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S T A T E M E N T

This Statement, prepared by the Health Effects Institute, summarizes a research project funded by HEI and conducted by Drs Robert A Yokel
and Janelle S Crossgrove at the University of Kentucky Medical Center, Lexington KY. The following Research Report contains both the
detailed Investigators’ Report and a Commentary on the study prepared by the Institute’s Health Review Committee.

Manganese Transport at the Blood–Brain Barrier
Metals comprise a large group of elements. Many

of these metals are essential to living systems
because they participate in a variety of biological
functions, but they can be toxic at concentrations
above those needed in the body. Exposure to some
metals has been found to cause neurologic
damage—for instance, in children exposed to low
levels of lead via ingestion and in workers exposed
to moderate to high levels of manganese via inhala-
tion. Metals are present as particles or particle com-
ponents in emissions from vehicles and other
sources 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-
sible health effects of metal emissions from motor
vehicles and fuels, an HEI workshop held in Feb-
ruary 1998 focused in part on fuel additives con-
taining cerium, iron, and manganese. One such
additive, methylcyclopentadienyl manganese tricar-
bonyl (MMT), is an antiknock agent that also reduces
emissions of nitrogen oxides. Because MMT con-
tains manganese, controversy exists about whether
its widespread use as a fuel additive may pose a
health risk to the general population. MMT is cur-
rently used in Canada and parts of the United States.
Pending completion of a mandated series of emis-
sions and toxicity tests in 2004, the US Environ-
mental Protection Agency will determine whether
regulation of MMT as a fuel additive is necessary. 

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

study in part because it would be the first direct
investigation of whether specific transporter mole-
cules remove manganese from the brain. Evidence
for carrier-mediated transport of manganese out of
the brain would be particularly interesting in that it
would indicate a possible mechanism for pre-
venting manganese accumulation, thereby affecting
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 to assess specific characteristics
of manganese transport, such as pH and energy
dependence. Manganese transport rates were com-
pared with those of sucrose and dextran, which do
not easily cross the blood–brain barrier. Experi-
ments to identify putative transporters focused on
known transport molecules, such as a divalent
metal transporter, a monocarboxylate transporter,
and calcium channels. The investigators used both
a genetic approach (comparing results in rats with
and without a functional divalent metal trans-
porter) and a pharmacologic approach (evaluating
manganese transport function in the presence of
several selective inhibitors). 

RESULTS AND INTERPRETATION

Yokel and Crossgrove have provided convincing
evidence that manganese enters the brain via carrier-
mediated transport, 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 conducted to identify the
transporters involved in manganese uptake into the
brain suggested that the divalent metal transporter
DMT-1, which is specific for iron uptake, is not
involved. However, the identity of the putative man-
ganese transporters remains elusive. 
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The finding that manganese transport out of the
brain occurs via the slow process of diffusion, rather
than via carrier-mediated transport, is important: it
suggests that no mechanism exists to protect the brain
from accumulating manganese. This finding has impor-
tant implications for neurotoxicity resulting from
chronic manganese exposure. Although Yokel and
Crossgrove studied manganese transport rates in rats,
their observations may be relevant to humans because
transport mechanisms at the blood–brain barrier are
similar in rodents and humans. Their results support

the current understanding that the potential for manga-
nese accumulation in the brain should be considered
when assessing risk from exposure to manganese in the
environment. Future studies and risk assessments
should also consider susceptible populations (such as
people with iron deficiencies or liver disease) who may
be at greater risk from increased manganese uptake.
New research would be useful to confirm the lack of a
carrier-mediated transport system for removing manga-
nese from the brain and to address the relevance of
these findings to humans. 
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PREFACE

Metals comprise a large group of elements that can exist
in several valence states and combine with a large number
of organic and inorganic compounds. Many metals are crit-
ical for living systems because they participate in essential
cellular, physiologic, and structural functions. For
example, iron is part of the hemoglobin molecule that car-
ries oxygen in the blood, and zinc is a component of
insulin, body fluids, and many enzymes. At concentra-
tions above those needed for essential biological functions,
however, these metals are toxic. Other metals, such as
arsenic and lead, are toxic to most living systems, even at
low levels (US Agency for Toxic Substances and Disease
Registry 1999, 2000a). Toxic effects caused by metals range
from damage to the immune system, kidneys, heart, brain,
reproductive organs, and fetus, to gene damage and cancer.
Metal accumulation in the environment raises concern
because metals are not biodegradable. 

Metals can be emitted into the environment from a
number of sources. From motor vehicles, emissions may
come from components such as catalytic converters, lubri-
cation oil, and brake pads and from fuels and fuel addi-
tives used to reduce certain emissions or improve engine
performance. It is important to explore possible exposure
to and the possible adverse effects of these metal com-
pounds. In February 1998 HEI held a workshop to gather
information about the use of metals as fuel additives and
about other exposures to metals from mobile sources. A goal
of the workshop was to help HEI define priorities 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 a result of the work-
shop, HEI issued a Request for Preliminary Applications:
RFPA 98-4, Research on Metals Emitted by Motor Vehicles. 

Among other metals proposed for use in fuel additives,
such as cerium and iron (used in ferrocene), HEI was inter-
ested in manganese as a component of methylcyclopentadi-
enyl manganese tricarbonyl (MMT*), which was developed
as an antiknock agent but also reduces emissions of nitrogen
oxide. MMT has been used for more than 50 years, initially
as an alternative to tetraethyl lead and currently as an alter-
native to fuel additives such as methyl tert-butyl ether

(MTBE), which is being phased out due to groundwater con-
tamination from leaking underground fuel-storage tanks.

Proposed increases in use of MMT have raised concerns
that higher concentrations of manganese in ambient air
may pose a threat to public health (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 affect the
nervous system. A large body of occupational data, dating
back to the 1837, has provided strong evidence that high
concentrations of manganese inhaled by miners and other
workers cause neurologic symptoms similar to those of
Parkinson disease. Whether or not manganese may cause
neurologic damage at low concentrations, and the extent to
which it may accumulate in the brain and thereby cause
long-term effects, however, are unclear. As a prelude to
addressing many of these questions, the study 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-
ethyl lead, and small-scale use of the additive in the United
States began shortly thereafter. After new government regu-
lations issued in 1970 required registration of all fuel addi-
tives, MMT was registered for use in both leaded and
unleaded fuel. In 1977 the Clean Air Act Amendments
spurred creation of a program to ensure the operability of
automobile emission control systems in the United States,
and as a result some additives suspected of being harmful
to these systems—including MMT—were banned. In 1978,
the sole producer of MMT, Ethyl Corporation, filed a
request for a waiver with the US Environmental Protection
Agency (EPA) to allow the sale and distribution of MMT to
resume. EPA denied the waiver, citing insufficient evi-
dence that the additive would not interfere with automo-
bile emission control systems. As result, MMT was
effectively banned from sale and use in unleaded fuel in
the United States from 1978 until 1995. During this period
Ethyl Corporation periodically reapplied to obtain a waiver
for MMT, but each application was denied on grounds that
further testing was necessary to determine whether MMT
posed an operational threat to emission control systems. 

In 1994 EPA agreed that recent studies suggested MMT
had no significant adverse effects on automobile emission

*A list of abbreviations and other terms appears at the end of the Investiga-
tors’ Report.
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control systems. However, the agency again denied the
Clean Air Act Section 211(f) waiver, citing uncertainties
over possible adverse health effects of MMT. Ethyl Corpo-
ration filed suit against EPA, asserting that such action was
outside the agency’s authority. In 1995 the United States
Court of Appeals for the DC Circuit ruled that MMT had
not yet clearly been proven to be a danger to public health,
and that according to Clean Air Act Section 211(b)(3), the
EPA Administrator should grant 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. 

In Canada, MMT was introduced into the marketplace
in 1972 and officially approved for use 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 effects and possible
impairment of vehicle emission control systems. Ethyl
Corporation sued the Canadian government under Chapter
11 of the North American Free Trade Agreement (NAFTA),
claiming that the ban on MMT reduced the value of its
Ethyl Canada plant (which blends and distributes MMT).
Ethyl Corporation also argued that the ban precluded sale
of MMT products already on the market. Furthermore, it
argued that the Canadian government’s actions would cur-
tail future sales, and that the claim that MMT was an inef-
fective fuel additive and an unsafe product harmed the
company’s reputation. The Canadian government settled
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; California 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 Automobile Manu-
facturers 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 against
using gasoline containing MMT. Nonetheless, use of MMT
is increasing throughout the world; in addition to Canada
and the United States, MMT has been officially approved
for use by the governments of Argentina, Bulgaria, Russia,
South Africa, and New Zealand (Health Canada 2003). 

Environmentalists and some scientists continue to raise
concerns about the public health impact that might result
from more widespread use of MMT through increased
manganese particulate emissions in the environment
(Kaiser 2003). Under the US Clean Air Act Section 211(c),
EPA is mandated to assess risks posed by fuels and fuel
additives and to take regulatory action to control the man-
ufacture or sale of these products if they are reasonably

anticipated to endanger public health or welfare. Pursuant
to Clean Air Act Section 211(b)(2) and 211(e), EPA is
authorized to require producers of fuel and fuel additives
to 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 manganese
neurotoxicity (Davis 1998). Therefore, EPA issued Alterna-
tive Tier 2 Requirements for MMT, which include charac-
terization of manganese emissions from vehicles utilizing
fuels containing MMT and pharmacokinetic testing of
manganese compounds (EPA 2000). 

Because EPA has suggested that “differences in the
valence state of inhaled manganese may result in differ-
ences in distribution or toxicity” (EPA 1994), the agency has
stated that “it is important to determine the composition of
actual manganese particles emitted by vehicles burning
fuels containing MMT.” Although Ethyl Corporation had
performed emissions testing under Tier 1 requirements,
EPA concluded that “there are important unresolved ques-
tions regarding the relative proportions of the various man-
ganese species present in the vehicle exhaust” (EPA 2000).
Information obtained from emissions testing would help
determine the manganese particle atmosphere for future
toxicologic studies. Pharmacokinetic studies in rats and
nonhuman primates, specifically the development of a
physiologically based pharmacokinetic model, may pro-
vide insight into which species of manganese are most
problematic in terms of delivery to the brain and also shed
light on the appropriate atmosphere for long-term animal
toxicologic testing (EPA 2000). 

As mandated by EPA, Ethyl Corporation has funded sev-
eral studies of manganese emissions and toxicity. Studies
on manganese toxicity are being conducted at the CIIT Cen-
ters for Health Research (eg, Vitarella et al 2000; Dorman et
al 2001, 2002a,b), including 90-day inhalation toxicity
studies in primates and rats, developmental toxicity studies
in rats, and ongoing studies of manganese uptake in primate
brain. Emission studies are being conducted at the
Lawrence Livermore National Laboratory (Bhuie and Roy
2001; Nelson et al 2002) and the Southwest Research Insti-
tute. Results from this and other research on manganese
emissions and toxicity will be evaluated in 2004. The EPA
will then determine whether regulation of MMT is neces-
sary. If uncertainties over health effects or exposure to emis-
sions remain, EPA reserves the right to call for a second
stage of research (for example, involving population expo-
sure assessments or neurotoxicity 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), guidance exists
for exposure to manganese in drinking water. Under the
1996 Amendments to the Safe Water Drinking Act, manga-
nese was included in a list of candidate contaminants for
which EPA must provide regulation or guidance. However,
manganese concentrations detected in drinking water are
frequently far below the average daily intake from dietary
sources (1 to 10 mg/day), and manganese levels in public
drinking water are not likely to pose a health risk (US
Agency for Toxic Substances and Disease Registry 2000b;
EPA 2001, 2002). Therefore, no National Primary Drinking
Water Standard for manganese has been issued (EPA 2001).
For aesthetic quality, the World Health Organization
(1984) has issued a guideline manganese value of 0.1 mg/L
for drinking water. At the same time, guidelines exist for
minimum daily intake levels of manganese to prevent
dietary deficiency of this essential trace element. The US
Institute of Medicine (IOM) has recommended Adequate
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-observable-adverse-effect level for
Western diets (IOM 2003). 

MANGANESE NEUROTOXICITY

Abundant occupational evidence indicates that chronic
exposure to high levels (1–450 mg/m3) of inhaled manga-
nese compounds can lead to a neurologic syndrome called
manganism (World Health Organization 1981, US Agency
for Toxic Substances and Disease Registry 2000b). Manga-
nism is a progressive condition that usually begins with
relatively mild neurologic symptoms but can evolve into
impaired motor ability, altered gait, fine tremor, and psy-
chiatric disturbances (see Levy and Nassetta 2003).
Because their symptoms progress similarly, manganism
has frequently been misdiagnosed as—or confused with—
parkinsonism. The first signs of manganism are general-
ized feelings of weakness, heaviness, or stiffness of the
legs, 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 limbs, and emotionless
facial expressions (Rodier 1955; Mena et al 1967). 

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

suggests that 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, destructiveness,
and bizarre compulsive and seemingly uncontrollable
behavior (US Agency for Toxic Substances and Disease
Registry 2000b). 

The evidence of manganese neurotoxicity 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 areas of the basal
ganglia, part of the extrapyramidal motor circuitry. In
humans with compromised liver function, who have
increased manganese levels in blood despite normal
dietary intake (Krieger et al 1995), manganese accumula-
tion has been observed in the basal ganglia (Hauser et al
1996; Spahr et al 1996; Lucchini et al 2000). One study
suggested that initial damage resulting from manganese
exposure may occur in pathways that are postsynaptic to
the nigrostriatal system, most likely involving striatal or
pallidal neurons (Wolters et al 1989). Another study using
magnetic resonance imaging showed manganese accumu-
lation specifically in the globus pallidus (which is rich in
neurons containing �-aminobutyric acid), rather than the
striatum (Lucchini et al 2000). Animal studies have inves-
tigated manganese accumulation in specific brain regions
after inhalation exposure; some studies found evidence for
manganese accumulation in the striatum, globus pallidus,
and substantia nigra (Newland et al 1989; Tjälve et al 1996;
Roels et al 1997; Vitarella et al 2000; Normandin et al
2002). These studies indicated that manganese accumu-
lates in certain brain regions, prompting 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 that investigated how manganese may enter the brain
across the blood–brain barrier, which protects the brain
from harmful molecules that circulate in the blood. They
also investigated how manganese may leave the brain across
the barrier. Assessing rates of movement both into and out
of the brain is important because they can be used to eval-
uate how manganese accumulates in the brain with pro-
longed exposure, even at much lower levels than found in
occupational settings. Another study, by Gunter of the Uni-
versity of Rochester, investigated whether manganese expo-
sure caused increased calcium transport into mitochondria,
which may in turn lead to cell death. This study was ini-
tially funded by HEI and completed with funding from the
National Institutes of Health (Gunter et al 2004). 



4

Preface to Manganese Toxicokinetics at the Blood–Brain Barrier

REFERENCES 

Agency for Toxic Substances and Disease Registry (US).
1999. Toxicological Profile for Lead. US Department of
Health and Human Services, Public Health Service,
Atlanta GA.

Agency for Toxic Substances and Disease Registry (US).
2000a. Toxicological Profile for Arsenic. US Department of
Health and Human Services, Public Health Service,
Atlanta GA.

Agency for Toxic Substances and Disease Registry (US).
2000b. Toxicological Profile for Manganese. US Depart-
ment of Health and Human Services, Public Health Ser-
vice, Atlanta GA.

Alliance of Automobile Manufacturers. 2002. The Impact
of MMT of Vehicle Emissions and Durability. Alliance of
Automobile Manufacturers, Washington DC. Available
from www.autoalliance.org/mmt_program.htm.

Benson JD, Dana GJ. 2002. The Impact of MMT Gasoline
Additive on Exhaust Emissions and Fuel Economy of Low
Emission Vehicles (LEV). SAE Technical Paper, 2002-01-
2894. Society of Automotive Engineers, Warrendale PA.

Bhuie AK, Roy DN. 2001. Deposition of manganese from
automotive combustion of methylcyclopentadienyl man-
ganese tricarbonyl beside the major highways in the
greater Toronto area, Canada. J Air Waste Manage Assoc
51:1288–1301.

California Air Resources Board. 2003. The California
Reformulated Gasoline Regulations: Title 13, California
Code of Regulations, §2250–2273 (as of May 1, 2003). Cal-
ifornia Air Resources Board, Sacramento CA. 

Davis JM. 1998. Methylcyclopentadienyl manganese tri-
carbonyl: Health risk uncertainties and research direc-
tions. Environ Health Perspect 106(Suppl 1):191–201.

Dorman DC, Brenneman KA, McElveen AM, Lynch SE,
Roberts KC, Wong BA. 2002a. Olfactory transport: a direct
route of delivery of inhaled manganese phosphate to the
rat brain. J Toxicol Environ Health (Part A) 65:1493–1511. 

Dorman DC, Struve MF, James RA, Marshall MW, Par-
kinson CU, Wong BA. 2001. Influence of particle solubility
on the delivery of inhaled manganese to the rat brain: Man-
ganese sulfate and manganese tetroxide pharmacokinetics
following repeated (14-day) exposure. Toxicol Appl Phar-
macol 170:79–87.

Dorman DC, Struve MF, Wong BA. 2002b. Brain manga-
nese concentrations in rats following manganese tetroxide

inhalation are unaffected by dietary manganese intake.
Neurotoxicology 23:185–195.

Environmental Protection Agency (US). 1994. Reevalua-
tion of Inhalation Health Risks Associated with Methylcy-
clopentadienyl Manganese Tricarbonyl (MMT) in
Gasoline. EPA/600/R-94/062. Office of Research and
Development, Washington DC.

Environmental Protection Agency (US). 2000. Final Notifi-
cation of Alternative Tier 2 Requirements for Methylcyclo-
pentadienyl Manganese Tricarbonyl (MMT). Fed Regist
65:44775–44776. 

Environmental Protection Agency (US). 2001. Contami-
nant Candidate List Preliminary Regulatory Determination
Support Document for Manganese. EPA/815-R-01-013.
Office of Water, Washington DC.

Environmental Protection Agency (US). 2002. Health
Effects Support Document for Manganese: External
Review Draft. EPA-R-02-029. Office of Water, Health and
Ecological Criteria Division, Washington DC.

Gunter TE, Miller LM, Gavin CE, Eliseev R, Salter J, Bun-
tinas L, Alexandrov A, Hammond S, Gunter KK. 2004.
Determination of the oxidation states of manganese in brain,
liver, and heart mitochondria. J Neurochem. In press. 

Hauser RA, Zesiewicz TA, Martinez C, Rosemurgy AS,
Olanow CW. 1996. Blood manganese correlates with brain
magnetic resonance imaging changes in patients with liver
disease. Can J Neurol Sci 23:95–98.

Health Canada. 2003. Assessment of Toxicological Risks of
Environmental Contamination by Manganese. TSRI-109.
Toxic Substances Research Initiative, Montreal QC, Canada.

Institute of Medicine. 2003. Dietary Reference Intakes for
Vitamin A, Vitamin K, Arsenic, Boron, Chromium, Copper,
Iodine, Iron, Manganese, Molybdenum, Nickel, Silicon,
Vanadium, and Zinc. National Academy Press, Wash-
ington DC. 

Kaiser J. 2003. Manganese: A high-octane dispute. Science
300:926–928.

Krieger D, Krieger S, Jansen O, Gass P, Theilmann L, Lich-
tnecker H. 1995. Manganese and chronic hepatic encepha-
lopathy. Lancet 346:270–274.

Levy BS, Nassetta WJ. 2003. Neurologic effects of manga-
nese in humans: A review. Int J Occup Environ Health
9:153–163. 

Lucchini R, Albini E, Placidi D, Gasparotti R, Pigozzi MG,
Montani G, Alessio L. 2000. Brain magnetic resonance



5

Health Effects Institute

imaging and manganese exposure. Neurotoxicology
21:769–775.

Mena I, Marin O, Fuenzalida S, Cotzias GC. 1967. Chronic
manganese poisoning. Clinical picture and manganese
turnover. Neurology 17:128–136.

Nelson AJ, Reynolds JG, Roos JW. 2002. Comprehensive
characterization of engine deposits from fuel containing
MMT. Sci Total Environ 295:183–205. 

Newland MC, Ceckler TL, Kordower JH, Weiss B. 1989.
Visualizing manganese in the primate basal ganglia with
magnetic resonance imaging. Exp Neurol 106(3):251–258.

Normandin L, Panisset M, Zayed J. 2002. Manganese neu-
rotoxicity: Behavioral, pathological, and biochemical
effects following various routes of exposure. Rev Environ
Health 17:189–217.

Rodier J. 1955. Manganese poisoning in Moroccan miners.
Br J Ind Med 12:21–35.

Roels H, Meiers G, Delos M, Ortega I, Lauwerys R, Buchet
JP, Lison D. 1997. Influence of the route of administration
and the chemical form (MnCl2, MnO2) on the absorption
and cerebral distribution of manganese in rats. Arch Tox-
icol 71:223–230.

Smyth LT, Ruhf RC, Whitman NE, Dugan T. 1973. Clinical
manganism and exposure to manganese in the production
and processing of ferromanganese alloy. J Occup Med
15:101–109.

Spahr L, Butterworth RF, Fontaine S, Bui L, Therrien G, Milette
PC, Lebrun LH, Zayed J, Leblanc A, Pomier-Layrargues G.

1996. Increased blood manganese in cirrhotic patients:
Relationship to pallidal magnetic resonance signal hyper-
intensity and neurological symptoms. Hepatology
24:1116–1120.

State of Nevada. 1999. Nevada Administrative Code (NAC)
590.065. Petroleum products and antifreeze: Gasoline:
Adoption of specification guides by reference; exemption
from strict compliance with standards; limitations on
vapor pressure; limitations on contents. Nevada Legisla-
tive Publications, Carson City NV. Available from
www.leg.state.nv.us/NAC/NAC-590.html#NAC590Sec065. 

Tjälve H, Henriksson J, Tallkvist J, Larsson BS, Lindquist
NG. 1996. Uptake of manganese and cadmium from the
nasal mucosa into the central nervous system via olfactory
pathways in rats. Pharmacol Toxicol 79:347–356.

Vitarella D, Wong BA, Moss OR, Dorman DC. 2000. Phar-
macokinetics of inhaled manganese phosphate in male
Sprague-Dawley rats following subacute (14-day) expo-
sure. Toxicol Appl Pharmacol 163:279–285.

Wolters EC, Huang CC, Clark C, Peppard RF, Okada J, Chu
NS, Adam MJ, Ruth TJ, Li D, Calne DB. 1989. Positron
emission tomography in manganese intoxication. Ann
Neurol 26:647–651.

World Health Organization (WHO). 1981. Manganese. Envi-
ronmental Health Criteria 17. WHO, Geneva, Switzerland. 

World Health Organization. 1984. Guidelines for Drinking
Water Quality. Vol 1: Recommendations. WHO, Geneva,
Switzerland. 





Health Effects Institute Research Report 119 © 2004 7

INVESTIGATORS’ REPORT

Manganese Toxicokinetics at the Blood–Brain Barrier

Robert A Yokel and Janelle S Crossgrove 

ABSTRACT

Increased manganese (Mn) use in manufacturing and in
gasoline has raised concern about Mn-induced parkin-
sonism. Previous research indicated carrier-mediated
brain entry but did not assess brain efflux. 

Using in situ rat brain perfusion, we studied influx
across the blood–brain barrier (BBB*) of three predomi-
nant plasma Mn species available to enter the brain: Mn2+,
Mn citrate, and Mn transferrin. Our results suggested
transporter-mediated uptake of these species. The uptake
rate was greatest for Mn citrate. Our results using the brain
efflux index method suggested that diffusion mediates dis-
tribution 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
(bBMECs), and Sprague Dawley and Belgrade rats. Studies
with bBMECs and b.End5 cells suggested concentrative
brain Mn2+ and Mn citrate uptake, respectively, consistent
with carrier-mediated uptake. Mn2+ uptake positively cor-
related with pH, suggesting mediation by an electromotive
force. Mn2+ 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+ uptake inversely correlated with calcium and
was affected by calcium channel modulators, suggesting a

role for calcium channels. Rat erythrocyte results suggested
monocarboxylate transporter 1 (MCT1) and anion exchange
transporters do not mediate Mn citrate brain uptake. 

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

INTRODUCTION

Mn is an essential 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
glutamine synthetase, which accounts for 80% of the brain
concentration of Mn, as well as superoxide dismutase and
pyruvate carboxylase (Wedler and Denman 1984). 

Excess brain Mn produces a parkinsonian syndrome,
manganism (Hudnell 1999; Iregren 1999). Neurotoxicity
has been reported in miners exposed to manganese dioxide
(MnO2) by inhalation (Couper 1837), factory workers pro-
ducing dry-cell batteries (Keen and Lönnerdal 1995), chil-
dren receiving long-term parenteral nutrition containing 0.8
to 1 µmol Mn/kg body weight/day (Fell et al 1996), and
people drinking well water contaminated by buried dry-cell
batteries (Hudnell 1999). Mn accumulation is associated
with damage to neurotransmitter function, particularly
dopaminergic systems (Verity 1999). Mn poisoning results
from damage to many of the basal ganglia structures
(Agency for Toxic Substances and Disease Registry 2000).
Higher Mn concentrations have been found in the caudate
nucleus, lenticular nuclei, and substantia nigra of monkeys
(Newland et al 1989), and basal ganglia of rats (Kabata et al
1989). T1-weighted magnetic resonance imaging of patients
who exhibited parkinsonism-like symptoms after prolonged
total parenteral nutrition has shown high density attributed
to Mn in the basal ganglia (especially the globus pallidus),
the tectum, and the tegmentum of midbrain and pons (Ejima
et al 1992; Ono et al 1995; Fitzgerald et al 1999; Nagatomo et
al 1999; Masumoto et al 2001).

* A list of abbreviations and other terms appears at the end of the Investiga-
tors’ Report.

This Investigators’ Report is one part of Health Effects Institute Research
Report 119, which also includes a Commentary by the Health Review Com-
mittee and an HEI Statement about the research project. Correspondence
concerning the Investigators’ Report may be addressed to Dr Robert A Yokel,
College of Pharmacy, University of Kentucky Medical Center, 511C Phar-
macy Building, Rose Street, Lexington KY 40536-0082.

Although this document was produced with partial funding by the United
States Environmental Protection Agency under Assistance Award
R82811201 to the Health Effects Institute, it has not been subjected to the
Agency’s peer and administrative review and therefore may not necessarily
reflect the views of the Agency, and no official endorsement by it should be
inferred. The contents of this document also have not been reviewed by pri-
vate party institutions, including those that support the Health Effects Insti-
tute; therefore, it may not reflect the views or policies of these parties, and
no endorsement by them should be inferred.
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Symptoms of manganism include reduced coordination,
hallucinations, and hyperirritability (Schuler et al 1957;
Mena et al 1967). With prolonged exposure, symptoms
progress and the chances of recovery diminish, suggesting
that cumulative neurotoxicity results from repeated Mn
exposure. Subtle neuropsychiatric deficits have been
attributed to Mn in people exposed to lower concentrations
(Sjögren et al 1990, 1996; Mergler et al 1994; Lucchini et al
1995). Early signs of nervous system dysfunction, in the
absence of clinical manifestations, have been detected in
people with occupational and environmental Mn exposure
(Mergler et al 1999). Occupational exposure for an average
of 7 years was associated with significant decrements in
neurologic function (Roels et al 1987), with higher preva-
lence of abnormal symptoms in individuals who had been
exposed longer. Other epidemiologic studies of industrial
workers showed a positive correlation between neurologic
dysfunction and lifetime integrated or cumulative Mn
exposure (Roels et al 1992; Lucchini et al 1995, 1999). 

Production of Mn ore has increased approximately 20-
fold during the 20th century to accommodate increased
uses: production of aluminum cans, fungicides such as eth-
ylenebis(dithiocarbamato)manganese (maneb), fertilizers,
electronic devices, and mangafodipir trisodium, a contrast
agent used in medical diagnostics. Currently concern
focuses on airborne Mn exposure from the fuel additive
methylcyclopentadienyl manganese tricarbonyl (MMT)
(Hudnell 1999). MMT has been used in Canadian gasoline
since 1976 (except for 1997 to 1998, when it was banned). In
the United States MMT was approved as a fuel additive by
court ruling in 1995 (District of Columbia Circuit Court
1995), and it is being used to some extent. Amendments in
1996 to the Safe Drinking Water Act directed the EPA to
generate a list every 5 years of candidate 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
toxicology will be helpful to the EPA. 

Mn SPECIES

The primary chemical forms (species) of Mn released
from the tailpipe after MMT combustion are Mn2+ phos-
phate and sulfate (Reynolds et al 1997; Health Effects Insti-
tute 1998; Lynam et al 1999; Zayed et al 1999). Emitted into
the air, they create the potential for humans to inhale or
ingest Mn. Mn phosphate and sulfate readily dissolve in
aqueous solution, releasing Mn2+. Upon absorption, some
Mn2+ may oxidize to Mn3+, which is quite reactive (Cotton
and Wilkinson 1980) and rapidly associates with transferrin

(Tf) to form a stable complex. The formal binding con-
stants (log K) of Mn3+ are ~ 3 and 4 (Harris and Chen 1994)
and of Mn3+, corrected for carbonate effects, are 22.2 and
23.4 at Tf’s two metal-binding sites (Harris 1998). There-
fore, little free Mn3+ would be expected in plasma in vivo
because nearly all of it associates with Tf. Mn2+ does oxi-
dize in blood to Mn3+ within 1 to 5 hours (Scheuhammer
and Cherian 1985; Critchfield and Keen 1992). HEI-sup-
ported research has suggested the presence of Mn as Mn2+

adenosine triphosphate (ATP) in neuron-like PC12 cells
and possibly as Mn2+ and Mn3+ 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 Mn2+ in plasma
exists as species that may cross the BBB. Thermodynamic
modeling of Mn2+ in serum suggests it exists in several
forms: for example, as an albumin-bound species (84%), as
a hydrated ion (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). Mn2+ forms
weak complexes with these ligands. The calculations based
on this model are consistent with the observation of low
molecular weight species in plasma (Critchfield and Keen
1992). We found approximately 8% of Mn2+ in rat blood
plasma to be in the free fraction (Study 2 of this report), also
consistent with the model calculations. Similar modeling of
Mn3+ in serum suggests that it is almost 100% bound to Tf
(Aisen et al 1969; Harris and Chen 1994).

Introduction of manganese chloride (MnCl2) into blood
releases ionic Mn in plasma. Equilibrium is quickly
achieved with Mn, resulting in similar Mn species after
exposure to Mn phosphate, sulfate, and chloride. (See the
Discussion and Conclusions section for more details on
the rate of Mn–ligand exchange.) Therefore, MnCl2 was
used in the present studies as a model for readily dissoci-
ated Mn salts. The log K (stability constant) values of Mn2+

are 4.06 and 2.96 with Tf’s two metal-binding sites, 1.2
with lactic acid, 3.1 with oxalic acid, and generally 2.5 to 3
for 1:1 complexes with amino acids (Martell and Smith
1974–1982; National Institute of Standards and Tech-
nology 1995). At the dilute Mn and citrate concentrations
and pH (7.33) of extracellular fluid, the Mn citrate com-
plex would be expected to be a monomer (Amico and
Daniele 1979). The 1:1 Mn citrate complex involves coor-
dination bonds between Mn and the central hydroxyl
group and the two terminal carboxylates of citrate, forming
a tridentate complex. The central carboxylate 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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transporter. In the present studies, we used Mn citrate as a
model low molecular weight Mn complex and Mn Tf,
which is the predominant species of Mn3+, as a representa-
tive large Mn protein complex. Although other Mn species
might contribute to distribution of Mn across the BBB,
their lower concentrations and stability constants suggest
they are less likely to play a major role. 

Mn DISTRIBUTION

After entering blood, Mn rapidly distributes to other
compartments. The terminal elimination half-life of Mn in
blood has been reported to be 1.83 hours after intravenous
MnCl2 injection in Sprague Dawley rats (Zheng et al 2000).
The whole-body terminal Mn half-life after intravenous
injection was 119, 146, 99, and 68 days in RF mice,
Sprague Dawley rats, Macaca mulatta monkeys, and
beagle dogs, respectively (Furchner et al 1966). Mn
decreases were slower in brain than in most other tissues.
After an intravenous tracer dose of 54Mn, a half-life of 32 to
40 days was seen in rats that were followed for 112 days
(Vitarella et al 2000). The rat whole-body Mn half-life 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 elimination was studied for shorter durations than
in the studies previously cited (Furchner et al 1966;
Vitarella et al 2000). The whole-body half-life of 54Mn in the
rhesus monkey was found to be 95 days (Dastur et al 1971).
Liver, kidney, and other organs eliminated Mn with a half-
life of 10 to 15 days, whereas in bone a Mn half-life longer
than 50 days was demonstrated (Furchner et al 1966). The
whole-body Mn half-life in humans has been reported to
vary from 6 to 43 days after oral administration and from 24
to 74 days after intravenous administration (Mena et al
1967, 1969; Mahoney and Small 1968; Sandström et al
1986; Davidsson et al 1989; Johnson et al 1991). Extending
the duration of study of substance remaining in the body or
a specific tissue enables identification of a longer, perhaps
the terminal, half-life of elimination, which probably
accounts for some of the differences among the cited
studies. To rigorously determine a biological half-life, one
should determine the declining concentration of the test
substance for three half-lives. Not all of the above studies
meet this criterion. The reported data on the elimination
whole-body half-life of Mn indicate that the rat is a valid
model for the human. 

In the brain, Mn concentrates in the corpus striatum and
globus pallidus and remains there for weeks or months.
The 54Mn content of the cerebrum has been shown to
increase over the first 4 days after administration in the rat
(Dastur et al 1969) and 50 days in the rhesus monkey

(Dastur et al 1971). Cerebrum 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 et al 1969; Manghani et al 1970). 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 not be calculated
(Dastur et al 1971). Over 278 days the retention of 54Mn in
the cerebrum relative to that in the whole body increased,
while that in most other tissues remained fairly constant,
suggesting a selective retention of Mn in the brain (Dastur
et al 1971). In rats the decline over 90 days of 54Mn in the
brain was slower than that in liver, kidney, and skeletal
muscle (Drown et al 1986). In one study the half-life esti-
mates of 54Mn in 16 rat brain regions ranged from 52 days
in interpeduncular nuclei to 74 days in hypothalamic
nuclei (Takeda et al 1995), but this study determined brain
54Mn for only 60 days after intravenous 54MnCl2 injection.

Overall, these animal studies show a much slower elim-
ination of Mn from the brain than from many other tissues.
Comparable data are not available for the human. A prin-
ciple of pharmacokinetics is that elevated (eg, double)
exposure will elevate (eg, double) the steady-state Mn con-
centration. Steady state would be expected to be reached in
the brain in four to five half-lives. If the findings of these
reports of brain Mn half-life in animals were extrapolated
to the human, elevated Mn exposure would not result in a
higher Mn steady-state concentration for at least one-half
year, but would certainly do so within the human life span.

In contrast to toxicokinetic endpoints, the rat is not a
good model for the pharmacodynamic endpoints of human
Mn toxicity. The Toxicological Profile for Manganese
(Agency for Toxic Substances and Disease Registry 2000)
notes that animal inhalation studies have not produced
neurologic signs similar to those seen in humans and that
only a few studies have reported clinical signs such as
weakness, ataxia, or altered gait after oral exposure. The
authors note that available evidence suggests rodents are
less susceptible than humans to neurologic damage from
Mn. Because the present report describes toxicokinetic
studies, the reasonable similarity of toxicokinetic end-
points has greater importance. 

Mn BRAIN INFLUX

Central to homeostatic regulation of brain Mn levels is
the exchange of Mn between blood plasma and brain
tissue. Mn can enter the brain from blood plasma by
crossing the capillary endothelial cells of the BBB or the
choroid plexuses into cerebrospinal fluid and then into the
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brain (Bradbury 1997). Brain Mn influx and efflux occur
by diffusion or by carrier-mediated processes with speed
and volume depending on the size, charge, and shape of
the molecule. At physiologic Mn concentrations, brain
influx has been reported to be nonsaturable and to occur
primarily through the capillary endothelium of the BBB.
At high plasma concentrations in the same study, Mn
influx was saturable and occurred primarily via the cere-
brospinal fluid (Murphy et al 1991; Rabin et al 1993).

Mn can enter the brain as a complex with Tf via endocy-
tosis, which is mediated by the Tf receptor (TfR) (Aschner
and Aschner 1990; Aschner and Gannon 1994), but the
role of TfR-mediated endocytosis in brain Mn uptake may
be minor (Takeda et al 2000; Malecki 2001). Mn2+ not
bound to protein enters the brain so much more rapidly
than Mn3+ Tf that even if it were only 1% of total plasma
Mn, it would still be the predominant species entering the
brain from plasma (Murphy et al 1991). 

Transport mechanisms other than TfR-mediated
endocytosis also have been proposed (Murphy et al 1991;
Malecki et al 1999; Takeda et al 2000). A second, more
rapid, brain influx of Mn not bound to protein may be the
main Mn species crossing the BBB (Murphy et al 1991;
Aschner and Gannon 1994). The presence of albumin and
Tf reduced brain Mn uptake (Rabin et al 1993). This sug-
gests low molecular weight Mn species are rapidly taken
up into the brain, because albumin would not cross the
intact BBB and TfR-mediated endocytosis is quite slow
(Cole and Glass 1983). A recent review recognized that
carrier-mediated systems appeared to be involved in Mn
transport across the BBB but that the transporters respon-
sible for non-Tf-mediated Mn transport were unknown
(Takeda 2003).

Some have concluded that Tf does not play a major role
in Mn efflux from brain to blood (Bradbury 1997). The con-
centration of Tf in brain extracellular fluid is less than
0.25 µM. 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
BBB is unclear. We proposed studies to test the hypothesis
that Mn citrate is the predominant non-protein-bound
Mn2+ species crossing the BBB. An extensive literature
search and a discussion in 1999 with chemists who con-
duct metal speciation studies failed to reveal an available
method to directly determine Mn species in vivo. One of
the projects funded through HEI’s Request for Preliminary
Applications 98-4, “Research on Metals Emitted by Motor
Vehicles,” did develop a method to identify Mn2+ and
Mn3+ in vivo in liver and heart mitochondria (Gunter et al
2002); however, these investigators did not develop
methods that would differentiate Mn ions from Mn citrate

or other low molecular weight Mn species. The lack of
methods to directly determine Mn species in vivo led us to
use in situ brain perfusion to provide better control over
Mn species in the influx studies. 

Mn is actively transported across cell membranes by sev-
eral types of cells. Biliary excretion accounts for more than
95% of Mn excretion. Mn concentration in bile can exceed
that in plasma by 100-fold, suggesting active transport
(Klaassen 1974). The carrier has not been characterized
(Schramm and Brandt 1986) other than by its indepen-
dence from glutathione (Sugawara et al 1994; C Klaassen,
personal communication, January 1998). Mn is actively
transported into and out of astrocytes (Aschner et al 1992).
Although the transporter has not been identified, introduc-
tion of MnCl2 into the cell medium stimulated efflux from
astrocytes, suggesting transstimulation, “consistent with
efflux and influx mediated by the same system” (Aschner
et al 1992). Carrier-mediated Mn transport was shown into
Caco-2 cells from the apical side (absorption from gut), but
perhaps not from the basolateral side (exsorption from
blood) (Leblondel and Allain 1999). This unidentified car-
rier might mediate Mn absorption from the gastrointestinal
tract. The authors found evidence that Mn uptake
depended on sodium, did not depend on ATP, and
occurred in competition with calcium, suggesting to them
that Mn uptake from the gastrointestinal tract may be
mediated by the same type of channel that is involved in
calcium uptake. 

Mn BRAIN EFFLUX

Efflux of Mn from cells and the brain has received little
attention. Work in vitro showed Mn efflux from cultured
chick glial cells (Wedler et al 1989), but the same process
would not result in Mn efflux out of the brain. Prior to the
present work, no studies investigating Mn efflux from the
brain had been reported. As all organisms have systems for
the export of toxic cations (Ketchum 1999), we hypothe-
sized that the neurotoxicant Mn is effluxed from the brain
by a carrier. Numerous facilitative diffusion carriers and
active transporters exist at the BBB (shown in Table 1).
Some of these transporters are capable of effluxing neuro-
toxicants from the brain: for example, azidothymidine or
AZT (by the nucleoside transporter); cyclosporin, vinca
alkaloids, etoposide, and taxol (by P-glycoprotein and
multidrug-resistance-associated protein); iodine and thio-
cyanate; theophylline; atenolol; acetaminophen; flucona-
zole; baclofen; valproate; methotrexate; �-lactam
antibiotics; and quinolones and fluoquinolones. Thus,
brain efflux of a wide variety of substances occurs by many
mechanisms. Carriers for nonmetabolizable substrates,
such as metals, protect the organism against toxicity, just
as P450 metabolism detoxifies metabolizable substrates.
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Table 1. Some Carriers at the Blood–Brain Barriera

Locus
Symbolc

Distributiond Transport
Rate

(nmol/g/min)Carrierb L A Typee Substrates

Hexose (glutamate transporter 1) SLC2 x x FD Glucose 700
Monocarboxylate SLC16 x x FD Lactate, pyruvate 60
Anion exchange (band 3) SLC4 FD Lactate, Cl�/HCO3

�, 
metal-anion complexes 

Large neutral amino acid (L-system) SLC3 x x FD L-DOPA, phenylalanine 12
Small neutral amino acid (A-system) SLC5 x SAT Alanine, serine, cysteine
Neutral amino acid (ascorbate-system) SLC7 x D-serine

Basic amino acid x x Lysine 3
Acidic amino acid x Glutamate, aspartate 0.2
N-system x FD Glutamine & glutamate

Excitatory amino acid (EAAT1-3) SLC1 x Glutamate
Amine (cation, y+) SLC7 x x Choline 0.2
�-Amino acid x x Taurine
Low-affinity �-aminobutyric acid SLC6? x
High-affinity �-aminobutyric acid SLC6? x
Saturated fatty acids Octanoate
Urea SLC14 FD
Purine x x Adenine 0.006
CNT2 (Na-coupled nucleoside transporter, 
member 2)

Adenosine

Nucleoside SLC28/29? x x Purine nucleosides 0.004
Na/K-ATPase ATP1 x AT Potassium
Ca-ATPase ATP2 x x AT Calcium
Sodium x AT Sodium 200
Potassium SLC12 x AT 12
Chloride SLC12? 140
DMT-1, DCT1, Nramp2 SLC11 Fe2+, Zn, Mn, Cu, Cd, Ca, 

Ni, Pb
P-glycoprotein 
Multidrug resistance transporter (MDR)

ABC, 
subfamily B

x AT Organic cations with high 
lipophilicity: vincristine

Multidrug-resistance-associated proteins 
(MRP1, MRP5, MRP6)

ABC, 
subfamily C

AT Organic anions & 
glutathione, glucuronate & 
sulfate conjugates

Organic anion transporting polypeptide 
(Oatp2)

SLC21 Negatively charged 
amphipathic organics

BBB-specific anion transporter type 1 
(Oatp14)

Peptide transporter SLC15? Thyrotropin-releasing 
hormone, �-melanocyte-
stimulating hormone, 
interleukin 1

Transferrin receptor transport TFRC x x RM Transferrin 0.003

a From Aluminium and Alzheimer’s Disease: The Science That Describes the Link (C Exley, ed), RA Yokel, Aluminum toxicokinetics at the blood-brain 
barrier, pp 233–260, copyright 2001, with permission from Elsevier Science. Compiled from Locus Link (www.ncbi.nlm.nih.gov/LocusLink); from Basic 
Neurochemistry: Molecular, Cellular and Medical Aspects, 6th ed (GJ Siegel, RW Albers, BW Agranoff, SK Fisher, MD Uhler, eds), J Laterra, R Keep, A Betz, 
G Goldstein, Blood-brain-cerebrospinal fluid barriers, pp 671–689, copyright Lippincott-Raven Publishers, 1999, with permission from Lippincott Williams 
& Wilkins and Dr Betz; and from other sources. The substrates and transport rates listed are typical.

b Other carriers are leptin-receptor-mediated transport, many carriers for vitamins and cofactors, and several carriers for hormones.
c Locus symbols are from LocusLink. SLC = solute carrier.
d Distribution: L, luminal; A, antiluminal.
e AT indicates active transport; FD, facilitated diffusion; RM, receptor-mediated transport; and SAT, secondary active transport.



12

Manganese Toxicokinetics at the Blood–Brain Barrier

Studies with metabolic inhibitors have suggested that lead
is transported from brain to blood by Ca-ATPase (Bradbury
and Deane 1993), presumably revealing an efflux mecha-
nism at the BBB for this neurotoxicant. We have found evi-
dence for efflux of aluminum (Al), presumably as Al
citrate, from the brain (Ackley and Yokel 1997; Ackley and
Yokel 1998). For all of these substances, the ratio of brain
extracellular fluid concentration to blood extracellular
fluid (plasma) concentration was significantly less than 1,
suggesting each is a substrate for carrier-mediated efflux
from the brain. 

METHODS TO ASSESS Mn TRANSPORT

Considering both the essentiality of Mn in the brain and
its potential to damage the brain when present in excess,
we hypothesized that there may be mechanisms to main-
tain brain Mn homeostasis by mediating both the influx
and efflux of Mn in the brain. The present research
describes studies conducted to determine the rates of Mn
influx and efflux across the BBB. There are many methods
to assess the influx of substances into the brain and to elu-
cidate the properties of transporters at the BBB. In situ
brain perfusion is accurate and sensitive, and it allows the
investigator to choose the perfusion medium in which to
administer the test substance (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-
trations may change over time 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
et al 1993; Bonate 1995; Deguchi et al 2000; Allen and
Smith 2001). We chose this technique to maintain control
over Mn species in our studies.

In contrast, few experimental approaches are available to
study efflux from the brain across the BBB. Early work used
efflux from brain slices. Whole-animal techniques have
included measuring the decrease in brain content over time
after a bolus intracarotid injection (Oldendorf et al 1982;
Cornford et al 1985); comparing the ratios of coinjected sub-
stances over time (Leininger et al 1991); and microdialysis
(Deguchi and Morimoto 2001; Yokel 2001). A more recent
method involves determination of the brain efflux index,
which is designed to determine efflux from brain to circu-
lating blood across the BBB (Kakee et al 1996).

The brain efflux index has been used to identify efflux
of water, 3-O-methyl-D-glucose, azidothymidine, dideoxy-
inosine, p-aminohippurate, quinidine, taurocholate, BQ-
123 (an anionic cyclic pentapeptide), �-aminobutyric acid

(GABA), L-aspartate, L-glutamate, dehydroepiandros-
terone, estrone, and estrone-3-sulfate (Kakee et al 1996,
1997, 2001; Kusuhara et al 1997; Takasawa et al 1997;
Kitazawa et al 1998; Hosoya et al 1999, 2000; Zhang et al
1999; Asaba et al 2000). Studies using this method have
also shown the absence of efflux of L-glucose, octreotide (a
cationic cyclic octapeptide), and D-aspartate (Kakee et al
1996; Kitazawa et al 1998; Hosoya et al 1999). The lack of
difference in recovery of inulin from the brain of living rats
versus that from nonliving rats (Kakee et al 1996) and the
lack of significant loss of carboxyinulin, inulin, mannitol,
and high molecular weight dextran from brain over time
(Kakee et al 1996, 1997; Takasawa et al 1997; Kitazawa et al
1998; Zhang and Pardridge 2001) suggest these substances
diffuse through the BBB very slowly. Each of these sub-
stances is useful as a marker compound that crosses mem-
branes extremely slowly. The brain efflux index is used to
compare the amounts of test substance and marker com-
pound remaining in the brain after coinjection. The brain
efflux index (Kakee et al 1996) was the method used in the
present work. 

The most likely candidate transporter for Mn2+ efflux
from the brain was hypothesized to be DMT-1, which has
been described in the brain (Gunshin et al 1997) and in the
cells that comprise the BBB (Burdo et al 2001). DMT-1 trans-
ports metals across the cell membrane (Garrick et al 1999).
Candidate transporters for Mn citrate brain efflux are the
monocarboxylate transporters for lactate, pyruvate, and
small carboxylate molecules (Price et al 1998). Most mem-
brane transporters are well conserved across species; the
monocarboxylate transporters have homologues that are
believed to be present from yeast to human (Price et al 1998).

We used two approaches to ascertain the properties of
Mn transporters at the BBB with the ultimate goal of iden-
tifying the carriers mediating Mn transport across the BBB.
The first approach was to conduct uptake studies in single-
cell preparations of rat erythrocytes, an immortalized
murine brain endothelial cell line (b.End5), and bovine
brain microvascular endothelial cells (bBMECs). The
bBMECs were used because they are the classical single-
cell preparation for in vitro study of the BBB (Audus et al
1996). They form the tight junctions that provide the bar-
rier property of the BBB. They were studied as primary
cells isolated from cow brain. The second approach was to
characterize transporter properties using in situ brain per-
fusion in Sprague Dawley rats. Additionally, Belgrade rats
were studied. The homozygous recessive Belgrade rat (b/b)
expresses an inherited form of DMT-1 that is not functional
for cation uptake. The heterozygous littermates (+/b) are
phenotypically normal. Brain Mn uptake was compared
among +/b and b/b Belgrade rats and Wistar rats.



13

RA Yokel and JS Crossgrove

The results of the present studies have implications for
risk assessment and risk avoidance. An understanding of
the absence or presence of carrier-mediated brain Mn influx
and efflux processes indicates whether elevated Mn expo-
sure represents a potential risk to the brain, or if there are
protective processes to maintain a healthy brain Mn concen-
tration under high-exposure conditions. An understanding
of the characteristics of the carriers at the BBB might pro-
vide the opportunity to avoid exposure to agents or condi-
tions that would enable excessive Mn to enter the brain.
Identification of Mn carriers at the BBB might reveal inher-
ited traits that alter the risk of brain Mn exposure compared
to 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 protected both by processes 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
homeostatic mechanisms exist that maintain a healthy brain
Mn concentration in situations of low or elevated Mn intake.
Identification of the properties of the carriers that maintain
brain Mn concentration may provide guidance on condi-
tions that could disrupt transport by these carriers. 

We proposed to investigate three chemical species of
Mn: Mn2+, Mn citrate, and Mn Tf, which represent the
unbound, small ligand-complexed, and protein-bound
fractions of Mn in plasma, respectively. To estimate the
rates at which these three Mn species would cross the BBB
by diffusion, we determined their lipophilicity and their
molecular weight (Study 1). We hypothesized that a brain
influx rate significantly greater than the calculated diffu-
sion rate would provide evidence of the influence of one or
more carrier-mediated processes on brain Mn uptake.

To seek evidence for Mn transport across the BBB, we
had conducted preliminary studies (prior to the studies
funded by HEI) using intravenous injection of Mn species
into rats (Study 2). These studies employed the microdial-
ysis method to sample unbound extracellular Mn in brain
and blood plasma of injected and control rats. To quantify
influx rates of Mn2+, Mn citrate, and Mn Tf into the rat
brain (Study 3), we proposed to acquire and master the in
situ brain perfusion technique, as developed by Takasato
and coworkers (1984) and subsequently modified and cur-
rently utilized in the laboratories of Drs Quentin Smith and
David Allen at Texas Tech University in Amarillo. The
influx transfer coefficients (Kin) could then be compared

with the diffusion rates of the three Mn species across the
BBB. We also proposed to determine brain efflux rates
(Clefflux or Kout) of the three Mn species to test the hypoth-
esis that brain Mn efflux is carrier-mediated (Study 4). Kout
is a term describing the rate of efflux from the brain, is
comparable to Kin, and can be considered the efflux
transfer coefficient. It is a product of the brain efflux index
and the brain distribution volume of the test substance. We
proposed to master, validate, and use a reported method
(Kakee et al 1996) to determine the brain efflux index and
brain distribution volumes of these three Mn species in the
rat. 

The final major aim of the proposed work was to charac-
terize, and ideally identify, the transporters responsible for
carrier-mediated Mn flux across the BBB (Study 5). As we
did not find evidence for carrier-mediated brain Mn efflux
in Study 4, characterization of transporters was limited to
studies addressing brain Mn influx. In vitro and in vivo
models were used to evaluate the roles of specific pro-
cesses in the uptake of Mn2+ and Mn citrate to rule out or
reveal evidence consistent with candidate transporters of
Mn uptake. Toward this goal we determined the character-
istics of Mn uptake into rat erythrocytes, which express
the MCT1 and anion exchange carriers; uptake into b.End5
cells, an immortalized murine brain endothelial cell line;
and uptake into bBMECs, which are primary bovine cells
that express most of the barrier properties of the BBB. We
also addressed this aim with studies of brain Mn influx in
the whole animal, including a rat strain that does not
express a functional form of one of the putative Mn trans-
porters, DMT-1. Pharmacologic manipulations were con-
ducted using cells as well as the whole animal to
determine whether Mn uptake depends on sodium or pH
and to determine the influence of competitive substrates
and inhibitors of putative transporters. 

METHODS AND STUDY DESIGN

All use of animals complied with the provisions of the
Animal Welfare act and the guidelines set forth in the
Guide for the Care and Use of Laboratory Animals (US
National Research Council 1996). The protocols for these
studies were approved by the University of Kentucky Insti-
tutional Animal Care and Use Committee. 

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 be predicted from
their molecular weight and lipid solubility, measured as
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the partitioning between an octanol and an aqueous phase
(Levin 1980; Laterra et al 1999). Deviations from the pre-
dicted relation have been attributed to carrier-mediated
transport (Laterra et al 1999). For example, the brain influx
rate of D-glucose is approximately 1000-fold greater than
that of L-glucose, owing to glucose transporter 1 (GLUT1),
which mediates the rate of glucose uptake required to sup-
port brain metabolism. The brain uptake rates of L-leucine
and L-dopa are similarly greater than would be predicted if
they crossed the BBB by diffusion, which has been attrib-
uted to their transport 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 due
to its efflux from the brain or brain endothelial cells by
P-glycoprotein, which exports substances from the brain to
protect it against xenobiotic toxicity. 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 potential transport mechanisms
for Mn was to estimate the rate of diffusion of Mn species
through the BBB. This was calculated from the product of
diffusion permeability and surface area (PdiffusionS), which
is estimated from the octanol-to-aqueous partitioning coef-
ficient (Do/a). Therefore we determined the Do/a of the
three Mn species. To conduct 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 distribution (partitioning) of nonradioisotopic
55Mn2+, 55Mn citrate, and 55Mn Tf between octanol and an
aqueous phase was determined as previously described
(Yokel and Kostenbauder 1987). The aqueous phase was
modified to exclude bicarbonate (HCO3

�) in the 55Mn2+ and
55Mn citrate systems, because it is a potential ligand for Mn.
Bicarbonate was included when Mn Tf was studied because
it is necessary for Mn Tf formation. Octanol/aqueous sys-
tems were agitated overnight at 37�C to establish equilib-
rium. Mn concentrations in the octanol and aqueous phases
were determined by electrothermal atomic absorption spec-
trometry (ETAAS) (see Appendix A). 

The calculation of permeability through the BBB by dif-
fusion (Pdiffusion, in centimeters/second) is described in
the Statistical Methods and Data Analysis section. The
product of rat brain cerebral capillary diffusion perme-
ability and rat brain capillary surface area (PdiffusionS) has
the same units as Kin and Kout, which are measures of
influx and efflux at the BBB, respectively. This enabled
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

the brain efflux index method to study brain Mn efflux
(Study 4). Dextran was included because it also was used
in Study 4 as a marker that exhibits poor membrane per-
meability. Sucrose and dextran cross the BBB by diffusion.

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

We determined the toxicokinetics of Mn after an intrave-
nous bolus injection of MnCl2 or Mn citrate at 25 µmol/kg
body weight in anesthetized Sprague Dawley rats. Blood
samples were collected for approximately 2 hours after Mn
injection. From the clearance and volume of distribution,
we calculated a bolus MnCl2 injection (50 µmol/kg) and
infusion rate (75 µmol/kg/hr) to achieve and maintain Mn
steady state, which we used in microdialysis studies.
These conditions rapidly produced a steady-state Mn con-
centration of approximately 185 µg/L (3.4 µM) in plasma,
which is considerably above the approximate physiologic
concentration of 20 nM. 

Microdialysis is a sampling method utilizing semiper-
meable membrane tubing that is sealed on one end and
mounted on the end of a needle-like probe with two chan-
nels. This produces a closed system except for diffusion
across the membrane. The probe is implanted into a tissue.
Extracellular unbound substances in the tissue that are
able to diffuse through the membrane enter the dialysate,
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 outer diameter, was
inserted into the femoral vein in 13 anesthetized Sprague
Dawley rats. The tubing was expanded to accommodate
polyethylene (PE-50) tubing, which was connected to the
infusion syringe. The overlapping area of Silastic tubing
and PE-50 tubing was inserted into the vein. The cannula
was held in place with a suture over the overlapped
tubing. The cannula enabled bolus injection and infusion
of Mn-containing test solution. A similarly constructed
cannula was inserted in the jugular vein to enable blood
withdrawal. Microdialysis probes CMA/20 and CMA/12
were implanted, respectively, in the jugular vein and the
brain (cortex or striatum). The brain microdialysis probes
were implanted using a stereotactic instrument to hold the
head in a defined position. A rat brain atlas was used to
identify the coordinates to guide insertion of the probe in
the desired brain location (Paxinos and Watson 1986). The
cortex, often considered to be representative of brain
tissue, was selected as a typical brain region for microdial-
ysis studies. The striatum was selected because of its role
in Mn neurotoxicity.
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Indicators of microdialysis probe recovery and BBB
integrity, antipyrine and 4-trimethylantipyrine, respec-
tively, were included in the intravenous perfusate (Allen et
al 1995). The dialysates from the microdialysis probes were
analyzed to quantify Mn (by ETAAS) and antipyrine and
4-trimethylantipyrine (by high-pressure liquid chromatog-
raphy [HPLC]), as described elsewhere (Allen et al 1995).
An aliquot of the blood plasma from 5 of the 13 rats was
centrifuged through an Amicon Centrifree Ultrafiltration
System, containing a membrane with a molecular weight
cutoff of 30 kDa, to determine the free (non-protein–bound)
Mn fraction, by comparing Mn concentration in the plasma
ultrafiltrate with that in the blood plasma. 

STUDY 3: DETERMINATION OF Mn BRAIN INFLUX 

Radioisotopic 54Mn was employed in the studies of Mn
brain influx (and efflux) because it enabled investigation
of Mn distribution across the BBB at concentrations that
do not exceed the reported Michaelis-Menten constant
(Km) of Mn influx into the brain, which is approximately 1
µM (Murphy et al 1991). It also allowed studies at more
physiologically relevant Mn concentrations than could be
achieved using nonradioisotopic Mn (55Mn). The microdi-
alysis technique used in preliminary studies allowed lim-
ited recovery of Mn and involved nonradioisotopic 55Mn,
which is normally present in the brain and blood; there-
fore, we had to establish Mn concentrations in the rat that
were considerably higher than physiologic concentrations.
In contrast, in later studies we used 54Mn species, which
are not normally present, so that their presence was
unequivocally due to the administration of the 54Mn test
dose. A further disadvantage of microdialysis is that it typ-
ically requires sampling intervals 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 its administration than would be possible with
microdialysis. The in situ brain perfusion technique also
enabled control over Mn chemical species in the perfusate.
Ligands that might associate with Mn could be excluded,
reducing Mn respeciation. 

Brain Influx Transfer Coefficients for Mn Species 

We measured the brain influx rates of Mn2+, Mn citrate,
and Mn Tf to determine whether their influx rates differed
significantly from their estimated diffusion rates. Greater
influx than that which could be explained by diffusion
was taken as evidence of one or more carrier-mediated
influx processes. The unidirectional influx transfer coeffi-
cient (Kin) was determined for Mn2+ (after MnCl2 adminis-
tration), Mn citrate, and Mn Tf using the in situ brain

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

The in situ brain perfusion technique is a type of intra-
venous administration. Such techniques can be up to 100
times more sensitive than techniques based on indicator
diffusion and can be modified to describe the Kin of sub-
stances with a wide range of BBB permeabilities (Smith
1989). In situ brain perfusion allows for more control over
the chemical species of Mn than is possible with other
techniques. Using this technique Dr Quentin Smith’s
group (Rabin et al 1993) found rapid uptake of Mn (when
administered as MnCl2) into the brain. The single-pass
technique that employs bolus intracarotid arterial injec-
tion followed by decapitation in 15 seconds (Oldendorf
method) was used to measure Mn uptake in the presence
of Tf, at Mn concentrations up to 1000 µM (Aschner and
Gannon 1994). This presumably demonstrated that 15 sec-
onds is sufficient time to measure brain Mn uptake by TfR-
mediated endocytosis, which is slower than the uptake
process for low molecular weight Mn species (Murphy et
al 1991). Therefore, we expected to be able to determine
the Kin of Mn2+, Mn citrate, and Mn Tf using the in situ
brain perfusion technique. Longer incubation of Mn in the
presence of Tf, which presumably increased Tf binding of
Mn, increased the initial rate of brain uptake (Aschner and
Gannon 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
MnCl2) in the presence of blood, which was attributed to
protein binding of Mn (Rabin et al 1993). We determined
the Kin of Mn ion (introduced as MnCl2,), Mn Tf, and Mn
citrate, under similar conditions. We initially determined
the Kin of Mn2+ 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 situ brain perfusion technique is a surgical
method used to study influx of substances across the BBB.
A known concentration 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 tissues are weighed and
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assayed for labeled test substances. The reference material,
which has a very slow influx rate and does not appreciably
cross the BBB during the time course of the experiment,
serves as a marker of vascular volume and diffusion into
the brain in a given tissue sample. For this study, 54Mn2+,
54Mn citrate, and 54Mn Tf were used. The vascular marker
reference compound included in the perfusate was 14C-
labeled sucrose.

Male Sprague Dawley rats were anesthetized with 75
mg/kg ketamine and 5 mg/kg xylazine. They were prepared
for brain perfusion using described methods (Takasato et al
1984) that have been subsequently modified (Smith 1996;
Allen and Smith 2001). The right common carotid artery
was exposed near the branch of the internal and external
carotid arteries. The external and common carotid arteries
were ligated, and a perfusion catheter (PE-50 tubing) was
inserted into the common carotid artery, with the outlet
facing rostrally and terminating at the bifurcation. The
pterygopalatine artery, which branches off the internal
carotid artery and perfuses nonbrain tissue, was not
ligated—a modification of the original technique. To com-
pensate for this loss of perfusion fluid to the brain due to
the perfusate flowing into the pterygopalatine artery, the
perfusion rate was increased to maintain pressure, as
described (Smith 1996; Allen and Smith 2001).

The cannula was attached to a syringe containing the
perfusion fluid. 54Mn2+, 54Mn citrate, and 54Mn Tf were
administered in a perfusate (described in Appendix A)
that also contained 14C-sucrose to indicate the vascular
and extravascular space of the brain occupied by the perfu-
sate, as described under Statistical Methods and Data
Analysis. The animal’s chest cavity was opened, and the
heart ventricles were cut open. Perfusion was started
within 3 seconds and maintained at a constant delivery
rate. The animal was decapitated at the completion of the
perfusion duration (30–180 seconds). The brain was
removed, surface blood vessels and meninges were
removed, and the brain was dissected to harvest a number
of regions from the perfused and contralateral hemi-
spheres (see Table 4). After being weighed in tared tubes,
the brain samples (usually 30 to 60 mg) were assayed for
radioactivity in a � counter to quantify 54Mn, and the sam-
ples were digested (described in Appendix A). 14C-sucrose
was quantified by 14C determination in a liquid scintilla-
tion counter (LSC), using established procedures
(described in Appendix A). Two samples of the perfusion
solution (20 to 50 µL) were obtained to determine the con-
centrations of 54Mn and 14C-sucrose. At least four brain
perfusion durations were studied with each of the three
Mn species. Perfusion durations were selected to ensure
that entry of 54Mn into the brain was sufficient for reliable
determination of Kin; that the time was insufficient for

brain 54Mn to exceed 10% of blood 54Mn, to minimize any
contribution of Mn efflux to the determination of Kin; and
that perfusion times would yield linear distribution vol-
umes versus perfusion time curves (calculated as described
under Statistical Methods and Data Analysis). 

Flow Rate Dependency of Mn Influx Rate

This study examined the effect of perfusion flow rate on
brain Mn influx rate. Flow-rate-dependent uptake is a
property of some carrier-mediated uptake systems, but is
not a property of diffusion. Animals were prepared for in
situ brain perfusion and paired to receive the 54Mn2+ or
14C-sucrose perfusate at flow rates of 10 or 20 mL/min for
30, 60, 90, or 180 seconds. 

Isolation of Brain Capillary Cells

The objective of this study was to differentiate 54Mn
reaching brain extracellular fluid from 54Mn adsorbed onto
or localized within endothelial cells. The capillary deple-
tion method (Triguero et al 1990) separates brain tissue from
capillary tissue. In this study, the brains were perfused,
using the in situ brain perfusion technique, prior to separa-
tion into capillary and brain fractions. A detailed protocol
of the capillary depletion is provided in Appendix A.

Animals were prepared as described previously and
perfused at 10 mL/min through the right carotid artery.
Perfusion durations of 90, 45, and 90 seconds for Mn2+,
Mn citrate, and Mn Tf, respectively, were 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

Figure 1. The in situ brain perfusion technique used to determine Mn
influx. ACA is anterior cerebral artery; MCA, middle cerebral artery; PCA,
posterior cerebral artery; Ext., external; Int., internal; Com., common; A.,
artery. Reproduced from Smith (1996), with permission of Kluwer Aca-
demic/Plenum Publishers and Dr Quentin Smith.
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removed. The brain tissue (0.4 to 0.6 g) was homogenized in
3.5-mL ice-cold buffer with 8 to 10 strokes in a 15-mL tissue
grinder (Tenbroeck, Wheaton Scientific, Milville NJ). The
buffer contained (in mM): Na+ (142), K+ (4), Ca2+ (2.8), Mg2+

(1), Cl� (151), H2PO4
2� (1), SO4

2� (1), D-glucose (10), and 4-
(2-hydroxyethyl)-piperazine-1-ethanesulfonic acid (HEPES)
(10), at pH 7.4. Dextran (70,000 g/mol) was added to a final
concentration of 18% w/v, and the solution was homoge-
nized with five additional strokes.

After centrifugation at 5400g for 15 minutes at 4�C, the
supernatant (capillary-poor fraction containing neurons,
glia, and contents of the vascular lumen) and pellet (capil-
lary-enriched fraction containing the vascular network and
nuclei of ruptured cells) were separated and counted for
radioactivity. One disadvantage of this method is that the
isotopes may redistribute between fractions during the iso-
lation process. Care was taken to work rapidly and on ice to
limit any redistribution of 54Mn between the vascular and
neuronal or glial compartments. We also examined the dis-
tribution of the relatively impermeable marker 14C-sucrose,
which did not appear to redistribute between fractions. Our
values for the distribution volume of 14C-sucrose in each
fraction were 8.3 ± 1.0, 6.8 ± 1.3, and 0.20 ± 0.08 µL/g
(mean ± SD), for the homogenate, supernatant (capillary-
poor), and pellet (capillary-rich) fractions, respectively.
These agree with reported values (Triguero et al 1990). If we
assume that 54Mn and 14C-sucrose would redistribute simi-
larly, then our lack of evidence for 14C-sucrose redistribu-
tion implies that we were successful in limiting the
redistribution of 54Mn. 

Effect of Nonradioactive Mn on Radioactive Mn Uptake 

The objective of this study was to differentiate carrier-
mediated from diffusional uptake processes. The diffusion
rate, a function of membrane and substrate properties, is
concentration-independent. Transporters, like enzymes,
have limited capacities and can be saturated. Nonradioac-
tive substrate competes with radioactive substrate for
transporter binding sites and ultimately for transport
across the membrane. If uptake is carrier-mediated, then
55Mn2+ should inhibit the uptake of 54Mn2+ and 55Mn cit-
rate should inhibit 54Mn citrate uptake. This inhibition
should be concentration-dependent.

Using the in situ brain perfusion technique, we mea-
sured the influx of 7 nM 54Mn2+ in the presence of 0 and 1
� 102, 103, 104, 105, 106, and 107 nM 55Mn2+ over 90 sec-
onds. The influx of 7 nM 54Mn citrate was measured in the
presence of 0 and 1 � 102, 103, 104, 105, and 107 nM 55Mn
citrate over 45 seconds. Isolated brains were cleaned and
dissected into nine brain regions and the choroid plexus,
and tissue samples were prepared for radioactivity deter-
mination, as described previously. 

STUDY 4. DETERMINATION OF Mn BRAIN EFFLUX 

The experimental approach utilized determinations of
the apparent elimination rate constant (Kel) and volume of
distribution of Mn in the brain (Vbrain), as initially
described (Kakee et al 1996) and subsequently used (Kakee
et al 1997, 2001; Kusuhara et al 1997; Takasawa et al 1997;
Kitazawa et al 1998; Hosoya et al 1999, 2000; Zhang et al
1999; Asaba et al 2000). The brain efflux index (BEI) is the
percentage of substance injected into the brain that has
effluxed from brain to blood across the BBB. Therefore the
percentage of Mn remaining in the brain is calculated as
100% (injected Mn) minus percentage of effluxed Mn
(BEI); the term 100�BEI(%) is used to represent this quan-
tity. Kel is determined from 100�BEI(%), as described in
the Statistical Methods and Data Analysis section. Vbrain is
determined from Mn uptake into brain slices. The brain
capillary efflux rate (Kout) is calculated from the product of
Vbrain and Kel. It can be considered a clearance term with
the units of volume/time/weight of brain. Kout, the influx
transfer coefficient (Kin), and the product of brain capillary
permeability and surface area (PdiffusionS) have comparable
units of volume/time/mass brain. 

Brain Efflux Index 

The BEI method incorporates a reference compound that
does not appreciably cross the BBB during the time course
of the experiments, filling the same function as 14C-sucrose
in the in situ brain perfusion technique. We used both 14C-
sucrose and 14C-dextran for this purpose. The BEI of Mn
was determined from the coinjection of 54Mn2+ or 54Mn
citrate and 14C-sucrose or 14C-dextran. The results
obtained suggested that after their injection 54Mn2+ and
54Mn citrate respeciated to common species within the
brain; therefore, we decided not to study Mn Tf efflux.
Additionally, no evidence for Mn efflux from the brain was
observed. Finally, it is suggested that there would be no
Mn Tf in brain extracellular fluid, as reviewed in the Intro-
duction section, to efflux from the brain. 

Prior to conducting this study, we validated our ability
to perform the intracerebral microinjection (described in
Appendix A). Using these methods, the BEI was deter-
mined. A coin toss determined whether the right or left
hemisphere was to be injected. The injected solution con-
tained approximately 0.02 µCi (0.7 � 10�10 mol) 54Mn and
0.008 µCi (1.6 � 10�11 mol) 14C-sucrose or 0.008 µCi
(approx. 1.3 � 10�7 mol) 14C-dextran. When the time from
injection to termination was longer than 5 minutes, 0.2 µCi
54Mn and 0.005 µCi 14C-sucrose or 14C-dextran were
injected. The amounts of 54Mn and 14C injected were
chosen such that 54Mn would be sufficient for its reliable
quantification but would contribute no more than 10% to



18

Manganese Toxicokinetics at the Blood–Brain Barrier

the 14C determination (described in Appendix A). Two
injection solutions were studied: one contained (in mM)
Na+ (150), K+ (5), Ca2+ (2), Mg2+ (1), Cl� (141), HCO3

� (20),
and D-glucose (10), at pH 7.4; the other contained (in mM)
Na+ (147), K+ (3.8), Ca2+ (1.4), Mg2+ (1.2), Cl� (128), HCO3

�

(25), PO4
3� (0.4), SO4

2� (1.2), HEPES (10), and D-glucose
(10), at pH 7.4, as previously used (Kakee et al 1996).

At a predetermined time after injection, the rat was
decapitated, and the brain was removed and dissected into
six equal sections. It was first bisected along the midline.
Each hemisphere was then cut into rostral, medial, and
caudal portions of approximately equal size, as described
(Kakee et al 1996). 54Mn was quantified in each weighed
sample. The sample was then digested for 14C determina-
tion (described in Appendix A). 54Mn and 14C were also
quantified in an aliquot of the injection solution. 

The BEI method provided the possibility to study brain
efflux over shorter times than would be possible with
microdialysis. It also provided control over the 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 (Vbrain) was
determined by in vitro brain slice uptake experiments with
54Mn2+, 54Mn citrate, and 54Mn Tf. Brains were removed
from unanesthetized and anesthetized, decapitated rats.
Anesthesia was achieved with 75 mg/kg ketamine and
5 mg/kg xylazine given intraperitoneally. The brains were
dissected in ice-cold oxygenated tracer-free uptake solution
and sectioned, using a McIlwain tissue chopper, to produce
300-µm-thick slices weighing approximately 10 mg from
the Par2 region of the parietal cortex. The slices were
immersed in freshly prepared tracer-free uptake solution at
37�C for 5 minutes prior to transfer to 12.5 mL of uptake
solution at 37�C containing the radioisotopes. Two uptake
solutions were employed, as described previously for the
brain efflux index studies. For the uptake studies 0.05 µCi
(1.7 � 10�10 mol) 54Mn2+, 54Mn citrate, or 54Mn Tf and
0.01 µCi (2 � 10�11 mol) 14C-sucrose were added. Uptake
studies were conducted at 37�C. Sucrose indicated the
extracellular space of the uptake solution.

At various times between 0 and 180 minutes (see Figure
7), three brain slices and an aliquot of the uptake solution
were removed. The slices were rapidly rinsed twice in ice-
cold tracer-free uptake solution and transferred to a tube.
Each rinse was followed by removal of remaining liquid
through capillary action by touching absorbent paper to
the internal wall of the dish without contacting cells.

Remaining uptake solution was removed from the slice,
and the slice was weighed and counted to quantify 54Mn,
then digested in 500 µL 10% piperidine for 14C quantifica-
tion (described in Appendix A).

Initially, short uptake times (up to 11 minutes) were
studied during which the Vbrain value did not reach steady
state. Longer incubation times, up to 180 minutes, were
then studied (as shown in Figure 7). It was hypothesized
that the considerable 54Mn citrate uptake was due to incor-
poration of citrate in the tricarboxylic acid cycle, thereby
enhancing dissociation of the 54Mn citrate complex, pro-
moting further uptake into the brain slice. To test this,
1 mM aconitine, 1 or 10 mM monofluoroacetate, or 0.2, 1,
or 5 mM oxalomalate was added to the uptake solution.
Aconitine, monofluoroacetate, and oxalomalate inhibit the
enzyme aconitase that converts citrate to isocitrate, thereby
reducing intracellular ATP (Festa et al 2000; Shinoda et al
2000). The effect of addition of sodium azide (1 mM), a res-
piratory chain inhibitor acting at complex I, was also
assessed. Uptake of 54Mn into slices was determined at 5,
30, 60, and 120 minutes in the presence of these inhibitors,
using the methods described above. 

STUDY 5: CHARACTERIZATION OF Mn 
TRANSPORTERS AT BBB 

Results of the above studies revealed transporter-mediated
brain uptake of Mn2+, Mn citrate, and Mn Tf. We found no
evidence of carrier-mediated Mn efflux from the brain.
Experiments were then conducted with the aim of character-
izing the properties, and ultimately identifying the trans-
porters, mediating brain Mn uptake. Both single-cell and
whole-animal models were utilized. Experiments were ini-
tially conducted with the rat erythrocyte, which expresses
two transporters, and with two sources of BBB-derived
cells, an immortalized murine cell 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 animals. 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 transporters and to
rule out some candidates. However, the cell culture uptake
studies provided only a partial model of the BBB because
they were used to investigate uptake into cells, whereas
BBB transport involves movement of substances both into
and out of brain endothelial cells. We then returned to
whole-animal studies to pursue this aim.

Cell culture models included the rat erythrocyte, which
expresses MCT1 and the anion exchanger and could be
used to assess their roles in Mn transport. The effects of
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pharmacologic manipulation on Mn uptake were ascer-
tained in immortalized (b.End5) and primary (bBMEC)
BBB cells. Whole-animal experiments in Sprague Dawley
rats used the in situ brain perfusion technique to inhibit
putative Mn transporters through pharmacologic manipu-
lations. Experiments were also conducted in homozygous
Belgrade (b/b) rats, which do not express a functional form
of DMT-1, one of the putative Mn transporters. 

Experiments with primary cultures of bBMECs, a clas-
sical model of the BBB (Audus et al 1996), tested the effect
of many pharmacologic probes on Mn2+ uptake. These
cells are often studied as a monoculture in containers with
a membrane on which the cells are grown (transwells).
This enables the study of transport in both directions
through the cell layer, modeling influx into and efflux
from the brain through the BBB. 

The BBB consists of endothelial cells with tight junc-
tions, surrounded by a basement membrane 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. Astrocyte
foot processes cover a high percentage, variably estimated
to be 80% to 100%, of this complex (Maynard et al 1957;
Wolff 1963; Ambrosi et al 1995; Virgintino et al 1997). The
bBMECs are used to grow a relatively pure population of
brain capillary cells. Cells are plated and grown on a col-
lagen matrix to study either uptake or transport.

One disadvantage to this in vitro model is that tight junc-
tions between endothelial cells do not form as well as they
do in vivo. This allows for greater movement between cells
via diffusion. The gaps that can be found between cells in
confluent bBMEC cultures are wide enough to allow signif-
icant paracellular passage of small ions (such as Mn2+) and
small complexes (such as Mn citrate). From the size of Mn2+

and Mn citrate and the rates of paracellular diffusion of
comparable molecules in confluent bBMECs (Johnson and
Anderson 2000), the amount of Mn transport through these
cells would be expected to be relatively small compared
with a large amount of diffusion. The studies of in situ
influx rates suggested that Mn2+ (92%), Mn citrate (90%),
and Mn Tf (75%) that initially entered the endothelial cells
had already passed through the endothelial cells 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 brain space. That is, Mn
uptake into bBMECs is the rate-determining step of Mn
transport across the endothelial cell during influx. There-
fore, Mn uptake studies were conducted. 

Isolation of bBMECs

Janelle Crossgrove traveled to the University of Utah to
learn the procedures to isolate bBMECs. She was trained
by Jian Chen, a graduate student of Dr Brad Anderson.
They successfully isolated endothelial cells in Utah, and
Jian shared his protocols. At the University of Kentucky,
the procedures were slightly modified to accommodate
our different centrifuges and rotors. This enabled us to
obtain sufficient yields of purified cells. The protocol for
bBMEC isolation has been described in detail in a review
(Audus et al 1996). The isolation procedures used also
generally followed those described (Audus et al 1996).
Two differences from the procedures in the review were
that our isolation solutions of minimum essential medium
contained sodium bicarbonate (NaHCO3, 26 mM) and did
not contain polymixin B. The cell culture medium used
was similar to that described, with substitution of the anti-
biotics penicillin and streptomycin (100 U/mL and
100 µg/mL) for gentamicin (50 µg/mL).

In summary: bBMECs were isolated from fresh bovine
brains using an established method (Bowman et al 1983), as
described (Johnson and Anderson 1996) and reviewed
(Audus et al 1996). Cow heads inspected and approved by
the US Department of Agriculture were obtained immedi-
ately after slaughter, and the brains were removed. The
meninges and surface blood vessels were removed, and the
cortex was minced into millimeter-sized pieces. This brain
dispersion was digested enzymatically with dispase
(0.5% w/v). Microvessel fragments were collected by den-
sity centrifugation in 13% dextran before a second enzy-
matic digestion with collagenase-dispase (1 mg/mL) and
purification through a Percoll gradient. The microvessel
fragments and endothelial cells (bBMECs) were stored
under liquid nitrogen until cultured. Approximately
25,000,000 cells were obtained from each bovine brain. 

Approximately 500,000 cells were plated on each plastic
35-mm-diameter culture dish that had been collagen-coated
and treated with fibronectin. Cells were grown at 37�C in
5% CO2 with media containing 10% horse serum. Conflu-
ence was achieved around day 10 to 12. These bBMECs
have the following characteristics of endothelial cells: (1)
They are positive for �-glutamyltransferase and alkaline
phosphatase activity. (2) They do not have the processes or
shapes associated with neurons 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 et al
1998). (Details of these validation procedures are in
Appendix A.) Cultured, primary, nonpassaged bBMECs
maintain excellent BBB characteristics (Weber et al 1993).
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Polarity of the cultured cells, grown on a collagen matrix that
resembles the abluminal basement membrane, is achieved
and maintained. When the cells attach the abluminal face to
the collagen, the observed differences in rates of unidirec-
tional transport correlate with the expected differences
(Borges et al 1994; Audus et al 1996). 

Uptake Studies in bBMECs
54Mn uptake was determined using procedures similar

to those we had used previously (Yokel et al 2002). The
uptake medium contained the following (in mM): Na+

(122), K+ (4.2), Ca2+ (1.5), Mg2+ (0.9), Cl� (131), HEPES
(10), and D-glucose (10), at pH 7.4. Briefly, each dish was
rinsed three times in wash solution. This was a solution
containing all the components of the uptake solution
except the 14C-sucrose and the 54Mn2+ at the temperature
of the uptake experiment. The third rinse remained on the
cells for 10 minutes to equilibrate them to the reaction tem-
perature. The cells were then incubated with 0.75 mL
uptake media containing 54Mn2+ at approximately
1.1 µCi/mL and at 184 nM total Mn (54Mn and 55Mn). Also,
the media contained 14C-sucrose at 1 µCi/mL (0.2 µM). The
cells were incubated at their reaction temperature for the
duration of the uptake study (10 to 120 minutes). After the
completion of the incubation, the medium was removed
and the 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 hydrochloric acid (HCl). Cell lysates were col-
lected for analysis of radioactivity. After � radiation was
determined, aliquots of the lysate were taken for scintilla-
tion counting and for protein determination via the bicin-
choninic acid method.

Time Course of Mn Uptake in bBMECs 

The initial experiment using bBMECs was to define the
parameters to use in subsequent uptake experiments and
identify a suitable time for those experiments prior to sat-
uration of uptake. Total Mn uptake into bBMECs in culture
dishes includes adsorption onto cells, exposed collagen,
and the exposed plastic dish, as well as uptake via diffu-
sion, pinocytosis, and carrier-mediated processes. To
examine carrier-mediated Mn uptake processes, we had to
account for these passive contributions to total 54Mn
uptake. Cell viability throughout the experiments was also
measured, because carrier-mediated uptake is likely to be
diminished in dead or unhealthy cells. Uptake was
studied at two pH values to ascertain if it was linear at
normal and reduced pH. 

54Mn2+ adsorption onto collagen-coated dishes in the ab-
sence of cells was measured, because 54Mn2+ does associate

with collagen over the time course of the experiment. Collagen-
only dishes were treated using the same procedures as cell
dishes, from the initial three prerinses through the base-
digestion and acid steps. Plastic cell culture dishes
without collagen were similarly treated to measure the
adsorption of Mn to any exposed plastic. Nonspecific
binding of 54Mn and 14C-sucrose to all components of the
collagen-coated dishes was determined as uptake for
15 seconds into ice-cold cells in culture dishes with ice-
cold uptake media. Cells were lysed and lysates were ana-
lyzed as described previously.

Cell viability was measured in parallel dishes exposed to
the same treatments. Cell membrane integrity was measured
by determining the amount of lactate dehydrogenase released
into the uptake media. Lactate dehydrogenase is a cytosolic
enzyme. Cell redox potential was measured by the conver-
sion of methylthiazoletetrazolium (MTT) to its formazan
product as an indication of cell health (Mossman 1983). 

Pharmacologic Manipulations of Uptake in bBMECs

Once we had determined a suitable time for uptake
experiments, we determined the effects of various pharma-
cologic manipulations on Mn2+ uptake. Many of the major
characteristics that differentiate transporters are shown in
Figure 2. We used this scheme as a guide to the selection of
pharmacologic manipulations to characterize Mn uptake
processes. Each experiment compared the uptake achieved
with one or more pharmacologic manipulations and the
control uptake; collagen-only dishes were used and non-
specific binding controls were included for each treatment.
Manipulations included uptake time, pH differences,
sodium replacement, and the presence of inhibitors of
energy production or of transporters.

Proton Dependence We studied the effect of pH on
54Mn2+ uptake to test the hypothesis that the Mn carrier is
proton-dependent. Many transporters are dependent on
proton gradients. There are proton cotransporters for inor-
ganic ions, sugars, amino acids, dipeptides, lactate, and
other substances. There are also many proton-independent
transporters. For proton-dependent transporters, such as
the monocarboxylate transporter, substrate uptake
inversely correlates with extracellular pH (Rosenberg et al
1993; Garcia et al 1994). This is presumably also true for
DMT-1. Mn2+ 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 at some cell membranes,
including the intestine and BBB (Burdo et al 2001). DMT-1
is a proton-dependent pump (cotransporter). It transports
several divalent metals, including Fe2+, Zn2+, and Cu2+, and
may work in conjunction with the TfR. For metal transport
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via DMT-1, the optimum pH is 5.5. We hypothesized that
Mn2+ brain entry at the BBB, in the absence of Tf, was medi-
ated through DMT-1 at blood pH. To test the hypothesis that
the Mn carrier is a proton cotransporter (symporter), 54Mn2+

uptake at 30 minutes was measured in media buffered with
sulfonic acids to pH 6.4 (10 mM piperazine diethane-
sulfonic acid [PIPES]), 6.9 (10 mM 4-morpholine propane-
sulfonic acid [MOPS]), 7.4 (10 mM HEPES), and 7.9 (10 mM
HEPES). In one experiment, 54Mn2+ uptake was measured
in potassium hydrogen phthalate buffer at pH 5.4, but cell
viability was reduced to only 6% of control viability, and
that experiment was not repeated.

Sodium Dependence We conducted experiments in
which sodium was partially or totally deleted from the
uptake medium to test the hypothesis that it has a role in
Mn2+ uptake at the BBB. On the one hand, sodium plays a
role in the cotransport or exchange of several substrates.
Many transporters are dependent on sodium or proton gra-
dients. There are sodium cotransporters for inorganic ions,
sugars, amino acids, nucleosides, 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 Mn2+ uptake media with
choline or lithium.

Energy Dependence Using metabolic inhibitors, we
tested the hypothesis that the Mn carrier is energy-dependent.
Some transporters actively import substrates while
expending energy, while others facilitate influx without
depleting energy stores. We found that the intracellular
Mn concentration in bBMECs after a 30-minute incubation
exceeded the extracellular concentration by at least 10-
fold (see Results section). This is evidence of concentra-
tive uptake. It is expected that a source of energy is
required to produce and maintain this concentration gra-
dient. Energy may be provided by ATP hydrolysis or the
movement of electrons. We hypothesized that blocking
ATP hydrolysis would inhibit Mn2+ uptake into bBMECs.
Cells were treated with Mn2+ in the presence of several
energy inhibitors. 2,4-Dinitrophenol (0.25 mM) releases
proton gradients and causes Ca2+ release from mitochon-
dria to prevent the driving force of ATP production (Lynch
and Deth 1984; Patel et al 2001). Azide (10 mM) inhibits
complex IV in the electron transport chain (Cheng et al
2001). 2-Deoxyglucose (10 mM) produces a metabolically
inactive metabolite that inhibits glycolysis (Newman et al
1990; Cheng et al 2001).

ATPase Membrane Channels We determined whether
Mn uptake occurred via a P-type ATPase. P-type ATPases
are membrane channels that pump ions across the cell

Figure 2. Possible Mn carriers at the BBB, divided into categories based on their characteristics. 
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membrane and use ATP as an energy source (Carafoli and
Brini 2000). Because Mn2+ has the same charge and rela-
tive size as Ca2+, we hypothesized that Mn2+ brain entry
may involve one or more Ca2+ channels or transporters.
Ca2+-ATPase is a plasma membrane calcium pump,
reviewed in Carafoli and Brini (2000), which is located on
brain capillary cells (Keep et al 1999; Manoonkitiwongsa
et al 2000). We hypothesized that Ca2+-ATPase may
mediate Mn2+ transport at the BBB. Vanadate is a nonspe-
cific inhibitor of p-type ATPases, including Ca2+-ATPase
(Tiffert and Lew 2001). It was added to the uptake media at
0.003 and 1 mM. To address the concern that vanadate
might not enter bBMECs rapidly enough to be available to
inhibit Mn uptake, it was added 30 minutes prior to Mn
uptake study and then washed out. This also tested the
reversibility of the vanadate effect on Mn uptake. Ouabain
selectively inhibits Na+/K+-ATPase by competing for the
K+ binding site. It was added at 100 µM.

Uptake Studies in Intact Rats, Erythrocytes, and 
b.End5 Cells

In order to elucidate the properties and possibly identify
Mn transporters 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 Ca2+-ATPase: Mn2+

uptake was significantly and irreversibly inhibited by
1 mM vanadate, a concentration sufficient to block Ca2+

movement in red cell suspensions (Tiffert and Lew 2001).
Therefore, we conducted in situ perfusion experiments in
which vanadate (1 mM) was included in treatment perfu-
sates. Perfusates with 10 mM vanadate were also studied
because vanadate may not be extracted from the uptake
media to a great extent. For example, Mn extraction is less
than 10% during a 90-second perfusion. 

p-Hydroxyhippuric acid is a specific inhibitor of Ca2+-ATPase
(Jankowski et al 2001). It was hypothesized that Mn2+ may enter
the brain via a Ca2+-ATPase, as both are divalent cations. In
human erythrocytes, p-hydroxyhippuric acid (100 µM)
inhibited Ca2+-ATPase activity to 30% of basal activity
(Jankowski et al 2001). In our experiments, p-hydroxy-
hippuric acid (200 or 400 µM) was added to the perfusate.

Iron Competition We tested the hypothesis that uptake
of Mn and a similar divalent metal ion, ferrous iron (Fe2+),
are mediated by a common transporter. 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 uptake transporters. Fe
and Mn are known to compete at the intestinal lumen
(Simpson and Peters 1985). To test this hypothesis the

effect of Fe2+ on 54Mn2+ uptake was determined. Sprague
Dawley rats were perfused with a perfusate containing
184 nM 54Mn2+ and 0 or 100 µM ferrous sulfate (FeSO4) for
90 or 180 seconds. Experiments were completed without
antioxidant present or with 0.01% (5.3 mM) sodium
bisulfite or 0.1 mM ascorbic acid. Control animals were
completed for each experiment with Fe-free perfusate in
the absence or presence of antioxidant. 

DMT-1 Transporter To test the hypothesis that Mn is
transported into the brain by DMT-1, we conducted exper-
iments in a rat model that does not express a functional
form of this transporter, the b/b Belgrade rat. The transport
of iron, zinc, copper, cadmium, calcium, nickel, lead, and
manganese by oocytes transfected with DMT-1 messenger
RNA at pH 5.5 has been shown (Gunshin et al 1997). Fe
and Mn compete for uptake via DMT-1 in human leukemia
and kidney cell lines (Conrad et al 2000). DMT-1 is present
in brain capillary cells (Burdo et al 2001). We hypothe-
sized that Mn2+ brain uptake may be mediated by DMT-1. 

Homozygous (b/b) Belgrade rats do not express func-
tional DMT-1. Genotyping of the b/b and +/b Belgrade rats
is described in Appendix A. A preliminary experiment
was conducted to determine the rates of 54Mn2+ brain
uptake in b/b and +/b rats. For at least 2 weeks prior to
study, all rats were maintained on a rodent chow (Harlan
Teklad 2016) containing approximately 215 mg Fe/kg body
weight. Brain 54Mn2+ uptake was determined in five b/b
female rats 135 to 220 days old, one female and five male
+/b rats 140 to 560 days old, and six female Wistar rats 115
to 130 days old. The in situ brain perfusion technique was
used. The perfusate solution contained 54Mn (375 nm total
Mn) as either 54Mn2+ or 54Mn Tf. Perfusion lasted 90 sec-
onds. The rats were not paired. In a subsequent experiment
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 a Wistar rat
that was on the average 24 days older. All subjects within
the squad were randomly assigned to receive in situ brain
perfusion containing 54Mn2+ or 54Mn Tf. 

To determine the distribution of Mn that was associated
with the brain, squads of rats were randomly assigned to
receive in situ brain perfusion containing 54Mn2+ or 54Mn
Tf in the absence or presence of a cerebrovascular washout.
The Belgrade rats were 71 to 82 (mean, 77) days old, the
paired Wistar rats were 60 to 90 (mean, 69) days old, and
with two exceptions, the rats were the same sex. The first
objective was to determine whether 54Mn adsorbed onto
the endothelial cells during in situ cerebrovascular perfu-
sion without further entering the endothelial cells, brain
extracellular fluid, or brain cells. The brain 54Mn influx
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transfer coefficient (Kin) was determined in the perfused
cerebellum, midbrain/colliculus, and pons/medulla and
in nine brain regions contralateral to the perfused hemi-
sphere. To remove 54Mn and 14C-sucrose adsorbed onto the
luminal surface of the brain endothelial cells that consti-
tute the BBB, a wash solution containing a Mn chelator was
perfused through the brain after the 54Mn-containing perfu-
sate. It was hypothesized that if 54Mn simply adsorbed onto
the capillary membranes, then brain uptake of 54Mn would
be lower in rats that received the cerebrovascular washout
after perfusion. The second objective was to ascertain if the
brain Mn was primarily associated with the brain endothe-
lial cells, or if a significant fraction had distributed through
these cells into brain extracellular fluid and brain cells.
After 54Mn perfusion in the absence or presence of a cere-
brovascular washout, the brain endothelial cells were sepa-
rated from the remainder of the cerebrum.

Mn Citrate Transporters To determine the ability of Mn
citrate to serve as a substrate for MCT1 and the band 3
(anion exchange) transporter, we used the rat erythrocyte,
which expresses both MCT1 and the band 3 (anion
exchange) transporter. This enabled us to test the hypoth-
esis that Mn citrate is a substrate for one or both of these
carriers. The rat erythrocyte is a classical preparation for
the investigation of these carriers. Lactate and pyruvate are
substrates for the monocarboxylate transporter. Therefore,
pyruvate competes for lactate uptake. Band 3 exchanges
chloride for bicarbonate. Two experiments were con-
ducted to determine if Mn citrate serves as a substrate for
one or both of these transporters. In the first experiment
Mn citrate (5 and 10 mM) and 2 mM pyruvate were com-
pared for their ability to inhibit uptake of 1 mM 14C-lactate
at 6�C after 20, 60, and 300 seconds. The second experi-
ment was conducted at room temperature using a buffer
containing sulfate (rather than the usual chloride) to remove
the chloride gradient that might drive MCT1 and the anion
exchanger to efflux Mn from erythrocytes if it enters those
cells. This ensures that the transporters are acting as influx
carriers. This experiment assessed the ability of 1 mM
14C-citrate and 5 and 10 mM Mn 14C-citrate to be taken up
by the erythrocyte. Both of these experiments were con-
ducted with triplicate observations.

We used an immortalized cell line, b.End5, to determine
both the ability of Mn citrate to serve as a substrate for trans-
porters and the pH dependence of its uptake. These cells
were established from murine brain endothelial cells (the
cells that constitute the BBB) and were obtained from the
European Collection of Cell Culture. These cells express
many of the properties of brain endothelial cells, including
the endothelial-specific proteins PECAM-1, endoglin,
MECA-23, and Flk-1, according to the supplier. We utilized

them in uptake experiments in conjunction with uptake
studies of Al citrate (Yokel et al 2002). We determined the
time course and pH dependence of Mn citrate uptake. 

In an initial study we determined the time course over 4
hours of Mn 14C-citrate uptake by b.End5 cells. The cells
were grown in 35-mm plastic dishes until nearly con-
fluent. They were bathed in a physiologic medium con-
taining 1 mM 14C-citrate, Mn 14C-citrate, or Al 14C-citrate
for 15, 60, 120, or 240 minutes at room temperature in one
experiment conducted with triplicate observations.
Uptake was normalized to cell volume, which was esti-
mated from protein determination of the cells, assuming
intracellular volume of 2 µL/1 mg protein. Uptake from
media with pH 6.9 and 7.4 was also determined after
1 hour in three experiments, each conducted with tripli-
cate observations. 

An experiment was conducted to test the hypothesis
that the Mn citrate carrier is a member of the family of
organic anion transporters. Citrate is an endogenous metal
chelator. At the dilute Mn and citrate concentrations and
pH (7.33) of brain extracellular fluid or blood plasma, Mn
citrate complex would be expected to be a monomer
(Amico and Daniele 1979). Each citrate ion forms a triden-
tate complex with Fe, Mn, or Al involving the hydroxyl
group and two terminal carboxylates, leaving a noncoordi-
nated central carboxylate, as reviewed in the Introduction,
which may serve as the recognition moiety of Mn citrate
for the monocarboxylate transporter. As a 1:1 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 uptake, rats were perfused with 54Mn
citrate for 45 seconds at 10 mL/min in the near absence of
sodium, which is a potential cosubstrate of some trans-
porters, and in the presence of quercetin, an inhibitor of
the monocarboxylate transporter family. 

Calcium Transport Pathways After the results of the
above studies, we generated the hypothesis that the Mn2+

carrier is a Ca2+ carrier. Brain Mn2+ influx may occur via
one or more calcium transport pathways. Calcium inhibits
Mn entry into Hep-G2 cells (Finley 1998). Inhibitors of cal-
cium entry also decrease Mn influx into thymic lympho-
cytes (Mason et al 1993), human erythrocytes (Lucaciu et al
1997), and a subclone of HEK293 cells (Kerper and Hinkle
1997a). Therefore, Mn ion entry could occur through cal-
cium carriers at the BBB. Mn uptake into cells has been
reported to occur via voltage-gated calcium channels, the
sodium-calcium exchanger, the sodium-magnesium anti-
porter, and the active calcium uniporter (for review, see
Takeda 2003). 

Normal Ca2+ cycles include the release of endoplasmic
Ca2+ stores into cytosol during Ca2+ oscillations or waves,



24

Manganese Toxicokinetics at the Blood–Brain Barrier

which are produced by a variety of events. Ca-ATPases
pump intracellular free Ca2+ from the cytoplasm into the
endoplasmic reticulum (sarco-endoplasmic reticulum Ca-
ATPase) or out of the cell (plasma membrane calcium
pump) to recover from the flood of cytosolic calcium. When
intracellular stores are depleted of calcium, an unknown
signal opens the plasma membrane store-operated channel
to allow Ca2+ entry from extracellular fluid.

BBB cells express Ca2+-ATPase, receptor-operated cal-
cium channels, and store-operated calcium channels. The
endothelial cells, which provide the initial barrier from
blood to brain, are considered nonexcitable and would not
be expected to have voltage-sensitive calcium channels. The
perfusate and uptake solutions we used did not include
receptor ligands, so activation of these pathways was not
expected, assuming 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 transient receptor potential (TRP)
gene family. Mn entry through store-operated calcium chan-
nels increases in response to thapsigargin and cyclopiaz-
onic acid, chemicals that deplete Ca2+ stores. Mn2+ has been
shown to enter rat peritoneal mast cells through the store-
operated calcium channel (Fasolato et al 1993a,b). 

To test the hypothesis that Mn2+ influx is mediated by
one or more calcium carriers, we conducted experiments
using the in situ animal model. Kin values were deter-
mined at 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(NO3)3, 50 µM] or nickel chloride (NiCl2,1 mM).
Lanthanum and nickel are inhibitors of a variety of cal-
cium channels. In cell culture studies, Mn uptake into
bBMECs was measured in the presence of La(NO3)3
(50 µM) or NiCl2 (1 mM). Also, intracellular calcium stores
were depleted by pretreatment with cyclopiazonic acid
(10 µM) or thapsigargin (1 µM) for 5 to 10 minutes, after a
published protocol for bBMECs (Kerper and Hinkle
1997b). Mn uptake in the continued presence of these
Ca2+-depleting chemicals was measured. The inhibitors
used are relatively nonspecific, but the number of probes
and preparations increased our confidence in the results. 

STATISTICAL METHODS AND DATA ANALYSIS

ESTIMATION OF BRAIN UPTAKE RATES OF Mn 
SPECIES BY DIFFUSION

Rat brain cerebral capillary diffusion rates were esti-
mated from the results of Study 1 based on the relation

between molecular weight (MW) and the Do/a, as described
elsewhere (Ohno et al 1978; Levin 1980):

log Pdiffusion = �4.605 + (0.4115

� log [Do/a � MW1/2]) .

The product of permeability and surface area (PdiffusionS
in mL/sec/g brain tissue) was then calculated by multi-
plying diffusion permeability by rat brain capillary surface
area (240 cm2/g; [Crone 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
were determined using a noncompartmental toxicokinetic
modeling program (Fox and Lamson 1989). The area under
the curve, area under the moment curve, initial blood con-
centration, and elimination half-life were determined from
plots of Mn concentration versus sample collection time.
Clearance (Cls) and volume of distribution (Vd) were calcu-
lated as described (Rowland and Tozer 1995). 

ESTIMATION OF INFLUX PARAMETERS

For each brain region harvested from each animal after
in situ brain perfusion, � counts were converted to 54Mn
disintegrations per minute (dpm) per gram brain tissue.
The ratio of 54Mn in brain tissue to that in perfusate
(which resolves to milliliters per gram) was calculated and
plotted against time. From the linear portion of the graph,
the slope was determined as the regression of the points
for each tissue and each Mn species. The unidirectional
influx transfer coefficient (Kin) is represented by the slope
of the graph. Kin is a measure of the rate of influx of a sub-
stance in a given time into a given amount (space) of brain.
It is the quotient of uptake space and time, and reflects the
volume of perfusate cleared of substrate that is transferred
into 1 g of brain over a given time period. The slope and its
SEM were calculated using Microsoft Excel. The slope (Kin)
has the units of milliliters per second per gram brain tissue.

The distribution volume, or uptake space (Q), is the
amount of brain tissue into which the substrate distributes
during a given perfusion duration. Q values (in milliliters
per gram brain tissue) of 54Mn and 14C were calculated as 

Q = Radioactivity per weight tissue (dpm/g) 
/Radioactivity per volume perfusate (dpm/mL).

The 54Mn uptake space results were corrected for the
sample’s vascular and extracellular space by subtracting
the 14C-sucrose uptake space; that is, 
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Corrected QMn = QMn total � Qsucrose.

Thus,

Corrected QMn =  (54Mnbrain [dpm/g] 

� 54Mnperf [dpm/mL]) 

� (14C-Sucrosebrain [dpm/g] 

�  14C-Sucroseperf [dpm/mL]). 

The second fraction (Qsucrose) had a mean of 0.011 mL/g
brain at 90 seconds. The corrected uptake spaces were
plotted against perfusion time. Extreme values were tested
by the Dixon criterion to determine whether they were out-
liers. To test for linearity, analysis of variance (ANOVA) of
the uptake space versus time was conducted for each
tissue and each Mn species. The F test determined lin-
earity. If uptake was not linear throughout the four perfu-
sion durations, then the lower three perfusion durations
(30, 60, and 90 seconds for Mn2+ and Mn Tf; 15, 30, and 45
seconds for Mn citrate) were tested for linearity. The linear
least-squares regression of the data points was plotted
using Microsoft Excel. For 54Mn Tf data, the 54Mn activity
in dpm was corrected for the contribution of 54Mn2+,
which accounted for 19% of the 54Mn 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 Kin for
54Mn2+, the perfusion time, and the concentration of
54Mn2+ as follows: 

54Mn Tf (dpm/g) = Total 54Mn (dpm/g) 
� (Kin [mL/sec/g])
� (Time [sec])

� (Total 54Mn [dpm/mL] � 0.19).

Kin values were then converted to PS (the product of
cerebrovascular permeability and surface area) using the
Renkin-Crone model values according to the equation
(Smith 1989): 

PS = �vF  �ln (1 � Kin/vF)

where P is permeability, S is the surface area of the per-
fused capillaries, F is the regional flow, and v is the frac-
tional distribution of tracer in blood (for perfusate, v = 1). S
is 240 cm2/g brain (Crone 1963). P has units of distance per
time. PS has units of volume per time per brain weight and
is expressed as milliliters per second per gram. Influx (J)
was calculated as the product of PS and Mn concentration
and had the units of nanomoles per second per gram. The
graphs of mean J versus concentration (C) were plotted and
fit to the following Michaelis-Menten equations where J0,
J1, and J2 each represent a fit of the same J data set as

defined below, Kd is the diffusional constant, C is concen-
tration of total Mn (in nanomoles), Vmax is the maximum
velocity of the putative transporters, and Km is the
Michaelis-Menten constant of saturable uptake. 

J0 = Kd�C
J1 = Vmax�C/[Km + C] + Kd�C
J2 = Vmax2�C/[Km2 + C] + Vmax

�C/[Km + C] + Kd�C

The product of KdC represents the nonsaturable compo-
nent of uptake. The F test was used to determine the best-
fitting model for each tissue and each Mn species. The Km
and Vmax values were determined by nonlinear regression
analysis of Mn influx versus concentration using SAAM II
and GraphPad Prizm computer software programs.

Differences between tissue Kin values and predicted dif-
fusion rates were compared by t tests, using the Bonferroni
correction for multiple testing. In single-time-point experi-
ments, the Kin values were determined by directly dividing
each uptake space (milliliters per gram) by its perfusion
duration (seconds). Comparisons were made by t test with
the Bonferroni correction factor or with the Dunnett test.

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

To assess the results of in situ brain perfusion studies of
the effect of 55Mn2+, Fe2+, vanadate, p-hydroxyhippuric
acid, the absence of functional DMT-1 expression, and
quercetin on 54Mn uptake, influx rates were calculated as
previously described with considerations for the diffusion
of 54Mn and the amount of 54Mn remaining in the vascula-
ture (sucrose space). The rates obtained in the presence of
a treatment were then converted to percentages of control
rates. The data were compared for any differences by a
two-tailed t test with GraphPad Prizm.

COMPUTATION OF BRAIN EFFLUX INDEX

In Study 4, which investigated the efflux of Mn from the
brain, brain efflux index (BEI) was calculated from the sum
of the 54Mn and 14C-sucrose in the six brain sections com-
pared to the amount injected, as described (Kakee et al
1996):

100% � BEI = (54Mn in brain/14C in brain) 

/(54Mn injected/Amount of 14C
injected) � 100

The 14C-sucrose associated with the brain slices of Study
4 was graphed versus time to enable calculation of tissue
extracellular space occupied by the uptake solution at time
zero, from the y-intercept of the graph. The 54Mn associated
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with the slices was graphed versus time to enable determi-
nation of the apparent distribution volume (Vbrain) of the
Mn species. The 54Mn values were corrected for the extra-
cellular space occupied by the uptake solution, as estimated
from the 14C-sucrose results. The Vbrain results represent a
ratio of slice (tissue) to solution (medium). 

A one-way ANOVA was used to compare all Vbrain
values followed by two-tailed unpaired t tests to compare
the three Mn species to sucrose. The Vbrain values obtained
at the last two times studied for each Mn species were
compared by two-tailed paired t tests. 

STUDIES WITH CELL CULTURES

The � radioactivity of bBMEC lysates and aliquots of
uptake media from studies of Mn uptake into bBMECs was
measured. The sample was then split to determine protein
content and � radioactivity. 

Total 54Mn in the bBMEC lysate includes that of carrier-
mediated and diffusional uptake as well as nonspecific
adsorption to cells and collagen, as represented in the fol-
lowing equation. 

Lysate 54Mn = Carrier-mediated uptake into cells 
+ Diffusion-mediated or pinocytotic

uptake into cells 
+ Nonspecific adsorption to cells 
+ Nonspecific adsorption to collagen

Within-experiment determinations of nonspecific
binding and diffusional or pinocytotic uptake were mea-
sured to account for these contributors. Uptake into dishes
without cells (collagen-only dishes) and uptake into cells
for 15 seconds on ice were determined as a measure of
nonspecific adsorption to collagen and cells. We included
14C-sucrose in the uptake media to measure diffusional
and pinocytotic uptake from the uptake media. The non-
specific adsorption of Mn to the dish was also determined
several times and was found to be negligible. 

Subtracting the 54Mn due to nonspecific binding and
diffusional or pinocytotic uptake from the total amount of
54Mn in the lysate estimated carrier-mediated uptake of
Mn into bBMECs as picomoles per milligram protein. If
one applies the estimation of 2 µL intracellular space per 1
mg total protein (Edlund and Halestrap 1988; Poole et al
1989), one can calculate the intracellular Mn concentra-
tion. One can then compare intracellular Mn concentra-
tion among treatments or versus media concentration. 

For the cell culture experiments described in Study 5,
each condition was examined in duplicate or triplicate
within each experiment. Results of the time course of Mn
uptake at pH 6.4 and 7.4 were analyzed by regression anal-
ysis using GraphPad Prizm to determine if uptake was best

fit by a first-order or second-order relation. Uptake in the
presence of treatments was converted to a percentage of
control uptake for that experiment. The mean and relative
standard deviation were calculated. To test for treatment
differences, t tests or one-way ANOVAs were conducted.
When found, post hoc comparisons were conducted after
the ANOVAs to determine significant differences among
treatment groups. 

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

RESULTS

STUDY 1. CEREBRAL CAPILLARY DIFFUSION 
PERMEABILITY OF Mn SPECIES

In the absence of competing ligands for citrate or Tf
(other anions or complexing proteins that have a compa-
rable or superior stability constant with Mn and are
present in sufficient concentration), Mn would be antici-
pated to associate with citrate and Tf. Our results suggest
Mn citrate was successfully formed and that a high per-
centage of Mn was associated with Tf. The unbound frac-
tion of Mn, in the presence of Tf, was estimated. (The
methods we used to prepare Mn citrate and Mn Tf and the
results we obtained are reported in Appendix A.) 

The Do/a of Mn Tf was corrected to account for the con-
tribution of the unbound fraction of Mn. Nineteen percent
of Mn was found to be unbound and was assumed to have
the same partitioning coefficient as Mn2+ in solution. The
Do/a values for Mn2+, Mn citrate, and Mn Tf, corrected for
the contribution of the unbound Mn, are shown in Table 2. 

The calculated rat brain capillary diffusion rates of Mn,
Mn citrate, and Mn Tf are also shown in Table 2. All values
were estimated to be less than 3 � 10�5 mL/sec/g brain.
For comparison, the diffusion rates of sucrose and dextran
were also estimated from their published permeability or
their octanol/aqueous partitioning coefficients and molec-
ular weights, and were found to be less than 5 �

10�5 mL/sec/g brain.

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

The results of the toxicokinetic determination of Mn after
its intravenous administration (Table 3) show similar clear-
ances and steady-state volumes of distribution for Mn2+ and
Mn citrate. These results, obtained after intravenous injec-
tion of 25 µmol/kg MnCl2, are compared to results of a study
that administered larger doses to rats and was therefore able
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to follow blood Mn concentrations for a longer time after
Mn dosing (up to 12 hours) (Zheng et al 2000). 

A steady-state Mn brain-to-blood ratio was achieved
within the first 20-minute dialysis sample after the bolus

Mn injection and initiation of Mn infusion, as evidenced
by consistent Mn concentrations over time in the dialy-
sates flowing out of the microdialysis probes implanted in
the jugular vein and brain frontal cortex. The mean (± SD)
Mn brain-to-blood ratio at steady state was 0.15 (± 0.11).
The Mn free fraction in five rats was 7.8% ± 2.0%. The
rapid achievement of steady state suggests Mn was able to
rapidly enter brain extracellular fluid through the BBB.

STUDY 3: Mn BRAIN INFLUX

Influx transfer coefficients (Kin) of 54Mn2+, 54Mn citrate,
and 54Mn Tf, determined by in situ brain perfusion, were
plotted graphically for each tissue and each Mn species.
Figure 3 shows uptake space versus time for the parietal
cortex, a representative brain region, over the time course
of the experiment. For comparison, the uptake rates pre-
dicted by diffusion are plotted on each graph. For the nine
brain regions studied, the Kin values ranged from 5 to 13, 3
to 51, and 2 to 13 � 10�5 mL/sec/g for 54Mn2+, 54Mn cit-
rate, and 54Mn Tf, respectively. 

Influx coefficients for each Mn species were compared to
their corresponding estimated diffusion rates. Significant

Table 3. Toxicokinetic Parameters in Sprague Dawley Rats After Intravenous Injection of Mn2+ (as MnCl2) or Mn Citratea   

Mn Species Injected Cls (L/hr) Vd (L/kg) t½ (hr) Reference

Mn2+ (n = 3) 2.20 ± 0.10 1.10 ± 0.10 0.35  ± 0.08 Our results 
Mn citrate (n = 5) 2.30 ±  0.30 0.83  ± 0.05 0.27 ± 0.33 Our results

Mn2+ (n = 5) 0.43 ± 0.13 1.20 ± 0.50  0.17 ± 0.03b Zheng et al 2000
 1.80 ± 0.60c

a Values are mean ± SD. Cls is systemic clearance; Vd,volume of distribution; t½, half-life; n, number of rats.
b Initial half-life.
c Second half-life.

Table 2. Octanol/Aqueous Partitioning Coefficients and 
Predicted Rat Brain Capillary Diffusion Rates for Three 
Mn Species and Two Diffusion Markersa 

Mn Species 
or Diffusion 
Marker Do/a Pdiffusion

PdiffusionS
Shown � 105 

(mL/sec/g)

Mn2+ 3.6 � 10�6 6.3 � 10�8 1.5 ± 0.1
Mn citrate 1.0 � 10�5 6.8 � 10�8 1.7 ± 0.2
Mn Tf 8.0 � 10�4 1.2 � 10�7 2.8 ± 0.5
Sucroseb — 1.2 � 10�7 2.9
Dextranc 2.1 �  10�3 2.0 � 10�7 4.8

a Do/a, determined experimentally, is the octanol-to-aqueous partition 
coefficient. Pdiffusion is the diffusion permeability. S is the capillary 
surface area of the rat brain (240 cm2/g). Manganese values shown are 
means ± SEM for n = 5 or 6.

b Pdiffusion determined directly from Levin (1980) and Pardridge (1998).
c Do/a determined by Huang (1990).

Figure 3. Determination of Kin for three Mn species into rat brain. Uptake space is shown for the parietal cortex (�) and predicted uptake space for diffusion-
only influx (�) for 54Mn2+, 54Mn citrate, and 54Mn Tf. Regression analysis of individual results (——) produced the Kin values listed in Table 4. For comparison,
predicted uptake spaces for diffusion-only influxes are shown (– – –). Values are means (± SEM) from 11, 10, 10, and 10 rats for the four increasing times, re-
spectively, for 54Mn2+; 7, 11, 7, 11, and 4 rats for the five increasing times, respectively, for 54Mn citrate; and 7 rats for all four times for 54Mn Tf.
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differences between Kin values and the predicted diffu-
sion rates were found for each tissue (Table 4). These Kin
values were derived from the individual data rather than
the mean uptake values shown in Figure 3. With each Mn
species, there was at least one brain region for which the
influx rate exceeded that predicted for diffusion. Gener-
ally, influx into the choroid plexus was at least 10-fold
greater than influx into the brain regions for each Mn spe-
cies. Within a given brain region, 54Mn citrate influx rates
were generally higher than 54Mn2+ and 54Mn Tf influx
rates and were significantly different in a number of brain
regions (see Table 4).

Comparison of Kin values obtained with brain perfusion
rates of 10 and 20 mL/min did not show a significant
effect of flow rate on brain Mn2+ uptake in any of the nine
brain regions or the choroid plexus. Figure 4 shows
results from two representative brain regions, the parietal
cortex and caudate. Furthermore, the space occupied by
14C-sucrose, which represents the vascular volume, did
not differ with flow rate (Table 5).

Separation of the capillaries from the brain parenchyma
revealed that most of the radioactivity in the brain after
perfusion with 54Mn2+, 54Mn citrate, and 54Mn Tf (92% ±
2%, 89% ± 2%, and 75% ± 10%; mean ± SD, respectively)
was associated with the brain cells and brain extracellular
fluid fraction, suggesting most of the Mn passed through
the endothelial cells. The influx transfer coefficients in
Table 4 have been adjusted to account for the fraction of
54Mn associated with the endothelial cells.

In the presence of increasing amounts of 55Mn2+, the
influx rate of 7 nM 54Mn2+ was reduced in the choroid
plexus and in the frontal cortex, parietal cortex, hippoc-
ampus, caudate, and pons/medulla regions of the brain.
The rates of Mn2+ influx in the parietal cortex and caudate
are shown in Figure 5A. There was no concentration-
dependent effect over the 106-fold concentration range
studied. 55Mn citrate significantly inhibited uptake of
7 nM 54Mn citrate in the caudate and parietal cortex
(Figure 5B) and in the choroid plexus at the highest con-
centration studied (107 nM). 

The concentration and the velocity of brain uptake
were fit to models of enzyme kinetics involving zero, one,
and two Michaelis-Menten terms. Seven of eight regions
treated with 54Mn citrate and two of eight regions treated
with 54Mn2+ (caudate and thalamus/hypothalamus) were
best fit by J1 described as 

J1 = Vmax�  C/[Km + C] + Kd�C.

The remaining regions were best fit by J0, the diffusion-
only model of brain Mn uptake. Very high Km values and
some negative Vmax values were obtained. Statistically, this
results from the apparent lack of concentration-dependent
inhibition over the concentration range tested. For this
reason, Km and Vmax values for most tissues are not reported.
Only in the caudate region was there evidence for uptake of
both Mn2+ and Mn citrate via a single-carrier model (J1). The
Michaelis-Menten values are shown in Table 6. 

Table 4. Influx Transfer Coefficients (Kin) for Three Mn Species in Rat Braina

Kin (shown � 10�5 mL/sec/g)

Region 54Mn2+ 54Mn Citrate 54Mn Tf

Frontal cortex 11.0 ± 4.0 42.0 ± 12.0b 6.0 ± 4.3d

Parietal cortex 13.0 ± 4.0b 40 .0 ± 13.0b 12.0 ± 6.0
Occipital cortex 11.0 ± 6.0 51.0 ± 15.0b,c 7.9 ± 4.8d

Cerebellum 6.7 ± 2.3 22.0 ± 5.0b 1.9 ± 2.5d

Caudate 4.7 ± 2.3 19.0 ± 5.0b 1.8 ± 2.0d

Hippocampus 9.8 ±  3.1b 8.0 ± 8.9 2.7 ± 2.5

Thalamus/hypothalamus 7.4 ± 3.1 31.0 ± 9.0b,c 3.8 ± 3.7d

Midbrain/colliculus 8.8 ± 4.7 2.7 ± 17.1 13.0 ± 4.0b

Pons/medulla 4.9 ± 2.0 9.9 ± 10.0 1.7 ± 3.7

Choroid plexus 850 ± 468 463 ± 283 1383 ± 912

a The Kin values are the slope of the uptake spaces versus time for data shown in Figure 3. Values shown are means ± SEM.  
b Significant differences at  P < 0.05 (t test) for Kin versus diffusion permeability (shown in Table 2).
c Significant differences at  P < 0.05 (t test) for 54Mn citrate versus 54Mn2+.
d Significant differences at  P < 0.05 (t test) for 54Mn citrate versus 54Mn Tf.
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STUDY 4: Mn BRAIN EFFLUX

The brain efflux index was determined after injection of
the 54Mn2+ or 54Mn citrate as an indication of the rate of
Mn efflux from the brain, compared to a coinjected marker
substance that slowly diffuses across the BBB. Because no
differences were seen in results obtained with sucrose
versus dextran as the marker substance, those results were
combined. An average of 98.7% of Mn remaining in the
brain was in the central one third of the brain hemisphere

ipsilateral to the injection site, indicating little distribu-
tion from the injection site to other brain sections. The
index results are graphically shown as 100�BEI(%) versus
time, an indication of the percentage of 54Mn remaining in
the brain after its injection (Figure 6). The results show a
small increase in Mn remaining in the parietal cortex over
time, compared to coinjected 14C-sucrose or 14C-dextran.
These results suggest that Mn distributes out of the brain
more slowly than sucrose or dextran. The calculated rates

Table 5. Vascular Space of the Brain as Measured by 
14C-Sucrose Delivered at Different Flow Ratesa 

Vascular Space (µL/g brain)

Region at 10 mL/min at 20 mL/min

Frontal cortex  9.2 ± 0.9 10.5 ± 0.9
Parietal cortex 10.7 ± 1.1 12.8 ± 1.5
Occipital cortex 10.8 ± 0.9 13.2 ± 1.4

Cerebellum 12.3 ± 0.8 13.2 ± 1.6
Caudate 5.5 ± 0.4 6.8 ± 0.5
Hippocampus 8.4 ± 0.8 9.7 ± 1.0

Thalamus/
hypothalamus

8.0 ± 0.8 10.3 ± 1.0

Midbrain/colliculus 9.0 ± 0.8 11.0 ± 1.6
Pons/medulla 13.5 ± 1.0 15.2 ± 1.5

Choroid plexus 206 ± 38 236 ± 69

a Values shown are means ± SEM for 16 animals per flow rate after 
perfusion for 90 seconds.  There are no significant differences in vascular 
space or in 54Mn2+ uptake rates (shown in Figure 4) when these flow 
rates are compared for each region (t test with Bonferroni correction).

Figure 5. Effect of 55Mn on uptake of 54Mn2+ (A) and of 55Mn citrate on
uptake of 54Mn citrate (B). The medium contained 7 nM 54Mn plus
increasing concentrations of 55Mn as indicated on the x-axis. Influx transfer
coefficient (Kin) values are means ± SEM, with n = 3 to 5 for each concentra-
tion. *Significant differences (one-way ANOVA) from 0 nM 55Mn.

Table 6. Estimates of Michaelis-Menten Kinetic 
Parameters for Mn Influxa

Kinetic Parameter 54Mn2+ 54Mn Citrate

Km (µM) 11,400 (660) 7,560 (150)b

Vmax (nmol/sec/g 
brain)

0.311 (0.010) 0.265 (0.002)b

 a Values are means (± SEM) for the average velocity at each of seven 
54Mn2+ or six 54Mn citrate concentrations.

b Significantly different from 54Mn2+ (t test).

Figure 4. 54Mn2+ uptake was independent of perfusion flow rate. Uptake
at 10 mL/min versus 20 mL/min was studied in paired animals at 30, 60, 90,
and 180 seconds, with n = 4 to 5 pairs per time point. Mean values ± SEM
are shown in two brain regions. There were no significant differences (t test)
in any of the nine brain regions or in the lateral ventricular choroid plexus.
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of diffusion of mannitol, dextran, sucrose, and inulin
across the capillaries of the BBB, as PdiffusionS, are 2.5, 4.8,
2.9, and 12 � 10�5 mL/sec/g brain tissue, respectively. 

The uptake of the three Mn species into brain slices
enabled calculation of Vbrain as an indication of the
volume of Mn distribution in the brain from which it could
distribute to blood. No differences were seen in Vbrain
results from anesthetized rats versus those from unanes-
thetized rats, so the results were combined. The 14C from
14C-sucrose that was associated with the parietal Par2
slices increased linearly over 180 minutes. Linear regres-
sion showed a correlation between time and 14C associated
with brain slices of 0.955. The y-intercept, 0.15 mL/g, was
taken as the extracellular space of the brain slice and sub-
tracted from all Mn uptake values represented in Figure 7.
The 54Mn associated with the parietal Par2 slices increased
over time to a significantly greater extent for each of the
three Mn species than for 14C. The Vbrain values for the
54Mn2+ at 45 versus 60 minutes, 54Mn citrate at 120 versus
180 minutes, and 54Mn Tf at 60 versus 75 minutes were not
significantly different from each other. Therefore the means

of these pairs of values, 2.7, 5.1, and 3.2 mL/g, were taken as
estimates of the Vbrain of the 54Mn2+, 54Mn citrate, and 54Mn
Tf, respectively. Addition of the aconitase inhibitors
aconitine, monofluoroacetate, and oxalomalate and the
electron transport chain inhibitor sodium azide did not con-
sistently decrease 54Mn citrate uptake (Figure 8). 

Figure 6. Percentage of Mn remaining in the brain (100�BEI[%]) versus
time after coinjection of 54Mn and 14C-sucrose or 14C-dextran. The injec-
tion was made into the parietal cortex as 54Mn2+ (upper panel) or 54Mn ci-
trate (lower panel). Values are means ± SD from 5 to 23 animals. The lines
represent linear regressions of the points.

Figure 7. Volume of Mn distribution in the brain (Vbrain) determined from
uptake into rat parietal cortex slices versus time. The uptake of 54Mn was
determined, which had been added to the uptake solution as 54Mn2+ (up-
per panel), 54Mn citrate (center panel), or 54Mn Tf (lower panel). Values
are means ± SD from 4 to 13 experiments, each with triplicate observa-
tions. The SD for Mn Tf at 5 minutes is less than the symbol height.
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STUDY 5: CHARACTERIZATION OF Mn 
TRANSPORTERS AT BBB

54Mn2+ uptake into bBMECs was initially studied for up
to 120 minutes to determine whether uptake was linear over
all or a portion of that time. Uptake values were converted to
intracellular Mn concentrations and plotted versus time
(Figure 9). Regression analysis with GraphPad Prizm
allowed comparison of first-order and second-order fits. It
showed that 54Mn2+ uptake at pH 7.4 was better fit by a
linear regression with slope 0.080 pmol/µL cell vol/min and
intercept 1.022 pmol/µL cell vol. The pH 6.4 data were also
better fit by the linear regression with a slope of
0.021 pmol/µL cell vol/min and intercept 0.877 pmol/µL
cell volume. The 95% confidence intervals for these slopes
exclude one another, and the uptake of 54Mn2+ at pH 6.4 was
significantly less than the uptake at pH 7.4.

Uptake was linear throughout the experiment and was
not saturable up to 120 minutes. Therefore, steady state had
not been achieved, and any duration was an acceptable
selection for influx characterization studies. The 30-minute
incubation was chosen to optimize conditions for low rela-
tive standard error, low time required for experiments, and
high total counts per sample. 

Figure 8. Effect of metabolic inhibitors on 54Mn citrate uptake into rat parietal cortex slices versus time. The uptake of 54Mn citrate was determined in
the presence of aconitase inhibitors (1 mM aconitine; 1 and 10 mM monofluoroacetate; and 0.2, 1, and 5 mM oxalomalate) and the complex IV inhibitor
azide (1 mM). Values are the means of 1 to 3 experiments, shown as separate histograms, each conducted with triplicate observations, expressed as a per-
centage of the within-experiment control (lack of inhibitor). 

Figure 9. 54Mn2+ uptake into bBMECs was linear at pH 7.4 and 6.4 up to
120 minutes. Intracellular Mn concentration in bBMECs was determined
after exposure to uptake media for 10 to 120 minutes. Values are means ±
SEM for 2 to 3 experiments, each with 2 to 3 replicates. Lines represent
best-fit regression analysis for first-order processes (line) and second-
order processes (bold line).
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The intracellular Mn concentration in bBMECs exceeded
the concentration of total Mn in the media by 10-fold.
Uptake solution contained 184 nM total 54Mn2+ (0.184 µM),
and bBMECs contained 1 to 12 µM total 54Mn2+. These
results provide evidence for carrier-mediated Mn2+ uptake.

Mn uptake was positively correlated with pH. That is,
uptake increased with decreased H+ concentration. This
was seen in the time course of 54Mn2+ uptake at pH 6.4 and
7.4 (Figure 9) and in the uptake study conducted at pH 5.4,
6.4, 6.9, 7.4, and 7.9 (Figure 10). Uptake at pH 5.4 was
quite low compared to that in control cells (pH 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 30 minutes produced only
6% of the formazan product/mg protein that was found in
control cells at pH 7.4. Therefore these results were not ana-
lyzed. Uptake was significantly greater at pH 7.4 than at pH
6.4. This does not support the hypothesis that DMT-1, a
proton cotransporter, mediates the uptake of Mn2+ at the
BBB. The role of sodium in 54Mn2+ uptake into bBMECs
was measured by replacing 50% of the sodium with choline
or all of the sodium with choline or lithium. 54Mn2+ uptake
was not inhibited by replacement of the sodium (Figure 11).
Replacement of sodium by choline resulted in a significant
increase of 54Mn2+ uptake into bBMECs. Addition of energy
inhibitors to the uptake medium reduced formazan
production to approximately 60% of control. This
inhibition was believed to be sufficient to determine
whether Mn uptake was energy-dependent. 

The addition of energy production inhibitors did not
produce a significant effect on 54Mn2+ uptake into
bBMECs (Figure 12). Addition of 0.003 mM or 1 mM vana-
date inhibited 54Mn2+ uptake into bBMECs (Figure 13).

Figure 10. 54Mn2+ uptake into bBMECs was pH-dependent. Values are
means and relative SD of uptake relative to control (pH 7.4) uptake. *A
Dunnett test revealed that uptake at pH 6.4 was significantly less than
uptake at pH 7.4.

Figure 11. 54Mn2+ uptake into bBMECs was sodium-independent. Values
are means and relative SD for each treatment. Sodium replacement did not
inhibit 54Mn2+ uptake. *A Dunnett test showed that replacement of
sodium with choline significantly increased 54Mn2+ uptake.

Figure 12. Energy inhibitors did not decrease 54Mn2+ uptake into
bBMECs. Values are means and relative SD of the uptake, compared to
control, expressed as a percentage, with n = 8, 6, 3, and 4 for control, 2,4-
dinitrophenol (DNP), sodium azide, and deoxyglucose treatments, respec-
tively. Each experiment had duplicate or triplicate observations. None of
the treatments significantly differed from control by Dunnett test.

Figure 13. Vanadate inhibited 54Mn2+ uptake into bBMECs. Values are
means and SD of uptake relative to control (no vanadate).  In the pretreat-
ment condition, vanadate was added 30 minutes prior to the Mn uptake
study to address the concern that vanadate may not enter bBMECs rapidly
enough. *Each treatment resulted in significantly less 54Mn2+ uptake than
control by t test.
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Furthermore, this effect persisted after vanadate was
washed out. In cells treated 30 minutes with 1 mM vana-
date, washed twice, and then incubated with vanadate-free
uptake media, 54Mn uptake was only 39% of control
uptake. Treatment with ouabain did not inhibit 54Mn2+

uptake. In the assessment by in situ brain perfusion in rats,
addition of iron, in the presence or absence of antioxi-
dants, did not significantly affect brain 54Mn2+ uptake
(Figure 14). Vanadate did not significantly inhibit 54Mn2+

influx into any of the nine brain regions or the choroid
plexus (Figure 15). The most pronounced treatment differ-
ence was in the choroid plexus, where P was 0.1047. In
each tissue, the average 54Mn2+ uptake was greater in the
presence of vanadate treatment than control. Experiments
that included 0.4 mM p-hydroxyhippuric acid in the brain
perfusate did not show an inhibition of 54Mn2+ uptake into
rat brain (Figure 16). Only in the cerebellum was there a
nonsignificant trend for a p-hydroxyhippuric acid–
induced decrease of 54Mn2+ uptake. 

In the preliminary experiment to determine the rates of
54Mn2+ brain uptake in homozygous (b/b) Belgrade rats,
which do not express functional transporter DMT-1, and het-
erozygous (+/b) Belgrade rats, which do, there were no statis-
tically significant increases in 54Mn2+ uptake in b/b rats
compared to +/b rats. The subsequent study, conducted
under more controlled conditions using paired homozygous
and heterozygous Belgrade rats (littermates) and control
Wistar rats, tested 54Mn2+ and 54Mn Tf uptake and also
failed to show any statistically significant differences

(Figure 17). Cerebrovascular washout did not significantly
affect brain Mn uptake. There were no significant differ-
ences in the percentage of Mn in the isolated brain capil-
laries among the b/b, +/b, and Wistar rats after 54Mn2+ or
54Mn Tf perfusion. 

The calcium concentration in the uptake medium nega-
tively correlated with Mn2+ influx into rat brain (Figure 18).
This could not be attributed to uptake through voltage-gated
calcium channels, as nifedipine failed to decrease Mn influx
(data not shown), as did amiloride and verapamil
(Figure 19), relative to controls without calcium channel
blockers. La3+ and Ni2+ also failed to block Mn influx into
rats (Figures 18 and 20); however, Ni2+ significantly
blocked 80% of Mn2+ uptake into bBMECs (Figure 21). In

Figure 14. Iron did not inhibit uptake of 54Mn2+ into the parietal cortex. Values are means ± SD. The perfusate contained 184 nM 54Mn2+ and 0 or 100 µM
FeSO4 for 90 or 180 seconds. Experiments were completed without antioxidant (AO) present or with 0.01% (5.3 mM) sodium bisulfite or 0.1 mM ascorbic
acid (Asc).

Figure 15. Vanadate did not inhibit Mn influx into brain after perfusion.
Values are from the parietal cortex and are mean percentages and relative
SEM of uptake, for perfusion with 1 mM vanadate for 90 seconds (n = 3),
10 mM vanadate for 90 seconds (n = 4), or 1 mM vanadate for 180 seconds
(n = 5).
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Figure 16. p-Hydroxyhippuric acid (100 µM) did not inhibit 54Mn2+ brain influx. Values are mean percentages of control with relative standard deviation
for 6 control or 7 treated animals.

Figure 17. Brain 54Mn2+ and 54Mn Tf uptake in paired Wistar, Belgrade +/b, and Belgrade b/b rats. Uptake of 54Mn2+ and 54Mn Tf into nine brain regions
was not lower in DMT1-deficient (b/b) rats. Left panel: 54Mn2+ in the perfusate. Right panel: 54Mn Tf in the perfusate. Results with 54Mn2+ are means ±
SEM from 7, 8, and 8 Wistar, +/b, and b/b rats, respectively. Results with 54Mn Tf are means ± SEM from 6, 8, and 6 Wistar, +/b, and b/b rats, respectively.
There were no statistically significant differences among rat strains for either Mn species.

bBMEC uptake studies, cyclopiazonic acid and thapsigargin
significantly increased Mn2+ uptake (Figure 22). 

Uptake of lactate into rat erythrocytes after 20, 60, and
300 seconds at 6�C averaged 0.32, 0.36, and 0.50 nmol/µL
cell volume. The addition of 2 mM pyruvate decreased lac-
tate uptake to 58%, 53%, and 90% of control after 20, 60,
and 300 seconds, respectively. In contrast, lactate uptake at

the same respective times averaged 128%, 102%, and 99%
of control in the presence of 5 mM Mn citrate and 146%,
107%, and 100% of control in the presence of 10 mM Mn
citrate. In contrast to the rapid uptake of lactate at 6�C, cit-
rate and Mn citrate uptake achieved only 0.05 and 0.04
nmol/µL cell volume after 60 minutes at room temperature
(data not shown). 
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Figure 18. Calcium, but not lanthanum, inhibited Mn2+ uptake into rat
brain. Mn2+ influx was determined at Ca concentrations of 0 mM (no Ca),
1.5 mM (control), and 9 mM (high Ca) and at 0 mM with 50 µM La3+

(La3+, no Ca). Values are means of Kin ± SEM for nine brain regions with n
= 5, 9, 4, and 4 animals for no Ca; control Ca; high Ca; and La3+, no Ca,
respectively. *Significant difference from control Ca. †Significant differ-
ence from no Ca. Both calculated by t test.

Figure 19. Calcium channel blockers did not inhibit Mn2+ influx. Values
shown are means ± SEM of Mn2+ uptake averaged from nine brain regions
per experiment from three to four animals per treatment. 

Figure 22. 54Mn2+ uptake was increased in response to Ca store depletion
by cyclopiazonic acid (CPA) and thapsigargin. Values shown are mean
percentages of vehicle-treated control uptake ± SEM for duplicate observa-
tions in 3 or 4 experiments. *Significant difference from control by t test.

Figure 20. Ni2+ increased Mn2+ influx into rat brain. Values are means of
Kin ± SEM for 6 (control) or 7 (1 mM Ni2+) experiments at 45 seconds and
5 (control) or 4 (1 mM Ni2+) experiments at 90 seconds. *Significant dif-
ferences from time-matched control. †Significant difference from Ni2+

treatment at 45 seconds. Both calculated by t test.

Figure 21. 54Mn2+ uptake into bBMECs was inhibited by Ni2+ (1 mM) but
not by La3+ (50 µm) or high Ca (9 mM). Values are mean percentages of
uptake ± SEM relative to control (1.5 mM Ca). *Significant difference from
control by t test.
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The uptake of 14C-citrate, Mn 14C-citrate, and Al
14C-citrate into b.End5 cells increased linearly over 4 hours.
The uptake rate of Mn citrate was similar to that of citrate
and less than that of Al 14C-citrate. The uptakes of 14C-citrate
and Mn 14C-citrate were approximately 170% and 185%
greater at pH 6.9 than 7.4, whereas Al 14C-citrate uptake was
not pH-dependent. Mn 14C-citrate uptake averaged 102% ±
16% and 109% ± 50% of 14C-citrate uptake, at pH 6.9 and
7.4, respectively (data not shown). 

In situ brain perfusion was conducted in five or six
Sprague Dawley rats with 54Mn citrate perfusate containing
2 µM quercetin or very low sodium. The results from all
brain regions were combined. Quercetin significantly
reduced Mn citrate uptake into brain (Figure 23), while low
sodium had no significant effect on Mn citrate uptake. 

DISCUSSION AND CONCLUSIONS

The work reported herein describes studies that address
several aims: to determine whether the chemical species of
Mn in the blood that are the primary candidates for distri-
bution into the brain through the BBB enter the brain by
processes other than diffusion; to determine whether Mn
distributes out of the brain by processes other than diffu-
sion; and if this is the case, to characterize, and ultimately
identify, the transporters that mediate Mn distribution
across the BBB. We focused on three Mn species for this
work: Mn2+ and Mn citrate, which are important 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

We used established methods to prepare a 1:1 complex
of Mn and citrate and a 1:1 complex of Mn and Tf. The
near-infrared results suggest that the Mn citrate complex
was formed. The studies of Mn in the presence of Tf
showed most of the Mn was not able to penetrate a mem-
brane in an equilibrium dialysis chamber, and the absor-
bance increased at 300 nm, suggesting we also successfully
prepared Mn Tf. When the free Mn2+ aquo ion and a suit-
able ligand such as citrate or Tf are mixed, one would
expect rapid formation of the Mn-ligand complex. This
would be expected based on a set of calculations provided
by Dr Wesley Harris (Appendix B). These calculations
show that equilibrium among Mn2+ and Mn complexes
with citrate, phosphate, histidine, albumin, cysteine,
oxalate, glutamate, and Tf will occur within seconds.

This rapid equilibrium among Mn2+ species suggests
very rapid formation of Mn citrate and Mn Tf. This also
explains the comparable toxicokinetic parameters of Mn
after intravenous administration of Mn2+ or Mn citrate
(Study 2) and the comparable Vbrain results obtained with
Mn2+, Mn citrate, and Mn Tf (Study 4), discussed later. 

CEREBRAL CAPILLARY DIFFUSION PERMEABILITY

In Study 1, the octanol/aqueous partition coefficients of
Mn2+, Mn citrate, and Mn Tf were found to be less than
0.001 (Table 2). These octanol/aqueous partition coeffi-
cients were used in calculations of PdiffusionS (product of
diffusion permeability and surface area) for the three Mn
species (Levin 1980). The PdiffusionS values for sucrose and
dextran were also calculated for comparison and to assist in
the interpretation of the results of this work. The PdiffusionS
values for the three Mn species and for sucrose and dex-
tran were similar and very small, suggesting that diffusion
of all three Mn species through the BBB would be very slow;
however, sucrose and dextran would be expected to diffuse
more rapidly through the BBB than Mn citrate and Mn2+ 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. Subtraction of brain
sucrose from brain Mn revealed Mn that entered the brain
by carrier-mediated uptake. This result is expressed as the
brain influx transfer coefficient (Kin). Our positive values
suggest carrier-mediated uptake. Sucrose and dextran
were coinjected with 54Mn for determination of brain Mn
efflux. If both Mn and sucrose or dextran distributed

Figure 23. 54Mn citrate influx at the BBB was inhibited by quercetin and
did not require Na. Values are the mean uptakes of nine brain regions ±
SEM for n = 5 (low Na) or 6 (control, quercetin) experiments.
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across the BBB from brain to blood (brain efflux) by dif-
fusion alone, their PdiffusionS values would suggest sucrose
and dextran would efflux from the brain faster than Mn. Over
time, the percentage of Mn remaining in the brain [referred to
as 100�BEI(%)] would increase relative to that of the
reference compound, sucrose or dextran. We found
increasing 100�BEI(%) values, suggesting the lack of carrier-
mediated brain Mn efflux.

Transferrin, a large protein with a molecular weight of
approximately 77 kDa, would not be expected to cross an
intact BBB in the absence of a carrier. TfR-mediated
endocytosis is a known Tf transport mechanism at the
BBB. Because the relation between octanol/aqueous parti-
tion coefficients, molecular weight, and diffusion across
the BBB was defined using low molecular weight com-
pounds, however, the relation may not directly indicate
the rate of Mn Tf diffusion across the BBB. 

Mn TOXICOKINETICS AFTER INTRAVENOUS 
INJECTION AND BRAIN–BLOOD RATIO

We determined the toxicokinetics of Mn in rats (Study
2) after an intravenous injection of MnCl2 or Mn citrate at
approximately 22% of the injected dose previously
studied (Zheng et al 2000). Whereas those authors
described clearance from two compartments, we were able
to characterize only the first 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
possible with a higher dose. The greater clearance and
shorter mean residence time we found (see Table 3) prob-
ably reflect the first of two or more phases, accounting for
their higher values compared to previous results (Zheng et
al 2000). Because Mn very rapidly respeciates, the similar
toxicokinetic results obtained after injection of MnCl2 and
Mn citrate probably reflect the equilibrium among all Mn
species formed in vivo. 

The steady-state Mn results in brain and blood extracel-
lular fluid determined using microdialysis are consistent
with greater Mn brain efflux than influx. Another interpreta-
tion is that unbound, extracellular, dialyzable Mn species in
plasma are not able to enter the brain, but the rapid respeci-
ation of Mn would not support this interpretation. Because
of the rapid respeciation of Mn expected in vivo, we could
not control Mn species in the rat 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 control of Mn species in the perfusate
within the brain because we could eliminate from the perfu-
sate the ligands that would cause respeciation of the intro-
duced Mn species (Mn2+, Mn citrate, and Mn Tf). The
results from the preliminary studies using microdialysis

were not supported by the results we subsequently obtained
using the more rigorous in situ brain perfusion and brain
efflux index methods. We concluded that the observation of
greater efflux than influx with microdialysis was not valid.

Mn BRAIN INFLUX

Influx Transfer Coefficients for Three Mn Species

In situ brain perfusion (Study 3) enabled determination
of the brain influx transfer coefficient (Kin) for Mn species.
The results obtained for Mn2+ are 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 technique. The influx rates of Mn2+, Mn
citrate, and Mn Tf were approximately 4-fold, 20- to 40-fold,
and 1- to 3-fold greater than their predicted rates of capillary
diffusion through the BBB, respectively. This is consistent
with the suggestion that Mn can enter the brain by mecha-
nisms other than diffusion. At least two mechanisms have
been described: TfR-mediated endocytosis and another
mechanism mediating brain influx of Mn2+ (Murphy et al
1991; Aschner and Gannon 1994). This influx was indepen-
dent of flow rate, showing Mn brain uptake was not rapid
enough to be limited by the rate of perfusate flow through
the brain. 

The present work is unique in that it examined Mn brain
uptake with control of its chemistry. Several studies previ-
ously estimated carrier-mediated brain uptake of Mn that
was administered systemically as the ion (Aschner and
Aschner 1990; Murphy et al 1991; Rabin et al 1993; Aschner
and Gannon 1994), but rapid respeciation of 54Mn con-
founded the identity of the transported Mn species. Further-
more, administration of Mn in buffered solutions allows
formation of Mn complexes with HCO3

�, SO4
2�, and

H2PO4
�, which have log stability constants of 0.45, 0.7, and

3.2, respectively, for their 1:1 complex formation (National
Institute of Standards and Technology 1995). The present
study excluded all anions except chloride in the uptake
studies of 54Mn2+; chloride and citrate in those of 54Mn cit-
rate; and chloride, Tf, and bicarbonate in those of 54Mn Tf.

Our results agree with earlier reports suggesting carrier-
mediated transport of Mn at the BBB (Murphy et al 1991;
Rabin et al 1993). The predicted diffusion rates of Mn2+,
Mn citrate, and Mn Tf are slightly less than those of
sucrose and dextran (Table 2), which are considered to
very slowly distribute across the BBB. 54Mn2+, 54Mn cit-
rate, and 54Mn Tf entered the brain more rapidly than pre-
dicted by diffusion and more rapidly than sucrose,
suggesting carrier-mediated transport. Brain influx transfer
coefficients (Kin values), which represent brain uptake in
excess of that predicted by diffusion, were all positive.
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Choroid plexus influx values were more than 10-fold
greater than overall brain influx values, a finding consis-
tent with suggestions that the choroid plexus rapidly
sequesters metals (Zheng et al 1991; Zheng 2001).

Previous studies suggested the rate of brain uptake of
Mn ion would greatly exceed that of Mn Tf. We found
more rapid uptake of Mn2+ than Mn Tf but not the 62-fold
greater rate from an unsaturated system than a saturated,
protein-bound form that was previously suggested
(Murphy et al 1991). Furthermore, Mn uptake decreased
70% in the presence of Tf (Rabin et al 1993). This corre-
sponds to a 3-fold greater Mn influx of Mn2+ than Mn Tf,
which is also consistent with our results.

When the 54Mn2+ uptake rate into the parietal cortex
reported here is compared with that previously reported in
other perfusates, the influx transfer coefficient in the
present work is twice the value reported for 54Mn in whole
blood and two thirds the value reported for buffered saline
(Rabin et al 1993). The influx values determined using the
in situ brain perfusion technique are less than those
reported for the cerebral cortex with the infusion model
(Murphy et al 1991; Rabin et al 1993). To some extent,
these differences may be due to rapid respeciation of Mn to
Mn citrate with the infusion model, compared to the lack
of respeciation expected using the in situ brain perfusion
technique with cell-free and protein-free perfusate. 

Mn Influx into Specific Brain Regions

The regional differences in Mn brain influx were exam-
ined in the context of function and pathology. Greater Mn
influx into specific brain regions may correlate with greater
expression of a carrier or a greater requirement for Mn. The
astrocyte-specific enzyme glutamine synthetase accounts
for approximately 80% of the total brain Mn (Wedler and
Denman 1984). Areas of high astrocyte density include the
hypothalamus and hippocampus, with low astrocyte den-
sity in the cerebral cortex, neostriatum, midbrain, medulla
oblongata, and cerebellum (Savchenko et al 2000). The rel-
atively high influx rates for Mn2+ (hippocampus) and Mn
citrate (thalamus/hypothalamus) support a correlation, but
the high influx despite low astrocyte density in cortical
regions for Mn2+, Mn citrate, and Mn Tf and in the cere-
bellum for Mn citrate decreases the strength of the putative
correlation. In manganism, the caudate and basal ganglia
accumulate more Mn than other brain regions. In our
results, the influx transfer coefficients for Mn2+, Mn citrate,
and Mn Tf were lower in these regions than in most other
regions. A lower Mn influx rate in these susceptible regions
may indicate a neuroprotective mechanism. 

Results of the capillary enrichment method suggested
92%, 90%, and 75% of the 54Mn 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 perfusate
in blood as a result of diffusion and equilibrium between
the two brain compartments would result in 0.1% of Mn in
the brain endothelial cells because they represent approx-
imately 0.1% of brain volume (Pardridge 2003). Total Mn
concentration in the brain endothelial cell and brain
parenchymal compartments represents Mn in bulk brain,
as collected after in situ brain perfusion with Mn2+, Mn
citrate, or Mn Tf. To model this system, the Mn concentra-
tion found in bulk brain was set to 100% after perfusion
with each of the three Mn species. The mass transfer of Mn
into bulk brain followed the same scheme as results for
comparison of influx transfer coefficients versus diffusion
rates (eg, Mn citrate > Mn2+ > Mn Tf). The ratio of Mn in
the brain endothelial cell to that in brain parenchyma was
based on the results of our capillary enrichment studies. 

The similar ratios of brain endothelial cell Mn concen-
tration to brain parenchymal Mn concentration for Mn2+

and Mn citrate suggest a similar rate of Mn distribution
from the brain endothelial cells to the brain parenchyma.
This would be expected because Mn released into brain
endothelial cell cytoplasm from the carrier that imports it
into these cells would be expected to very rapidly respe-
ciate (association rate, approximately 106/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 irrespective of the Mn spe-
cies taken up into the cells. Therefore the more rapid
uptake of Mn citrate into the brain can be attributed to
more rapid uptake of this Mn species into the endothelial
cell. The greater percentage of Mn in brain endothelial
cells after uptake of Mn Tf can be attributed to the longer
time required to form the endosome around the Mn Tf–TfR
complex, decrease the pH within the endosome to free Mn
ion, and transport it out of the endosome into the cyto-
plasm. We interpreted these results to suggest that Mn2+

and Mn citrate enter the brain by different carriers, or by
the same carrier at different rates. 

Mn Tf Brain Uptake

The influx of 54Mn Tf exceeded its predicted rate of
brain entry by diffusion into only one brain region, the
pons/medulla. However, we did not conclude that Mn Tf
enters the brain via diffusion. Mn Tf can enter the brain via
TfR-mediated endocytosis (Aschner and Gannon 1994;
Aschner et al 1999). In our study Mn Tf uptake was not sig-
nificantly greater than the uptake rate predicted for a diffu-
sion-mediated process into most brain regions (shown in
Table 4). This may reflect two practical limitations of these
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experiments: (1) the linear relation between lipophilicity
and molecular weight versus BBB permeability (Levin
1980) may not apply to molecules as large as Mn Tf; and
(2) endocytosis is a slow process relative to movement via
ion channels and nutrient carriers. The higher fraction
(25%) of 54Mn Tf associated with the endothelial cells, rel-
ative to Mn2+ and Mn citrate, may reflect the slow rate of
TfR-mediated endocytosis, determined for iron to be
2.5 molecules/min for each receptor (Cole and Glass 1983;
Bradbury 1997). Brain regions found to have higher Mn Tf
influx rates generally have moderate to high TfR density
(Hill et al 1985). The Tf-dependent route of Mn brain entry
appears to play a limited role in total Mn uptake (Takeda et
al 2000; Malecki 2001).

Mn2+ and Mn Citrate Brain Uptake 

We found that Mn citrate transfer coefficients at the BBB
were greater than those predicted for Mn citrate diffusion.
Our data are the first evidence that transport of Mn citrate
at the BBB is facilitated by some mechanism. Furthermore,
the transfer coefficients for Mn citrate are generally higher
than those for Mn2+ determined in the present study (Table
4) and previous experiments (Murphy et al 1991; Rabin et
al 1993). Our infusion experiments found brain Mn2+

influx from blood to be faster than that reported from
saline or blood using in situ brain perfusion (Murphy et al
1991; Rabin et al 1993). From the onset of infusion to ini-
tial sampling, the 54Mn had sufficient time (20 minutes) to
enter blood cells or change chemical species by binding to
plasma proteins or low molecular weight ligands,
including citrate. The total uptake of all 54Mn species was
greater than the uptake of 54Mn2+ (Rabin et al 1993). This
and the present work suggest that Mn bound to low molec-
ular weight ligands in plasma can enter the brain 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 variability of Mn citrate data
and the correction for multiple comparisons, we detected
two regions (occipital cortex and thalamus/hypothalamus)
with faster uptake of Mn citrate than Mn2+. These different
rates may be due to different affinities for the same carrier
system, or they may result from different carriers medi-
ating Mn2+ and Mn citrate brain uptake. 

Differences between Mn2+ uptake and Mn citrate uptake
were suggested in experiments using 55Mn2+, which inhib-
ited the influx of 54Mn2+ even though the results did not
show a concentration-dependent inhibition across the
106-fold concentration range studied. In four brain regions
the influx was not inhibited by any tested concentration of
55Mn2+. The highest tested concentration exceeded normal

serum Mn concentrations by 500,000-fold (Keen et al
2000). Similar studies of Mn citrate showed 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 these 55Mn concentrations
because 108 nM Mn would significantly affect the osmo-
larity of the perfusate. These results agree with the
description of a nonsaturable component of Mn2+ uptake
from blood (Murphy et al 1991). 

Mn Brain Influx Modeling

All of the brain regions tested in the in situ brain perfu-
sion studies were fit best, for at least one Mn species, by an
equation with one Michaelis-Menten (facilitated transport)
term and a nonsaturable (diffusion) term. The Km values
generated were at the upper end of the concentrations
tested, however, and must be regarded in a qualitative
manner only. The caudate region of the brain, which is rel-
evant in the pathology of manganism, produced Km values
near or below the highest Mn concentration tested for both
Mn species. Although the Km values were significantly dif-
ferent for Mn2+ and Mn citrate (see Table 6), the magni-
tudes of these values (> 106 nM) are so great that they are
not physiologically relevant. In the caudate, the Vmax
values of Mn citrate and Mn2+ were significantly different.
This is evidence that, in at least one brain region, Mn2+

and Mn citrate have different influx carriers or different
affinities for the same carrier.

That Mn citrate plays an important role in brain Mn
influx becomes more apparent when one considers Mn
speciation in blood relative to Mn2+ and Mn citrate influx
rates. Thermodynamic modeling suggests that 40% of Mn
available to cross the BBB is in the form of the hydrated
ion, while about 15% is Mn citrate. With about one third
the concentration and with an uptake rate three times
faster (40 versus 13 � 10�5 mL/sec/g in the parietal
cortex), Mn citrate total influx (J) is comparable to Mn2+

influx. It appears that Mn citrate is a major species of Mn
that enters the brain.

Mn BRAIN EFFLUX

The brain efflux study (Study 4) attempted to quantify
the rate of Mn efflux across the BBB from brain to blood
using established methods (Kakee et al 1996). The rate of
brain efflux (Kout) is calculated from the volume of distri-
bution of Mn species in the brain(Vbrain) and the rate of
disappearance of the test substance from the brain after its
discrete microinjection (Kel), which is determined from
the brain efflux index. However, 100�BEI(%) increased
over time after microinjection of Mn2+ and Mn citrate, pre-
venting calculation of Kel, and therefore Kout. The results
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of the Vbrain determinations and brain efflux index studies
are individually discussed. 

The extracellular space of the brain slice can be esti-
mated from the 14C-sucrose results of the Vbrain determina-
tions extrapolated to time zero. This was found to be
0.15 mL/g, comparable to the 0.13 mL/g reported with
14C-inulin (Hosoya et al 2000). The Vbrain for sucrose in our
studies was 0.057 mL/g. This is reasonable when compared
to the vascular volume of the brain, which is about 3%, and
brain extracellular fluid volume, which is about 10%.
Sucrose would be expected to rapidly diffuse into blood
vessels and the extracellular space but not to rapidly
achieve equilibrium in these compartments. 

Uptake of Mn2+, Mn citrate, and Mn Tf into parietal cor-
tical brain slices was concentrative for all three Mn species.
The volume of distribution was greater than the whole-rat
total volume of distribution (Zheng et al 2000), consistent
with a report that Mn accumulates in the brain from blood
(Gianutsos et al 1985). Previous studies of uptake into brain
slices revealed a plateau (steady state) for 3-O-methyl-D-
glucose of 0.78 mL/g (Kakee et al 1996) and for p-aminohip-
purate at approximately 60 minutes of 0.8 mL/g (Kakee et
al 1997). Concentrative uptake into brain slices was seen
with estrone-3-sulfate, L-aspartate, estrone, dehydroepi-
androsterone, and GABA, which reached steady-state
Vbrain values of 1.1, 2.5, 3.3, 4.7, and 26 mL/g at approxi-
mately 30, 10, 30, 60, and 60 minutes, respectively (Hosoya
et al 1999, 2000; Asaba et al 2000; Kakee et al 2001). L-
Glutamate appeared to be reaching a steady state of
13 mL/g at 120 minutes (Hosoya et al 1999). However, D-
aspartate brain slice uptake was linear for 120 minutes,
reaching a Vbrain of 59 mL/g, but not a steady state (Hosoya
et al 1999). The uptake of Mn2+, Mn citrate, and Mn Tf was
intermediate to these results, approaching a steady state of
approximately 3 to 5 mL/g after 45 to 120 minutes. The
uptake of Mn citrate does not appear to be driven by its use
as a source of citrate for the citric acid cycle or to be ATP-
dependent, as it was not affected by the aconitase inhibitors
aconitine, monofluoroacetate, and oxalomalate or the res-
piratory inhibitor sodium azide. The accumulation of Mn
in the brain slice may be due to its association with
enzymes such as glutamine synthetase in astrocytes.

After coinjection of 54Mn or 54Mn citrate and sucrose or
dextran into the brain for the brain efflux index determina-
tions, the Mn-sucrose or Mn-dextran ratio increased over
time, indicating that Mn was distributing out of the brain
more slowly than the reference compound. Sucrose and
dextran distribute very slowly out of the brain across the
BBB by diffusion. Our calculations suggest sucrose and
dextran diffuse out of the brain more rapidly than Mn. The

slightly increasing 100�BEI(%) Mn values over time are
consistent with the slightly slower diffusion efflux of Mn
from the brain than sucrose or dextran. These results sug-
gest brain Mn efflux is mediated by diffusion. This novel
observation is consistent with brain Mn accumulation
during repeated or continuous exposure.

Although there are no previous reports of an increase of
100�BEI(%) over time, it has been concluded that there
was no brain efflux of L-glucose after 20 minutes, oct-
reotide after 60 minutes, or D-aspartate after 20 minutes
(Kakee et al 1996; Kitazawa et al 1998; Hosoya et al 1999).
The results for octreotide were not shown. A best fit of the
100�BEI(%) results obtained with L-glucose up to 20 min-
utes after its coinjection into the brain with inulin would
probably result in a positive slope (Kakee et al 1996). L-
Glucose would be expected to diffuse from brain to blood
slightly more slowly than inulin (PdiffusionS = 9.4 and 12 �
10�5, respectively), which should produce a positive slope
for 100�BEI(%). D-Aspartate would also be expected to
diffuse across the BBB more slowly than inulin (PdiffusionS
was calculated to be 0.4 � 10�5, based on a log Do/a =
�6.5) (Advanced Chemistry Development 2002).

The 100�BEI(%) values after the injection of Mn2+ and
Mn citrate into the brain were similar. After injection into
the brain, it is expected that Mn2+ and Mn citrate would
rapidly equilibrate to the same species. Dr Wesley Harris
used the composition and concentration of ligands in cere-
brospinal fluid to calculate these species: Mn2+ aquo ion
represented 56% of total Mn; Mn(citrate) and Mn(H�1 cit-
rate) together represented 20%; and Mn phosphate repre-
sented 15%, with the balance as other species.

Although TfRs have been found at both the luminal and
abluminal surfaces of brain endothelial capillaries (Huw-
yler and Pardridge 1998), their role in the efflux of metals
from the brain has not been well studied. Brain efflux of Tf
was recently demonstrated, after its injection into the
brain, using the brain efflux index method (Zhang and Par-
dridge 2001). However, the mammalian brain extracellular
fluid concentration of Tf is very low (< 0.25 µM), which is
less than 1% of its concentration in blood plasma. Further-
more, it has been suggested that the Tf in brain extracel-
lular fluid may be saturated with iron, leaving no available
binding sites for Mn (Bradbury 1997). The lack of Mn
binding sites on Tf in brain extracellular fluid suggests
TfR-mediated endocytosis may not contribute to brain-to-
blood Mn transfer. As Tf is believed to play only a minor
role in brain Mn influx from blood to brain, it would not be
expected to play an important role in brain Mn efflux to
blood. For these reasons, the brain efflux index of Mn after
Mn Tf injection into the brain was not determined. 
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CHARACTERIZATION OF Mn 
TRANSPORTERS AT BBB

Prior to Study 5, some potential carriers for Mn2+ and Mn
citrate had been predicted from the knowledge of trans-
porter systems at the BBB. A review of the carriers at the
BBB (Table 1) suggested that the most likely candidates for
mediating transport of Mn2+ across mammalian membranes
were DMT-1 and one or more members of the ATP-binding
cassette (ABC) superfamily. DMT-1 serves as a high-affinity
non-Tf-bound Fe membrane transporter (Garrick et al 1999)
with nonselective affinity for Mn2+, Co2+, Fe2+, Ni2+, Cu2+,
Zn2+, and Cd2+ (Knöpfel 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 to predict. At the dilute Mn and citrate con-
centrations and pH (7.4) of the in situ brain perfusion
studies, they would be expected to remain as a 1:1 Mn cit-
rate complex (Glusker and Carrell 1973; Amico and Daniele
1979), as shown in Appendix A. Each citrate ion forms a
tridentate complex with Mn involving the hydroxyl group
and two terminal carboxylates, leaving a noncoordinated
central carboxylate (Glusker and Carrell 1973; Amico and
Daniele 1979; Gregor and Powell 1986) that may serve as
the recognition moiety of Mn citrate for an organic anion
transporter or a monocarboxylate transporter. Candidates
for transport of Mn citrate were thought to include mono-
carboxylate transporters or members of the organic anion
transporter polypeptide (Oatp) or ABC superfamilies. 

Mn2+ uptake into bBMECs was linear from 10 to 120
minutes. Uptake was also concentrative, providing evi-
dence of a carrier-mediated process of brain Mn uptake.
The increased Mn2+ uptake in the presence of reduced
hydrogen ion concentration is not consistent with DMT-1
being the sole mediator of brain Mn uptake. The brain
uptake of Mn2+ was sodium-independent, suggesting the
uptake carriers do not utilize 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
inhibits choline uptake at the BBB (Lockman et al 2001).
The authors suggested that the choline transporter may be
involved in brain Mn uptake. Choline uptake has been
described to be sodium-independent (Allen and Smith
2001). We did not find reduction of Mn uptake in the pres-
ence of reduced sodium 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 interesting commonality 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 uptake process. Although the basis

of any interaction between Mn and choline is unclear, it is
clear that Mn2+ uptake at the BBB is sodium-independent.
Further work will be necessary to test the hypothesis for-
warded by Lockman and coworkers (2001) that the choline
transporter mediates Mn uptake. 

Despite indications in cell culture work, results of addi-
tion of vanadate to the in situ brain perfusate did not sup-
port a role of ATPases in Mn2+ uptake at the BBB. Although
vanadate, an inhibitor of ATPases, inhibited Mn2+ influx
into bBMECs, it did not inhibit brain Mn2+ uptake. Nor was
brain Mn uptake inhibited by ouabain, showing Mn2+

uptake to be independent of Na+/K+-ATPase. p-Hydroxy-
hippuric acid, a relatively selective Ca2+-ATPase inhibitor,
did not inhibit Mn2+ uptake into brain, providing further
evidence of lack of a role for Ca2+-ATPase.

Rats that do not express a functional form of 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 Belgrade rats than in their +/b litter-
mate or control (Wistar) rats. The lack of significant differ-
ences in Mn2+ or Mn Tf uptake among the three groups in
the absence versus presence of cerebrovascular washout
and in Mn associated with the brain endothelial cells
shows that the absence of DMT-1 function did not affect
brain Mn uptake. These results suggest that the DMT-1 is
not essential for brain Mn uptake. These results were not
expected. The lack of difference between b/b Belgrade rats
and +/b littermates in brain Mn uptake suggests the lack of
an essential role of this DMT-1-mediated process in the
endosome. Mn uptake into a human erythroleukemia cell
line (K562 cells) was inhibited in pH 7.4 media in the pres-
ence of a DMT-1-blocking antibody (Conrad et al 2000).
This suggests DMT-1 may mediate Mn transport at blood
pH into this transformed cell line. However, DMT-1 does
not appear to play a major role in Mn uptake into the brain.

 Fe2+ did not significantly inhibit uptake of Mn2+ into
the brain of Sprague Dawley rats, using the in situ brain
perfusion technique. To the contrary, the nonsignificant
trend was that Fe increased, rather than decreased, Mn
uptake. The conclusion that DMT-1 is not essential for
brain Mn uptake is consistent with the lack of inhibition of
Mn2+ uptake by Fe. These results do not provide evidence
that brain Mn2+ uptake is mediated by a carrier that trans-
ports both Fe and Mn into the brain, such as DMT-1, unless
the Vmax of the uptake transporter is much larger than the
concentrations of Fe and Mn tested. 

The results with calcium uptake modulators suggest a
possible role for store-operated calcium channels in Mn
uptake. This is consistent with the proposed uptake of Mn
from the gastrointestinal tract by processes that mediate cal-
cium uptake (Leblondel and Allain 1999). The concentra-
tion-dependent effect of calcium on Mn uptake (Figure 18)
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suggests calcium plays an active role in Mn uptake, either as
a competitive inhibitor at the transporter site or as a non-
competitive inhibitor at any number of sites. Cyclopiaz-
onic acid and thapsigargin, which cause release and
depletion of calcium stores and thereby activate store-
operated calcium channels, also increased Mn2+ uptake by
1.8-fold and 1.7-fold, respectively, over vehicle-treated
control uptake. In the same cell type, lead uptake was
increased by 1.7-fold or 2.1-fold over vehicle control after
treatment with cyclopiazonic acid or thapsigargin, respec-
tively (Kerper and Hinkle 1997a). Nickel inhibits calcium
flux through plasma membrane channels and is not spe-
cific to the store-operated channel. Treatment with nickel
also inhibited Mn uptake into bBMECs, consistent with a
role for calcium channels 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 45 and 90 seconds. The effect
at 90 seconds was greater than the influx at 45 seconds,
which implies an early activation of Mn transport. This
activation must be short-lived to produce the net decrease
in Mn uptake after a 30-minute incubation in bBMECs.

The results with the calcium channel blocker lan-
thanum (La3+) do not suggest a role of store-operated cal-
cium channels in Mn uptake. The cell culture studies
failed to show any effect on Mn uptake due to La3+. In ani-
mals, La3+ significantly increased Mn uptake more than
3.7-fold compared to control. We were unable to find other
reports of La3+ activation of a transporter or carrier. A
slight, nonsignificant increase in Mn uptake with La3+

treatment is consistent with the hypothesis that calcium
channel blockers cause a fast but transient activation of a
Mn transporter that is not inhibited by La3+. An alternative
explanation is that the inhibitors were not effective in
blocking calcium pathways, which we did not directly mea-
sure. To examine the relation of Ca and Mn at the BBB, we
are currently conducting experiments to follow influx of
both 45Ca and 54Mn in the presence of calcium channel
inhibitors and activators. If 45Ca is unaffected by the inhibi-
tors or activators, then the early activation is a specific
response of Mn transporters to the presence of the inhibitors
or activators. If the calcium influx is affected as predicted
(decreased by inhibitors, increased by activators), then the
early increase in Mn influx may occur as a homeostatic
mechanism to restore calcium or divalent charges within
the cell. If calcium influx increases in response to 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 experiments are vital to understand the
nature of the interaction of Ca and Mn uptake at the BBB. 

Mn citrate did not serve as a substrate for the MCT1 or
band 3 (anion exchange) transporters. Mn citrate did not
inhibit lactate uptake into erythrocytes under conditions in
which pyruvate, a monocarboxylate transporter substrate
and therefore an inhibitor of lactate uptake, inhibited
uptake by approximately 50%. These results suggest the
lack of ability of Mn citrate to serve as a substrate for the
monocarboxylate transporter at low millimolar concentra-
tions. Mn citrate uptake by rat erythrocytes was not signifi-
cant after 60 minutes at room temperature. These results
suggest that Mn citrate does not serve as an effective sub-
strate for either the MCT1 or anion exchange transporter.

One shortcoming of the use of pharmacologic agents, as
in the present work, is their lack of specificity. However,
studies in cell lines and primary cultures were usually com-
pleted in conjunction with animal studies. In other cases,
two or more agents modulating the same carrier system
were used to increase confidence in the conclusion that the
effect, or lack of effect, could be attributed to the carrier
being studied. Conclusions were drawn from more than a
single probe or technique. The use of broad-spectrum inhib-
itors can be advantageous. For instance, quercetin inhibi-
tion of Mn citrate uptake 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 factor in the characterization of the
carriers mediating transport of substances across the BBB
is that only about 50% of the functional BBB transporters
have been discovered, according to one recent estimate
(Pardridge 2003). The specific carriers mediating Mn
transport across the BBB may be among those that have not
yet been identified. 

IMPLICATIONS OF FINDINGS

The results show evidence of carriers that mediate the
influx of Mn2+, Mn citrate, and Mn Tf into the brain. Each
of these three Mn species is present in blood plasma.
These carriers would increase the rate of brain Mn entry
over that provided by diffusion. This might provide ben-
efit if the brain required further Mn, an essential element
(eg, when blood Mn levels are low). However, these car-
riers might mediate excessive brain Mn in the presence of
elevated blood Mn, as might result from increased Mn
exposure to environmental or other sources. 

The results suggest that diffusion mediates brain Mn
efflux. In light of carrier-mediated brain influx, but not
efflux, repeated excessive Mn exposure would be antici-
pated to result in brain Mn accumulation over time. Obser-
vations in animals and humans confirm that Mn persists in
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the brain for some time. If this persistence is paired with
repeated or continuous Mn exposure, one would expect to
see increasing brain Mn concentrations over time. This has
been observed in animals (Gianutsos et al 1985). Similarly,
human brain Mn concentration rose from 0.15 µg/g wet
brain weight in human infants to 0.26 µg/g wet brain
weight in adults. The highest concentrations were in the
basal ganglia, the site of Mn-induced neurotoxicity
(Markesbery et al 1984). 

The results indicate that brain Mn2+ uptake is not medi-
ated by MCT1 or the anion exchange transporter. It nega-
tively correlated with proton availability, suggesting a role
for another ion in the brain Mn uptake process. Mn2+ brain
uptake is not directly dependent on a source of ATP and is
not inhibited by Fe or ATPase inhibitors. Brain Mn uptake
appears to be mediated by an electromotive force. The
transporters responsible for this uptake have not yet been
identified. Further work must be conducted to identify the
carriers responsible for Mn influx. 
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APPENDIX A. TECHNICAL PROCEDURES

PREPARATION AND MEASUREMENT OF Mn 

Mn Citrate

We prepared Mn citrate by conditions reported to pro-
duce a 1:1 complex of Mn citrate: that is, incubation of
54MnCl2 or 55MnCl2 with a 10% molar excess of Na3 citrate
for 1 hour at 37�C (Pavlinova and Shnarevich 1960;
Schnarevich 1963). The citrate ion rapidly complexes with
Mn. Near-infrared spectra of citric acid and Mn citrate we
produced were compared by Dr Robert 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 OH groups of citric acid that are
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predicted to interact with Mn to form Mn citrate (Figure
A.1). Those OH groups are the central hydroxyl group and
components of the two terminal carboxylates. He then ana-
lyzed the difference spectrum for citric acid versus Mn cit-
rate. The attenuation at 1950, 2075, and 2300 nm suggested
that Mn citrate preparation differed from the citrate at these
positions (Figure A.1). These results imply interaction
between Mn and citrate at those three positions. 

Mn Tf

Tf has two Mn binding sites. To maximize Mn binding to
Tf, 54MnCl2 or 55MnCl2 and apo-Tf, in a ratio of Mn to
metal-binding sites of 3:4, were incubated in 15 mM
HCO3

� for 1 hour at 37�C. Carbonate was introduced as
NaHCO3 because it was shown to be necessary to form the
Tf metal complex (Trapp 1983). Evidence of Mn Tf com-
plex formation included (1) increased UV absorbance at
300 nm after incubation and (2) reduction of the ability of
Mn to pass through a membrane with a 10-kDa molecular
weight cutoff, as follows.

Demonstration of Mn Tf Formation Carbonate has been
shown to be necessary for the formation of Tf metal com-
plexes in vitro. The UV absorbance increase of a Tf solution
has been shown to indicate that Tf is binding the metal
(Trapp 1983). Therefore an increase in the UV absorbance of
Tf in the presence of 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 HCO3

� concentration above 15 mM? To dem-
onstrate production of Mn Tf, combinations of 37.5 µM Mn,
25 µM Tf, and 15, 30, or 60 mM NaHCO3 were introduced
into a microcentrifuge tube at pH ~8.0 and incubated at 37�C
for 1 hour (Table A.1). UV absorbance of these solutions was
measured over the range of 240 to 400 nm. A characteristic
Tf peak, in the absence of Mn, occurred at approximately
290 nm. In the presence of Tf and Mn and 15 mM HCO3

�,
UV absorbance increased with a peak at 300 nm (Figure
A.2). Increasing the HCO3

� concentration above 15 mM did
not further increase absorbance (data not shown).

Demonstration and Quantification of Mn Tf 
Formation The ability of Mn to pass through a filter was
initially assessed using Amicon Centrifree devices that
have membranes with a 30-kDa molecular weight cutoff.
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 the ultrafil-
trate). Three sets of duplicate devices were loaded with Tf
in 15 mM HCO3

�, Mn2+ as MnCl2, or Mn Tf in 15 mM
HCO3

�. A sample of each loading solution was retained.
The devices were centrifuged at 3000g for 5 minutes to

generate the ultrafiltrate (liquid that had passed through
the membrane). The ultrafiltrate and the loading solutions
were analyzed to quantitate Mn. However, we did not find
the devices to be satisfactory as we could not obtain mass
balance of Mn. Evidently a significant fraction was
adsorbing to the device. 

To quantitate the fraction of Mn bound to Tf and deter-
mine the cause of Mn loss in the Centrifree devices, we uti-
lized equilibrium dialysis. Equilibrium dialysis experiments
were performed in a two-chambered Plexiglas apparatus.

Figure A.1. Difference of near-infrared spectra of citric acid and Mn cit-
rate, produced in an oxygen-containing environment. The spectral dif-
ference indicates the changes in functional groups of citrate due to its
binding with Mn.

Table A.1. Conditions Tested to Confirm Mn Tf
Complex Formationa

Trial  Mn Tf
HCO3

�

(mM)

1 � � �
2 + � �
3 � + �

4 � � 15
5 + � 15
6 � + 15
7 � + 30

8 + + 15
9 + + 30

10 + + 60

a  Minus (�) denotes not included; plus (+), included. Mn included at 
37.5 µM Mn2+ as MnCl2; Tf included at 25 µM as human apotransferrin; 
and HCO3

� = NaHCO3.
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The capacity of each chamber was 0.5 mL. A presoaked
Spectrapore cellulose membrane, with a 10-kDa molecular
weight cutoff, 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 HCO3

�, at pH 7.4). In one
chamber the solution also contained 55Mn Tf solution, pre-
pared as 37.5 µM Mn2+ (from MnCl2) and 25 µM Tf, or
Mn2+ alone. The solutions were incubated at 37�C. Mn
concentration was determined in both compartments by
ETAAS. The results indicated that 81% of the total 55Mn
was associated with Tf and 19% was not. 

Mn Determination by ETAAS 

The atomic absorption system consisted of an electro-
thermal atomic absorption spectrophotometer (Perkin
Elmer 4100 AL) coupled to an AS-70 autosampler. Samples
were diluted in a modifier containing 2.4 mM Pd, 6.2 mM
Mg, and 0.2% HNO3 prior to analysis at 279.5 nm. 

IN SITU BRAIN PERFUSION TECHNIQUE 

The unidirectional influx transfer coefficient (Kin) of
Mn2+, Mn citrate, and Mn Tf was determined using the in
situ brain perfusion technique (Takasato et al 1984). To
acquire this technique, 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 minimize 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 Mg2+) were used in the
preparation of the fluid for in situ brain perfusion studies.

The perfusate did not contain phosphate or carbonate, to
avoid formation of Mn carbonates or phosphates, thereby
maintaining Mn2+ as the free ion when introduced as MnCl2.
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 15 mM
NaHCO3, to ensure maintenance of the Mn Tf complex.
MnCl2, Mn citrate, and Mn Tf were administered as carrier-
free 54Mn, 5 µCi/mL (5 to 12 nM 54Mn, with 8 to 4400 nM
55Mn, depending on specific activity of each 54Mn stock).

Perfusates also contained 1 µCi/mL 14C-sucrose (0.2 µM)
as a marker of the intravascular volume of the brain sam-
pled and diffusion through the BBB. Sucrose does not
appreciably diffuse from the cerebral vasculature across
the intact BBB into the brain during the course of these
studies (Takasato et al 1984). A significant increase of
sucrose in brain samples indicated damage to the BBB.
Results in such cases were not included in data analysis.
This perfusate is not well buffered and is therefore very
sensitive to pH changes. It was indicated that the BBB
withstands variation in isosmotic perfusate composition
as long as the pH remains between 7.0 and 7.5 (Smith
1996). Great care was taken to ensure the final pH was
within this pH range prior to its use. Each solution was
prepared by mixing salts, glucose, water, and radioiso-
topes (with citrate or Tf, as indicated). The solution was
incubated at 37�C for at least 1 hour before bubbling 2 min-
utes with 5% CO2 in air. The pH was adjusted to 7.4 ± 0.1,
and the solution was returned to the 37°C water bath until
being loaded into the syringe just before its use. Perfusates
were prepared on the day of the experiment. 

For the studies using in situ brain perfusion to further
pursue the results of the bBMEC studies, the perfusate salt
concentrations were changed to more closely model the

Figure A.2. Mn binding to Tf increased absorbance, with a peak at 300 nm. (A) Absorbance in the presence of Tf alone (�) and in the presence of Mn, Tf,
and 15 mM HCO3

� ( ). The difference between the presence of both Mn and Tf versus Tf alone is shown as (�) and in panel B. (B) The difference spec-
trum. Note a change in the y-axis scale compared to panel A. 
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uptake media from the bBMEC studies. A buffer was used to
maintain the solution pH. The perfusate contained the fol-
lowing components (concentration in mM): Na+ (122), K+

(4.2), Ca2+ (1.5), Mg2+ (0.9), Cl� (131), HEPES (10), and glu-
cose (10). 54Mn2+ was present at approximately 1 µCi/mL (5
to 12 nM 54Mn with a 55Mn concentration of 360 nM).

RADIOACTIVITY ASSAYS

Tissue Preparation

The brain sections were weighed and � radiation was
counted for 54Mn. We found that ScintiGest could not be
used to solubilize the brain samples for 14C determination
because the volume required was prohibitively large. There-
fore we used 10% piperidine and a biodegradable scintilla-
tion fluid (BioSafe II; Research Products International,
Mount Prospect IL). A quench curve for 54Mn was produced
including the ratio of piperidine to scintillant that was used
for the brain tissue. A quench curve for 14C did not reveal
any effect of piperidine on 14C counts per minute (cpm).
The brain tissue was dissolved in 10% piperidine at 55�C
overnight. The samples were then diluted to approximately
1:10 v/v with biodegradable scintillation fluid and counted
for 14C determination in borosilicate glass vials. An aliquot
of the injected solution was similarly analyzed.

54Mn Determination 
54Mn was determined in brain tissue and perfusates

using a � counter (Packard model A5550:Minaxi Auto with
a counting efficiency of 16.8% or Packard Cobra II model
with a counting efficiency of 17.8%). Samples were
counted for 2 minutes at 750 to 1090 keV. The peak energy
for 54Mn occurs at 838 keV. 

14C Determination

A quench curve to define the effects of 1% piperidine on
54Mn counting in the window of 6 to 156 keV was deter-
mined in the LSC (Packard Tri-carb 2200 CA). Piperidine
(10%) was used as the brain digestion medium, and a 1:10
dilution of the digestion medium was made with scintilla-
tion fluid. After LSC energy window optimization and
quench curve construction, calculations that included fac-
tors for nuclide counting efficiencies indicated that a
54Mn/14C ratio of no more than 2:1 could be used to ensure
that less than 10% of the counts within 6 to 156 keV in the
LSC would be due to 54Mn. This 54Mn/14C ratio is lower
than those in published reports. It is unclear to us how
other authors overcame this problem.

Optimization of Radioactivity Counting 

In the LSC the 54Mn produces a peak that overlaps with
that of 14C. To optimize counting conditions for 54Mn and
14C, we began with conditions in published reports. Unfor-
tunately, these produced unacceptable 54Mn interference
to the LSC counting of 14C. To minimize LSC interference,
we constructed an optimization graph with increasing
energy window size (Figure A.3). 54Mn produced a signal
in the � window from 0 to 12 keV, which overlapped the
normal measurement of the 14C signal (0 to 156 keV). The
counting window of 6 to 156 keV was selected to minimize
both the contribution of 54Mn to the � counts (a contribu-
tion of 4.7% of the 54Mn dpm to the 14C dpm) and the
reduction of 14C activity due to the narrower � counting
window (a loss of 13.2% of the total 14C cpm). Therefore 6
to 156 keV was used for all LSC determinations of 14C.

Brain tissue weighing up to 600 mg did not have a
quenching effect on 50 nCi 54Mn activity. Digested brain
weighing 0 to 600 mg was found to quench linearly the 14C
signal, with 0.0524% cpm loss/mg brain. Efficiency of the
LSC for the 0 to 156 keV 14C window was 96.1% for the
unquenched standards. Taken together, these produced a
correction equation as follows:

14C dpm = [(14C cpm � 0.047 � 54Mn dpm)
�(1 + 0.524�brain wt [g])] / [(1 � 0.132)
�(0.961)].

Figure A.3. Window energy optimization for liquid scintillation counter
(LSC). 54Mn produces Cerenkov radiation that overlaps with the LSC
energy window for 14C. Two replicates of 54Mn (�) and 14C-sucrose (�)
were repeatedly counted at energies of 0–2 keV to 0–11 keV. Results are
expressed in counts per minute. 
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This equation was used for all tissue samples. Perfusate
sample results were analyzed using a similar equation
without the correction for brain quenching. 

CAPILLARY DEPLETION

In this technique, the brain is not dissected, but homog-
enized after in situ brain perfusion. We had to modify the
published procedure to obtain a homogenized sample that
would separate into the proper fractions during centrifuga-
tion. With the help of Dr David Allen, this technique was
mastered. Briefly, the key technical points we employed
are as follows: 

1. 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-cold homogenizer and add 3.5
mL of ice-cold buffer. Homogenize with 8 to 10 strokes
in a 15-mL Tenbroeck tissue grinder (Wheaton Scien-
tific, Milville NJ). The buffer contains the following
(concentration in mM): NaCl (141), KCl (4), CaCl2 (2.8),
NaH2PO4 (1), MgSO4 (1), glucose (10), and HEPES (10)
at pH 7.4. 

3. Do not push the pestle to the bottom of the homogenizer
to directly mash the tissue. Rather, let the “shearing
forces” pull the tissue 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 the swinging bucket rotor (HS-4) in a Sorvall RC
28S at approximately 4°C, centrifuge the suspension for
15 minutes at 5400g.

After centrifugation, a thin dusting of cells and cell frag-
ments migrates to the bottom 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 at the top.

Under microscopic examination, the pelleted cell frac-
tion contains tubular cells and cell fragments that exist in
straight or branching patterns. In discussion with Dr David
Allen, we agreed that these are endothelial cells or cell
fragments. This fraction also contains unidentified cellular
debris not seen in the liquid fraction. This separation tech-
nique produced a 3-fold enrichment of alkaline phos-
phatase (EC 3.1.3.1) activity, a capillary-specific enzyme,

in the capillary-enriched fraction (25 U/mg protein) using
enzyme activity kit 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-
geted 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% saline and injected over 1 second into
the left brain (n = 2) or right brain (n = 2) of rats that had
been anesthetized with 75 mg/kg ketamine and 5 mg/kg
xylazine. The solution was injected into the parietal lobe
0.2 mm anterior and 5.5 mm lateral from bregma and
4.5 mm below the skull surface. The 0.2 µL of injected
solution was delivered from a 0.5-µL syringe (Hamilton
series 7000, catalog no. 86257). The syringe was removed
over 30 seconds, starting 1 minute after the injection. The
rat was decapitated, and the brain removed, 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 microinjection by injection of radio-
nuclides into the brain. 54Mn and 14C-sucrose were
dissolved at isosmotic concentration. An intracerebral
microinjection of 0.2 µL was made into two anesthetized,
male Sprague Dawley rats (250 to 300 g) at each of two
times prior to termination on four different days. Brain
samples were counted to quantitate 54Mn and 14C. Upon
replication, the values were within 10% of each other.
Data from these animals were not used in brain efflux
index calculations. 

PROCEDURES FOR USING bBMECs FROM 
BOVINE BRAINS

Validation of Isolation and Culture of bBMECs 

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

Enzyme Activity The activities of selective enzymes
(markers) of endothelial and glial cells were determined at
two steps in the isolation procedure and in the cultured
cells 8 to 10 days after plating. During isolation, aliquots
were taken before and after the first enzymatic step. The
enzyme activity results are shown in Table A.2. Alkaline
phosphatase and �-glutamyltransferase are positive markers
for microvascular endothelial cells. 5�-Nucleotidase is a
positive marker for glial cells. Determination of endothelial
cell marker activity showed increasing activity during the
subsequent steps of the bBMEC isolation. However, the
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activity in cultured cells was well below that found in
fresh isolates (Johnson and Anderson 1996). This was
probably due to the decrease in protein expression and
activity that occur with the cell growth decreases after
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 results
suggest the cell cultures were probably endothelial cells.

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

and Mary Jennes. The Medical Center Imaging Facility’s
protocol for fixing and staining cells was used. bBMECs
from two dishes of 60% to 80% confluent cells were
implanted into five beam capsules for TEM imaging.
Twenty-four images were recorded from four of the cap-
sules. Figure A.4 shows two 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, astrocytes, and
other glial cells. Although he rarely views images of endo-
thelial cell cultures, he viewed all 24 images and concluded
that perhaps only one cell was neuronal (Figure A.4, right

Table A.2. Enzyme Activity of Brain Homogenate, Partially Purified Homogenate, Freshly Isolated bBMECs, and 8- to 
10-Day Cultures of Cell Isolates of Two Endothelial Cell Markersa

Cells
Total Protein

(µg/mL)
�-Glutamyltransferase

(U/mg protein)
Alkaline Phosphatase

(U/mg protein)

Brain homogenate 550–586 3–15 15–26
Partially purified homogenate 223–243 11–42 50–63
Freshly isolated bBMECs — 35±4 460±90
Cultured cells 329–333 13–32 84–95

a Results are the range of two or three observations from one brain homogenate. For comparison, the means ± SEM of these enzymes, activities in freshly 
isolated cells, as previously reported (Johnson and Anderson 1996), are shown. 5�-Nucleotidase, a glial cell marker, was not detected in the partially 
purified or cultured cells and not determined in the other preparations.

Figure A.4. Transmission electron micrographs of putative bBMECs in culture. Left panel: Confluent cells have close membranes and few spaces between
them. In more highly magnified images, dense areas between cell membranes that could be tight junctions can be seen. Right panel: The one cell that may be
neuronal noted in the 24 images examined. 
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panel). When viewed with TEM, neurons are large and
round. They have very little cytoplasm and condensed
nuclear material. Because neuronal cultures are notori-
ously difficult to establish, Dr Maley suggested that the
much greater problem would be contamination of the cul-
tures with glial cells, primarily astrocytes. Dr Maley found
no evidence of glial cells, which have very dark cytoplasm
and many ribosomes. 

L-Histidine Uptake Assay An uptake assay of [3H]L-histi-
dine was conducted using confluent bBMECs. The results
(Table A.3) were compared to published results of L-histi-
dine uptake at concentrations of 10 and 100 µm (Yamakami
et al 1998). Because we used radiolabeled L-histidine, we
were able to study both a lower and a comparable concen-
tration (0.1 and 250 µm) in the uptake media. Because the
media concentrations were so different from those of
Yamakami, all values were converted from a “volume-
cleared” term to a “mass-cleared” term. Two uptake trials
were completed. Previous results suggest at least two carrier
systems (system N and system L) are involved in L-histidine
transport. The difference between the values we obtained
from the reported values may be due to the difference in
affinity of these two systems 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.

2. Wash cells three times with Mn-free uptake buffer at the
study temperature. Leaving the third wash on the cells,
maintain the cells at the study temperature for at least
10 minutes. 

3. To initiate the uptake study, remove the wash medium.
Wick the remaining solution away with absorbent paper
brought in contact with the side of the cell culture dish,
but not cells. Add the uptake medium containing the
radiolabeled uptake test substances and MMT. Return
dish to the correct temperature. 

4. To terminate uptake, pour the uptake solution into a
waste container and rinse the cells five times with ice-
cold buffer without Mn. Remove the remaining liquid
by capillary action using absorbent paper between each
rinse.

5. After the final rinse and removal of remaining liquid,
allow the cells to dry at room temperature. Subse-
quently add 0.75 mL sodium hydroxide (1 M) to each
dish. After 15 minutes at room temperature, add
equimolar HCl (0.75 mL) to each dish. Collect the cell
lysate in a �-counting tube for � and LSC quantification
of the uptake test substrates.

6. Determine formazan production. When formazan
production is below 80% of control production, the
cells are not considered to be viable and the results are
not used. The study of metabolic inhibitors was an
exception, however, as the objective was to induce
metabolic inhibition. 

GENOTYPING BELGRADE RATS

The homozygous (b/b, Belgrade) rats were distinguished
from their heterozygous (+/b) littermates by their visual
appearance. The b/b rats’ eyes, ears, and tails were less
pink. All visual impressions of genotype were supported
by the differences in spleen weight relative to whole-body
weight and by hematology values (Table A.4). 

MATERIALS
54MnCl2 (specific activity, 28 to 7600 nCi/ng) in 0.1 to

0.5 M HCl was purchased from Perkin-Elmer/NEN (Boston
MA) and Isotope Products Laboratories (Burbank CA). 14C-
Sucrose was purchased dry from NEN (3.6 nCi/nmol) and
in 2% ethanol from Moravek (Brea CA; 495 nCi/nmol);
[carboxyl-14C]dextran and [3H]L-histidine were purchased
from Moravek. All other chemicals were purchased from
Sigma unless otherwise noted. 

APPENDIX B. CALCULATION OF Mn-LIGAND 
COMPLEX FORMATION RATE 

The rate of water exchange for Mn2+ is approximately
107/sec; other ligands bind metals at rates within a factor
of 10 of the water exchange rate (Cotton and Wilkinson
1980). Therefore the association rate for a new ligand
binding to the Mn aquo ion, such as citrate, to form a metal
chelate (Mn citrate), should be about 106/sec�1. One can
estimate the rate that Mn might exchange citrate for

Table A.3. L-Histidine Uptake into Confluent bBMECsa

L-Histidine Concentration (µM)

Trial (temp) 0.1 10 100 250

1 (29.5�C) 256 ± 0.5
2 (30�C) 1185 ± 95
3 (23�C) 569 ± 324

Publishedb 

(37�C)
1.25 8.3

a Values are expressed in pmol L-histidine uptake/sec/mg cell protein. 
Values are the means ± SD of three observations.

b Yamakami et al 1998.
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another ligand as follows. The equilibrium constant (Keq,
log K) for a metal chelate is equal to the ratio of the metal
association (binding) rate constant (Kon) to the metal disso-
ciation rate constant (Koff).

Keq = Kon / Koff

Kon is approximately 106/sec. One reported equilibrium
constant for citrate is ~4 (Petti and Powell 1997). Therefore
a dissociation rate (Koff) for Mn citrate can be calculated as

Keq = 104 = 106 sec�1 / Koff

or

Koff = 106 sec�1 / 104 = 100 sec�1. 

If one now considers a ligand exchange reaction,

assuming both ligands (L1 and L2) form complexes with
comparable Keq values (~104), then the equilibrium con-
stant for this exchange reaction will be approximately 1,
with kf = kr = 100/sec. The Keq values for ligands present in
blood plasma that have the strongest association with Mn
(citrate, phosphate, histidine, albumin, cysteine, oxalate,
and glutamate) are all approximately 103 to 104. The
approach to equilibrium will be a first-order process with a
rate constant equal to kf + kr (Moore and Pearson 1981). For
these Mn-ligand complexes, this is approximately 200/sec.
This corresponds to a half-life of 3 msec. The complete reac-
tion would occur in about 5 to 6 half-lives, or about 20 msec.
Therefore equilibrium among the Mn2+ and Mn complexes
with citrate, phosphate, histidine, albumin, cysteine,
oxalate, glutamate, and Tf will occur within seconds. 

APPENDIX AVAILABLE ON REQUEST

The following appendix is available from the Health
Effects Institute. In your request, please provide the author
name, full title and number of the report, and the title of
the appendix you request.

Appendix C. Isolation of Bovine Brain Microvascular
Endothelial Cells (bBMECs)
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Table A.4. Ratio of Spleen Weight to Body Weight and Hematology Values from Homozygous (b/b; Belgrade) Rats, Their 
Heterozygous (+/b) Littermates, and Wistar Controla

Rats
Spleen Wt/

Body Wt RBC (106/mm3) HGB (g/dL) HCT (%) MCV (µm3)

Homozygous
(n = 38)

0.0056 ± 0.0003 2.07± 0.06 6.9± 0.3 8.5 ± 0.2 40.8± 0.4

Heterozygous
(n = 41)

0.0022 ± 0.0001 6.76± 0.08 14.6± 0.1 38.8 ± 0.5 57.4± 0.4

Wistar controls
(n = 38)

0.0024 ± 0.0001 6.48± 0.08 14.6± 0.1 39.3 ± 0.4 60.7± 0.4

a Values are presented as means ± SEM. RBC is red blood cells; HGB, hemoglobin; HCT, hematocrit; MCV, mean cell (corpuscular) volume. There is no 
overlap between the homozygous and heterozygous littermates for any variable except the spleen weight–body weight ratio of two heterozygous rats 
(0.0027 and 0.0046), which overlapped that of the homozygous rats.
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ABBREVIATIONS AND OTHER TERMS

ABC ATP-binding cassette

ACGIH American Conference of Governmental 
Industrial Hygienists

ANOVA analysis of variance

ATP adenosine triphosphate

ATPase adenosine triphosphatase

ATSDR Agency for Toxic Substances and Disease 
Registry (US)

BBB blood–brain barrier

bBMEC bovine brain microvascular 
endothelial cell

BEI brain efflux index

Cls clearance

cpm counts per minute

DCT divalent cation transporter

DMT divalent metal transporter

dpm disintegrations per minute

Do/a octanol/aqueous partitioning coefficient

EPA Environmental Protection Agency (US)

ETAAS electrothermal atomic 
absorption spectrometry

GABA �-aminobutyric acid

GLUT glucose transporter

HCl hydrochloric acid

HCO3
� bicarbonate

HEPES 4-(2-hydroxyethyl)-piperazine-1-ethane-
sulfonic acid

IOM Institute of Medicine (US)

Kel apparent elimination rate constant

Keq equilibrium constant

Kin influx transfer coefficient 

Km Michaelis-Menten constant of 
saturable uptake

Koff dissociation rate constant

Kon association rate constant

Kout efflux rate

LSC liquid scintillation counter

MCT1 monocarboxylate transporter 1

MMT methylcyclopentadienyl manganese 
tricarbonyl

MnCl2 manganese chloride

MnO2 manganese dioxide

MRP multidrug-resistance-associated protein 

MTT methylthiazoletetrazolium

NaHCO3 sodium bicarbonate

NIOSH National Institute of Occupational Safety 
and Health (US)

Nramp natural-resistance-associated 
macrophage protein 

Oatp organic anion transporter polypeptide

OSHA Occupational Safety and Health Administra-
tion (US)

P brain capillary permeability

Pdiffusion brain capillary diffusion permeability

Q distribution volume (uptake space)

S surface area 

t1/2 half-life

TEM transmission electron microscopy

Tf transferrin

TfR transferrin receptor

Vbrain volume of distribution in brain 

Vd volume of distribution

Vmax maximum velocity 

WHO World Health Organization
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INTRODUCTION 

Metals comprise a large group of elements that can exist in
several valence states and combine with other elements or
compounds to form organic and inorganic compounds.
Many metals are critical for living systems because they par-
ticipate in essential biological functions. For example, iron
is part of the hemoglobin molecule that binds oxygen; and
copper, manganese, and zinc are part of several enzymes that
catalyze chemical reactions in the body. Deficiencies of these
essential metals result in adverse symptoms, such as anemia;
however, at doses above what the body needs, the same
metals can be toxic (eg, US Agency for Toxic Substances and
Disease Registry [ATSDR*] 1994; 2000; 2002). Toxic effects
vary among metals and may range from damage to the ner-
vous system, heart, kidney, immune system, reproductive
system, and fetus to gene damage and cancer.

Metal accumulation in the environment raises concern
because metals are not biodegradable. Transition metals
(eg, iron, nickel) associated with particulate matter have
been implicated as possible active components in the
adverse health effects associated with particulate matter
exposure (Carter et al 1997; Dreher et al 1997). In addition,
exposure to metals has been shown to cause neurologic
damage—for instance, in children exposed to low levels of
lead via ingestion (see Needleman 1993), and in workers
exposed to moderate to high levels of manganese via inha-
lation (see Levy and Nassetta 2003). Currently, metals are
used in a variety of ways in motor vehicles. Some of those
uses (for example, in catalytic converters, brake pads, and
fuel additives to reduce certain emissions and improve
engine performance) can result in vehicle emissions con-
taining metals as particles or particle components. 

In February 1998 HEI held a workshop to define priori-
ties for research to address the possible health effects of
these metals emitted from motor vehicles and fuels. Much
of the workshop focused on fuel additives containing
cerium, iron, and manganese. Manganese is part of methyl-
cyclopentadienyl manganese tricarbonyl (MMT), an anti-
knock agent that also reduces emissions of nitrogen oxides.
MMT is currently used in Canada and parts of the United
States. Following an earlier ban, MMT was approved for use
in the United States by the US Environmental Protection

Agency (EPA) in 1995, but further decisions about regula-
tion are pending completion in 2004 of a series of emissions
and toxicity tests. The Preface provides detailed informa-
tion on the regulatory status of MMT in the United States. 

After the 1998 workshop, HEI issued a Request for Pre-
liminary Applications, RFPA 98-4, Research on Metals
Emitted by Motor Vehicles. The goal of the RFPA was a
broad-based investigation of metals that may be found in
motor vehicle emissions, which ranged from character-
izing emissions to investigating their health effects. 

In response to RFPA 98-4, Dr Robert Yokel at the Univer-
sity of Kentucky submitted an application entitled “Man-
ganese Toxicokinetics at the Blood–Brain Barrier.” Yokel
proposed to study the mechanisms by which manganese
enters and leaves the brain across the blood–brain barrier.
This barrier consists of the walls of small blood vessels in
the brain and shields the brain from possible harmful mol-
ecules (see sidebar 1). Certain molecules may cross the
blood–brain barrier via simple diffusion or carrier-medi-
ated transport, which moves molecules at a faster rate than
simple diffusion. Carrier-mediated transport includes
facilitated diffusion, a process that requires no energy, and
active transport, an energy-dependent process that can
move molecules against a concentration gradient. Yokel
proposed to study the rates of influx and efflux of three
forms of manganese (manganese chloride [MnCl2], Mn cit-
rate, and Mn transferrin) using in vitro methods as well as
in situ brain perfusion in rats. Yokel hypothesized that
transporters (see sidebar 1) are involved in both influx and
efflux of manganese. He proposed additional work to char-
acterize and identify the putative carriers. 

The HEI Research Committee thought Yokel’s proposed
study would provide valuable information on the mecha-
nisms of transport of manganese across the blood–brain bar-
rier. It would be the first study to specifically investigate
manganese efflux from intact rat brain. Evidence for carrier-
mediated transport of manganese out of the brain would be
of particular interest because it would demonstrate a mech-
anism for preventing manganese accumulation and thus the
potential for limiting the extent of neurotoxic damage
during chronic exposure to Mn. The Committee also
thought that the study would provide valuable information
on the properties of manganese transporters.†

* A list of abbreviations and other terms appears at the end of the Investiga-
tors’ Report.

This document has not been reviewed by public or private party institu-
tions, including those that support the Health Effects Institute; therefore, it
may not reflect the views of these parties, and no endorsements by them
should be inferred.

† Dr Yokel’s 3-year study, “Manganese Toxicokinetics at the Blood–Brain
Barrier,” began in August 1999. Total expenditures were $380,000. The draft
Investigators’ Report from Drs Yokel and Crossgrove was received for review
in December 2002. A revised report, received in May 2003, was accepted for
publication in June 2003. During the review process, the HEI Health Review
Committee and the investigators had the opportunity to exchange comments
and to clarify issues in the Investigators’ Report and in the Review Commit-
tee’s Commentary. 
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SIDEBAR 1. 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 harmful substances that 
circulate in the blood. 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 elsewhere 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 mitochondria, 
which provide energy for transport across the barrier of substances 
needed by the brain, such as glucose or metals. 
The brain endothelial cells are surrounded by a basement membrane to 
which brain cells 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 endothelial 
cells to form the blood–brain barrier during development. Other cells 
that are closely associated with the endothelial cells are pericytes, which 
also originate in the brain (similar to astrocytes) and have a clean-up 
function similar to that of macrophages. 
Small lipophilic molecules may enter the brain by diffusion, which is a 
slow process. These molecules first pass through the luminal (blood side) 
wall of the endothelial cell, travel through the cytoplasm, and then pass 

through the abluminal (brain side) wall to enter the brain. Molecules that 
enter the brain at higher rates than by diffusion are transported through 
the action of large proteins spanning the membrane to form specific 
channels and transporters, also called carriers (see figure). For instance, 
D-glucose is effectively transported via a stereospecific glucose trans-
porter that excludes the stereoisomer L-glucose. 
Ion channels and transporters are complex proteins that stretch across 
both sides of a cell membrane. Ion channels usually have closed and open 
states. They are prompted to open their channel by an electrical, chemical, 
or mechanical stimulus. Channels provide passive transport in the form of 
facilitated diffusion, which does not require energy but is faster than simple 
diffusion. Among the several ion channels are the sodium and calcium 
channels, which selectively allow passage of Na+ and Ca2+, 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 against their electrochemical potential gradient, which requires 
energy. Specific carriers have been identified for metals such as iron, an 
essential trace element. 
Most areas of the brain are protected by the blood–brain barrier. Some 
leaky areas exist in the posterior pituitary and circumventricular organs. 
In the choroid plexus, which generates the cerebrospinal fluid that flows 
through the brain ventricles, the so-called blood–cerebrospinal fluid bar-
rier provides the same protection as the blood–brain barrier in other 
parts of the brain. 

Blood vessels that form the blood–brain barrier. Left 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 (luminal) and outer (abluminal) endothelial cell 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 transport, which requires energy in the form of ATP. Although only carrier-
mediated influx is shown, carriers may mediate both influx and efflux. 
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BACKGROUND

MANGANESE EXPOSURE

Manganese occurs naturally in the environment as a
metal ore that is mined for production of steel, dry-cell bat-
teries, matches, fireworks, and fertilizer. As an essential
trace element, 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 glutamine synthetase, which is specific
to the brain, and it is a cofactor for a number of other
important enzymes (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 for children, and
0.6 mg/day for infants (IOM 2003). In addition, the IOM
has also established 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-
tion, 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 water. The amounts of manganese that humans
ingest 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 µg/L (US National
Research Council 1980; World Health Organization [WHO]
1981; EPA 1984), although higher levels are occasionally
present in well water. 

In addition to 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 fossil fuels. In urban and rural areas of the
developed world that do not have significant pollution
sources, annual average concentrations of manganese in
the air are 0.01 to 0.07 µg/m3 (WHO 2000). The daily intake
of manganese from the air by the general population has
been estimated to be less than 2 µg/day in areas without
pollution sources; this level may increase to 10 µg/day in
areas near pollution sources such as factories that process
manganese (WHO 1981). 

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

to up to 450 mg/m3 of inhaled manganese (EPA 1984).
Since 1837, such workers have been known to develop
severe neurotoxic symptoms similar to those of Parkinson
disease (see Levy and Nassetta 2003). Because a much
larger percentage of inhaled manganese is taken up into the
body (compared with ingested manganese) and accumu-
lates in the brain more readily, exposure via inhalation
raises concern. 

Use of the fuel additive MMT is likely to add small
amounts of manganese to the ambient particulate matter
mixture, mostly in the form of manganese oxides (MnO2,
Mn3O4), sulfate, and phosphate. Whether the presence of
MMT in gasoline would increase the risk of manganese
exposure to the general population is subject to consider-
able debate (Kaiser 2003). Several groups have suggested
that this may be the case. Between 1981 and 1994 the man-
ganese emission rate from autos was estimated to have
increased 10% in Canada (Loranger and Zayed 1994),
where use of MMT continues to date. Others have esti-
mated 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 µg/m3 above the current level of 0.01 to
0.07 µg/m3 (Ter Haar et al 1975). The EPA has predicted
that a substantial percentage of the population could be
exposed to manganese particulate levels above 0.1 µg/m3 if
all gasoline contained MMT (EPA 1994). 

To establish whether MMT use increased manganese
concentrations in ambient air in areas of Canada where it
was added to the gasoline supply, several studies were
conducted. One study in Montreal reported higher manga-
nese levels in dust (up to 0.05 µg/m3) at sites of high traffic
density compared with sites of lower traffic density (Lor-
anger and Zayed 1994). Similarly, Pellizzari and col-
leagues (1999, 2001) found that the mean outdoor
manganese concentration of PM2.5 was slightly higher in
Toronto (0.0097 µg/m3), where MMT was being used, than
in Indianapolis (0.0035 µg/m3), where MMT was not being
used. Although background levels of naturally occurring
manganese could not be determined in Toronto, the con-
centration of manganese in particulate matter showed a
gradient that decreased from areas with high traffic volume
to areas with low traffic volume and further to indoor air.
These data suggest that car emissions increased the level of
manganese in ambient air initially, but that the effect was
diminished by subsequent dilution. In addition, personal
exposure levels to manganese in particulate matter for the
general population in Toronto did not exceed 0.05 µg/m3

(Clayton et al 1999). A separate analysis of the Toronto
data suggested that other sources (such as tobacco smoke,
crustal particles, and industrial sources) contributed to the
personal exposure levels (Crump 2000). A risk assessment
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conducted 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 resulting from indus-
trial sources and motor vehicle sources other than tailpipe
emissions (for example, brake wear). However, the EPA
concluded that “to support an improved health risk char-
acterization for MMT, further investigation is needed in
the areas of health effects, emission characterization, and
exposure analysis” (Davis 1998).

MANGANESE NEUROTOXICITY

Evidence that exposure to high levels of manganese led
to neurotoxicity (manganism) was described as early as
1837 (Couper 1837). Most cases of manganism have been
described in workers exposed to high levels (1–450 mg/m3)
of manganese via inhalation, although neurotoxic symp-
toms have also been observed in individuals exposed to
high levels of manganese in drinking water (US Agency for
Toxic Substances and Disease Registry 2000). Manganese
neurotoxicity progresses from early reversible symptoms
to an irreversible debilitating disease. The first stage is
characterized by general weakness, lethargy, and emo-
tional instability. Upon continued exposure, victims
progress to the second stage, characterized by impaired
memory and judgment, anxiety, and sometimes hallucina-
tions, leading to what is sometimes called manganese
madness. The final stage is characterized by muscular
impairment with tremor, difficulty walking, and rigid
facial expressions (Pal et al 1999; Levy and Nassetta 2003).
Symptoms are progressive and may increase even after
exposure ceases. The later stages of manganism have
symptoms similar to those of Parkinson disease. Both dis-
eases involve loss of function in the extrapyramidal 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 manganism is
thought to be associated with loss of function of the neigh-
boring globus pallidus, which is rich in neurons con-
taining the neurotransmitter �-aminobutyric acid
(Lucchini et al 2000). Evidence from manganese-exposed
workers points to a cumulative mechanism of action. Sev-
eral studies have found associations between indices of
cumulative manganese exposure and neurobehavioral out-
comes (Roels et al 1987, 1992; Lucchini et al 1995, 1999). 

Evidence from occupational studies that have associated
neurotoxic symptoms with manganese exposure has been
used as a basis to determine guidelines for safe levels of
ingested and inhaled manganese (summarized in the Com-
mentary Table). The guidelines for inhaled manganese
were based on studies that showed subtle neurologic

effects—less than those associated with the first stage of
manganism—in workers exposed to manganese at levels
lower than the occupational guidelines (Roels et al 1987,
1992; Lucchini et al 1999). Further support was provided
by studies of communities exposed to increased levels of
manganese in ambient air from nearby factories: small but
significant declines in the ability to perform certain tasks
requiring motor coordination were observed in the general
population (Hudnell 1999; Mergler et al 1999). 

To avoid the adverse health effects of chronic exposure,
ATSDR (2000) and EPA (2003) have recommended max-
imum levels for adults of 0.07 and 0.14 mg/kg/day for
ingestion, and 0.04 and 0.05 µg/m3 for inhalation, respec-
tively. The WHO-recommended guideline for air quality in
Europe is 0.15 µg/m3 (WHO 2000). (These inhalation
values translate into approximately 0.01 to 0.04 µg/kg/day
for a 70-kg adult inhaling air at a ventilation rate of
20 m3/day.) As is evident from these estimates, ingested
and inhaled manganese pose substantially different risks
for adverse symptoms.

MANGANESE UPTAKE AND METABOLISM

Manganese that enters the body via ingestion is absorbed
through the small intestine; the majority is then eliminated
on its first pass through the liver and excreted in bile. About
114 µg/day (3%) of the average 3.8 mg/day dietary manga-
nese ingested by adults is actually absorbed (EPA 1984), and
only a small fraction of ingested manganese enters the sys-
temic circulation (Andersen et al 1999). The uptake process
depends on the dose: higher uptake rates occur when levels
of manganese available in the diet are low, and lower uptake
rates when they are high. Levels of iron in the diet also play
an important role in manganese uptake. Increased uptake of
manganese has been observed in individuals with iron defi-
ciency (Mena et al 1969), whereas uptake is decreased when
iron is abundant in the diet (Diez-Ewald et al 1968). Iron
deficiency is common in many developing countries and
should be taken into account when assessing the risk of
manganese exposure in those populations. Patients with
impaired liver function are also at risk from increased man-
ganese uptake (Krieger et al 1995). 

When manganese is inhaled, it enters the circulation
directly without first-pass elimination by the liver. There-
fore, blood levels are substantially higher after inhalation
of manganese than after ingesting similar doses (Andersen
1999). In addition, inhaled manganese can enter the brain
directly via the olfactory bulb. The solubility of manganese
also influences its uptake into the circulation: uptake rates
are faster for highly water soluble forms, such as MnCl2,
than for less soluble forms, such as MnO2 (Roels et al
1997). Serum levels in people who ingest normal levels of
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Commentary Table.  Daily Requirements and Exposure Guidelines Applicable to Manganesea 

Agency/Description Guideline Source Equivalent Doseb

Dietary Requirements
IOM

Adequate intake level 2.3 mg/day IOM 2003 33 µg/kg/day
Tolerable upper intake level 11 mg/day IOM 2003 157 µg/kg/day

Chronic Exposure

EPA
Reference concentration for chronic inhalation exposurec 0.05 µg/m3 EPA 2003 0.014 µg/kg/day
Reference dose for chronic ingestion exposurec 0.14 mg/kg/day EPA 2003 140 µg/kg/day

ATSDR
Minimal risk level for chronic inhalation exposure 0.04 µg/m3 ATSDR 2000 0.011 µg/kg/day
Provisional guidance value for chronic ingestion exposure 0.07 mg/kg/day ATSDR 2000 70 µg/kg/day

WHO
Air Quality Guideline for Europe, annual average 0.15 µg/m3 WHO 2000 0.043 µg/kg/day

Occupational Exposure

ACGIH
Threshold limits (8-hr workday, time-weighted averaged)

Manganese dust and compounds, as Mn 5 mg/m3 ACGIH 2003 857 µg/kg/workday
MMT, as Mn 0.2 mg/m3 ACGIH 2003 34 µg/kg/workday

Short-term exposure limite

Manganese fume 3 mg/m3 ACGIH 2003 NAf

NIOSH
Recommended exposure limit, time-weighted averaged

Manganese fume and compounds 1 mg/m3 NIOSH 2003 171 µg/kg/workday
Short-term exposure limit

Manganese fume and compounds 3 mg/m3 NIOSH 2003 NAf

OSHA
Permissible exposure limit (8-hr workday, ceiling valuese)

Manganese fume and compounds, as Mn 5 mg/m3 OSHA 1998 NAf

WHO 
Recommended exposure limit in workplace airg

Respirable Mn particles (< 0.5 µm) 0.3 mg/m3 WHO 1986 51 µg/kg/workday

a These guidelines are for chronic exposure of the general population via inhalation of ambient air or via ingestion of food and drinking water and for 
occupational 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 established by OSHA are enforceable regulations; the other values are 
recommendations.  Guidelines for chronic exposure are based on lifetime exposure (70 years);  occupational guidelines are established for an 8-hour 
workday.  Additional guidelines exist for levels of manganese in drinking water as well as guidelines issued by individual states (not shown).

b Approximate dose, corrected for body weight, which an adult would encounter when exposed to manganese at the guideline exposure levels for 24 hours 
or during an 8-hour workday.  Calculations for chronic exposure are based on a body weight of 70 kg and on ventilation rates during sleeping 
(0.45 m3/hour), sitting (0.54 m3/hour), and light activity (1.5 m3/hour), each for 8 hours/day, resulting in total ventilation of 20 m3 air in 24 hours.  For 
occupational exposures, a ventilation rate of 1.5 m3/hour was used, resulting in total ventilation of 12 m3 air during an 8-hour workday.

c  Estimates of daily inhalation or ingestion exposures to the general population (including sensitive subgroups) that are likely to be without an appreciable 
risk of harmful effects during a lifetime.

d Recommended maximum concentration to which most workers can be exposed without adverse effect, based on an exposure concentration averaged over 
an 8-hour workday.

e  Maximum concentration to which workers can be exposed for up to 15 minutes continually.  No more than four such exposures are allowed per day, and 
there must be at least 60 minutes between periods.  

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

After manganese enters the blood, it is distributed to
several tissues and organs. This process may take up to
several days after it enters the body. Toxicokinetic studies
in rats exposed to manganese via intratracheal instillation
showed that maximum blood levels were reached after
30 minutes for MnCl2 and after 168 hours for MnO2 (Roels
et al 1997). Systemic distribution occurs predominantly as
manganese bound to transferrin (Davidsson et al 1989).
Elimination of manganese varies by tissue. For example, the
half-lives in brain and bone are longer than 50 days, com-
pared with 10 to 15 days in other tissues, as determined in
several animal species (Furchner et al 1966). In monkeys
that inhaled radioactive manganese, levels in the head
peaked after 40 to 50 days and elimination occurred slowly,
with a half-life of 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 manganese
levels were reported to be higher than those in unexposed
individuals (Roels et al 1987, 1992). 

Studies in rats showed that intranasally instilled manga-
nese accumulated in the olfactory bulb, and significant
uptake by other brain regions peaked after 7 days (Tjälve et
al 1996). A study in which MnCl2 or MnO2 was adminis-
tered to rats intratracheally also found higher levels in the
same brain areas (Roels et al 1997). Observations in
humans (for example those with liver dysfunction) indi-
cate that manganese preferentially accumulates in the basal
ganglia, specifically in the globus pallidus and the sub-
stantia nigra (Hauser et al 1996; Lucchini et al 2000). The
basal ganglia are a complex of brain nuclei that form the
extrapyramidal motor system. They consist of the striatum
(also called caudate-putamen), nucleus accumbens, globus
pallidus, and substantia nigra, among other areas. The
mechanism by which manganese causes neuronal damage
is only partly understood, although some studies reported
loss of striatal dopamine and cell death in the globus pal-
lidus (Pal et 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 trigger neuronal death by interfering with the function
of mitochondria (Gunter et al 2004; Malecki 2001). 

On the basis of these observations, several studies have
investigated the mechanism by which manganese enters
the brain. Two general pathways have been identified in
rats. One is a direct pathway in which inhaled manganese

travels via the nose into the olfactory bulb and farther into
the brain, bypassing the protective mechanism of the
blood–brain barrier (Tjälve et al 1996; Roels et al 1997;
Vitarella et al 2000; Dorman et 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 transport of manganese into the rat
brain had been demonstrated, but specific carriers had not
yet been identified and the forms of manganese trans-
ported had not been firmly established (Aschner et al 1999;
Malecki et al 1999). In addition, evidence that manganese
accumulates in the brain prompted a need to investigate
mechanisms of its elimination from the brain. The current
study by Yokel and Crossgrove addressed these issues by
evaluating both brain influx and brain efflux of manganese
and by attempting to identify putative transporters. 

TECHNICAL EVALUATION

AIMS AND OBJECTIVES

This study aimed at investigating whether transport of
manganese across the blood–brain barrier (see sidebar 1)
occurs via diffusion or via a transport mechanism using
specific carriers. The first objective was to investigate
transport of manganese into the brain (influx) to determine
whether mechanisms other than simple diffusion deliver
this essential trace element to the brain. The second objec-
tive was to investigate transport of manganese out of the
brain (efflux) to determine whether similar mechanisms
exist to remove it from the brain. Further studies were
aimed at characterizing and possibly identifying the car-
riers involved in manganese transport across the blood–
brain barrier. 

STUDY DESIGN

The investigators evaluated the transport of three chem-
ical forms (species) of manganese: (1) divalent manganese
ion (Mn2+) in the form of MnCl2, representing all the sol-
uble forms of manganese such as manganese phosphate
and manganese sulfate that release the Mn ion on dissolu-
tion; (2) Mn citrate, a small complex molecule containing
divalent manganese; and (3) Mn transferrin, a complex of
divalent or trivalent (Mn3+) manganese bound to a large
protein found in the circulation. These three species are
common forms of manganese present in the body and are
readily formed from other forms of manganese (eg, phos-
phate, 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 exist for
these species. These mechanisms may operate in parallel. 

Preliminary Studies

Several preliminary studies were conducted to assess
the lipid solubility of these three manganese species in
order to calculate the rate of diffusion across the blood–
brain barrier. Lipid solubility was assessed by the parti-
tioning of manganese between octanol and water. The
investigators subsequently determined the toxicokinetics
of manganese in rat blood after intravenously injecting
MnCl2 and Mn citrate. They measured the concentration of
manganese in blood over time after injection. Further, the
investigators used microdialysis in rats (see sidebar 2) to
assess unbound manganese (ie, Mn2+) in brain extracel-
lular fluid and blood as evidence for transport of manga-
nese across the blood–brain barrier after intravenous
injection of MnCl2 and Mn citrate.

Assessing Manganese Influx

The investigators used in situ brain perfusion (see
sidebar 2) to assess influx of the three manganese species
into the brain. In these experiments, they used the radioiso-
tope 54Mn, which allowed them to differentiate between the
administered manganese and the naturally occurring iso-
tope 55Mn present in the body. In situ brain perfusion
allowed use of lower manganese concentrations and faster
sampling than the microdialysis technique, resulting in
better control over the manganese species. (During the
20-minute microdialysis sampling period, manganese
would be able to respeciate into different forms.) 14C-labeled
sucrose was used as a control substance because it crosses
the blood–brain barrier poorly. If the measured transport
rate of a manganese species was higher than its estimated
diffusion rate, this would provide evidence for carrier-
mediated influx into the brain. Because the brain tissue
collected after the in situ brain perfusion also contained
cells from the blood capillaries forming the blood–brain

barrier, capillary tissue was removed before estimating the
concentration of manganese in brain tissue. Assays to mea-
sure 54Mn content were conducted in nine specific brain
areas—frontal cortex, parietal cortex, occipital cortex, cer-
ebellum, caudate, hippocampus, thalamus/hypothalamus,
midbrain/colliculus, and pons/medulla—and in the
choroid plexus. 

Assessing Manganese Efflux

The investigators microinjected 54Mn2+ and 54Mn citrate
into the brain of anesthetized rats. Radiolabeled sucrose or
dextran was coinjected as a control. Rats were decapitated
at several time points (up to 240 minutes) after microinjec-
tion, and the brains were dissected and analyzed for 54Mn
content. The investigators calculated the brain efflux index
(BEI) as the percentage of injected manganese that had
crossed the blood–brain barrier into 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 14C-sucrose injected and the amount of sucrose
remaining in the brain. 

Characterizing Putative Manganese Transporters

The investigators used three types of cells to investigate
characteristics such as pH and calcium dependence of the
putative manganese transporters. Because Mn2+ is similar
in size and charge to calcium (Ca2+) and ferrous iron (Fe2+),
the investigators hypothesized that existing transporters
for calcium and iron might also be involved in transporting
manganese. They focused on investigating several known
transporters and subsequently expanded their findings by
using the in situ perfusion method in Sprague Dawley,
Wistar, and Belgrade rats. Homozygous Belgrade b/b rats
lack the functional divalent metal transporter 1 (DMT-1);
their heterozygous b/+ littermates do express DMT-1. 

General Aspects of Manganese Uptake The investiga-
tors used primary cultures of bovine brain microvascular

SIDEBAR 2: BRAIN SAMPLING IN RATS

Several techniques are available to investigate transport across the blood–
brain barrier in vivo. The technique of microdialysis uses a small probe that is 
inserted into a specific brain area. The probe is a double-walled metal tube 
with a semipermeable membrane at the tip, which is implanted into the brain 
of an anesthetized animal. Fluid (called dialysate) circulates through the probe. 
The dialysate is an isotonic solution resembling the extracellular fluid sur-
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 10 minutes), depending on the type of study and the concentra-
tion of the substance of interest. Microdialysis can thus be used to measure 
concentrations of a substance in the brain over a period of several hours. Sub-
stances of interest may be endogenous to the brain (eg, neurotransmitters) or 

may have been introduced to the body (eg, drugs, nutrients, or in this study, 
manganese). The technique can also be used to sample substances in a blood 
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 30 and 180 seconds), the 
animal is decapitated and the brain is removed. Sections 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 less pre-
cise than microdialysis in terms of the location of the brain that is sampled 
but allows much shorter sampling times. 
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endothelial cells (bBMECs), a model of the blood–brain
barrier, to assess the time course of 54Mn2+ uptake and the
proton or sodium and energy dependence of the carrier.
bBMECs are purified from cow brains and grown on a col-
lagen matrix until the cells are confluent. These cultures
are relatively pure, consisting of endothelial cells without
the pericytes and astrocytes that are associated with the
blood–brain barrier (see sidebar 1). They have several char-
acteristics of the blood–brain barrier in vivo; for instance,
similar to cells forming the blood–brain barrier, the cells
line up on the matrix to provide polarity and unidirec-
tional transport. However, bBMECs do not form tight junc-
tions as well as the cells of the blood–brain barrier do. 

Cell cultures were bathed for 10 to 120 minutes in
medium containing 54Mn2+ as well as 55Mn and 14C-
sucrose. Cells were then lysed, and the 54Mn and 14C con-
tent was determined. Cell viability was also assessed. The
investigators first determined the time course of Mn uptake
and chose 30 minutes 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 buffered sul-
fonic acids with pH values of 6.4 to 7.9. To test whether the
carrier was sodium dependent, they replaced sodium in
the medium with choline or lithium. Subsequently, they
tested whether the manganese carrier was energy depen-
dent. Energy for active transport of manganese across the
blood–brain barrier may be provided by adenosine triphos-
phate (ATP) hydrolysis or movement of electrons. The
investigators used several inhibitors of these energy path-
ways, such as 2,4-dinitrophenol, azide, and 2-deoxyglucose.

Uptake of Manganese Citrate The investigators first
used rat erythrocytes, which express two transporters, a
monocarboxylate transporter and an anion exchanger. The
investigators hypothesized that these transporters would
transport Mn citrate, because they are known to transport
lactate and pyruvate across the cell surface into the cell.
Manganese uptake into the erythrocytes was determined
by bathing the cells in 14C-citrate or 14C-Mn citrate. 

Subsequently the investigators used b.End5 cells, an
immortalized cell line established from murine brain
endothelial cells. They determined the time course and pH
dependence of Mn citrate uptake into these cells. The cells
were bathed for 15 to 240 minutes in 14C-citrate, 14C-Mn
citrate, or 14C-Al citrate in media at pH 6.9 or 7.4. 

Involvement of Different Transporters Iron The inves-
tigators hypothesized that manganese may be transported by
the same carrier as ferrous iron (Fe2+), a metal ion with sim-
ilar charge and size. To test whether iron could compete for

manganese at the transporter, perfusate containing 54Mn2+

and ferrous sulfate (FeSO4) was administered via in situ per-
fusion to the brain of Sprague Dawley rats. 

Divalent Metals To test the involvement of DMT-1 in man-
ganese transport into the brain, the investigators used Bel-
grade b/b rats, which do not express a functional form of
the DMT-1 transporter. They measured manganese uptake
in b/b versus b/+ Belgrade rats as well as control Wistar
rats. 54Mn was administered to the brain as Mn2+ or Mn
transferrin using in situ perfusion for a duration of 90 sec-
onds; 14C-sucrose was added as a control. 

Calcium Because Mn2+ has the same charge and relative
size as calcium (Ca2+), the investigators hypothesized that
calcium transporters may also be involved in manganese
transport. They investigated Ca2+-ATPase, a plasma mem-
brane calcium pump. They used several pharmacologic
approaches involving inhibitors of the calcium pump and
of calcium influx as well as agents that deplete intracel-
lular calcium stores. Complementing these in vitro experi-
ments, the investigators tested the involvement of Ca2+-
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 investigators determined that the calculated diffusion
rates of the three manganese species, Mn2+, Mn citrate, and
Mn transferrin, were between 1.5 and 2.8 � 10�5 mL/sec/g
brain tissue. These values were compared to values deter-
mined in subsequent in vitro and in vivo experiments. In
experiments to assess manganese uptake via microdialysis,
the investigators found that manganese entered the brain
rapidly, having reached equilibrium by the time the first
dialysate sample was collected after 20 minutes. 

Manganese Influx

The investigators found that the rate of manganese influx
as determined by in situ perfusion was higher than that
observed for diffusion in at least one brain area for each
manganese species. Uptake of Mn2+ was significantly higher
in the parietal cortex and hippocampus and ranged from 5
to 13 � 10�5 mL/sec/g brain tissue for all nine brain regions
examined. Uptake of Mn transferrin was significantly higher
in the midbrain/colliculus and ranged from 2 to 13 � 10�5

mL/sec/g brain tissue. Uptake of Mn citrate was increased in
the frontal cortex, parietal cortex, occipital cortex, cere-
bellum, caudate, and thalamus/hypothalamus. Uptake rates
for Mn citrate ranged from 3 to 51 � 10�5 mL/sec/g brain
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and were significantly higher than rates for Mn2+ and Mn
transferrin in all brain regions except the hippocampus
and midbrain. The investigators found that manganese
uptake was associated mostly with the brain tissue and
fluid rather than the brain capillaries. They interpreted
these results to indicate that transport of manganese is car-
rier mediated and that of the three species tested, Mn cit-
rate is most rapidly taken up by the brain. 

Most evidence in these studies supported the hypothesis
that uptake is carrier mediated, by either facilitated diffu-
sion or active transport. The investigators found that
adding Mn2+ to the perfusate reduced Mn2+ uptake; simi-
larly, adding Mn citrate reduced Mn citrate uptake. These
data support the involvement of carrier mechanisms
although the effects did not depend on concentration and
perfusate flow rates did not affect uptake. When the inves-
tigators modeled the uptake over time using Michaelis-
Menten kinetics, they determined that a facilitated trans-
port diffusion plus simple diffusion model provided the
best fit for most brain areas. In some areas, a simple diffu-
sion model provided the best fit. The caudate region was the
only region where both Mn2+ and Mn citrate uptake were
modeled best by the single carrier (facilitated diffusion)
model. Together, these results provide evidence for carrier-
mediated uptake of manganese in several brain regions. 

Manganese Efflux

Experiments determining Mn2+ and Mn citrate efflux
from the brain revealed a slight accumulation of manga-
nese in the parietal cortex over time compared to sucrose
or dextran. The investigators reported that the rate of man-
ganese transport out of the brain was slower than that of
sucrose or dextran (ie, less than 5 � 10�5 mL/sec/g brain
tissue), suggesting that this process occurred via simple
diffusion rather than via transporters. 

Putative Manganese Transporters

The remainder of the project was devoted to character-
ization of and attempts to identify the manganese trans-
porters. First, intracellular concentrations of manganese in
bBMECs were found to be 10-fold higher than manganese
concentrations in the solution, providing further evidence
for carrier-mediated uptake. In general, Mn2+ uptake in
bBMECs was found to be pH dependent, but not sodium or
energy dependent. 

The investigators reported that the metal transporters
they investigated were unlikely to be involved in Mn2+

transport into the brain. They found that iron did not com-
pete with Mn2+ for uptake, and that Mn2+ uptake in b/b
Belgrade rats lacking a functional DMT-1 transporter was
not different from that in b/+ Belgrade or control Wistar

rats in any of the nine brain regions examined. Results
from experiments assessing transport of Mn citrate were
mixed. On the one hand, the investigators found that cit-
rate did not inhibit lactate uptake by erythrocytes, indi-
cating that Mn citrate did not serve as a substrate for the
monocarboxylate or anion exchange transporters. On the
other hand, Mn citrate uptake was found to be pH and
proton dependent in b.End5 cells, suggesting carrier-medi-
ated Mn citrate uptake. In addition, in situ perfusion
experiments in Sprague Dawley rats indicated that Mn cit-
rate uptake was inhibited by quercetin, which inhibits
monocarboxylate and several other transporters. There-
fore, involvement of a monocarboxylate transporter in Mn
citrate uptake cannot be fully ruled out. 

The investigators found some evidence supporting the
involvement of calcium channels: (1) inhibition of Mn2+

uptake by calcium channel inhibitors; (2) inhibition of
manganese uptake by adding calcium to the medium; and
(3) increased uptake after depletion of intracellular cal-
cium stores. However, in situ perfusion experiments in
Sprague Dawley rats showed contradictory results that
indicated that calcium channels may not be involved. 

DISCUSSION

Yokel and Crossgrove have provided convincing evi-
dence that manganese transport into the brain is carrier
mediated. In contrast, they found that manganese transport
out of the brain is not carrier mediated but occurs by diffu-
sion only: manganese efflux was found to be slower than
efflux of sucrose or dextran, sugar molecules that do not
easily cross the blood–brain barrier. In experiments to
identify the transporters for Mn influx, the investigators
convincingly ruled out the involvement of the metal trans-
porter DMT-1, which is specific for iron uptake. However,
the results of experiments to show the involvement of cal-
cium channels or monocarboxylate transporters in trans-
port  of  Mn2+ and Mn citrate into the brain were
inconclusive. The investigators confirmed that Mn is trans-
ported in association with transferrin. It is likely that mul-
tiple pathways of manganese transport operate in parallel,
with several different carriers transporting 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 neurotoxicity resulting from chronic manga-
nese exposure because it indicates that no mechanism
exists to protect the brain against accumulation of manga-
nese. As these investigators have shown, manganese is
transported rapidly into the brain but much more slowly
out of the brain, resulting in a potential for accumulation
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with chronic exposure. These results support observations
that manganese accumulated in brain tissue of individuals
with liver dysfunction, who have high blood levels of man-
ganese (Hauser et al 1996), and of occupationally exposed
workers (Lucchini et al 2000), and that levels remained
high years after exposed workers retired (Pal et al 1999).
Chronic exposure to high levels of manganese causes irre-
versible damage to the nervous system, with symptoms
persisting many years after exposure has ceased (Cotzias et
al 1968). Some studies have found more subtle neurologic
symptoms, such as decreased performance on neurobehav-
ioral tests and poorer eye-hand coordination in workers
(Lucchini et al 1995, 1999; Roels et al 1992). Similar subtle
neurologic symptoms were observed in individuals
exposed to manganese in ambient outdoor air; their blood
levels of manganese were greater than 7.5 µg/L, signifi-
cantly higher than the 0.6 to 1.0 µg/L blood levels observed
in the general population (Hudnell 1999; Mergler et al
1999). Thus, Yokel and Crossgrove’s results support the
current understanding that the potential for manganese
accumulation in the brain needs to be considered when
assessing the risk resulting from exposure to manganese in
the environment. 

Yokel and Crossgrove reported that all three forms of Mn
studied (Mn2+, Mn citrate, and Mn transferrin) were
readily taken up into the brain. The influx rates corre-
sponded reasonably well with values determined by other
researchers (Murphy et al 1991; Rabin et al 1993). The cur-
rent study is novel in that the chemical species of Mn were
carefully controlled in the in vivo experiments. The inves-
tigators confirmed transport of Mn transferrin across the
blood–brain barrier. (Transferrin is known to effectively
transport iron into the brain via a process called transferrin
receptor-mediated endocytosis.) However, the relative
importance of brain influx of manganese associated with
transferrin, compared with influx of manganese via other
transport mechanisms, is not entirely clear. Some previous
studies (Davidsson et al 1989; Aschner et al 1999) sug-
gested that this pathway may be more important than sug-
gested by Yokel and Crossgrove’s observations, in which
uptake of Mn citrate seemed to dominate. Conversely,
Malecki and colleagues (1999) concluded that transferrin
seems to play a negligible role in manganese delivery to the
brain. In addition, manganese transport into the brain via
the olfactory bulb may play an important role (Dorman et
al 2002), especially in transporting manganese associated
with large particles that deposit in the nasal passages. 

Yokel and Crossgrove investigated combined iron and
manganese transport, but found that iron did not affect man-
ganese uptake into the brain. These data contrast with obser-
vations that rats fed a diet with high iron concentrations

showed reduced manganese uptake (Diez-Ewald et al
1968) as well as the observation that individuals with iron
deficiency showed increased manganese uptake (Mena et
al 1969; Roth and Garrick 2003). Chronic low dietary iron
is associated with increased numbers of transferrin recep-
tors, leading to enhanced iron uptake (Feelders et al 1999).
In this situation, the increased number of transferrin recep-
tors and low levels of iron would allow for more effective
uptake of manganese. Possibly Yokel and Crossgrove did
not observe an effect of iron on manganese uptake because
they investigated short-term rather than long-term uptake.
Alternatively, there may be influences of iron on manga-
nese uptake from the gastrointestinal tract that are not
manifest at the blood–brain barrier.

Yokel and Crossgrove reported that most manganese
transported across the blood–brain barrier was in the form
of Mn2+ and Mn citrate. The investigators found the
highest rates of transport for Mn citrate and concluded that
it was a major form of manganese transported into the
brain. They also concluded that Mn2+ and Mn citrate may
enter the brain by different carriers, or by the same carrier
at different rates. The complexity of these transport mech-
anisms is further illustrated by the fact that manganese
may rapidly respeciate from one form to another (Reaney et
al 2002). For instance, Mn3+ may rapidly be converted to
Mn2+. Likewise, Mn citrate is expected to rapidly respe-
ciate to other forms of manganese. 

Manganese has been shown to accumulate in specific
brain regions. For example, high levels of manganese have
been observed in the basal ganglia of humans (Hauser et al
1996; Lucchini et al 2000). Loss of dopaminergic function
in the striatum, which is part of the basal ganglia, is associ-
ated with the neurologic symptoms of Parkinson disease.
Several symptoms observed in manganism are similar to
those of Parkinson disease (for example, loss of motor con-
trol and slurred speech) and indicate similar loss of function
of the basal ganglia. However, recent studies using magnetic
resonance imaging have shown manganese accumulation
specifically in the globus pallidus, which is rich in neurons
containing �-aminobutyric acid, rather than the striatum
(Lucchini et al 2000). Animal studies have investigated
manganese accumulation in specific brain regions after
inhalation exposure; some studies found evidence for accu-
mulation in the striatum (Roels et al 1997; Tjälve et al 1996)
and in the globus pallidus (Normandin et al 2002). In the
current study, Yokel and Crossgrove reported high uptake
rates of Mn citrate into the cortex, cerebellum, caudate
nucleus, and thalamus/hypothalamus. These differences in
results among studies may be due in part to the difficulty of
isolating small areas of the rat brain and obtaining enough
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 occupies a much smaller
area than the striatum. 

Other factors that could explain differences found in
brain manganese accumulation between rats and humans
may be the time scale assessed and the different uptake
routes. Toxicokinetic studies such as the study by Yokel
and Crossgrove assess uptake within minutes of adminis-
tration. Distribution across the body and accumulation in
brain takes place on a much longer time scale, ranging from
weeks to years. In addition, the uptake routes in humans
and rats are different. Rats are obligatory nose breathers,
with much larger nasal passages and olfactory bulbs,
affecting the amount of manganese taken up via the direct
olfactory route into the brain. However, transporters and
transport mechanisms across the blood–brain barrier in
rats and humans are thought to be very similar. Therefore,
Yokel and Crossgrove’s findings on manganese transport
across the blood–brain barrier in rats and cell lines should
be relevant to humans. 

The mechanisms of manganese accumulation in certain
brain regions have not been fully elucidated. Higher uptake
rates in certain brain regions could result from a higher
number of transporters in those regions. Interestingly,
Yokel and Crossgrove showed that uptake rates for the cau-
date region were lower than those for the cortex, which did
not accumulate as much manganese as the caudate. This
may again be in part 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 short-term uptake to long-term accumula-
tion is further illustrated by the fact that manganese
concentrations in brain continue to increase for weeks after
exposure has ceased (Newland et al 1987).

Manganese taken up by the olfactory bulb may travel via
the neuronal axons to other brain areas. Manganese has
been shown to cross the synaptic cleft between neurons,
allowing transport throughout the brain (Tjälve et al 1996).
In addition, after crossing the blood–brain barrier, manga-
nese has been shown to enter astrocytes (see sidebar 1;
Aschner et al 1992). Astrocytes incorporate manganese
into the astrocyte-specific enzyme glutamine synthetase,
which accounts for about 80% of brain manganese (Wedler
and Denman 1984). Hence, several studies have focused on
the role of astrocytes in manganese transport and accumu-
lation (Aschner et al 1992; Malecki et al 1999). Yokel and
Crossgrove’s experiments were not designed to assess
olfactory transport or uptake into astrocytes. However, the
investigators showed high rates of manganese uptake into
the choroid plexus, which may provide another route of
entry into the brain. In the choroid plexus, manganese may

cross the blood–cerebrospinal fluid barrier and thereby
enter the cerebrospinal fluid, which flows through the
brain ventricular system, reaching many brain areas.
Whether the choroid plexus accumulates manganese or
distributes it into the cerebrospinal fluid is unclear,
leaving uncertainty about the importance of this pathway
is for manganese entry into the brain. 

After confirming carrier-mediated manganese transport
into the brain, Yokel and Crossgrove performed several in
vitro and in vivo experiments to investigate putative trans-
porter candidates. They focused on several known trans-
porters, such as DMT-1, which is involved in iron
transport across the blood–brain barrier. Because of the
interactions between iron and manganese uptake, the
DMT-1 transporter would be a logical candidate for manga-
nese transport, specifically in connection 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 DMT-1 transporter were the same. Yokel and
Crossgrove also investigated the possible involvement of
calcium transporters or monocarboxylate transporters but
did not provide conclusive evidence for their involvement.
In addition to the carriers investigated by Yokel and Cross-
grove, others may be involved in manganese transport,
such as the choline transporter (Lockman et al 2001), the
dopamine reuptake carrier, or other neurotransmitter
reuptake carriers (Ingersoll et al 1995). In part, the lack of
conclusive evidence stems from a general lack of speci-
ficity of the pharmacologic agents 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 future experiments. In conclusion,
more research is needed to firmly identify the manganese
transporters. Such information would greatly assist in
characterizing transporter distribution in the brain and
thus help us to understand the determinants of regional
distribution of manganese across the brain and relate them
to the neurotoxic consequences. 

SUMMARY AND CONCLUSIONS 

Yokel and Crossgrove have provided convincing evi-
dence that manganese enters the brain via carrier-mediated
transport, confirming and extending previous observa-
tions. They also are the first to have shown that manganese
leaves the brain by diffusion only, a much slower process
than carrier-mediated transport. Experiments conducted to
identify the transporters involved in manganese uptake
into the brain suggested that the divalent metal transporter
DMT-1, which is specific for iron uptake, is not involved.
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However, the identity of the putative manganese trans-
porters remains elusive. 

The finding that manganese transport out of the brain
occurs via the slow process of diffusion, rather than via car-
rier-mediated transport, is important: it suggests that no
mechanism exists to protect the brain from accumulating
manganese from across the blood–brain barrier or via the
olfactory bulb. This finding has important implications for
neurotoxicity resulting from chronic manganese exposure.
Although Yokel and Crossgrove studied manganese trans-
port rates in rats, their observations may be relevant to
humans because transport mechanisms at the blood–brain
barrier are similar in rodents and humans. Their results
support the current understanding that the potential for
manganese accumulation in the brain should be considered
when assessing risk from exposure to manganese in the
environment. Future studies and risk assessments should
also consider susceptible populations (such as people with
iron deficiencies or liver disease) who may be at greater risk
from increased manganese uptake. New research would be
useful to confirm the lack of a carrier-mediated transport
system for removing manganese from the brain and to
address the relevance of these findings to humans. 
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