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Abstract
Epidemiological studies in children have reported associations between elevated dietary
manganese (Mn) exposure and neurobehavioral and neurocognitive deficits. To better understand
the relationship between early Mn exposure and neurobehavioral deficits, we treated neonate rats
with oral Mn doses of 0, 25, or 50 mg Mn/kg/d over postnatal day (PND) 1 – 21, and evaluated
behavioral performance using open arena (PND 23), elevated plus maze (PND 23), and 8-arm
radial maze (PND 33–46) paradigms. Brain dopamine D1 and D2-like receptors, and DAT
transporter densities were determined on PND 24, and blood and brain Mn levels were measured
to coincide with behavioral testing (PND 24, PND 36). Pre-weaning Mn exposure caused
hyperactivity and behavioral disinhibition in the open arena, but no altered behavior in the
elevated plus maze. Manganese-exposed males committed significantly more reference and
marginally more working errors in the radial arm maze compared to controls. Fewer Mn exposed
males achieved the radial maze learning criterion, and they required more session days to reach it
compared to controls. Manganese-exposed animals also exhibited a greater frequency of
stereotypic response strategy in searching for the baited arms in the maze. These behavioral and
learning deficits were associated with altered expression of the dopamine D1 and D2 receptors and
the dopamine transporter in prefrontal cortex, nucleus accumbens, and dorsal striatum. These data
corroborate epidemiological studies in children, and suggest that exposure to Mn during
neurodevelopment significantly alters dopaminergic synaptic environments in brain nuclei that
mediate control of executive function behaviors, such as reactivity and cognitive flexibility.
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Introduction
Epidemiologic and case-based studies in children have reported associations of
environmental manganese (Mn) exposure with behavioral and cognitive deficits, including
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ADHD-like deficits in executive function affecting impulse control, cognitive flexibility,
and goal-oriented behavior (Barlow 1983; Bouchard et al. 2007; Collipp et al. 1983; Pihl
and Parkes 1977; Takser et al. 2003; Wasserman et al. 2006; Woolf et al. 2002; Wright et al.
2006). These studies substantiate concerns about the susceptibility of young children to
elevated Mn exposure due to the vulnerability of the developing brain to chemical insult, as
well as increased absorption and retention of ingested Mn compared to adults (Daubing
1968; Dorner et al. 1989; Keen et al. 1986; Kostial et al. 1978; Lai et al. 1984; Lonnerdal
1997; Miller et al. 1975; Pennington and Young 1991; Zlotkin S. H. 1986). Infants are at
risk of elevated Mn exposure from contaminated well-water and soy-based infant formulas
that may contain ~30 to 300-fold higher Mn levels than in breast milk (Aschner and Aschner
2005; Ericson et al. 2007; Keen et al. 1986; Ljung and Vahter 2007; Lonnerdal 1997).

Consistent with the behavioral alterations observed in Mn-exposed children, a recent study
by Golub et al. (2005) reported that monkeys fed soy formula or soy formula supplemented
with added Mn from birth to age 4 months exhibited increased impulsivity, altered play
behavior, and more affiliative clinging in social interactions compared to controls. A number
of neonate rodent studies have also reported significant impacts of pre-weaning Mn
exposure using tests such as gross motor activity, passive avoidance, acoustic startle,
burrowing detour, and negative geotaxis (Brenneman et al. 1999; Chandra et al. 1979;
Dorman et al. 2000; Pappas et al. 1997; Reichel et al. 2006; Tran et al. 2002a, b). But, these
rodent motor/behavioral tests may not be well suited for assessing the types of executive
function deficits observed in Mn-exposed children.

The pre- and early post-weaning period coincides with the development of dopaminergic
pathways in brain regions such as the prefrontal cortex, nucleus accumbens, and dorsal
striatum that are instrumental in the regulation of executive function behaviors involving
learning, memory, and attention (Arnsten 2006; Broaddus and Bennett 1990a, b; Goto and
Grace 2005; Leo et al. 2003; Packard and Knowlton 2002). The dopaminergic system is also
a sensitive target of Mn exposure, based on studies in adult animals and humans (Donaldson
1985; Eriksson et al. 1992; Guilarte et al. 2006; Huang et al. 2003; Kessler et al. 2003;
Newland et al. 1989; Newland 1999; Normandin and Hazell 2002) and on recent studies in
pre- or early post-weaning rodents (Calabresi et al. 2001; Dorman et al. 2000; McDougall,
2008; Reichel et al. 2006; Tran et al. 2002a, b;). For example, Calabresi et al. (2001) showed
that early post-weaning Mn exposure in rats produced significant behavioral disinhibition,
and that these behavioral changes were associated with enhanced pre-synaptic D2-like
dopamine receptor expression in the corticostriatal system. Thus, the collective evidence
suggests that early Mn exposure may produce deficits in learning, memory, and attention
through effects on the developing dopaminergic system in specific brain areas.

The objectives of this study were to investigate the effects of oral pre-weaning Mn exposure
on behavior and cognition in a rodent model, and whether these effects were associated with
alterations in dopaminergic function in forebrain nuclei important in the regulation of
executive function behaviors. Neonates were exposed to oral Mn doses of 0, 25, or 50 mg
Mn/kg/d over PND 1 – 21, and then assessed using open arena, elevated plus maze, and 8-
arm radial maze learning paradigms. Levels of dopamine D1 and D2 receptor proteins, as
well as the dopamine transporter (DAT) were measured in the prefrontal cortex, nucleus
accumbens, and dorsal striatum. Our results show that neonatal Mn exposure at levels
comparable, on a relative basis, to those experienced by children consuming contaminated
well-water or soy-based infant formula produce deficits in behavioral inhibition, and spatial
and associative learning that were associated with significant alterations in D1, D2, and
DAT levels.

Kern et al. Page 2

Synapse. Author manuscript; available in PMC 2011 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Materials and Methods
Animals

Twenty-six primiparous pregnant Sprague-Dawley rats (gestational day 13 – 15) weighing
350 – 500g were purchased from Simonsen Laboratories (Gilroy, Ca.). At parturition, the
litters were examined, sexed and weighed, and culled to adjust litter size to 10 pups
composed of six male and three female pups per litter with one extra pup to complete the
litter. Treatments were balanced within each litter and gender, and only one animal per litter/
gender/treatment was used in an experimental outcome. Only males were used for the
reported outcomes, with the exception that females were used to determine blood and brain
Mn levels on PND 36 in order to infer body Mn levels in males at the beginning of radial
maze testing (blood and brain Mn levels measured on PND 24 in both males and females
indicated no gender-based differences). All animals were weighed daily throughout Mn
exposure and at regular intervals thereafter. Animals were maintained on a reverse 12/12
hour light/dark cycle throughout the duration of the study. The animals were fed Harlan
Teklad rodent chow #2018 which is reported by the manufacturer to contain 118 mg Mn/kg.
Animals were given local tap water ad libitum, which contained Mn levels that were below
the city’s reported detection limit. All procedures related to animal care conformed to the
guidelines set forth in the Guide for the Care and Use of Laboratory Animals (NRC 1996).

Manganese Treatment
Neonate rats were orally exposed to Mn doses of 0, 25, and 50 mg Mn/kg/d over postnatal
day (PND) 1 – 21. A 150 µg Mn/mL stock solution of MnCl2 was prepared by dissolving
MnCl2·4H2O with Milli-Q™ water; aliquots of stock solution were diluted daily in 25%
sucrose solution vehicle for oral administration to neonate pups. Oral Mn (or sucrose
vehicle) was administered in a volume of ~25 µL/dose via micropipette. Control animals
received only the sucrose vehicle.

These oral Mn exposure levels increased Mn intake by ~350 and 700-fold over levels
consumed from lactation alone, which approximates the relative ~300 to 500-fold increases
in Mn exposure suffered by infants and young children exposed to Mn contaminated water
or soy-based formulas (or both), compared to Mn ingestion from human breast milk. Human
breast milk contains ~6 ug Mn/L, yielding normal infant intake rates of ~0.6 ug Mn/kg/d,
based on infant daily milk consumption rates of ~0.8 L/day for a 8 kg 6–9 month old infant
(Arcus-Arth et al., 2005; Dewey et al., 1991; Dorner et al., 1989; Stastny, et al., 1984). By
comparison rat milk Mn levels are ~200 – 300 ug Mn/L (Dorman et al., 2005; Keen et al.,
1981), and pre-weaning rats consume an average of 260 mL/kg/d over PND 1–21 (Godbole
et al., 1981; Yoon and Barton, 2008). Thus, pre-weanling control rats consume ~70 µg Mn/
kg/d, which is ~100-times higher than normal human infant Mn intake from breast milk.
Since normal daily dietary requirements for Mn are not well known for either infant humans
or rats (Keen et al., 1981; Ljung and Vahter, 2007), we chose an exposure regimen that
modeled the relative increase in Mn intake experienced by human infants exposed to
contaminated well water or soy formulas, compared to human breast milk. For comparison,
human breast milk contains an average of ~4 µg Mn/L, whereas drinking water from
roughly 6% of wells monitored in the US contain over 300 µg Mn/L and can be as high as
1,500 µg Mn/L, and average Mn levels in infant formula is 400 µg Mn/L and can be as high
as 1,200 µg Mn/L (Ljung and Vahter 2007; Lonnerdal 1997; Wasserman et al. 2006). These
Mn exposure levels were also similar to levels used in other published studies in neonatal
rats (Brenneman et al. 1999; Deskin et al. 1981a, b; Dorman et al. 2000; Kontur and Fechter
1985; Tran et al. 2002a, b).
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Pup milk intake during Mn treatment—Milk intake by the nursing pups was evaluated
on PND 4, 8, and 11. For this, the dam was removed from the home cage for 4 hours;
immediately before returning the dam to the home cage, the pups were weighed and then
allowed to nurse for 75 minutes, then reweighed to determine milk intake over the nursing
bout. Data are expressed as grams milk consumed per gram body weight over the 75 minute
nursing bout.

Design and Tissue Collection
On PND 23 separate cohorts of animals were evaluated in the open arena (n = 15 – 20
males/treatment) and the elevated plus maze (n = 7 males/treatment). Animals were
sacrificed on PND 24 for measurement of blood and brain Mn levels (males and females, n
= 8 – 12 animals/gender/treatment), and brain dopamine D1 and D2-like receptors and
transporter (DAT) levels by immunohistochemical staining (n= 4 – 7 males/treatment).
Another cohort of animals (n = 15 – 20 males/treatment) underwent testing in an 8-arm
radial maze paradigm, using a 6 day maze acclimation period (PND 27 – 32) followed by a
14 day testing period (PND 33 – 46). A set of female animals was sacrificed on PND 36 to
assess blood and brain Mn levels at a time corresponding with 8-arm maze testing.

Animals were sacrificed via decapitation and blood and brain tissues were collected. Whole
blood was collected into heparinized containers for hematocrit analysis (measured
immediately) and Mn concentrations (samples stored at −20°C until analysis). Hematocrits
were measured using standard heparinzed hematocrit capillary tubes and centrifugation.
Brain was bisected into hemispheres, and the left hemisphere was immediately frozen on dry
ice for Mn concentration analyses. The right hemisphere was dedicated to
immunohistochemical analysis and at collection was immediately immersed in 4%
paraformaldehyde (Paraformaldehyde M.W.=90.1, #150146, MP Biomedicals) and fixed
overnight at 4°C, then changed to a 10% sucrose 0.1M PBS solution and fixed overnight at
4°C, and then changed to a 30% sucrose 0.1M PBS solution for two days at 4°C for
cryoprotection. Brain samples were embedded in freezing medium and stored at −70°C until
further processing.

Open Arena
Spontaneous locomotor activity in the full arena and defined center and perimeter zones was
assessed on PND 23 using activity chambers in connection with an automated video tracking
system from San Diego Instruments (SMART System). Animals were placed individually in
60 × 60 × 30 cm open enclosure arenas in a darkened testing room and their movement was
video-tracked for 30 minutes using a digital video camera under infrared light. For center
and perimeter zone locomotor activity measures, individual tracks were collected and center
and perimeter zones were defined in the SMART software and analyzed for time and
distance spent in each zone.

Elevated Plus Maze
The elevated plus maze (EPM) was performed on PND 23 as a standard test of fear and
anxiety, where anxiety-related behavior is measured by the degree to which the rodent
avoids elevated, unenclosed arms of the maze and exhibits defense behaviors such as head
dips and scanning posture. The maze was elevated 50 cm above ground and consisted of
four arms 48 cm in length. Two opposing arms were open with no walls, while 48 cm high
walls enclosed the other two opposing arms. There was a 10 × 10 cm open area at the
confluence of the four arms. Testing procedures followed the Behavioral Neuroscience
protocol for elevated plus maze (Current Protocols in Neuroscience 2001 John Wiley and
Sons: Supplement 10 section 8.3.6 Basic Protocol 4).
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Animals were kept on reverse lighting from PND 10 until the testing day. One hour before
animals were put in the maze, they were placed in a darkened holding room followed by
testing in a dimly lit room. Animals were placed individually in the center facing an open
arm, and the rodent’s behavior recorded by video camera. Tapes were scored by a researcher
blind to treatment for 1) entries into center, 2) entries into closed arms, 3) entries into distal
portion of closed arms, 4) entries into open arms, 5) entries into distal portion of open arms,
6) number of head dips, 7) number of rears, 8) number of scanning postures, 9) number of
grooming events.

8 arm Radial Maze
The 8-arm radial maze testing was performed over PND 33–46 to evaluate spatial memory
and stimulus-response (S–R) learning after pre-weaning Mn exposure. Maze arms were 55 ×
10 × 10 cm (L × W × H) and the center arena was 35 cm in diameter with 20 cm high walls.
Bait reward cups were recessed at the ends of each arm so that the bait was not visible
unless the animal was adjacent to the cup. Testing procedures followed the Behavioral
Neuroscience protocol assessing working vs reference memory (Current Protocols in
Neuroscience, 2001 John Wiley and Sons: Supplement 4 section 8.5A.1 Basic Alternate
Protocol 1).

The maze was performed daily beginning with a 6-day acclimation period (PND 27 – 32)
when animals were gradually conditioned to obtain the food reward (1/4 fruit loop cereal) in
the recessed bait cups. Testing occurred over PND 33 – 46; food bait was placed at the ends
of four arms after which the animal was placed in the center of the maze. The location of the
bait remained the same over the 14 day test period for each rat. The test animal was removed
only after all baits were retrieved or 10 minutes had elapsed. Order of testing in the 8-arm
radial maze within each cohort was balanced by treatment within a testing day as well as
across testing days. Animals were scored based on number of entries into baited and
unbaited arms, time to retrieve bait rewards, and sequence of arms visited. The number of
arm entries per minute was also recorded.

Blood and Brain Mn Levels
Aliquots of 180 µL whole blood were digested overnight at room temperature with 360 µL
16N HNO3 (Optima grade, Fisher Scientific). Digestion was complete after addition of 180
µL H2O2 and 1,080 µL Milli-Q™ water. After 10 minutes, digestates were centrifuged
(15,000 × g for 15 min.) and the supernatant was collected for Mn analysis. Aliquots (100
mg wet weight) of homogenized brain tissue were digested with ultrapure 16N HNO3
(Optima grade, Fisher Scientific) and redissolved in 1N HNO3 for analyses, as previously
described (Smith et al. 1992). Mn levels were determined using a Perkin-Elmer 4100ZL
Zeeman graphite furnace AAS, with external standardization using certified SPEX
standards. National Institutes of Standards and Technology SRM1577b (bovine liver) was
used to evaluate procedural accuracy. The analytical detection limit for Mn was 0.1 ng/mL.

Immunohistochemistry for Dopamine Transporter (DAT), Dopamine Receptors D1 and D2,
β-tubulin, and DAPI

For immunohistochemical analysis in PND 24 animals, the PFA-fixed right brain
hemisphere was microtome sliced (Leica Microsystems, Inc. model CM30505) in
preparation for antibody fluorescent staining for DAT, D1, and D2. Frozen brains were
sectioned coronally at −20°C in 20 µm slices, mounted on superfrost/Plus slides, and stored
at −20°C. Brain slices were arranged so that all three treatments were represented on each
slide. Overall, 72 (for prefrontal cortex and olfactory tubercle) and 144 (for striatum and
nucleus accumbens) 20 µm brain slices per region per animal per treatment were mounted
on slides.
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For immunostaining, mounted brain slices were blocked with 4% normal goat serum
(Jackson Immunoresearch) and permeablized with 0.1% Triton for 1 hour. Tissues were then
washed with PBS, and incubated with primary antibody (DAT, SC Biotech Rabbit
polyclonal IgG anti-DAT (H-80) sc-14002 1:50; D1, SC Biotech Rabbit polyclonal IgG anti-
D1 (H-109) sc-14001 1:50; D2, SC Biotech Rabbit polyclonal IgG anti-D2 (H-50) sc-9113
1:50; Tau 46 SC Biotech mouse monoclonal IgG anti-tubulin (46) sc-32274 1:50) overnight
at 4°C. Tissues were then washed with PBS, PBST, and incubated with secondary antibody
(Molecular Probes Alexa Fluor 488 goat anti-rabbit IgG highly cross-adsorbed A11034
1:1000; Molecular Probes Alexa Fluor 555 goat anti-mouse IgG highly cross-adsorbed
A21424 1:500) for 1 hour. Next, slides were washed again with PBST and DAPI stained for
10 minutes (Invitrogen D21490/DAPI-Fluoro-Pure Grade, 300nM working solution). Slides
were then loaded with Fluoromount GTM (Southern Biotech) and coverslipped prior to
analyses by confocal microscopy.

Confocal Microscopy and Image Analysis
A total of 36 (prefrontal cortex and olfactory tubercle) or 72 (striatum and nucleus
accumbens) immunostained brain slices per brain region per animal per treatment were
analyzed for all proteins (i.e., every other brain slice was selected for analysis).
Immunostained brain slices were analyzed using a Zeiss LSM 5 Pascal Laser Scanning
Microscope. All images on each slide were taken with constant settings at 20× magnification
using the same detector gain and amplifier offset for fluorescent image comparison. Subsets
of 18 brain slices per region per animal were qualitatively scored for protein fluorescence,
and a representative brain slice per region per animal was selected for quantification. Images
from 4–7 animals per treatment, per protein, per brain region were selected for
quantification and analyzed for treatment-based comparisons of fluorescent density within
each slide using Metamorph software (Molecular Devices Corporation, MetaXpress™,
MetaMorph 7, multiwavelength cell scoring and count nuclei module). For these analyses,
brain regions were selected using standard landmarks (e.g. lateral ventricles, corpus
callosum, anterior commissure) and average gray values were calculated to quantify
grayscale intensity (pixel brightness) values and distribution. Average grayscale values were
obtained by dividing the sum of the gray values by the number of pixels detected within the
defined threshold for each slide. Fluorescence density of the Mn-treated animals in each
brain region for each slide was compared to the average of all control animals in that brain
region to determine Mn effects.

Data Analyses
Summary data are expressed as mean ± standard error (SE). Data were analyzed to test
specific hypotheses using one-way analysis of variance (ANOVA) using JMP software
(Version 7.0, 2007, SAS Institute Inc.). Multivariate analysis of variance (MANOVA) was
employed to evaluate treatment effects on the cognitive and behavioral endpoints,
incorporating possible covariates of performance (e.g., body weight, cohort, open arena
activity bin #), all of which had no influence on the Mn effect. Individual treatment
comparisons were done with Tukey’s or Dunnett’s post-hoc test. If necessary, data were log-
transformed to achieve normality and variance equality. Log-transformation did not
influence determination of significance. If transformation did not achieve the desired
outcome, data were analyzed using the non-parametric Kruskal-Wallis test (rank sums) with
one-way Chi Square approximation or WELCH ANOVA for unequal variances. A p-value
of ≤0.05 for the various outcomes was considered statistically significant.
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Results
Pre-weaning Oral Mn Exposure Was Not Overtly Toxic and Produced Increases in Blood
Mn Levels Relevant to Human Exposure

Blood and brain Mn concentrations, hematocrit (HCT), and milk intake by the nursing pups
were determined to evaluate the Mn dosing regimen and its relevance to human exposure.
Blood and brain Mn levels on PND 24 increased approximately two-fold following exposure
to 25 mg Mn/kg/d, and about three-fold following exposure to 50 mg Mn/kg/d (WELCH
ANOVA: blood F = 61.78, DFDen = 30.87, p<0.0001; brain F = 51.37, DFDen = 12.224,
p<0.0001), with no difference between genders (Figure 1a, b, respectively). To determine
brain Mn levels at the time of 8-arm radial maze testing, a set of female rats were sacrificed
for analyses on PND 36. Results show that brain Mn levels had decreased substantially to
near background levels, with the 25 and 50 mg Mn/kg/d groups being ~15% and ~27%
higher than controls (F(2,24) = 17.88, p<0.001), respectively (Figure 1c).

Pre-weaning oral Mn exposure did not induce an anemic state—It has been
suggested that elevated Mn exposure may disrupt iron uptake and metabolism (Aschner et
al. 2005), which if resulting in developmental iron deficiency could confound the Mn effects
in the behavioral assays. We measured hematocrit levels on PND 24 to determine whether
animals had evidence of iron deficiency anemia due to Mn exposure, and found that
hematocrit levels were not different between control and Mn exposed groups (Control: 31.40
± 0.62; 25 mg Mn/kg/d: 31.63 ± 0.42; 50 mg Mn/kg/d: 31.97 ± 0.55; Kruskal-Wallis Chi-
Square = 0.332, DF = 2, p=0.85, n=8 per treatment).

Pre-weaning oral Mn exposure did not impair pre-weaning nutritional intake,
but did result in slight reductions in growth rate—Pup milk intake from lactating
dams was measured on PND 4, 8, and 11 to determine if the oral Mn exposure regimen
altered nursing success and milk intake, which might confound Mn effects on
neurodevelopment and cognitive function. There were no measurable differences in
measured milk intake between treatment groups at any of these times, based on pup milk
intake normalized to pup body weight (ANOVA p>0.5 for all ages and genders, n=8
animals/treatment/time point, data not shown). This indicates that the Mn exposure regimen
did not impair nutritional intake. There was a small effect of Mn treatment on body weight,
with the 25 and 50 mg Mn/kg/d groups weighing on average ~3% and 8% less than controls,
respectively, on PND 21 (Males PND21: ANOVA F(2,95) =11.78 p<0.0001: Control 56.99
± 0.79, 25 mg/kg/d 55.02 ± 0.71, 50mg/kg/d 51.93 ± 0.71, mean ± SE n=30/treatment).
However, the random assignment of the two males/treatment/litter to different experimental
outcomes (e.g., open arena, 8-arm radial maze, etc.) resulted in no differences in body
weight between treatments within any of the experimental outcomes.

Pre-weaning Mn Exposure Caused Altered Locomotor Activity in the Open Arena in PND
23 Males

Previous studies have shown altered activity levels following elevated Mn exposure in adult
and early post-weanling rodents, and in non-human primates (Brenneman et al. 1999;
Chandra et al. 1979; Golub et al. 2005; Pappas et al. 1997). Here, pre-weaning oral Mn
exposure caused a significant increase in distance traveled in the open arena in male rats
(F(2,51)=5.06, p=0.01, total distance over 5–30 min.), with the 50 mg Mn/kg/d group
exhibiting a 20% increase in total distance traveled compared to controls (p<0.05, Tukey
post-hoc) (Figure 2a).
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Pre-weaning Oral Mn Exposure Caused an Altered Stress Response in the Open Arena in
PND 23 Males

The open arena is an established paradigm for assessing an animal’s reaction to stressful
stimuli related to emotion or affective state (Prut and Belzung 2003). To determine whether
pre-weaning Mn exposure altered the behavioral response to the open arena, activity tracks
of each animal were analyzed to determine the total distance traveled and time spent in
defined perimeter versus center zones of the open arena enclosure. Pre-weaning Mn
exposure caused a significant increase in center zone activity of male rats, based on the ratio
of center distance/total distance traveled over 5 – 30 min (WELCH ANOVA F=4.99, DF =
2, DFDen = 31.5, p=0.01), with the 50 mg Mn/kg/d exposure group exhibiting a 20%
increase in the ratio of center/total distance traveled compared to controls (Figure 2b,c). In
fact, over 70% of the increase in total distance traveled in the 50 mg Mn/kg/d group males
over controls shown in figure 2a was due to increased locomotor activity in the center zone
of the open arena. This increase in center zone activity in Mn exposed animals is not simply
due to overall increased distance traveled in the open arena, since the center zone locomotor
activity was normalized to total locomotor activity for each animal. Similar results were
observed when total time spent in the center versus perimeter zones was considered (data
not shown).

Pre-weaning Mn Exposure Did Not Impact Elevated Plus Maze Performance
The elevated plus maze is a well-established paradigm to evaluate fear and anxiety, based on
the animal’s unconditioned response to a potentially dangerous environment (Carobrez and
Bertoglio 2005). Anxiety-related behavior is measured by the degree to which the animal
avoids the elevated, unenclosed arms of the maze. Here, there were no measurable
differences between control animals and Mn-treated groups in any of the scored behaviors
(entries into closed or open arms, rears, head dips, scan posture, etc. ANOVA p>0.4 for all
outcomes n=7 per treatment; Figure 3). Thus, Mn exposed rats displayed appropriate fear/
anxiety responses in the elevated plus maze by avoiding elevated open arms and exhibiting
normal defense behaviors, compared to controls.

Pre-weaning Mn Exposure Cause Impaired Learning/Memory Performance in Males in the
8-Arm Radial Maze over PND 33 – 46

The 8-arm radial maze is a well-established learning paradigm to assess spatial memory and
stimulus-response (S–R) learning abilities involving both hippocampus-dependent and
dorsal caudate (striatum)-dependent learning systems. Both spatial and S–R learning
systems are important for success in the radial arm maze. Spatial learning can be assessed
via working (short-term) memory, and S–R learning can be assessed via reference (long-
term) memory (McDonald and White 1993; Packard et al. 1989; Packard and White 1990;
Packard and Knowlton 2002).

Mn exposure caused a significant delay or failure to reach learning criterion—
The learning criterion, established as ≤4 total errors over 3 consecutive session days, was
based on the lowest number of total errors achieved by 100% of the control animals over 3
consecutive test-session days. Fewer Mn-exposed animals reached the learning criterion
over the 14 day testing period; 100% of controls reached criterion compared to only 83% or
62% of animals exposed to 25 or 50 mg Mn/kg/d, respectively (Figure 4a). The 50 mg Mn/
kg/d treatment group differed significantly from the control and the 25 mg/kg/d treatment
groups (p<0.05, Fisher’s exact test). Further, the Mn-exposed animals that did achieve the
learning criterion were significantly delayed in reaching the criterion (Kruskal-Wallis Chi
Square = 8.37, DF = 2, p=0.01) (Figure 4b). Control animals reached the learning criterion
on session day 5 (avg. 5.3 ± 0.7 SE), while the 25 mg Mn/kg/d and 50 mg Mn/kg/d groups
required 5.8 ± 1.0 and 8.3 ± 0.9 session days to achieve criterion, respectively.
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Mn-exposed males committed significantly more learning errors—Pre-weaning
Mn exposure caused a significant increase in reference errors (F(2,36) = 5.25, on log
transformed data p=0.01), and total errors (F(2,36) = 5.25, on log transformed data p=0.01),
and a borderline significant increase in working errors (F(2,36) = 3.02, p=0.06) in the 8-arm
radial maze (Figure 5).

Analysis of learning/memory errors across blocks of test session days (i.e. session day
blocks 1 – 2, 3 – 5, 6 – 8, etc.) revealed that the 50 mg Mn/kg/d exposure group committed
significantly more total and reference errors compared to controls in session day blocks 3 –
5 and 6 – 8. In the latter day block session blocks, the treatment groups did not significantly
differ and the performance was generally asymptotic (i.e. session day blocks 9 – 11, 12 –
14). These results indicate that the significantly increased learning errors suffered by Mn-
exposed animals occurred over the learning acquisition phase of maze testing, and not over
the later asymptotic performance phase of testing. Statistical analyses of treatment group
errors within session day blocks showed that Mn-exposed animals committed significantly
more reference (F(2,35) = 6.73, p=0.003), working (WELCH ANOVA F=3.56 DF=2,
DFDen=19.48, on log transformed data p=0.04), and total (Kruskal-Wallis Chi-Square =
9.07 DF=2, p=0.01) errors than controls on session day block 3 – 5, and significantly more
reference (F(2,34) = 6.02, on log transformed data p=0.045) and total (F(2,36) = 3.24,
p=0.048) errors than controls on session block 6 – 8 (Figure 6a, b, c). The number of
learning errors committed by the Mn exposed animals was also somewhat higher than
controls over the asymptotic performance phase (day blocks 9 – 11, 12 – 14), though those
differences did not reach statistical significance. Collectively, these radial maze results
suggest that Mn compromises both spatial and S–R learning systems, resulting in significant
deficits during the active learning phase of the test period.

To determine whether maze performance was affected by differences in motivation between
treatment groups, we examined the number of maze arm entries over the testing period. We
found no differences between control and Mn-treated groups in the number of maze arms
entered per minute per session day across the 14 day test session (Kruskal-Wallis ChiSquare
= 2.47 DF = 2, p>0.29, data not shown). This suggests that there were no differences in
motivation to perform the maze across the treatment groups.

Pre-weaning Mn exposure caused a shift in goal-oriented behavior in males—
Performance in the 8-arm radial maze was analyzed to evaluate specific learning strategies
based on the sequence of maze arms entered on each session day. It has been shown that
rodents with impaired spatial memory will utilize a stereotypic response strategy (i.e.,
successively entering adjacent arms) in searching for bait rewards that manifests as
preference for choice of direction (Lanke et al. 1993). Here, pre-weaning Mn-exposed male
rats exhibited a stereotypic response strategy on a significantly greater number of session
days compared to controls (Kruskal-Wallis Chi-Square = 8.47, DF = 2, p=0.01) (Figure 7).
This is consistent with the notion that Mn exposed animals suffered deficits in spatial/
associative learning processes, defaulting to a stereotypic response strategy to maximize
success.

Pre-weaning Mn Exposure Altered Dopamine Receptor and Transporter Protein Levels in
Males on PND 24

Pre-weaning Mn exposure led to altered levels of D1, D2, and DAT proteins compared to
controls in the prefrontal cortex, nucleus accumbens and dorsal striatum brain regions that
stained positively for these proteins in PND 24 male rats (Table 1). In the dorsal striatum,
D1 receptor levels in both the 25 and 50 mg Mn/kg/d groups and DAT levels in the 50 mg
Mn/kg/d group decreased significantly to ~50 – 70% of control group levels (D1 p=0.01 for
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25 mg Mn/kg/d and p=0.001 for 50 mg Mn/kg/d; DAT p=0.01 for 50 mg Mn/kg/d, based on
Dunnett’s test) (Table 1, Figure 8). In the nucleus accumbens, D1 receptors and DAT in the
50 mg Mn/kg/d group decreased significantly to ~60% of control group levels (D1, p=0.01;
DAT, p=0.003 based on Dunnett’s test) (Table 1, Figure 8). D2 receptor levels in the
striatum and the nucleus accumbens did not measurably change with Mn treatment. In
contrast, D2 receptor immunostaining in the prefrontal cortex increased significantly to
430% of control group levels in the 50 mg Mn/kg/d treatment group (p<0.0001, based on
Dunnett’s test) (Table 1, Figure 8). β-tubulin levels in the striatum did not measurably
change with Mn treatment (Figure 8).

Finally, the olfactory tubercle stained positively for D1, D2, and DAT but did not show
measurable changes in protein levels due to pre-weaning Mn treatment (Figure 9), serving as
a negative control for these immunohistochemical fluorographs.

Brain regions histochemically stained for DAPI did not show measurable differences
between treatments (data not shown), indicating that Mn treatments did not cause overt cell
loss in the striatum, nucleus accumbens, or prefrontal cortex.

Discussion
We investigated the effects of early Mn exposure on behavior and learning and associated
effects on expression of dopamine-related proteins in a rodent model of environmentally
relevant Mn exposure. Pre-weaning oral Mn exposure resulted in behavioral hyperactivity
and disinhibition in the open arena, and learning deficits in the 8-arm radial maze as well as
alterations in dopamine receptors/transporter D1, D2, and DAT in prefrontal cortex, nucleus
accumbens, and dorsal striatum. These data suggest exposure to Mn during
neurodevelopment significantly alter dopaminergic synaptic environments in brain nuclei
that mediate control of executive function behaviors, such as impulsivity, hyper-reactivity,
and cognitive flexibility. These results corroborate epidemiological studies in children
reporting associations between elevated Mn exposure and neurocognitive deficits and
ADHD-like behaviors such as impulsiveness, hyper-reactivity, attention deficits, behavioral
disinhibition, and visual-spatial and goal-oriented behavior deficits (Barkley 1997;
Bouchard et al. 2007; Collipp et al. 1983; Ericson et al. 2007; Oades et al. 2005; Wasserman
et al. 2006; Winstanley et al. 2006; Wright et al. 2006).

Pre-weaning oral Mn exposure caused a significant 20% increase in locomotor activity in
the open arena on PND 23 (Figure 2a), consistent with motor hyperactivity effects of Mn
reported in other neonate animal studies (Brenneman et al. 1999; Chandra et al. 1979;
Pappas et al. 1997). More detailed zonal analyses of locomotor activity in the open arena
revealed that Mn-exposed animals also traveled significantly more and spent more time in
the center zone of the arena compared to control animals, as reflected in the significantly
increased center activity/total activity ratio (Figure 2b). In fact, over 70% of the increase in
total open arena locomotor activity exhibited by animals exposed to 50 mg Mn/kg/d (versus
controls, Figure 2) occurred in the center zone of the arena. This suggests that the
hyperactivity exhibited by Mn-exposed animals was due largely to hyper-reactivity and/or
disinhibition of exploratory behavior, and not simply to increased activity (hyperactivity)
per se. This suggestion is consistent with the observations of Calabresi et al. (2001), who
found that post-weaning Mn exposure led to behavioral disinhibition and hyperactivity in
animals as young adults.

In contrast to the Mn effects on open arena behavior, pre-weaning Mn exposure had no
effect on the animals’ innate fear response in the elevated plus maze. Manganese-exposed
animals avoided open arms in the elevated plus maze as much as control animals. In
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addition, there were no differences in other defensive behavioral responses (e.g., scan
posture and head dips) across treatments (Figure 3). The elevated plus maze and the open
arena are both considered screening tests for emotional reactivity (Ducottet and Belzung
2005), but there is a fundamental difference between the two paradigms. The open arena
introduces a novel environment with stressors of a wide-open unfamiliar space, as well as
isolation from cage mates. Normally, animals show a preference for thigmotaxic (wall
touching) behavior in response to these stress cues, but in the absence of normal inhibition
of exploratory behavior in this novel environment, animals will more readily venture into
the center of the enclosure (Prut and Belzung 2003), as we observed here. The elevated plus
maze also presents a novel environment and isolation from cagemates, but includes
additional stress factors in the elevated open arms that are absent of thigmotaxic cues and
introduce a potentially harmful situation (Carobrez and Bertoglio 2005).

Disinhibition of exploratory behavior in the open arena, but appropriate innate fear response
in the elevated plus maze may suggest differential susceptibilities of dopamine systems
controlling these behaviors to early Mn exposure. Inhibitory control of exploratory behavior
is governed in part by dopamine release in the accumbens and prefrontal cortex (Arnsten
and Goldman-Rakic 1998; Bandyopadhyay et al. 2005; Grace 2000), but innate fear
conditions, such as those presented by the elevated plus maze, elicit dopaminergic release in
relatively primitive structures such as the amygdale and bypass prefrontal cortex influence,
resulting in greater autonomic control of behavioral responses (Arnsten 2000; Corcoran and
Quirk 2007; LeDoux 2000; LeDoux 2003). This may suggest that behavioral tests that rely
only on innate or conditioned fear responses to possible injury, such as shock avoidance,
may not be as sensitive for detecting effects of Mn exposure.

Behavioral disinhibition, observed as increased center zone activity in the open arena
(Figure 2), was associated with decreased levels of D1 receptors and DAT in the nucleus
accumbens and dorsal striatum, and increased D2 receptors in the prefrontal cortex of Mn-
exposed animals (Table 1, Figure 8). It is possible that these effects on dopamine-related
proteins resulted in deregulation of dopaminergic control over suppression of outward
exploratory behavior in the open arena, leading to increased center zone activity. The
dopamine system normally functions in the prefrontal cortex and nucleus accumbens to
modulate neuronal activity to elicit appropriate behavioral responses to relevant stimuli,
such as a novel stressful environment, and for suppression of neuronal activity that might
otherwise lead to contextually inappropriate behavioral responses (Arnsten and Goldman-
Rakic 1998;Arnsten 2006;Russell 2003). Alteration of the levels/function of these
dopamine-related proteins in the Mn-exposed animals may have led to impairment of proper
inhibitory control of contextually inappropriate behavior. The lack of a Mn effect in the
elevated plus maze (Figure 3), and the observation that Mn had no effect on dopamine
receptors or DAT levels in the olfactory tubercle (Figure 9), both support the suggestion that
early Mn exposure targets specific dopaminergic nuclei, while sparing others.

Pre-weaning oral Mn exposure also led to significant learning deficits in the 8-arm radial
maze, as evidenced by the significantly greater number of learning errors (Figure 5), and the
significant delay or failure of Mn-exposed animals to achieve the learning criterion (Figure
4). These deficits may reflect lasting effects of early Mn exposure, since they were measured
at a time (PND 33 – 46) when brain Mn levels had declined to near-control levels (Figure 1).
The 8-arm radial maze is a standard test for assessment of spatial memory and stimulus-
response learning abilities, which are controlled in part by the hippocampus, prefrontal
cortex, nucleus accumbens, and striatum (McDonald and White 1993;Packard and White
1989;Packard and White 1990;Packard and Knowlton 2002;White and McDonald 2002).
Neural structures of a few key learning and memory systems in the brain have access to the
same information and process this information at the same time, known as parallel
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processing (White and McDonald, 2002). The neural system (hippocampal/pre-frontal
cortex driven) that can store information quickly based on a brief, single experience
processes information about relations among spatial cues in the environment within some
limited time defined as temporal information processing, also known as short-term - or
working memory (White and McDonald, 2002). Another neural system at work (dorsal
striatum driven) aids in establishing associations between neural response of a stimulus and
behavioral response, which are strengthened with repeated exposure of the stimulus and
reinforcement (e.g. food bait). This type of learning is defined as stimulus-response learning
to increase probability that the stimulus will elicit a response on future occasions, known as
long-term - or reference memory (Packard et al., 1989;Packard and White, 1990,White and
McDonald, 2002). Both of these neural processes are necessary for proper execution of the
maze and occur simultaneously.

An animal’s normal initial response in the radial maze utilizes declarative, short-term,
working memory when an environmental cue is associated with reinforcement such as a
food bait reward (Packard and Knowlton, 2002). The stimulus-response associations
develop and strengthen with repeated presentation of the reinforcement for long-term,
reference memory applications (Packard and White 1990; White and McDonald 2002).
Thus, the significantly greater number of reference errors and borderline greater number of
working errors committed by Mn-exposed animals evidences deficits in both short and long-
term learning abilities (Figure 5). Notably, these deficits were most pronounced during the
active learning (acquisition) phase of the radial maze test period (i.e., session days 3 – 8,
Figure 6), and were not evident in the ‘performance’ phase of maze testing (session days 9 –
14) where Mn-exposed animals did not differ significantly from controls.

These radial maze learning deficits are consistent with the significant changes in levels of
D1, D2, and DAT measured in Mn-exposed animals on PND 24. In addition to regulating
reactivity to external stimuli, the ascending dopamine system is involved in the integration
of external stimuli necessary for goal-directed learning (Arnsten 2006; Goldman-Rakic et al.
2000; Grace 2000; Grace et al. 2007; Seamans et al. 2001; Williams and Goldman-Rakic
1995; Williams and Goldman-Rakic 1998). An intact dopaminergic cortico-striato-thalamo-
cortical loop is essential for proper evaluation of external stimuli in goal-directed behaviors,
and is the main interface for the dopaminergic system’s influence on behavior (Carr et al.
1999; Pattij et al. 2007). Thus, the altered D1, D2, and DAT protein levels observed here
may be an underlying contributor to the significant learning deficits in Mn-exposed animals,
and together suggest an impaired ability to regulate reactivity, establish appropriate
contextual associations with environmental cues, and process and establish stimulus-reward
associations required in learning the maze (Haber et al. 2000; Johansen and Sagvolden
2004).

The significantly increased use of a stereotypic response strategy by Mn exposed animals in
the 8-arm maze (Figure 7) is further evidence of disrupted learning behavior. Impaired
spatial/associative learning in rats has been shown to result in animals choosing arms in the
maze in a stereotypic manner (sequentially entering adjacent arms), reflecting a shift from
the more efficient allocentric stimulus-response learning strategy (utilizing environmental
cues) to a pre-conditioned ‘default’ egocentric strategy (preference of direction) to recover
the bait reward (Lanke et al. 1993;Soblosky et al. 1996). Amygdala function is important in
mediating this pre-conditioned approach-reward stereotypic strategy, which does not involve
spatial or associative memory or depend upon a learned response (McDonald and White
1993;White and McDonald 2002). The increased use of a stereotypic response strategy is
consistent with the suggestion above that early Mn exposure caused deficits in spatial/
associative learning in dopaminergic pathways of the cortico-striato-thalamo-cortical loop
modulating executive function.
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This exposure regimen is comparable on a relative basis to estimated elevated environmental
and dietary (infant formula) exposure suffered by human infants (Aschner and Aschner
2005; Dorman et al. 2000; Ljung and Vahter 2007). Further, it produced 2 – 3-fold increases
in blood Mn levels that are comparable with relative increases in blood Mn levels reported
for Mn exposed adult humans (Aschner et al. 2005; Bowler et al. 2007; Lucchini et al. 1995;
Mizoguchi et al. 2001; Myers et al. 2003;).

In summary, pre-weaning Mn exposure produced deficits in behavioral inhibition, and
spatial and associative learning that were associated with significant alterations in dopamine
receptors and DAT levels in selected brain regions. These results, together with animal
studies showing that Mn targets the dopaminergic system (Chen et al. 2006; Donaldson
1985; Eriksson et al. 1992; Guilarte et al. 2006; Newland et al. 1989; Newland 1999;
Yamada et al. 1986), and epidemiologic studies in children showing associations of
cognitive deficits and ADHD-like behaviors with elevated Mn exposure (Bouchard et al.
2007; Collipp et al. 1983; Ericson et al. 2007; Wasserman et al. 2006; Wright et al. 2006),
supports the notion that early elevated Mn exposure produces behavioral deficits by
targeting dopaminergic pathways of executive function. This suggestion is consistent with
animal model studies linking disruption of the dopaminergic system to ADHD-like
behavioral deficits in executive function (Giedd et al. 2001; Oades et al. 2005; Schrimsher et
al. 2002; Swanson et al. 1998), and with recent human studies reporting altered DAT
binding in striatum, sustantia nigra, and ventral tegmentum in adults and children with
ADHD (Jucaite et al. 2005; Larisch et al. 2006; Madras et al. 2005; Spencer et al. 2007).
Together, these results support a need for further animal model and human studies to
establish the causal relationship between early Mn exposure and persistent cognitive and
ADHD-like deficits, and the mechanistic basis of these effects.
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Figure 1.
Pre-weaning Mn exposures increased Mn levels in (a) blood and (b) brain in a dose–wise
fashion in PND 24 males (solid bars) and females (hatched bars) (WELCH ANOVA
p<0.0001). There were no differences between genders. (c) Brain Mn levels declined to near
background levels in PND 36 females. Values are mean (± SE); n=8–12 rats per treatment.
Superscripts denote significant difference between treatments based on Tukey post-hoc
analysis (p<0.05).

Kern et al. Page 20

Synapse. Author manuscript; available in PMC 2011 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Pre-weaning Mn exposure altered open arena activity in PND 23 males. (a) Mn exposure
significantly increased total activity (distance in cm over 5–30 min; ANOVA p=0.01), and
(b) significantly increased center zone activity (ratio center distance/total distance; WELCH
ANOVA p=0.01). Values are mean (± SE); n=15–20 rats per treatment. Superscripts denote
significant difference between treatments based on Tukey post-hoc analysis (p<0.05). (c)
Representative activity tracks from control and 50 mg Mn/kg/d animals are shown. Activity
was measured in 60 cm × 60 cm × 30 cm open enclosures using the SMART video tracking
system (San Diego Instruments).
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Figure 3.
Pre-weaning Mn Exposure Did Not Impact Elevated Plus Maze Performance. There were no
measurable differences between control animals and Mn-treated groups in any of the scored
behaviors (ANOVA p>0.4 for all outcomes n=7 per treatment).
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Figure 4.
(a) Fewer male rats exposed to daily oral Mn met the radial maze learning criterion (learning
criterion of ≤4 total errors/day for 3 consecutive days over 14 day test period, see text). Data
expressed as the proportion (%) of treatment group animals who reached criterion (n=18 –
20 rats per treatment). Asterisk denotes significantly different from control and 25 mg/kg
groups (p<0.05, Fisher’s exact test). (b) Mn-exposed animals that reached criterion required
more session days to reach it (Kruskal-Wallis, p=0.01). Values are mean (± SE); n=11–16
rats per treatment. Superscripts denote significant difference between treatments based on
Tukey post-hoc analysis (p<0.05).
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Figure 5.
Pre-weaning Mn exposure caused a significant increase in reference errors (ANOVA, on log
transformed data p=0.01), total errors (ANOVA, on log transformed data p=0.01), and
borderline increase in working errors (ANOVA p=0.06) in males in the 8-arm radial maze
(open bars, Control; hatched bars, 25 mg/kg/d; solid bars, 50 mg Mn/kg/d). Working,
reference, and total errors were determined for each daily session for all animals running the
maze, regardless of success in reaching the learning criterion. Values are mean (± SE); n=20
rats per treatment. Superscripts denote significant difference between treatments based on
Tukey post-hoc analysis (p<0.05).
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Figure 6.
Mn exposure significantly increased maze errors committed by males over the ‘learning
acquisition’ phase of 8-arm radial maze testing (see text). Pre-weaning Mn-treated animals
committed significantly more (a) total, (b) reference, and (c) working errors than controls
over the ‘learning’ phase of maze testing (e.g., session day block 3 – 5 and/or 6 – 8), but not
over the asymptotic ‘performance’ phase of maze testing (session day blocks 9 – 11, 12 –
14). Treatment groups are controls (diamonds, solid line), 25 mg Mn/kg/d (squares, dashed
line), and 50 mg Mn/kg/d (triangles, dotted line). Data are mean (± SE); n=20 rats per
treatment. Asterisk denotes significant difference between 50 mg/kg/d group versus
controls, based on Tukey post-hoc analysis (p<0.05). Some analyses done on log-
transformed data to achieve normality and equality of variances across treatments, though
data are graphed in original scale units. There was no treatment × session day block
interactions for any of the outcomes.
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Figure 7.
Mn exposed male rats exhibited a significant increase in stereotypic response strategy to
obtain bait rewards in the 8-arm radial maze. Data are the mean number of maze test session
days (± SE; n=20 rats per treatment) that animals exhibited a stereotypic strategy over the 14
day maze test period. Superscript denotes significant difference between treatments based on
Dunnett’s test (p<0.05).
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Figure 8.
Representative immunohistochemistry (IHC) photpmicrographs demonstrating that pre-
weaning Mn exposure altered levels of D1, D2, and DAT proteins compared to controls in
the prefrontal cortex, nucleus accumbens and dorsal striatum in PND 24 male rats (images
reflect data displayed as Table 1). In the dorsal striatum and nucleus accumbens, D1
receptor and DAT levels decreased significantly, while β-tubulin levels were unaltered. In
contrast, D2 receptor immunostaining increased significantly in the prefrontal cortex. IHC
slides were prepared and stained with three animals/slide balanced by treatment and
photographed at 20× magnification under defined illumination conditions (see Materials and
Methods for details). Scale bar = 100um for all images.
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Figure 9.
Representative immunohistochemistry (IHC) photomicrographs showing that pre-weaning
Mn exposure had no measurable effect on D1, D2, and DAT levels in the olfactory tubercle
of PND 24 male rats. Slides were prepared and stained with three animals/slide balanced by
treatment and photographed at 20× magnification. Scale bar = 100um for all images.
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