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(Received 6 June 2008, final version received 23 January 2009)

In humans, inhaled manganese (Mn) initiates neurodegeneration in the striatum
and produces manganism, a disorder phenotypically mimetic of Parkinson’s
disease (PD), and it is unclear how Mn has this effect. The main route of inhaled
Mn passage to striatum — via direct transneuronal transport via the olfactory
system or indirectly via lungs to blood, and the relative contributions of each of
these pathways — also remain unclear. The primary goal of this investigation was
to explore these questions — and others — quantitatively in a rat model. An 11-
compartment whole-body physiologically-based toxicokinetic (PBTK) model of
Mn distribution, optimally and simultaneously fitted to a single set of multiorgan
rat data was used. The fully quantified model provided numerous kinetic
parameters, including the relative distribution of whole-body Mn for each
compartment in response to a constant simulated input of inhaled Mn, and the
relative contributions of olfactory and pulmonary pathways. The liver, which
actively concentrates Mn, was found to contain the greatest percentage (~6.7%).
Both the striatum and cerebellum had (~0.1%) of total Mn, which is notable
given that striatum volume is approximately 100-fold less than cerebellum. The
relative percentages of olfactory (~52%) and pulmonary (~48%) contributions
to Mn in striatum were approximately constant computed for up to 200 days after
aerosolized exposure. Following simulated acute exposure (>1mgMn/m?),
clearance from striatum was nearly complete after ~100 days. In a separate
simulation of low-level chronic exposure (~0.01 mgMn/m?), striatal Mn was
saturated and reached an approximately steady value at 100 days.

Keywords: manganese; toxicity; kinetic; manganism

Introduction

At homeostatic levels, manganese (Mn) is an essential nutrient, found in many metabolic
pathways and enzymes such as pyruvate carboxylase and superoxide dismutase
(Teeguarden et al. 2007a). However, at higher levels in humans, Mn concentrates in
a region of paleostriatum, the globus pallidus (GP), and produces manganism, a disorder
that resembles Parkinson’s disease (PD) (Bowler et al. 2006). These neurotoxic effects
were first noted in 1837 (Couper 1837), only shortly after the first description of PD in
1817 (Couper 1837). Bradykinesia, resting tremor, psychiatric disturbances, impotence,
and postural instability are hallmark clinical features of patients with manganism
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(Aschner and Aschner 2005), and in some cases, the clinical phenotype is nearly
indistinguishable from PD.

Ferro-manganese plants (Wang et al. 1989; Zatta et al. 2003), lead-sulfate batteries
(Kuhn et al. 1998), Mn mining, crop dusting of Mn-based pesticides such as mancozeb and
maneb (Ascherio et al. 2006; Baldereschi et al. 2007; Zatta et al. 2003), and steel welding,
all represent significant risks for human exposure to airborne Mn fumes. Only a small
percentage of ingested Mn is absorbed via the gastrointestinal tract, however a much
larger portion of aerosolized inhaled Mn reaches the bloodstream (Aschner and Aschner
2005). Acute exposure to high levels of Mn fumes (> 1 mg Mn/m?), or chronic exposure to
even smaller amounts of Mn in the aerosol form, are known to induce the adverse effects
of Mn (Dobson, Erikson, and Aschner 2004). Inhalation of Mn in the form of aerosols,
fumes or suspended particulate matter is now the most recognized occupational hazard for
human toxicity (Dobson, Erikson, and Aschner 2004).

Routes of exposure: olfactory versus pulmonary

How aerosolized Mn reaches striatum, and why it preferentially is sequestered in this area
of the brain is still not understood (Shinotoh et al. 1997). Several studies have not observed
an elevation of Mn in areas of the brain contralateral to intranasal administration, which
demonstrates direct olfactory to brain transport of Mn in rats, which breath only through
their nose (Brenneman et al. 2000; Dorman et al. 2002a; Gianutsos, Morrow, and Morris
1997). It is well established that Mn>* can mimic calcium transport, and be taken up by
voltage gated Ca®" channels in neurons, transported along axons, and then across
synapses (Pautler, Mongeau, and Jacobs 2003). In this way, Mn might be transported
transneuronally directly from the olfactory receptor cells to striatum, without ever crossing
the blood brain barrier (BBB) (Brenneman et al. 2000).

In contrast, other studies suggest that the majority of Mn enters striatum indirectly by
an unspecified route, whereby Mn enters the lungs, is taken up by blood and then crosses
into brain (Anderson et al. 1999; Crossgrove and Yokel 2005; Crossgrove et al. 2003;
Dorman et al. 2002a; Yokel and Crossgrove 2004; Yokel, Crossgrove, and Bukaveckas
2003) possibly via the blood brain barrier (BBB) (Crossgrove et al. 2003; Crossgrove and
Yokel 2004, 2005), the blood-cerebrospinal fluid barrier (B-CSFB) (Bock et al. 2008) or by
simple diffusion across other areas of the brain in direct contact with blood, such as the
area postrema. In certain rare cases, Mn toxicity was observed following IV injection of
total parenteral nutrition (TPN), which typically contains Mn in the solution (Aschner and
Aschner 2005). Increased Mn in striatum following IV injection into blood is analogous to
the indirect lung to blood route, whereby Mn is crossing from blood to brain. In these
instances, it is clear that Mn is reaching striatum without ever utilizing the olfactory
system, thus supporting the indirect route hypothesis.

Time of residence

To date, the residence time of Mn in striatum has not been assessed accurately in humans,
and monkey studies showed only a small quantitative decline in Mn concentration after
248 days (Crossgrove and Zheng 2004). Once Mn enters the human brain, it accumulates
in highest concentration in substantia nigra, followed by striatum, hippocampus, and then
frontal cortex (Crossgrove and Zheng 2004). Under normal physiologic conditions, the
Mn concentration in the human brain ranges between 0.3—0.7 pg/g of wet tissue. Kim
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(2006) suggested using presence versus absence of striatal Mn on MRI scans as a first step
in triage when manganism is suspected, because of its powerful effect on T1 relaxation
rates. Understanding the residence time of striatal Mn following either acute or chronic
exposure may therefore be vital for diagnostic sensitivity and staging.

Modeling manganese and other metals

With its ubiquitous use in the fuel additive methylcyclopentadienyl manganese tricarbonyl
(MMT) (Kaiser 2002), the consequences of Mn exposure requires further quantitative
investigation (Andersen, Gearhart, and Clewell 1999). Kinetic modeling has been done for
other metals such as cadmium (Dote et al. 2008), zinc (House and Wastney 1997), mercury
(O’Flaherty 1998), nickel (Hack et al. 2007), arsenic (Gentry et al. 2004) and lead (for
review see Rabinowitz 1998) in rats. Toxicokinetic (TK) models for Mn have described
whole-body Mn clearance rates (Dorman et al. 2002a; Dorman et al. 2006; Takeda,
Sawashita, and Okada 1995), brain clearance rates (Calonder et al. 1999), lung clearance
rates (Thompson et al. 2006), and biliary uptake and elimination (Teeguarden et al. 2007a;
Teeguarden et al. 2007b). More comprehensive analyses for Mn have also been reported in
rats (Nong et al. 2008; Teeguarden et al. 2007a; Teeguarden et al. 2007b; Teeguarden et al.
2007¢). Teeguarden and others (2007a) used a two-compartment hepato-intestinal model
to describe biliary uptake and elimination in rats and reported that rate constants for Mn
uptake decreased with increased Mn intake. Additional hepatic modeling focused on
quantifying extraction from either orally ingested or systemic Mn (Teeguarden et al.
2007b) and several indices of whole-body kinetics of Mn distribution and elimination in
rats (Nong et al. 2008; Teeguarden et al. 2007c).

The present study focuses on development and extensive quantification of a new
whole-body physiologically-based toxicokinetic (PBTK) compartmental model of Mn in
rats. It is based on known rat physiology (Farris and Griffith 1949), neuroanatomy
(Zeman 1963) and published multiorgan kinetic data (Dorman et al. 2002a), and provides
new information about Mn entry routes to subcortical structures, Mn whole-body steady
state distribution, and striatal Mn levels following either acute or chronic exposure.

Methods
Kinetic data for model construction and quantification

The new PBTK model was quantified using published radioactive Mn concentration (nCi
per gram £ S.E.M.) data at six time points in 250 g 8-week-old pups, measured in olfactory
epithelium, olfactory tract, olfactory bulb, residual brain (brain-resto), cerebellum,
striatum, pancreas, liver, kidneys, testes, and lungs, using gamma spectrography following
90 min exposure to **MnHPO, (Dorman et al. 2002a). Radioactive concentration data
(nCi/g wet weight) was converted to Mn mass using the following equation:

(D

TR(nCi**Mn/(g x tww))tWWorgan (g)>

Massyn (mg) =( SA(nCi/mg)

where, TR is tissue radioactivity, specific activity (SA) was 0.51 x 10~¢nCi/mg Mn, and
tww is the tissue wet weight of the specific organ, calculated specifically for CD rat
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with mean mass of 250 g, as was used in the Dorman et al. (2002a) study. The weights
of olfactory epithelium and tract were obtained from Zivic Laboratories, who measured
these organs in rats matched for age and weight. Mn masses for each brain region or
organ were obtained as follows. For the olfactory bulb and cerebellum, conversions to
mass units were based on these brain regions occupying approximately 4 and 10% of
the rat brain, respectively (Swanson 1995). Percent organ weights from Clodfelder,
Chang, and Vincent (2004) were used for all other rat organs. Animals were fed
a nonradioactive diet. Since only a ~1-3% of orally ingested Mn is absorbed by the
gastrointestinal tract (Aschner and Aschner 2005), it was assumed that any recirculated
*MnHPO, from gut was negligible. The Mn entry route to the brain from blood is
unknown, so our initial model hypothesis permitted multiple routes of entry from lung-
to-blood-to-brain, namely via the blood brain barrier (BBB), the blood cerebrospinal
fluid barrier (BCSFB) via the choroid plexuses, as well as direct input via the nasal
cavity and olfactory tract. Biliary clearance accounts for >95% of Mn elimination
(Crossgrove and Zheng 2004).

Model simulation and parameter estimation methods
Preliminary explorations with the data

The program W*DIMSUM (Harless and Distefano 2005) was used to fit some organ data
sets to multiexponential models. Two compartments were required to fit Mn kinetic data
for olfactory epithelium and lung input compartments. Aggregation of several organ
dynamic responses was also accomplished, thereby simplifying parts of the model.
Inspection of the plots in the Dorman et al.’s (2002a) data indicated that data from
pancreas, testes, and kidney (P-T-K) had qualitatively very similar kinetics and thus were
combined (summed) and represented as an aggregate P-T-K compartment. Data sets from
brain-resto (B-resto) and olfactory tract and tubercle (OTT) also had qualitatively similar
kinetics. These two were combined because of their kinetic similarity and because
exchange between the compartments were sufficiently faster than the rest of the model,
and not observable during the several days experiment. These preliminary computations
helped generate the parsimonious dynamic system model structure shown in Figure 1,
which includes two compartments for the lung, all to be quantified in two steps, as
described below.

Exogenous input

Dorman et al. (2002a) used a 90 min exposure to an aerosol of **MnHPO,. Because the
overall data was collected over a 21 day period, this input was modeled as a bolus (impulse
function) at time zero. Input in mass was not reported. Our fastest exponential was back
extrapolated to time zero from W’DIMSUM fitting results, for both the olfactory
epithelium and the lungs, to calculate the mass value for our inputs. This gave bolus inputs
of 0.04 and 1.4 pug into olfactory and lung submodels, respectively.

Olfactory submodel

The olfactory transport hypothesis suggests that Mn is transported transneuronally in an
activity dependent fashion. Based on brain circuitry in rats, it was assumed that Mn
transport from the olfactory bulb to B-Resto/OTT was unidirectional, making the
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EPITHELIUM1
BULB
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BRAIN-RESTO
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CENTRAL
LUNG 1
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Figure 1. Whole-body pbtk model structure. Shown are the olfactory submodel consisting of
olfactory epithelium 1 (EP1), olfactory epithelium 2 (EP2), and olfactory bulb (BULB) (boxed in);
brain compartments consisting of olfactory submodel components, as well as Striatum, Cerebellum,
and Brain-resto/Olfactory Tract and Tubercle (B-resto/OTT) (boxed in), the whole-body components
include Central+ Lung 1+ Blood, Lung 2, Rest of body (Resto), and Pancreas/Testes/Kidney
(P-T-K), and Liver, (gray). Inputs u; into EP1 and u; into Central+Lungl+Blood are shown with
darkened arrows. Rate constants (k; day~!) are shown on arrows. EP2 and Lung?2 were needed to
accommodate best 2-exponential fits to epithelium and lung data in preliminary analyses (see text).

olfactory submodel separable (Zeman 1963). This submodel consists of two compartments
for the olfactory epithelium, and one for the olfactory bulb. The olfactory submodel
equations describing masses of Mn in compartments ¢; and ¢,, with fractional rate
constants, k;, are:

EPITHELIUMI ¢ = kixgs — (kai + kaDan + wi;

e (2a, b)

EPITHELIUM2 £ = ky g — kiago.
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This submodel was implemented and optimally fitted to the olfactory data, as shown in
Figure 2 (a-b), using SAAMII software (University of Washington, Department of
Biomedical Engineering), with a Rosenbrock integrator and relative data weighting.

Whole system model quantification

As noted earlier, data from the testes, kidney, and pancreas displayed similar kinetics, and
were combined in a single compartment, P-T-K. Two additional compartments
representing the remainder of the body (resto) were added to allow for other tissues
that concentrate Mn in small amounts such as bone and muscle. Mn is transported actively
into the liver via transferrin (Andersen, Gearhart, and Clewell 1999). Transport into the
liver is assumed to saturate at toxic levels (Nong et al. 2008; Teeguarden et al. 2007b;
Teeguarden et al. 2007¢). Flux into the liver was modeled as a first order Hill function. A
tilde was used to indicate that this parameter is nonlinear:

vmax

km + de .

Fros = 3)

The whole-body PBTK model equations describing mass of Mn in compartment #, g, with
linear fractional rate constants k and nonlinear fractional rate constants k are:

OLFACTORY_BULB 9 — ksigr — kasgs;
BRAIN — RESTO+OTT s — key3q3 — (ksa + koa)qa + kasqs;
STRIATUM d‘” = ksaqa+kseqe —kesqs:

CENTRAL.LUNGI +BLOOD dq(' =u + k64q4 + k65q5 +ke7q7 + kegqs + k69q9
+kei1q11 — (kag + kse + k6 + kss 4 kos + k106

+k116)gs;
CEREBELLUM 4 = kr6q6 — k67q7:
LUNG2 9 — kgoq — kesgs:
WHOLE BODY + RESTO & = koo — keogo:
LIVER 40 = k0646 — kotoq1o:
PANCREAS +TESTES + KIDNEY 4 =k 6g6 — k611411

(4a—1)

Optimized parameter values from the olfactory submodel were fixed and the PBTK model
(Figure 1) was implemented and quantified using SAAMII. Structural identifiability of the
model with our reduced parameter set was established numerically, as part of the
numerical optimization procedure, which yielded finite variance estimates for all optimized
parameters.

Pool size and mass flux analysis

At approximately 500 days, each compartment had reached a final steady state value, in
response to a constant infusion (step) input equal to 0.5% of the experimental value, thus
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Figure 2. Optimally fitted olfactory submodel data with standard deviations (SD) plotted for: (a)
Olfactory Epithelium (EP1) (b) Olfactory bulb (BULB), and optimally fitted whole-body
toxicokinetic data for (¢) B-resto/OTT, (d) Striatum, (e) Cerebellum, (f) Central + Lungl 4+ Blood
(g) liver, and (h) Pancreas/Testes/Kidney (P-T-K).
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Figure 2. Continued.

keeping the total input amounts (integral) equal to the experimental values. The percent
pool size, % ¢;ss was calculated at steady state for compartment, 7, as:

% giss = <%) % 100, (5)
i 4qi

where, ¢;ss represents the steady state mass of Mn in compartment.
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Figure 2. Continued.

Sensitivity analysis

Days

287

Integrated relative parameter sensitivities in our model were computed to assess how
robust model results are to changes in our optimized parameter estimates. The primary
goal is to understand Mn accumulation in striatum over time. Thus, the area under the
curve (AUC) was selected as the test objective of sensitivity, because it represents
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Figure 2. Continued.

accumulated Mn over time. The relative parameter sensitivities, S, of the integral of
striatum response, AUCstriatum, Were computed, for 10% variations (Ap=0.1) in
parameters p; (DiStefano, Stubberud, and Williams 1990) from:

AAUC(1,p°) Py
AUC __ J
S = ( Ap; )(AUCi(faP(’))' ©
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Table 1. Parameter estimates for olfactory submodel.

Parameter Description MEAN (per day) SD % CV

ka3 BULB to Brain-Resto/OTT 0.74 0.15 20.4

ki EP2 to EP1 0.64 0.13 20.2

ka1 EP1 to EP2 0.39 0.12 29.4

ki EP1 to BULB 0.09 0.01 6.6
Results

Olfactory submodel

Optimally fitted output results for the olfactory submodel (Figure la) are illustrated in
Figure 2(a—c). Each compartment of the olfactory submodel fitted to the data clearly
captures the data trends well by both qualitative and quantitative measures. The fits for
both olfactory epithelium (EP1) and olfactory bulb (BULB (pass through the data within
one standard deviation (SD) (Figures 2a and b)). Parameter coefficients of variation
(CVs), given in Table 1, are relatively small, indicating robust estimates for the olfactory
submodel parameters.

Whole system model quantification

Graphs of Brain-resto + OTT, striatum, and cerebellum compartments fitted to the data
are shown in Figures 2 (c—d), with parameter estimates given in Table 2. All are within
a single standard deviation from the mean data point, as above, demonstrating that the
brain submodel fits the data well. The model fitted the last two striatum data points very
closely, this is important because Mn mass in striatum was predicatively simulated out to
longer time points. The remaining body compartments, Central+Lungl+Blood, liver, and
P-T-K, fitted to the data are shown in Figures 2(f~h). The CVs average 11%, with a max of
31%.

Sensitivity analysis

Sensitivities of the area under the curve for striatum (AUCgrriaTum) t0 most parameters
were quite low (all but one <11%), with the key sensitivity being 31% for a 10%
perturbation in k44, the fractional rate of Mn transfer to striatum from the central
compartment (see Table 3).

Mn pathways to striatum: direct olfactory versus indirect pulmonary route

The contributions of the olfactory (direct) and pulmonary (indirect) routes for
Mn reaching striatum were assessed as follows. AUCgtriaTuMs 1.€., the total accumulated
Mn, was computed in striatum 21 days (the duration of the experiment) and also at 50,
100, and 200 days, with both inputs u; and u, set to the values used in the model
quantification studies (0.04 and 1.4mgMn, respectively). The indirect (pulmonary)
contribution (~48%) was computed by setting the input to the olfactory epithelium u; =0,
keeping the input to plasma/lung (u,) constant at its experimental value (1.4 mg Mn).
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Figure 3. Lung (~48%) in black, and Olfactory in grey (~52%) contributions to the area under the
curve (AUC) of Mn in rat striatum at 100 days. Thus, in steady-state, contributions of each pathway
to Mn accumulation in rat striatum are about equal.

Similarly, the olfactory contribution (~52%) was determined by setting u, =0. Results
ranged from ~54-46% at 21 days to 52-48% at 200 days, shown in Figure 3 at 100 days.
The separate contributions are also computable by subtraction of either one from the
total, given superposition of inputs is valid, which was confirmed.

Clearance from striatum

Additionally, Mn in rat striatum was simulated over 100 days in response to either acute or
chronic exposure. In the Dorman et al. (2002a) experiment, rats were exposed to 0.39 mg
5* Mn/m?. The original input was multiplied by 2.6 to reach acute (bolus) exposure levels,
or concentrations greater than 1mg (Mn/m’) (Dorman et al. 2004). Chronic exposure
typically occurs in the occupational setting (e.g. welders, miners, etc.), and may only be
present in small amounts. An input of one one-hundredth of the acute value was selected
for the chronic case. A constant infusion for 5 days, followed by no infusion for 2 days was
used to mimic the work-week. The first infusion pulse began at time zero, and pulses
repeated for the 100-day simulation. Results (Figure 4) demonstrate that most Mn in rat
striatum appears to clear within 100 days following a single acute (bolus) exposure. For the
chronic input, Mn in striatum approaches a constant level.
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Figure 4. (a) Illustration of the acute bolus input (black) and chronic (pulsed) input simulations. The
acute case was modeled as a bolus impulse function occurring at time zero (1 mg Mn/m® (Dorman
et al. 2002a) experimental values multiplied by 2.6). The chronic case was an extended pulse
exposure, (1% of acute values pulsed for 5 days on, 2 days off to mimic the work-week. This 7-day
cycle repeated for the 100-day simulation. (b) Simulated dynamics for striatal Mn clearance over
100 days following either an acute (1 mg Mn/m?) bolus exposure at time zero (Dorman et al. 2002a)
experimental values multiplied by 2.6) — in black; or a chronic exposure in gray that might occur in
an occupational setting.
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Pool size and mass flux analysis

The steady state distribution of Mn in the 11 compartments and the intercompartmental
mass fluxes (ug Mn/day) are shown in Figure 5. Notably, the liver is known to actively
concentrate Mn and was found to have the largest pool size (~6.7%) of the
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Figure 5. Whole-body Mn distribution (%) and Mn mass flux compartment interchange rates in
rats. Pool sizes in% of total body Mn. Mass fluxes per day (n Mn/day units) shown on arrows.

measured organs. Unmeasured resto contained (~82%) of the total body pool. Striatum
accumulated ~0.1% of total Mn. Cerebellum, with a volume ~100 times that of striatum,
(Andersson et al. 2002; Swanson 1995) also accumulated ~0.1% Mn.

Discussion

Dorman et al. (2002a) provided extensive rat organ kinetic data, enough to successfully
quantify the 11-compartment whole-body PBTK model of Mn distribution and clearance
presented herein. Other published models provide an understanding of various aspects of
Mn distribution and clearance in rats (Brenneman et al. 2000; Franzone et al. 1982; House
and Wastney 1997; Nathanson et al. 1984; Nong et al. 2008; Teeguarden et al. 2007a;
Teeguarden et al. 2007b; Teeguarden et al. 2007¢). The model developed here goes further
by quantifying Mn distribution more comprehensively and, importantly, also quantifies
route of transport to the basal ganglia and predicts Mn levels in rat striatum in response to
different simulated inputs. Both modeled olfactory and pulmonary routes were shown to
contribute roughly equally, on early and late time scales respectively.

Manganese route to brain: direct (olfactory) or indirect (lung[plasma)

For years, controversy has surrounded the issue of whether Mn enters striatum directly via
the olfactory route or indirectly via the lung/plasma and then crosses the blood-CSF or
BBB. It is known that metals including copper, iron, mercury, and zinc cross the BBB via
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Table 2. Whole-body parameter estimates.

Parameter Description MEAN (per day) SD % CV
ko.10 Liver clearance 1.02 0.020 2.0
ka3 Olfactory Bulb to Brain-Resto +OTT 0.699 0.110 15.7
ke Central to Brain-Resto + OTT 0.023 0.001 3.9
ksq Brain-Resto + OTT to Striatum 0.024 0.005 20.8
ks Central Lung 1 4 Blood to Striatum 0.0014 0.0004 29.0
ko4 Brain-Resto/OTT to Central Lungl + Blood 0.217 0.020 9.2
kes Striatum to Central Lungl + Blood 0.251 0.049 19.6
ke7 Cerebellum to Central Lungl 4 Blood 0.040 0.012 30.9
kes Lung2 to Central Lungl + Blood 1.23 0.017 1.4
keo Resto to Central Lung 1 + Blood 0.218 0.006 2.9
ke P-T-K to Central Lung 1+ Blood 0.223 0.010 4.4
k76 Central Lung 1+ Blood to Cerebellum 0.0022 0.0002 8.7
kse Central Lung 1 4 Blood to Lung2 1.06 0.084 7.9
ko Central Lungl 4 Blood to Resto 7.67 0.488 6.4
ki Central Lungl + Blood to P-T-K 0.185 0.010 5.3
K Hill parameter for efflux to Liver (mg Mn) 0.198 0.015 7.6
V Hill max velocity parameter for efflux to 0.588 0.024 4.1

Liver (mg/day)

Table 3. Percent relative sensitivities (% SAVUC) for striatum area under the curve (AUCstriaTUM)
in response to a 10% perturbation of all model parameters (Ap;=0.1).

Parameter Description % Sensitivity
k3 EPI to BULB 1
ki» EP2 to EP1 12
k2| EP1 to EP2 12
ka3 BULB to Brain-Resto +OTT 31
kae Central Lungl + Blood to Brain-Resto + OTT <1
kea Brain-Resto + OTT to Central Lung 1+ Blood <1
ksq Brain-Resto + OTT to Striatum 17
kes Striatum to Central Lungl + Blood 27
ks Central Lungl + Blood to Striatum 17
kg7 Cerebellum to Central Lungl + Blood 1
k6 Central Lung 1+ Blood to Cerebellum 3
ke Lung?2 to Central Lungl + Blood <1
kg Central Lungl + Blood to Lung2 1
keo Whole Body Resto to Central Lung 1 + Blood 1
kog Central Lungl + Blood to Whole Body Resto 1
ke P-T-K to Central Lungl + Blood <1
kiie Central Lung 1+ Blood to P-T-K <1
ko.10 Leak from Liver <1
K Hill parameter for Influx to Liver 4
V Hill max velocity for influx to Liver 4

carrier mediated transport. Yokel (2002) proposed that Mn enters the brain in a similar
fashion. However, others suggested that Mn enters the brain primarily from the nasal
cavity followed by activity dependent transneuronal transport in a manner similar to
calcium, another divalent cation (Dorman et al. 2002a; Dorman et al. 2006; Leavens et al.
2007). Dendrites of primary olfactory neurons are in contact with the olfactory lumen at
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the site of the olfactory epithelium. Mn can be taken up by these dendrites and be
transneuronally carried from the lumen to the olfactory bulb and further areas of the brain
(Tjalve and Henriksson 1999).

Understanding this issue is paramount for the design of treatments such as chelating
therapy and interventions (Gaeta and Hider 2005). Although Dorman et al. (2006) noted
a rostro-caudal concentration gradient along the olfactory pathway in rhesus monkeys
following airborne exposure to Mn, they were unable to observe higher Mn concentrations
in the intervening tissue. Activity mapping and track tracing studies with MEMRI in rats
(Koretsky and Silva 2004; Lu et al. 2007; Paulter et al. 2004; Silva et al. 2004) may likely
elucidate Mn pathways taken in the olfactory route to reach these deep brain structures.

Mn may cross the blood brain barrier (BBB), blood cerebrospinal fluid barrier
(BCSFB), or cross unguarded areas of the brain such as the area postrema when using the
indirect lung to blood to brain pathway. At physiologic concentrations, Mn influx into the
brain is passive, nonsaturable, and thought to occur primarily through the capillary bed of
the BBB (Rabin et al. 1993). In contrast, at higher potentially toxic concentrations, passive
influx through the BCSFB is thought to dominate (Murphy et al. 1991; Rabin et al. 1993).
The neuroanatomical proximity of the third ventricle to striatum might explain how
transport across the BCSFB may provide a means for Mn to reach striatum without
accumulating in other brain structures. Small ions and other chemicals like the HIV drug,
AZT, are known to cross the blood-CSF barrier (Wu et al. 1992). Further investigations
may focus on how Mn enters brain when using the pulmonary route (BBB or BCSFB), and
why this ion selectively accumulates in striatum.

Mn in striatum

The half-life of Mn in the rat brain was reported to be 51-74 days (Takeda, Sawashita, and
Okada 1995). A shorter half-life in soft tissue and a longer half-life in the skeletal system
have been reported (Furchner, Richmond, and Drake 1966). A terminal half-life of ~30
days (Dorman et al. 2001b) and 7 to 30 days in rat whole-body (Lee and Johnson 1988,
1989) and not much longer in humans (Johnson, Lykken, and Korynta 1991; Mahoney
and Small 1968) has also been reported. Dorman and others 2001a, 2002a suggest that Mn
is primarily concentrated in rat striatum following exposure. However, other work by this
same group suggests otherwise (Dorman et al. 2002b). Clearly, age, gender and liver
function (Erikson et al. 2004; Hauser et al. 1994) effect clearance rates following either
exposure variant.

Recently, Mn has been used in rats as a contrast agent in Mn enhanced MRI
(MEMRI) track tracer studies (Lu et al. 2007; Pautler 2004; Silva et al. 2004; Pautler,
Mongeau, and Jacobs 2003). MEMRI will likely yield useful experimental data about Mn
transport to rat striatum for testing our predictions. Further, extrapolating these imaging
studies to humans may indicate how useful MRI scans are at detection of striatal Mn
following exposure.

Study limitations

Rats differ from humans in that they are obligatory nose breathers (Dorman et al. 2002a).
Thus the olfactory versus pulmonary contributions may be different in humans. Rats also
do not develop symptoms of manganism and thus the rat may not be the best experimental
model for Mn studies. The PBTK model developed here was based on radioactive Mn
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used in the Dorman and others (2002a) study. Nonradioactive Mn may behave differently
in tissue, representing another potential limitation in this study.

Model parameters were calculated based on acute input exposure data. Nong and
others (2008) noted that Mn models of accumulation should take into account different
behaviors for normal (low) intake versus high (toxic) amounts. It is possible that
parameter values would differ under chronic exposure conditions. However, both acute
and chronic simulated inputs were well above toxic tissue levels, and therefore parameter
estimates should be consistent in both acute and chronic toxic conditions.

Conclusions

The goal of this investigation was to quantitatively explore whole-body Mn distribution
and — in particular — its accumulation in striatum — in the rat. We accomplished this by
developing an 11-compartment whole-body PBTK model of Mn distribution in rats, based
on multiorgan rat data. The fully quantified model provided numerous kinetic parameters,
including the relative distribution of whole-body Mn for each compartment in response to
a constant simulated input of inhaled Mn, and the relative contributions of olfactory and
pulmonary pathways. The liver contained the greatest percentage of measured organs
(~6.7%), and (~82%) estimated inside unmeasured organs. Both striatum and cerebellum
contained (~0.1%) of total Mn, which is notable given that striatum volume is
approximately 100 fold less than cerebellum. The percent of olfactory (~52%) and
pulmonary (~48%) contribution to Mn in striatum were computed after acute aerosolized
exposure. Our simulations predict that clearance from striatum over time was nearly
complete after ~100 days following acute exposure (>1mgMn/m?). In a separate
simulation of low-level chronic exposure (~0.01 mgMn/m?), striatal Mn was saturated
and reached an approximately steady value at 100 days. Sensitivities of AUCstriaTUM tO
most parameters were quite low (all but one <11%), with the key sensitivity being 31%
for a 10% perturbation in k4, the fractional rate of Mn transfer to striatum from the
central compartment.

The rat striatum does not accumulate Mn, so the rat is not the best animal model for
studying manganism in humans. Nevertheless, the methodology developed in this work
should be directly applicable to animal data that does better reflect the human condition
and, ultimately, should be helpful in extrapolation to the human.
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