, and
the negative marker could not be detected. These resulls
suggest the cell cultures were probably cndothelial cells.

Transmission Electron Microscopy TEM was complcled
at the University of Kentucky Medical Center Imaging
Facility, under the direction of technicians Mary Gail Engle

and Mary Jennes. The Medical Center Tmaging Facility’s
protocol for fixing and staining cclls was used. bBBMECs
from two dishes of 60% to 806% conlluent cells were
implanted into five beam capsules for TEM imaging,.
Twenty-four images were recorded [rom four of the cap-
sulcs. Figure A4 sliows lwo images of the cultured cells. To
interpret the images, we consulted with Dr Bruce Maley,
director of the Medical Center Imaging Facility, who has
experience with TEM images of neurons, astreeytes, and
other glial cells. Although he rarely views images of endo-
thelial celi cultures, he viewed all 24 images and concluded
that perhaps only one cell was neuronal (Tigure A.4, right

[——
18 microng

Figure A.4. Transmission clectvon micrographs of putative hBBMECs in cuiture. Lefl pane
them. In more highly magnilied images, dense arcas hetween coll membranes that could be

neuronat noted in the 24 images examined.

—
2 mcrons

I: Confluent cells have close membranes and fow spaces between
tight junclions can be eeen., Right pancl; The one cell that may be
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panel), When viewed with TEM, neurons are large and
round. They have very little cyloplasm and condensed
nuclear malerial, Because neuronal gallures are notori-
pusly dilficull to sstablish, Di Maley suggested that the
much greater problem would be contamination of the cul-
{ures wilh glial cells, primarily astrocyles. Dr Maley found
1o evidence of glial cells, which have very dark cytoplasm
and many ribosomes,

L-Histidine Uplake Assay An uptake assay of PHli-histi-
dine was conducted using confluent bLBMECs. The results
(Table A.3} were compared to published resutls of L-histi-
dine uplake al concentralions of 10 and 100 um (Yamakami
¢l al 1998), Because we used radiolabeled t-histidine, we
were able o stady both a lower and a comparable concen-
tration {0.1 and 250 pm) in tlie uplake media. Because the
media concenirations were so different fram those of
Yamakami, all values were converted from a “valume-
cleared” term to a “mass-cleared” lerm. Two uptake trials
were completed, Previous results suggest at leas! two carrior
systems (system N and system L) arc involved in 1-histidine
transpart. The difference hetween the valucs we obtained
from the reported values may be due to the difference in
affinity of these lwo syslems at low L-histidine concentra-
tions and differences between rat and bovine bBMECs.

Procedures for Uptake Studies with bBMECs

1, Prepare uptake and wash media. Bring them to the tem-
perature of the uptake study.

9. Wash cells three times with Mu-free uptake buffer at the
study temperature. Leaving the third wash on the cells,
mainlain the cells at the study temperaturc for at least
10 minules.

[

To iniliate the uptake study, remove the wash medium.
Wick the remaining solution away wilh absorbenl paper
brought in contact with the side of the cell culture dish,
but nol cells, Add the uptake mediwm containing the
radiolabeled uptake test substances and MMT. Return
dish to the correct temperalure,

4. To terminate uplake, pour the uptake solution into a
waste container and rinse the cells five times with ice-
cold bulfer withoul Mn. Remave the remaining liguid
hy capillary action using absorbent paper between cach
rinse.

5. After the final rinse and removal of remaining liguid,
allow the cells to dry at room temperaturc. Subse-
quently add 0.75 mL sodium hydroxide (1 M) to each
dish. After 15 minules al room temperature, add
equimolar HCI (0,75 mL) to cach dish. Collect the cell
jysatein a ~y-counting tube for v and L5C guantification
of the uplake test subslrales.
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Tabie A.3. 1-Hislidine Upteke into Confluent bBMECs"

L-Histidine Coneentration (M)

Trial [lBHlp) 0.1 10 100 256

1 {26.5°C)
2 {30°C)
3 (23°C)

Published” 1.25 8.3
(37°C)

256 = 0.5
1185 = 95
569 = 324

# Vylues are expressed in puiol L-histidine uptake/see/mg cell protein.
Values are the means = 5D of three observations,

b yamakami ol at 1996,

When
produclion is below 80% of control production, the
cells are not considered fo he viable and the results are
not used. The study of metabolic inhibilors was an
exception, however, as the objeclive was to induce

6. Determine [ormazan  production. formazan

metabolic inhibition,

GENOTYPING BELGRADE RATS

The homozygaus (b/b, Belarade) rats were distinguished
¢rom their helerozygous (+/b} littermates by their visual
appearance, The b/b rats’ eyes, ears, and tails were less
pink. All visual jmpressions of genotype were supporied
by the differcnces in spleen weight relative to whole-hody
weight and by hematology values (Table A.4).

MATERIALS

BAMnCl,, (specific activity, 28 to 7600 nCi/ng} in 0.1 to
0.5 M HC} was purchased from Perkin-Elmer/NEN (Boston
MA} and Isotope Products Laboratories (Burbank CA). 14C-
Sucrose was purchased dry from NEN (3.6 nCi/umaol) and
in 2% ethanol from Moravek (Brea GA; 495 nCi/nmol);
[cm‘boxy}v“C.]dexirun and [*H]i-histidine were purchasud
{rom Moravek. All other chemicals were purchased from
Sigma unless otherwise noted.

e
APPENDIX B. CALCULATION OF Mn-LIGAND
COMPLEX FORMATION RATE

The rate of water cxchange Jor Mn?* is approximately
107/sec; other ligands bind mctals at rates within a factor
of 10 of the water exchange rate (Cotton and Wilkinson
1480), Therefore the associalion rate for a new ligand
binding lo the Mn aquo jon, such as citrate, to form a metal
chelate (Mn citrale), should be about 108/sec™ !, One can
eslimate the raie that Mn might exchange citrate for



RA Yokel and J$ Crossgrove

Table A.4. Ratio of Spleen Weighl to Body Weighl and Hematology Values fron: Homozygous (b/b; Belgrade) Rats, Their

Helerozygous (+/b) Litlermates, and Wistar Control®

Spleen WU/

Rats Body WL RBC (10°%/mm?)

Homozygous 0.0656 +0.0003 2.07+0.06
(n=238)

Heterozygous 0.0022 +0.0001 6.76=0.08
{n = 41)

Wistar controls £.0024 x0.0001 648 0.08
(n=38)

HGB (g/dL) HCT (%) MCV (pm?)
6.9+0.3 8.5+0.2 40.6+ 0.4
14.6+0.1 38.6: 0.5 574+ 0.4
14.6+ 0.1 30.3+0.4 60.7 £ 0.4

4 Yaluos are presented as means + SEM. RRBC is red blood cells; HGB, hemoglobin; HCT, Tematocrit; MCV, mean call (corpuscular) volume. There is no
evarlap between (he homozygous and Leterozygous littermates for any variable excepl 1he spleen weighl-body weight ratio of two heterozygous rats

(0.¢0%7 ani 0.0046), which overlapped that of the honozygous rals.

another ligand as follows. The peuitibrium constant {Kyq.
jog K) for a melal chelate is equal to the ratio of the meial
association (hinding) rate constant (Kgp) to the metal disso-
ciation rate constant (Kgrp.

ch = Ky / Koty

K,,, is approximately 10%/sec. One reported equilibrivm
canstant for citrate is ~4 (Petti and Powell 1987). Therelore
a dissociation rale {K,p) for Mn citrale can be caleulated as

K., =10%=10%sec™! / Kypp

g3l (l

ar
K. = 10° sec™ / 10% = 100 sec L,
If one now considers a ligand exchange reaction,

I3 kf
Mn?* L, + Lyz2 M0 Ly + Ly
k,

assuming boil ligands (Ly and L) form complexes with
gomparable Ky, values (~10%), ther the equilibrium con-
slant for this exchange reaction will be approximately 1,
wilh kp= k, = 100/sec. The Ky values for ligands present in
blood plasma that have the strongest association with Mn
(citrate, phosphate, histidine, albumin, cysteine, oxalale,
and glulamate) are all approximately 10% to 10% The
approach o equilibrium will be a first-order process witli a
rate constant equal to kp+ kg [Moore and Pearson 1081). For
{hese Mn-ligand complexes, this is approximately 260/sec.
This corresponds to a half-life of 3 msec. The complete reac-
tion would ocour in aboul 5 to 6 half-lives, or about 20 msec.
Therefore equilibrium among the Mnr?* and Mn complexes
wilh citrate, phosphate, histidine, albumin, cysteine,
oxalate, glutamate, anad Tf will occur within seconds.

APPENDIX AVAILABLE ON REQUEST

The following appendix is available from the Heallh
Effects Instilute. In your request, please provide the author
" pame, full Litle and number of the report, and the title of
the appeadix you request.
Appendix C. Isolation of Bovine Brain Microvascular
Endothelial Cells {bBMECs)
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INTRODUCTION

Metals comprise a large group of elements that can exist in
several valence slates and combine with olher clements or
compounds Lo form organic and inorganic gompounds,
Many metals arc critical for living systems becausc they par-
ticipate in essential hiological functions. For example, iton
is part of the hemoglobin molecule that binds oxygen; and
coppor, manganese, and zinc arc part of several enzymes that
catalyze chemical reactions in the body. Deficiencies of those
ossontia) metals result in adverse symptoms, such as anemia;
however, at doses ahove what the body necds, the same
metals can be toxic {eg, US Agency for Toxic Subslances and
Discase Registry [ATSDR*] 1994; 2006; 2002). Toxic effects
vary mnong melals and may range from damage to the ner-
vous system, heart, kidney, immune system, ceproductive
system, and fetus to gene damage and cancer.

Metal accumulation in the environment raises concern
because metals are not hiodegradable, Transilion metals
{eg, iron, nicket) associated with particalale matter have
been implicated as possible active components in the
adverse health effects asseciated with particulate matler
exposure (Carter et al 1987; Dreher et al 1997). In addition,
exposure lo metals has been shown lo cause neurclogic
damage—Tfor instance, in children exposed to low levels of
lead via ingestion (sce Necdleman 1993), and in workers
exposed to maderate (0 high levels of manganese via inha-
lation (see Levy and Nassetta 2003). Currently, metals are
used in a varlety of ways in motor vehicles. Some of those
uses (for example, in catalylic converiess, hrake pads, and
fuel additives to reduce certain emissions and improve
engine performance} cap result in vehicle emissions coll-
{aining metals as particles ot particle componenls.

In February 1998 HEL held a wurkshop to define priori-
lies for research Lo address the possible health effects of
these metals emitted frem motor vehicles and fuets. Much
of the workshop focused on l[uel additives containing
ceriumi, iron, and manganese. Manganese is past of mothyl-
cyclopentadienyl manganese tricarbonyl (MMT), an anti-
knock ageat that also reduces emissions of nitrogen oxidos.
MMT is careently used in Canada and parls of the United
States. Following an earlier ban, MMT was approved for usc
in the United States by the US Environmental Protection

* A list of abbroviations and other terms appears at the snd of the Investiga-
tors' Reporl.

This document has not been reviewed by public or private parly institu-
tions, including those thal support the Health fiffccts Iastilute; therefore, it
may nol reflect the views of these parties, and no endorsements by them
should be inferred.
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Agency (EPA) in 1995, but further decisions about regula-
tion are pending completion in 2004 of a serics of emissions
and loxicity lests, The Preface provides detailed informa-
{ion an the regulatory status of MMT in the United States.

After the 1998 workshop, HEI issued a Request [or Pre-
liminary Applications, REPA 98-4, Research on Metuls
Emilted by Molor Vehicles. The goa} of the RFPA was a
broad-based investigation ol metals that may be found in
molor vehicle emissions, which ranged from character-
izing emissions to invesligating their health effects.

Ins response to RFPA 98-4, Dr Rabert Yokel at the Univer-
sity ol Kentucky qubmitted an application entitled “Man-
sanese Toxicokinetics at the Blood-Brain Barier.” Yokel
proposed Lo study the mechanisms by which manganese
enters and leaves the brain across Lhe blood-brain bazrier.
This bacrier consists of the walls of small blood vessels in
the brain and shields the brain from possible harmful mol-
ccules (see sidebar 1}, Certsin molecuies may cross the
blood—brain barrier via simple diffusion or carrier-medi-
ated transpart, which moves molecules at a faster rate than
simple diffusion. Carrier-mediated transport includes
(acilitated diffusion, a process that requires no energy, and
aclive transpori, an cnergy-dependent process thal can
move molecules against a concentration gradienl, Yokel
proposed to study the rates of influx and efflux ol three
{forms of manganese {manganese chloride [MnCl,}, Mn cil-
rate, and Mn transforrin) using in vitro methods as well as
in situ brain perfusion in rais. Yokel hypothesized that
transporters (sce sidebar 1) are involved in both influx and
effiux of manganese. He proposed additional work 1o char-
acterize and idenlify the pulative Carriers,

The HEI Research Commilice thoughl Yokel's proposed
study would provide valuable infarmation on the mecha-
nisms of trangport of manganese across the blood-brain bar-
rier. Tt would be the first study to specilically investigate
manganese efflux from intact ral brain, Evidence for casrier-
mediated transport of manganese out of the brain would he
of particular interest because it would demonstrate a mech-
anism for preventing mangarnese accumulation and thus the
potential for limiting the extent of neuroloxic damage
during chrenic exposure to Mn. The Committee also
thought that the study would provide valuable information
on the propestics of manganese i’ram;portcrs.Jf

T D Yokels 3-year study, “Manganese Toxicokinetics al the Blood-DBrain
Barricr,” began in Augusl 1999, Total ex penditures were $380,000. The dralt
Investipators’ Report from Drs Yokel and Crassgrove was received for review
in December 2002. A revised reportt, received in May 2003, was accepted for
publication in June 2093 Drring Lhe review procass, the HEI Health Review
Committee and the invesligalers had the opporiunity to exchangs comments
and to clarify issues in the Investigators’ Report and in the Review Commil-
lee’s Commenlary.
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SIDEBAR |. MOVEMENT ACROSS THE BLOOD-
BRAIN BARRIER

The blood-brain barrier functionally separates the brain from the rest of
the body, protecting the brain from potentially harmfu! substances that
circulate in the bloed. The barrier is formed by the walls of small blood
vessels (capillaries) that deliver oxygen and glucose to the brain, The wall
of capillaries in the brain consists of endothelial cells that differ from
endothelial cells eisewhere in the body. For instance, brain capillary
endothelial cells fuse together to form tight junctions that prevent mole-
cules from passing between them. They also have many mitochaondria,
which provide energy for transport across the barrier of substances
needed by the brain, such as glucase or metals.

The brain endothelial cells are surrounded by a basement membrane te
which brain celis are attached. Specifically, the capillaries are covered by
so-called foot processes from astrocytes, a type of brain cell that Is not
involved in relaying information but has a supportive role. Astrocytes, the
most abundant type of brain cell, have many processes that connect to
other brain cells. They are thought to be involved in guiding endathetiat
cells to form the blood-brain barrier during development. Other cells
that are closely associated with the endothelial cells ave pericytes, which
also originate in the brain (similar to astrocytes) and have a clean-up
function similar to that of macrophages.

Srall lipophilic molecules may enter the brain by diffusion, which is 2
slow process. These molecules first pass through the fuminal (blood side}
wall of the endothelial cell, travel through the cytoplasm, and thes pass

Endothelial Cell
BRAIN

Nucleus

Astrocyte
Foot Process

Lumen

Basement Membrane

Tight junction

through the abluminal (brains side} walt to enter the brain. Molecules that
enter the brain at higher rates than by diffusion are transported through
the action of Jarge proteins spanning the membrane to form specific
channels and transporters, also called carriers {see figure). For instance,
D-gluicose is effectively transported via a stereospecific glucose trans-
porter that excludes the stereoisomer L-glucose.

lon channels and transporters are complex proteins that stretch across
both sides of a cell membiane, lon channels usually have closed and open
states. They are prompted to open their channel by an electrical, chemical,
o mechanical stimulus. Channels provide passive transport in the form of
facilitated diffusion, which does not require energy but s faster than simple
diffusion. Among the several ion channes are the sodium and calcium
channels, which selectively allow passage of Na'tand Ca®”, respectively.
Carriers transport molecules across a membrane either by facilitated dif-
fusion or by active transport, Transporters are complex proteins that
open only on one side of the membrane at a time and can transport mol-
ecules agatnse their electrochemical potential gradient, which requires
energy. Specific carriers have been identified for metals sich as iron, an
essential trace element,

Mast areas of the brain are protected by the blood-brain barrier. Some
leaky areas exist in: the posterior pituitary and circumventricuiar organs.
In the choroid plexus, which generates the cerebrospinal fluid that flows
through the brain ventricles, the so-calied blood-cerebrospinal fluid bar-
rier provides the same protection as the blaod-brain barrier in other
parts of the brain,
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Blood vessels that form the bload-brain barrier Lefi panel This cross section shows the endothelial cells of the vessel wall bordered by a basement
membrane, pericytes, and astrocyte foot processes. {Left panel adapted from Kandel et al 1991.) Right panel: Close-up of the barrier vessel wall, consisting of
the inner (lurninal) and outer {abluminal) endothelial celi membranes, Examples of ion channels and carriers are shown, Small black dots represent molecules
that may be transported across the barrier by diffusion, facilitated diffusion, or active transpors, which requires energy in the form of ATP Akhough only carrier-

mediated influx is shown, carriers may mediate both influx and effiux.
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BACKGROUND

MANGANESE EXPOSURE

Manganese 0CCuTs naturally in the environment as a
metal ore that is mined for productioa of slecl, dry-cell bat-
{erics, malches, fireworks, and fertilizer. As an essenlial
(race elemenl, manganese is involved in numerous biolog-
ical functions, including mammalian development and
maintenance of the nervous system. It is part of several
enzymes, such as glalamino synthetase, which is specific
ta the brain, and it is a colactor for a number of olher
important cnzymes (see Roth and Garrick 2003).

To maintain an optimal level of manganese in the body,
the US Institute of Medicine (IOM) has identified Adequate
Intake Levels of 1.8 and 2.3 mg/day for adult women and
men, respectively, 1.2 to 1.9 mg/day [or children, and
0.6 mg/day for infants (IOM 2003). In addition, the IOM
Thas also ostablished Tolerable Upper Intake Levels {UL),
the highest levels at which no adverse effects have been
observed, The UL for adults is 11 mg/day and for children
2-6 mg/day (IOM 2003). Ingesting consistently lower levels
than recommended for daily intake causes manganese defi-
ciency, which may result in failure of muscular coordina-
{ion, impaired growth and skeletal abnormalities, impaired
reproductive performance, and birth defects {ATSDR 2000;
Roth and Garrick 2003).

Every day humans ingest manganese via food and
drinking waler. The amounls of manganesc that humans
ingesl from drinking water are negligible. Mean levels of
manganese in drinking water in the US and elsewhere have
been found to range from 4 to 32 pg/L (US National
Resoarch Council 1980; World Health Qrganizalion [WiI10!l
1981; EPA 1984), although higher levels are pecasionally
present in well water.

In addition (o dietary intake, humans may inhale parti-
cles that contain manganese. Exposure of the general pop-
ulation to low manganese concentrations in ambient air
results from crustal material, industrial emissions, and
combustion of fossi} fuels. In urban and rural areas of the
devoloped world that do not have significant pollution
sources, annual average concentrations of manganese in
the air are 0,01 to 0.07 pg/m® (WHO 2000). The daily intake
of manganeso [rom the air by the general population has
been estimated to be less than 2 pg/day in areas without
pollulion sources; this level may increase to 10 pg/day in
areas near pollution sources such as lactories that process
manganese {WHO 1981).

Although low levels of manganese are necessary for
proper biclogical functioning, high levels may be harmfal,
as is evident from studies of miners and workers exposed

to up to 450 mg/m? of inhaled manganese (EPA 1984).
Since 1837, such workers have been known Lo develop
severc neurotoxic symploms similar to those of Parkinson
discase {see Levy and Nassella 2003), Becausc a much
larger percentage of inhated manganese is laken up into the
body (compared with ingested manganese) and aceuni-
jales in the brain more readily, exposure via inhalation
raises concern.

Use of the fucl additive MMT is likely to add small
amounts of manganese to the ambient particulate malter
mixture, mostly in the [onn of manganese oxides (MnO.,
Mn,0Q,), sullaic, and phosphate. Whether the prescnce of
MMT in gasoline would increase the risk of manganesc
exposure to the general population is subject to consider-
able debate (Kaiser 2003}, Several groups have suggested
that this may be the case. Beiween 1981 and 1994 the man-
ganesc emission rale [rom aulos was eslimated to have
increased 10% in Canada {Loranger and Zayed 1994),
where use of MMT centinues to date. Others have csti-
maled that if MMT were used in all gasoline in the United
States, the level of manganese in urban air would increase
by about 0.05 pg/m? above the current level of 0,01 to
0.07 pg/m? (Ter Haar ot al 1975). The EPA has predicted
that a substantial percentage of the population could be
exposed to manganese particulale levels above 0.1 pg/m® if
all gasoline contained MMT (EPA 1994},

To establish whether MMT use increased manganese
concenlrations in ambient air in areas of Canada where it
was added to the gasoline supply, several sludies were
conducted, One study in Montreal reported higher manga-
nese levels in dust (up to 0.05 ug."rn3] at sites of high traffic
density compared with sites of lower tralfic density (Lor-
anger and Zayed 1994). Simitarly, Pellizzari and col-
leagues (1999, 2001) found that {he mean outdoor
manganese concentralion of PM, 5 was slightly higher in
Toronto (0.0097 pg/mﬂ}, where MMT was being used, than
in Indianapolis (0.0035 pg/m*), where MMT was not heing
used. Although background levels of naturally occurring
manganesc could not be determined in Toronto, the con-
centration of manganese in parliculate matier showed a
gradient that decreased from areas with high traffic volumec
to areas with low traffic volume and further to indoor air,
These data suggesl that car emissions increascd the level of
manganese in ambient ait initially, but thal the effect was
diminished by subsequent dilulion. In addition, personal
exposure lovels lo manganese in particulate matler for the
general population in Toronto did not exceed 0,05 pg/m®
(Clayton ct al 1099), A separate analysis of the Toronio
data suggested thal other sources {(such as tohacco smoke,
grustal particles, and industrial sources) contributed to the
personal exposure levels (Crump 2000). A risk assessment
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conducled by Health Canada (Wood and Egyed 1994) con-
cluded that addition of MMT to the Canadian gasoline
supply had not substantially increased manganese levels
in ambient air above previous levels resulling from indus-
iria] sources and motor vehicle sources other than taiipipe
emissions (for example, brake wear}, However, the EPA
concluded that “to supparl an improved health risk char-
acterization for MMT, further investigation is needed in
the areas of heallls eflects, emission characterizalion, and
exposure analysis” (Davis 1998).

MANGANESE NEURQTOXICITY

vidence that exposure to high levels of manganese led
to neuroloxicity {manganism) was described as carly as
1837 (Couper 1837). Most cascs of manganism have been
desaribed in workees exposed to high lovels (1-450 mg/m?)
of manganese via inhalalion, although neurotoxic symp-
toms have also been observed in individuals exposed to
high levels of manganese in drinking water (US Agoncy for
Toxic Substances and Disease Registry 2000). Manganese
neurotoxicity progresses from early reversible symploms
to an irreversible debilitating disease. The firsl stage is
characterized by general weakness, lethargy, and emo-
{ional instability. Upon conlinued expasire, wvictims
progress to the sevond stage, characterized by impaired
memory and judgment, anxiety, and sometimes hallucina-
tions, leading lo what is sometimes cailed manganese
madness. The final stage is characterized by muscular
impairment with tremor, difficully walking, and rigid
facial expressions {Pal et al 1999; Levy and Nassetia 2003).
Sympioms are progressive and may increase even after
exposure coases. The later stages of manganism have
symptoms similar o those of Parkinson disease. Both dis-
eases involve loss of function in the oxtrapyramidal motor
system, particularly in the basal ganglia of the midbrain.
However, Parkinson disease is caused by loss of dopamin-
ergic function in the striatum, whereas suanganism is
thought to be associated with loss of funation of the neigh-
boring globus pallidus, which is rich in neurons con-
{aining the neurotransmitter y-aminobutyric acid
(Lucchini et al 2000), Evidence from manganese-exposed
workers points lo a cumulative mechanism of action, Sev-
eral studics have found associations betwecn indices of
cumulative manganese exposure and neurobehavioral out-
comes (Roels et al 1987, 1992; Lucchini et al 1995, 1989).

Fvidence from occupational studies that have associaled
neurotoxic symptoms with manganesc exposure has been
Lsad as a basis to determine guidelines for sale levels of
ingested and inhaled manganesc (summarized in the Com-
mentary Table}. The guidelines for inhaled manganese
were based on studies that showed subtle neurologic
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effects—less than those associated with the livst stage of
manganism—in workers exposed (o manganeso at levels
lower than (he occupational guidelines (Roels et al 1987,
1992: Lucchini et al 1998). Further support was provided
hy studies of communitics exposed to increased levels of
manganese in ambient air from nearby factories: small but
significant declines in the ability (o perform cerlain tasks
raquiring mator coordination were observed in the general
population {Hudnell 1999; Mergler ol al 1999),

To avoid the adverse health cffects of chronic exposure,
ATSDR (2600) and EPA (2003} bave recommended max-
imum levels for adults of 0.07 and 0.14 mg/kg/day for
ingestion, and 0.04 and 0.05 pg/m?® for inhalation, respec-
tively. The WHO-recommended guideline for air quality in
Europe is 0.15 1.1g/m3 (WO 2000). (These inhalation
values transiale inlo approximately 0.01 to 0.04 ng/kg/day
for a 70-kg aduli inhaling air at a ventilation rate of
20 m*/day.} As is avident from these cslimates, ingested
and inhaled mangancse posc substantially different risks
for adverse sympioms.

MANGANESE. UPTAKE AND METABOLISM

Manganese that enters the body via ingestion is absorbed
through the small inlestine; the majority is then eliminated
o its first pass through the liver and excreted in bile. About
114 pgfday (3%) of the average 3.8 mg/day dietary manga-
nese ingested by aduils is actually ahsorbed (EPA 1984}, and
only a small fraction of ingested manganese enters the sys-
temic circulation [Andersen cl al 1999}, The uptske process
depends on the dose: higher uptake rates ocour when levels
of manganese available in the diet ave low, and lower uptake
rates when they are high. Levels of iron in the diet also play
an important role in manganese uplake. Increased uptake of
manganese has becn observed in individuals with iron defi-
cieney (Mena el al 1969), whereas uptake is decreased when
iron is abundant in the diet (Diez-Fwald et ai 1968}, Iron
deficiency is common in many developing countries and
should be taken inlo account when assessing the risk of
manganese exposure in those populations. Paticnts with
impaired liver function are alsu at risk [rom increased man-
gancse uptake (Krieger ctal 1695).

When manganese is inhaled, it enters the circulation
directly without first-pass eliminalion by the liver. There-
fore, blood levels are substantially higher after inhalation
of manganese than alter ingesting similar doses (Andersen
1999). In addition, inhaled manganesc can enter the brain
directly via the otfactory bulb. The solubilily of manganese
also influences its uptake into the circulation: uptake rates
are faster for highly water solublo forms, such as MnCls,
{han for Jess soluble forms, such as MnO, (Roels et al
1997). Serum levels in people who ingest normal levels of
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Commentary Table, Daily Requirements and Exposurc Guidelines Applicable Lo Manganesc®

Agency/Descriplion Guideline Source Equivalent Dosc”

Dietary Requirements

10OM
Adequatc intake level 2.3 mg/day TOM 2003 33 pa/kg/day
Tolerable upper intake level 11 my/day 10M 2003 167 pa/kg/day

Chronic Exposure

EPA
Reference conceniration for chronic inhalation exposurc® 0.05 pg/m® EPA 2003 0.014 pp/kp/day
Relerence dose for chronic ingestion exposure” 0.14 me/kg/day  EPA 2003 140 pglkg/day
ATSDR
Minimal risk level for ¢hronic inhalation exposure 0.04 pg/m? ATSDR 2060 0.511 pg/kg/day
Provisional guidance value for chronic ingeslion exposure  0.07 mg/kg/day ~ ATSDR 2600 70 pg/kg/day
WHO )
Air Quality Guideline for Europe, annual average 0.15 pgim® WHO 2000 0,043 pg/kg/day

Occupational Exposure

ACGIH
Threshoid limits (8-hr workday, time-weightled average”)
Manganese dust and gompounds, as Mn 5 mg/m® ACGIH 2003 857 ug/kg/warkday
MMT, as Mn 0.2 mg/m?3 ACGIH 2003 34 pglkg/workday
Short-term exposure limit®
Manganese fume 3 mg/m* ACGIH 2003 NAf
NIOSH
Recommended exposure limil, time-weighted avaraged
Manganese fume and compeunds 1 mg/m® NIOQSH 2003 171 pglkg/workday
Shorl-term exposure limit
Manganese fume and compounds 3 mg/m® NIOSH 2063 Nl
OSHA
Permissible exposure limil (8-hr workday, ceiling values®) ‘
Manganese fume and compounds, as Mn 5 mg/m* QSHA 1998 NA!
WHO
Recommended exposure limit in workplace aizd
Respirable Mn particles (< 0.5 pm) 0.3 mg/m? WHO 1986 51 pg/kg/workday

& Thesge guidelines are for chronic exposure of the general population via inhalaticn of ambiont air or via ingestion ol food and drinking water and for
orcupational exposure via inhalation. Several government agencies and the WHO have established guidelines according to the duration of exposure and
the form of manganese to which workers may be exposed, The values astablished by OSHA are enforceabla regulations; the other values are
recommendations. Guidelines for chronic exposure are based on lifetime exposure (70 yearsk eccupational guidelines ars astablished for an 8-hour
workday. Additional goidelines axist for levels of manganese in drinking water as well as guidelines issued by individual states (not shown}.

b A poroximate dose, carrecled for hody weight, whichk an adull would encounter when exposed 1o manganese at the guideline exposure levels for 24 hours
or during an 8-hour workday. Culculations for chronic exposure are based on a bady weight of 70 kg and en ventilation rates during slesping
{0.45 m¥hour), sitting (0.54 m37hour), and light activity (1.5 m*/hour), each for # hours/day, resulling in tatal ventilation of 20 m? air in 24 hours, For
oucupational exposures, a ventilation rate of 1.5 ni®/hour was used, resulting in $otal ventilation of 12 m? air during an 8-hour workday.

¢ mstinates of daily inhalation or ingestion exposures o {lie general population (inchiding sonsitive subgroups) that are likely Lo be without an appreciable
risk of harmfu! effects during a lifelime.

¢ Recommenided maxirum cencontration lo which most workers can be exposed without udverse cifect, based on an exposure concentration averagad ever
an #-hour workday.

& Maximum congentration to which workers can D exposed for up to 15 minutes conlinually, No more than four such exposures are allowed per day, and
tharc must be at least 60 minutes bolween peviods.

f Nol applicable.
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manganese from the diet, but are not exposed otherwise,
range from 0.6 to 1.0 pg/L {Greger et al 1990), Because of
the variable background levels of manganese in the blood
from dietary intake, allempls to establish biomarkers for
exposure to jnhaled manganese have been largely unsuc-
cossful (Greger 1999; Apostoli et al 2000),

After manganese enters he blood, it is distributed to
several tissues and organs. This process may lake up to
several days after it enters the body. Toxicokinelic studies
in rats exposed to manganese via intratracheal instillalion
showed that maximum blood levels were reached alter
30 minules for MnCl, and aller 168 hours for MnO, (Roels
ot al 1997). Systemic distribution occurs predominantly as
manganese bound e transferrin (Davidsson et al 1989).
Elimination of manganese varies by lissue, For example, the
hall-lives in brain and bone are longer than 59 days, com-
pared wilh 10 to 15 days in other lissues, as determined in
several animal species (Furchner el al 1966). In mankeys
that inhaled radicactive manganese, levels in the head
peaked aller 40 to 50 days and elimination occurred slowly,
with a half-life ol 600 days (Newland et al 1987). In humans,
whole-body retention half-lives were 13 to 37 days (ATSDR
2000). In chronically exposed workers, urinary mangancse
levels wore reported ta be higher than those in unaoxposed
individuals {(Rocls et al 1987, 1992).

Studies in rats showed that intranasally instilled manga-
nese accumulated in (he olfactory bulb, and significant
uptake by other brain regions peaked after 7 days (Tjalve et
al 1996}, A study in which MnCl, or MnO, was adminis-
tercd to rats intratracheally also found higher levels in the
samec brain areas (Roels et al 1897). Observations in
Lumans (for example those with Hver dysfunction) indi-
cate that manganesc preferentially accumulates in the hasai
ganglia, specifically in the globus pallidus and the sub-
stantia nigra (Hauser et al 1996; Lucchini el al 2000). The
basal ganglia arc a complex of brain nuclei that form the
extrapyramidal molor system. They consist of the siriatum
(also called candate-putamen), nucleus accumbens, globus
pallidus, and substantia nigra, among other areas. The
mechanism by which manganese causes neuronal damage
is only partiy understood, although some studies reparted
Jass of striatal dopamine and cell death in the globus pal-
lidus (Pal el al 1999). Manganese is known to be taken up
by mitochondria, the energy suppliers of cells (Liccione
and Maines 1988). Excess levels of manganese in the brain
may triggor neuronal death by interfezing with the function
of mitocheadria (Gunter el at 2004; Malecki 2001).

On the basis of these ohservations, several sludies have
investigated the mechanism by which manganese eniers
the brain. Two general pathways have been identified in
rats. One is a direcl pathway in which inhaled manganese
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travels via the nose into the olfactory bulb and farther into
the brain, bypassing the protective mechanism of the
blood—brain basrier (Tjilve et al 1996; Roels et al 1997;
Vilarella et al 2000; Dorman el al 2002). The other pathway
involves carrier-mediated transport across the blood-brain
barrier via specific carrier molecules, Prior to the current
study, carrier-mediated Lransport ol manganese into the rat
brain had been demanstrated, but specilic carriers had not
yet been identilied and the forms of manganese irans-
ported had not been firmly eslablished {Aschner et al 1999;
Malecki et al 1999). In addition, evidence that manganesc
accumulates in the brain prompted a need to investigale
mechanisms of its eliminaiion from the brain. The current
stucty by Yokel and Crossgrove addressed these issues by
evaluating both brain influx and brain efflux of manganese
and by attempting to identify putalive ransporters.

TECHNICAL EVALUATION

AIMS AND OBJECTIVES

This study aimed at investigating whether transport of
manganese across the blood=brain barrier (sce sidebar 1)
occurs via diffusion or via a transporl mechanism using
specific carriers. The first objective was to invesligate
transporl of manganese into the brain (influx) to determing
whether mechanisms other than simple diffusion deliver
{his essential trace element to the brain. The sccond objec-
tive was to investigate transport of manganese out of the
brain (efflux) te determine whethor simifar mechanisms
exist Lo remove il from the brain. Further studies were
aimed at characterizing and possibly identifying the car-
riers involved in mangancse transporl across the blood-
brain barrier,

STUDY DESIGN

The investigators evaluated the transport of three chem-
ical forms {specics) of manganese: (1} divalent manganese
jon (Mn2*) in the form of MnCly, representing all the s0l-
uble forms of manganesc such as manganesc phosphate
and manganese sulfate {hat release the Mn ion on dissolu-
{ion; (2) Mn cilrate, & small complex molecule containing
divalen! manganese; and (3) Mn transferrin, a complex of
divalent or Lrivalent (Mn®*) manganese bound (o a large
prolein found in the circulation. These three species are
common forms of manpanese prescnt in the body and are
readily formed from other forms of manganese (eg, phos-
phale, sulfate) that may be present in inhaled particles,
Because of their differences in size and chemical structure,
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different transport mechanisms are thought to exisl for
these species. These mechanisms may operate in parallel.

Preliminary Studies

Saveral preliminary studies were conducted Lo assess
the lipid solubility of these three manganese species in
order to caloulale the rate of diffusion across the blood—
brain barrier. Lipid solubility was assessed by the parli-
tioning of manganese between oclanol and water. The
investigators subsequently delermined the loxicokinetics
ol manganese in ral blood afler inlravenously injecting
MnCl, and Mn citrale. They measured (he concentration of
manganese in blood over time after injection. Further, the
investigalors used microdialysis in rals (sec sidebar 2) lo
assess unbound manganese {ie, Mn®*) in brain extracel-
Jular fiuid and biood as evidence for transport of manga-
nese across 1he blood-brain harrier afier intravenous
injection of MnCly and Mn citrate.

Assessing Manganese Influx

The investigalors used in situ brain perfusion (sce
sidehar 2) to assess influx of the throe manganese spacies
into the brain, In these experiments, they used the radioiso-
tope 540y, which allowed {hem Lo differentiate belween the
administered manganese and the naturally occurring iso-
tope ®IMn prosent in the body. In situ brain perlusien
allowed use of lower manpganesc concentrations and [ester
sampling than the microdialysis technigue, resulting in
hetter control over the manganese specios. (During the
20-minute microdialysis sampling periad, manganesc
would he able Lo respeciate into different forms.) C-labeled
sucrose was used as a conlrol substance because it crosses
ihe blood—brain barrier poorly. If the measured transport
rate of 4 manganese species was higher than its eslimated
diffusion rate, this would provide evidence for carrvies
medialed influx into the brain. Because the brain tissue
coilected afler the in sil brain perfusion also conlained
cells from the blood capillaries forming the blood—brain

SIDEBAR 2: BRAIN SAMPLING IN RATS

Several techniques are avaifable to investigate transport across the blood--
byain barrier in viva, The techrique of microdiciysis uses a small probe that is
inserted into a specific brain area. The probe s a double-walled metal tube
with a semipermeable membrane at the tig, which is implanted inta the brain
of an anesthetized animal. Fluid (called dialysate) circulates through the probe.
The dialysate is an isotonic solution resembling the extracellular fluid sus
rounding brain cells. Molecules are exchanged at the probe tip via diffusion
across the membrane. The dialysate, together with any molecules that dif-
fused from the brain tissue into the probe, is then collected in vials for chem-
ical analysis. The sample collection period is usually 20 minutes but may be
shorter (5 or [0 minutes), depending on the type of study and the concenta-
tion of the substance of interest. Microdialysis can thus be used to measure
coneentrations of a substance in the brain overa periad of several hours. Sub-
stances of interest may be endogenous to the brain {eg, neurotransmitters) or

barricr, capillary lissue was removed before estimating the
concentration of manganese in brain tissuc. Assays Lo mea-
sure **Mn confent were conducted in nine specific brain
arcas—frontal corlex, parietal cortex, occipital corfex, cer-
ghellum, candate, hippocampus, thatamus/hypothalamus,
midbrain/colliculus, and pons/medulla—aﬂd in the
choroid plexus.

Assessing Manganese Efflux

The investigators microinjected 54Mp2t and M cilrate
inlo the brain of anesthetized rats. Radiolabeled sucrose of
dextran was coinjected as a control. Rals were decapilated
at several time poinls (up to 240 minutes) after microinjce-
tion, and the brains were dissected and analyzed for 54Mvin
content. The investigators caloulaled the brain efflux index
{BEL} as the percentage of injected mangancse that had
crossed the blood—brain barrier inta the blood. The amount
of manganese injected was then compared with the amount
remaining in the brain {ie, 100—BEI[%]), relative to the
amount of ¥C-sucrose injected and the amount of sucrose
remaining in the brain.

Characterizing Putative Manganese Transporters

The investigators used three types of cells to investigate
characleristics such as pH and calcium dependence of the
putalive manganese {ransporters. Because Mn?* is similar
in size and charge to calcium (Ca®*) and ferrous iron {Fe®),
the invesligators hypothesized thal cxisting transporters
for calcium and iron might aiso be involved in transporting
manganese. They focused cn investigating several known
transporiers and subsequently expanded their findings by
using the in situ perfusion method in Sprague Dawley,
Wistar, and Belgrade rats, Homozygous Belgrade b/b rals
iack the funclional divalent metal transporter 1 (DMT-1}
{heir heterozygous b/+ litlermates do express DMT-1.

Gencral Aspects of Manganese Uptake The investiga-
lors used primary cultures of bovine brain microvascukar

may have been introduced to the body (eg, drugs, nutrients, or in this study,
manganese). The techaique can also be used to sample substances in a biood
vessel and in many other tissues and fluids.

In situ brain perfusion uses a small catheter (plastic tube) that is placed into an
artery close to the brain, such as the carotid artery. The catheter is inserted
while the animal Is under anesthesia, and an isotonic fluid resembling blood
plasma (called perfusate), together with the substance of interest, is adminis-
tered into the artery using a syringe. The animal's chest cavity is exposed and
the heart ventricles are cut open to allow excess blood to drain out of the
animal. After completion of the perfusion {between 30and 180 secands), the
animal is decapitated and the brain is remaoved. Secticas of the brain may
then be analyzed for the substance of interest, providing evidence that the
substance moved across the blood-brain barrier. This technique is jess pre-
cise than microdialysis in terms of the location of the brain that is sampled
but allows much sharter sampling times.
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endothelial cells (bBMECs), a model of the blood-hrain
barrier, Lo assess lhe time coursc of 593in?* uptake and lhe
proton or sodium and energy dependence of the carrier.
hBMECs are purified from cow brains and grown on a col-
lagen matrix until the cells are confluent. These cultures
are relatively pure, cansisting of endothelial cells withoul
the pericyles and astrocytes that are associated with the
blood—lbeain barrier (sve sidebar 1). They have soveral char-
acteristics of (ke Bload-brain barrier in vivo; for instance,
similar to cells forming the blood-brain harricr, the celis
line up on the matrix fo provide polarity and unidirec-
{ional transport. However, bBMECGs da not form light junc-
lions as well as the cells of the blood-brain barrier do.

Cell cultures were bathed for 10 to 120 minutes in
medium conlaining "#Mn®" as well as 55Mn and '*C-
suerose. Cells were then lysed, and the 54Mp and '*C con-
lent was determined, Cell viability was also assessed. The
investigators firsl determined the time course of Mn uptake
and chose 30 minules as the incubation period for subse-
quent experiments. To test whether the putative manga-
nese carrier was proton (H') dependent, they determined
the effect of pH on manganese uptake, using bulfered sul-
fonic acids with pH values 0f 6.4 to 7.9. To tesl whether the
carrier was sodium dependent, they replaced sodium in
the medium with cheline or lithium. Subsequently, they
tosted whether the manganese carrier was energy depen-
dent. Energy for active lransport of manganese across the
blood—brain barricr may be provided by adenosine triphos-
phate (ATP) hydrolysis or movement of electrons. The
investigators used several inhibitors of these cnergy patb-
ways, such as 2,4-dinitrophenol, azide, and 2-deuxyplucose.

Uptake of Manganese Citrate The investigators first
used rat erylhrocytes, which express two lransporters, a
moenccarboxylale transporier and an anion exchanger. The
{nvestigators hypothesized that these transporlers would
transport Mn ciirate, because they are known to transport
lactate and pyruvale across the cell surface into the cell.
Manganese uptake into the erylhrocytes was determined
by bathing the cells in L0 citrate or YC-Mn citrate.

Subsequently the invostigators used b.End5 cells, an
immorlalized cell line established from murine brain
endothelial cells. They determined the time coursc and pH
dependence of Mn citrate uptake into these cells. The cells
were bathed for 15 (o 240 minules in C.gitrate, “*C-Mn
citrate, or MC-Al cilrate in media at pH 6.9 or 7.4,

Involvement of Different Transporiers Iron The inves-
tigators hypothesized that mangancse may he transported by
the same carrier as [errous iron (Fe?t), & metal ion with sim-
ilar charge and size. To test whether iron could compete for
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manganese at the Lransporter, perfusate conlaining S 4T
and ferrous sullate {FeS0O,) was administered via in situ per-
fusion to the brain af Sprague Dawley rals.

Divalent Metals To les! the involvement ol DMT-1 in man-
ganesc lransporl jnlo the brain, the investigalors used Bel-
grade b/b rats, which do nat express & functional form ol
{he DMT-1 transporter. They measured manganese uptake
in b/b versus b/+ Belgrade rats as well as conlrol Wistar
rats. ™Mn was administered 1o the brain as Mn?* or Mn
transtersin using in situ perfusion fora duration of 90 sec-
onds: ¥C-sucrose was added as a control.

Calcium Because Mn®* has the same gharge and relative
size as calcium (Ca*t), the investigators hypotbesized that
calcium (ransporiers may also be invelved in mangansse
gransport, They invesligated Ca?*-ATPase, a plasma mem-
brane calcium pump. They used several pharmacologic
approaches involving imhibitors of the caleivm pump and
of calcium influx as well as agents 1hat deplete intracel-
lular calcium stores. Complementing these in vitro experi-
ments, the investigators tested the invelvement of Ca?*-
ATPase in Sprague Dawley rats via in situ perfusion by
adding the same inhibitors to the perfusate,

SUMMARY OF RESULTS

Diffusion Versus Carrier-Mediated Transport

The investigaiors determined that the calculated diffusion
rates of the three manganese species, Mn?t, Mn cilrate, and
Mn transferrin, were between 1.5 and 2.8 X 1075 mi/scc/g
brain lissuc. These values were compared to values deter-
mined in subsequent in vitro and in viva experiments. In
experiments Lo 88sess MANGANEse uptake via microdialysis,
(he investigators found that manganese entered the brain
rapidly, having reached equilibrium by the time (e first
dialysate sample was collected aftor 20 minutes.

Manganese Influx

The investigalors found that the rate of manganese influx
as determined by in situ perfusion was higher than tha
ohserved for diffusion in at least one bratn avea for each
manganese spocies. Uptake of Mn2* was significantly higher
in the parietal cortex and hippocampus and ranged from 5
lo 13 % 10~® mL/sec/g brain tissue for all nine heain regions
examined. Uptake of M transferrin was significantly higher
in the midbrain/collicutus and ranged from 2 to 13 X 107°
ml/sec/g brain tissue. Uplake of Mn gitrale was increased in
the frontal corlex, parietal corlex, occipital cortex, cere-
bellum, caudate, and {thalamus/hypothalamus. Uptake rates
for Mn citrate ranged from 3 to 51 X 107~5 mT/sec/g brain
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and were significantly higher than rates for Mn** and Mn
{ransferrin in all brain regions except the hippocampus
and midbrain. The investigators found thal manganese
uptake was associaled mostly with the hrain tissue and
[luid rather than the brain capillaries. They inlerpreled
(hese resulls to indicate that ransport of manganese is car-
rier mediated and that of the three species tested, Mn cit-
rate is most rapidly laken up by the brain,

Most evidence in these studies supported the hypothesis
that uplake is carrier mediated, by either [acilitated diffu-
sion or active transport, The investigalors found that
adding Mn®* lo the perfusale reduced Mn?" uptake; simi-
larly, adding Mn cilrale reduced Mn cilrale uptake. These
data supporl the involvement of carrier mechanisnis
although the effects did nol depend on concentralion and
porfusate fiow rales did not affect uptake. When the inves-
tigators modeled the uplake over time using Michaelis-
Menten kineties, they determined that a facilitated trans-
port diffusion plus simple diffusion model provided the
best fit for most brain areas. In some areas, & simple dilfu-
sion model provided the best fil. T he caudate region was the
only region where both Mn?* and Ma citrate uplake were
modeled best by the single carricr {facilitated diffusion)
model. Togelher, these results provide evidence for carrier-
medialed uptake of manganese in several brain regions.

Manganesc Efflux

Experiments determining Mn2* and Mn citrate efflux
from the brain revealed a slight accumulalion of manga-
nese in the parietsl corlex aver time compared to sucrose
or dexlran. The investigators reporled that the rate of man-
ganese lransport out of the brain was slower than that of
sucrose or dextran (ie, less than 5 X 107" mL/gec/g brain
tissue), suggesting that this process occurred via simple
diffusion rather than via transporters,

Putative Manganese Transporlers

The remainder of the project was devoted to character-
ization of and attempts to identify the mangancse lrans-
porlers. First, intracellular concentrations of manganese in
HBMTCs were found Lo be 10-fold higher than mangancse
concentralions in the solution, providing further evidence
for carrier-mediated uptake. In general, Mop?* uptake in
bEMECSs was found to be pIT dependent, but not sodium or
energy dependent.

The investigators reporled that the metal transporters
they investigaled were unlikely to be involved in MnZt
transporl into the brain. They found that iron did not com-
pete with Mn?* for uptake, and thas Mt uptake in b/b
Belgrade rats lacking a functional DMT-1 transporter was
not different from that in b/+ Belgrade or conlrol Wislar

rats in any ol the nine brain regions examined. Resulls
from experiments assessing transport of Mn cilrale wese
mixed. On the one hand, the investigalors found that cit-
rate did not inhibit lactate uplake by erylhrocytes, indi-
gating thal Mn citrate did not serve as a substrate for the
monocarboxylate or anion exchange transporters. On the
olher hand, Mn citrate uplake was found ta be pH and
proton dependent in b.Ends cells, suggesting carrier-medi-
ated Mn citrale uptake. In addition, in situ perfusion
experiments in Sprague Dawley rats indicated that Ma cit-
rale uptake was inhibited by quercelin, which inhibits
monocarboxylate and several olher transparters. There-
fore, involvement of a monocarboxylate transporter in Mn
citrate uptake cannol be fulty ruled oul.

The investigators found some avidence supporling the
involvement of calcium channeis: (1) inhibilion of w2t
uptake by calcivm channel inkibitors; (2) inhibition of
manganese uptake by adding calcium to the medium; and
() increased uptake after depletion of intracellular cal-
cium stores. However, in silu perfusion experiments in
Sprague Dawley rats showed contradictory results thal
indicated that calcium channels may not be involved,

e

DISCUSSION

Yokei and Crossgrove have pravided convincing evi-
dence thal manganese transport into the hrain is carrier
mediated, In contrast, they found thatmanganese transporl
out of the brain is not carrier mediated but ocours by dilfu-
ston only: mangancse efflux was found to bo slower than
efflux of sucrose or dextran, sugar molecules that do not
easily cross the bleo d—brain barrier. I experiments 10
identily the transportors for Mn intlux, the investigators
convincingty ruled out the involvement of the metal trans-
parler DMT-1, which is specific for iron uptake. However,
{he resulls of experiments Lo show (he involvement of cal-
cium channels or monocarboxylate transporicrs in trans-
port of MnZt and M citrate into the brain were
inconclusive. The investigators confirmed that Mn is lrans-
porled in association wilh transferrin. Tt is likety thal mul-
tiple pathways of manganese transport operale in parallel,
with several different carriers (ransporling different forms
of manganese across the blood-brain barrier.

The finding of manganese efflux via diffusion rather
than carrier-mediated transport has important implications
for possible nenrotoxicily resulting from chronic manga-
nese exposure because it indjcates that no mechanism
exisls to protect the brain against accumulation of manga-
nese. As these investigators have shown, manganese is
transporled rapidly into {he brain but much more slowly
out of the brain, resulling in a potential for accumtulation
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with chronic exposure. These results support chservalions
that manganese accumulated in brain tissuc of individuals
with liver dysfunction, who have high blood levels of man-
ganese ([Hauser et al 1996), and of vccupationally exposed
workers (Lucchini et al 2000), and that levels remained
high years afler exposed workers retired {Pal et al 1999).
Chronic exposure to high levels of manganese causes irre-
versible damage 1o the nervouas system, with symptoms
persisting many yoars afler exposure has coased (Cotzias et
al 1068). Some studies have found more subile neurologic
symploms, such as decreased performance on neurobehav-
joral tests and poorer eye-hand coordinatjon in workers
{(Tucchini et al 1995, 1999; Roels et al 1992). Simitar subtle
neurologic sympioms were observed in individuals
exposed to manganese in ambient outdoor air; their blood
levels of manganese werc greater than 7.5 pg/L, signifi-
cantly higher than the 6.6 to 1.0 pg/L blood levels observed
in the general populalion (Hudnell 1999; Mergler et al
1999). Thus, Yokel and Crossgrove’s results support the
cusrent understanding that the potential for mangancse
accumulation in the brain needs to be considered when
assessing the risk resulting [rom exposure to manganese in
the environment.

Yokel and Crossgrove reported that all three forms of Mn
studied {Mn?", Mn citrate, and Mn transferrin} wore
readily taken up into the brain. The infiux rales corre-
sponded reasonably well with values determined by other
rosearchers (Murphy et al 1991; Rabin et al 1993). The cur-
rent study is novel in that the chemical species of Mp were
carelully controlled in the in vivo experiments, The inves-
tigators confirmed transport of Mn Lransferrin across the
bload-brain barrier. (Transferrin ie known to effeclively
transport iron into the brain via a process called {ransferrin
receplor-mediated endocylosis.} However, the relative
importance of brain influx of manganese associaled with
spanslercin, compared with influx of manganese via ather
transporl mechanisms, is not entirely clear. Some previous
siudies (Davidsson et al 1889, Aschner et ab 1999) sug-
gested that this pathway may be more impoztant than sug-
gested by vokel and Crossgrove's ohservations, in which
uplake of Mn citrate seemed to dominate, Conversely,
Malecki and colleagues (1999) coneluded that transfersin
geems to play a negligible role in manganese delivery to the
brain. In addition, manganese {ransport into Lhe brain via
the alfactory hulb may play an important role (Dorman et
al 2002), especially in transporling manganesc associated
with large particles that deposit in the nasal passages.

Yokel and Crossgrove investigated combined iron and
mangancse transport, bul found that iron did not affect man-
ganese uptake into the brain. These dala conirast with obser-
vations that rats fed a diet with high iron concentralions
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showed reduced manganese uptake (Diez-Fwald el al
1968) as well as the ohsorvalion that individuals with iron
deficienay showed increased manganese uptake (Mena et
al 19698; Rolh and Garrick 2003)}. Chronic low dielary iron
is associated with increased numbers of transferrin recep-
tors, leading to enhanced iron uplake (Feeldors et al 1899).
In this situation, the increased number of transferrin recep-
tors and low levels of iron would allow for more effective
upiake of manganese. Tossibly Yokel and Crossgrove did
not observe an effect of iron on manganese uplake because
they invesligated short-term rather than long-lerm uptake.
Alternalively, there may be influences of iron on manga-
nese uptake from the gasiroinlestinal tracl that are nol
manifest at the blood-brain barrier.

vokel and Crossgrove reported Lhal most mAanganese
transported across the bload—brain barrier was in the form
of Mn2* and Mn citrate, The investigators found the
highesl raies of ransporl for Mn citrate and concluded that
it was a major form of manganese transported into the
brain. They also concluded that Mn?t and Mu citrate may
enler the hrain hy different carriers, or by the same carrice
at different rates. The complexity of these transport mech-
anisms is furlher itlustrated by the fact that mangancse
may rapidly respeciate from one form to another (Reaney el
al 2002). For instance, Mn** may rapidly be converted to
Mn2*. Likewise, Mn citrate is expected to rapidly respe-
giate 1o other forms of manganese.

Manganese has been shown 1o accumulate in specific
brain regions. For example, high levels of manganesc have
been observed in (he basal ganglia of humans {Hauser ¢t al
1096; Lucchini et al 2000). Loss of dopaminergic function
in the striatum, which is parl of the hasal ganglia, is associ-
ated with the neurologic symptoms ol Parkinson disease.
Several symptoms observed in manganism are similar to
those ol Parkinson disease (for example, loss of motor con-
trol and slurred specch) and indicate similar loss of function
of the basal ganglia, However, recent stucics using magnetic
resonance imaging have shown manganese accumulation
specifically in the globus pallidus, which is rich in neurons
containing y-aminabutyric acid, rather than the striatum
(Lucchini et al 2000). Animal studies have investigated
manganese accumulation in specific brain regions after
inhalation cxposure; some studics found cvidence for accu-
mulation in (he striatum {Ruels et al 1997; Tjilve et al 1996)
and in the globus patlidus {Normandin et al 2002). In the
current study, Yokel and Crossgrove reported high uptake
rales of Ma eilrate into the cortex, gercbellum, candate
nucieus, and thalamus/hypothalamus. These differcnces in
vesults among studies may be due in part to the difficulty of
isolating small areas of the rat brain and obtaining encugh
tissue to run chemical analyses. Differentiating between
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areas within the basal ganglia would be difficult because,
for instance, the globus pallidus cceupies & much smaller
area than the striatum.

Other factors that could explain differences found in
brain manganese accimulation betwecn rais and humans
may be the time scale assessed and the different uptake
routes. Toxicokinctic studics such as the study by Yokel
and Crossgrove assess uplake within minutes of adminis-
tration. Distribution across the body and accumulalion in
hrain takes place on a much longer time scale, ranging from
weeks to years. In addition, the uplake routes in humans
and rals are different. Rats are obligatory nose breathers,
with much larger nasal passages and olfactory bulbs,
affocting the umount of manganese taken up via the direcl
olfactory route into Lhe brain. However, transporters and
transport mechanisms across the blood-brain barrier in
rats and humans are thoughl to e very similar. Therelore,
Yoke] and Crossgrove’s findings on manganese transpaort
across the blood—brain barrier in rats and cell lines should
he relevant to humans.

The mechanisms of manganese accumnulation in certain
hrain regions have not been fully elucidated. Higher uptake
rates in eertain brain regions could result from a higher
number of transporters in those regions. Intercstingly,
Yokel and Crossgrove showed that uptake rates for the cau-
date region were lower than those for the corlex, which did
nol accumulate as much manganese as the caudate. This
may again be in parl because they studied uptake processes
over very short time periods (minutes), whereas manganese
accumulation takes place over months and years. The diffi-
culty in relating shorl-term uplake to long-term accumula-
tion is further illustrated by the fact that manganesce
concentrations in brain continue to increase for wecks alter
exposurc has ceascd (Newland et al 1987).

Manganese taken up by the oliactory bulb may lravel via
the neuronal axons to other brain arcas. Manganese has
heen shown to cross the synaptic cleft between neurous,
allowing transport throughout the brain [Tjilve et al 1996).
In addition, after crossing the blood-brain barrier, manga-
nese has been shown to entor astrocytes (sec sidebar 1;
Aschner et al 1992). Aslrocytes incorporate manganese
into the astrocyte-specific enzyme glutamine synthetase,
which accounts for about 80% of brain manganese {Wedler
and Denman 1984). Hencs, several studies have focused on
the role of astrocytes in manganese transpost and accumu-
lation {Aschner et al 1892; Malecki et al 1999). Yekel and
Crossgrove’s experiments were not designed lo assess
olfactory transport or uptake into aslrocytes. However, the
investigators showed high rales of manganese uptake inlo
the choroid piexas, which may provide another route of
entry into the brain. In the choroid plexus, manganesc may

cross the blood-cerebrospinal fluid barries and thereby
enter the cerebrospinal fluid, which flows through the
brain ventricular system, reaching many hrain areas.
Whether the choroid plexus accumulales manganese or
distributes it into (he cerebrospinal ftuid is unclear,
leaving uncertainty about the importance of this pathway
is for manganesc eniry into the brain.

Afler confirming carrier-mediated manganesc transport
into the brain, Yokel and Crossgrove performed several in
vilro and in vivo experiments to investigate putative lrans-
porter candidates. They focused on several known (rans-
poriers, such as DMT-1, which is involved in iron
transport across the blood=hrain barrier. Because of the
inleractions hetween iron and manganesc uptake, the
DMT-1 transporter would be a logical candidate for manga-
nesc (ransport, specilically in conneclion with transport
via transferrin, Yokel and Crossgrove did not find evidence
for the involvement of DMT-1, however, because manga-
nese uptake in rats lacking and those expressing a func-
tional DPMT-1 transporter were the same. Yokel and
Crossgrove also investigated the possible involvement of
calcium transporters of monocarhoxylale transporters but
did not provide conchusive evidence for their involvement.
In addition to the casriers investigated by Yokel and Cross-
grove, others may be involved in manganese fransport,
such as the choline lransporter (Lockman et al 2001), the
dopamine reuplake carrier, or other neurotransmitter
reuptake carriers {Ingersoll et al 1995}, In part, the lack of
conclusive evidence stems from a general Jack of speci-
ficily of the pharmacologic agenls used, a common chal-
lenge in this type of study. Approaches involving knockout
mice or rats, in which specific carriers are nonfunctional,
are recommended for fulure experiments. In conclusion,
more research is necded o frmly identify the manganesc
transporlers. Such inlormation wounld greally assist in
characterizing Lransporter distribution in the brain and
thus help us to understand the determinants of regional
distribution of manganese across (he brain and relate them
to the neurotoxic consequences.

SUMMARY AND CONCLUSIONS

Yoke! and Crossgrove have provided convincing evi-
dence that manganese enters the brain via carrier-mediated
transport, confirming and extending previous observa-
lions. They also are the firsl to have shown that manganese
leaves the brain by dilfusion only, a much slower process
than carrier-mediated transport, Experiments conducled to
idenlify the transporters invelved in manganese uptake
into the brain suggesled that the divalent metal lransporter
DMT-1, which is specific for iron uptake, is nol involved.
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However, the identily of the putative manganese trans-
porters remains elusive.

The finding thal manganese lransport oul of the brain
occurs via the stow process of diffusion, rather than via car-
rier-mediated transport, is important: it suggests that no
mechanism exists to protect the brain from accumulaling
manganese from across the hlood-brain barrier or via the
olfactory bulb. This finding has important implications for
neuroloxicity resulting from chronic manganese exposure.
Although Yokel and Crossgrove studied manganese irans-
port rates in rats, their observations may be relevaal to
humans because transport mechanisms at the blood-brain
barrier are simitar in rodents and humans. Their results
suppori the currenl understanding that the potential for
manganese accumulation in the brain should be considered
when assessing risk from exposure to manganesa in the
environment. Fulure studics and risk assessments should
also consider susceptible populations (such as people with
iron deficiencies or liver disease) who may be at grealer risk
from increased mangancse uptake. New research would be
useful to confirm the Jack of a carrjer-mediated transport
system [or removing mangancse from the brain and to
address the relevance of these {indings Lo humans,
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