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Magnetic resonance imaging (MRI) is widely used in basic and clinical research to map the structural and
functional organization of the brain. An important need of MR research is for contrast agents that improve
soft-tissue contrast, enable visualization of neuronal tracks, and enhance the capacity of MRI to provide
functional information at different temporal scales. Unchelated manganese can be such an agent, and
manganese-enhanced MRI (MEMRI) can potentially be an excellent technique for localization of brain
activity (for review see Silva et al., 2004). Yet, the toxicity of manganese presents a major limitation for
employing MEMRI in behavioral paradigms. We have tested systematically the voluntary wheel running
behavior of rats after systemic application of MnCl2 in a dose range of 16–80 mg/kg, which is commonly
used in MEMRI studies. The results show a robust dose-dependent decrease in motor performance, which
was accompanied by weight loss and decrease in food intake. The adverse effects lasted for up to 7 post-
injection days. The lowest dose of MnCl2 (16 mg/kg) produced minimal adverse effects, but was not
sufficient for functional mapping. We have therefore evaluated an alternative method of manganese delivery
via osmotic pumps, which provide a continuous and slow release of manganese. In contrast to a single
systemic injection, the pump method did not produce any adverse locomotor effects, while achieving a
cumulative concentration of manganese (80 mg/kg) sufficient for functional mapping. Thus, MEMRI with
such an optimized manganese delivery that avoids toxic effects can be safely applied for longitudinal studies
in behaving animals.

© 2009 Elsevier Inc. All rights reserved.
The mapping of whole-brain activity engaged in certain behaviors
or cognitive processes using non-invasive imaging techniques is
nowadays routinely used in humans. Such studies are now becoming
feasible for non-human primates (Conway et al., 2007; Goense et al.,
2008; Kayser et al., 2007; Maier et al., 2008; Op de Beeck et al., 2008),
but still remain a challenge for application in alert and behaving
rodents, the most commonly used experimental animals. One reason
for that is that the majority of behavioral paradigms developed for
rodents often require active locomotion as a behavioral expression of
a particular cognitive function. There exist conventional neuroima-
ging techniques that are routinely used in freely moving and behaving
rodents, but most of them, e.g. 2-deoxyglucose autoradiography, c-fos
immunohistochemistry require postmortem brain tissue processing
to visualize the functional circuits that were activated during the task
(O. Eschenko).
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at hand (Holschneider et al., 2003; Holschneider et al., 2006; Nguyen et
al., 2004). They are therefore inadequate for longitudinal experiments
investigating the development of certain behaviors or potential
experience-induced reorganization of the brain's effective connectivity.

Non-invasive techniques can be used instead, by means of which
localization of brain activity in vivo can be done at multiple time
points (Palmer et al., 1999; Keilholz et al., 2006; Spenger et al., 2000).
Yet, such techniques, e.g. functional magnetic resonance imaging
(fMRI) or positron emission tomography (PET) are extremely
sensitive to subject motion. Movement restriction in awake rodents
or immobilization by means of anesthesia is possible but such
strategies limit the application of the method to the simplest
behaviors like sensory evoked responses and consequent mapping
of sensory pathways (Keilholz et al., 2006; Van Camp et al., 2005;
Weber et al., 2006). Thus, mapping of the whole-brain activity directly
and, particularly, studying the reorganization of brain activity
patterns over time in the same animal require further methodological
developments.

Manganese-enhanced MRI (MEMRI) with systemically injected
MnCl2 is a promising method that has been recently applied for
functional brain imaging in non-restrained rodents (Berkowitz et al.,
2006; Bissig and Berkowitz, 2009; Yu et al., 2005). MEMRI is – in
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general – predominantly used in animals due to a number of distinct
features of manganese. For one, it can be used for the study of
anatomical connectivity. Manganese injected locally is taken up by the
cells, it can be transported to synaptic terminals, released into
extracellular space and subsequently taken up again by other neurons,
allowing tracing neural pathways (Canals et al., 2008; Pautler, 2004;
Saleem et al., 2002; Watanabe et al., 2006; Watanabe et al., 2004).
When administered systemically, Mn2+ reaches the brain and enters
the cells via voltage-gated Ca2+ channels (Lee et al., 2005) to then be
transferred trans-synaptically. Most importantly, because mangane-
se's transfer is through voltage-gated channels and at relatively low
rates, the accumulation of the substance inside cells as well as in the
surrounding extracellular space is proportional to neural activity (Lin
and Koretsky, 1997). The combination of these properties with the
fact that the divalent Mn2+ is paramagnetic and reduces the
longitudinal relaxation times (T1) of water protons, thereby resulting
in enhanced signal intensity on T1-weighted MR images at the
locations where Mn2+ accumulates (Silva et al., 2004), instigated the
developing of many MEMRI applications including visualization of
functional maps in freely moving animals (Bissig and Berkowitz,
2009; Yu et al., 2005).

Similar to other contrast agents, the concentration of Mn2+ in the
brain needs to be sufficiently high to achieve betterMR image contrast
and signal-to-noise ratio (SNR). At the same time, manganese, being
an essential metal microelement, is toxic in high concentrations; a fact
that strongly limits the application of MEMRI method in behavioral
paradigms. When injected systemically, only a small fraction of Mn2+

reaches the brain. Therefore, often the blood–brain barrier needs to be
disrupted in order to make Mn2+ accessible to the brain for efficient
detection byMRI (Aoki et al., 2004a; Silva et al., 2004), or alternatively
relatively high concentrations of manganese are administered (Aoki
et al., 2004b; Lee et al., 2005). Although MRI-detectable changes can
be achieved with systemic doses as low as 9 mg/kg (Lee et al., 2005),
much higher concentrations of manganese (up to 250 mg/kg) are
routinely used in many MEMRI studies as they result in substantially
better spatial resolution of MR images (Silva et al., 2004).

At present, there seems to be no consensus among MRI
investigators on a safe manganese usage in animals, and the
concentrations of manganese are predominantly determined by a
specific scientific question in a given study. Manganese doses that
have been used for brain activity mapping in awake and behaving
rodents (e.g. 66 mg/kg for rats and 64 mg/kg for mice) have been
considered as non-toxic because they produced no or minimal side
effects detected in rodent general behavior (Berkowitz et al., 2006;
Berkowitz et al., 2007; Bissig and Berkowitz, 2009; Yu et al., 2005).
Berkowitz and colleagues reported no retinal toxic effects after a
single systemic injection of MnCl2 assessed by number of histological,
physiological and electrophysiological indices (Berkowitz et al., 2006;
Berkowitz et al., 2007). In our recent study, we found that cortico-
hippocampal neurotransmission was weakened following MnCl2
acute systemic administration in a dose of 80 mg/kg, while overall
neuronal excitability and synaptic plasticity in the dentate gyrus of
the hippocampal formation were not affected (Eschenko et al., in
press). Complementary immunohistological examination revealed no
signs of neuronal toxicity or glial reaction at the recording site.

This dose range, however, is likely to produce such adverse side
effects as depressed general activity, somnolence, transient weight
loss, skin irritation, bleeding or necrosis at the injection site (Bock et
al., 2008a; Bock et al., 2008b; Silva et al., 2004). Differential sensitivity
to manganese at cellular, physiological or behavioral levels is not
surprising. It is known from toxicological literature that behavioral
effects of manganese neurotoxicity may be present before any
functional, structural or degenerative changes in the manganese-
affected brain regions (Gwiazda et al., 2007). Thus, the behavioral
assessment of manganese acute toxicity may prove to be the most
sensitive.
Evidently, application of MEMRI method for behavioral studies in
rodents involving active locomotion or appetitive motivation cur-
rently may have serious limitations due to acute aversive effects
induced by high concentrations of manganese commonly used for
brain imaging. One obvious way to decrease manganese toxicity is to
reduce the concentration of manganese injected, but decreasing
manganese concentration makes detecting manganese-dependent
changes in T1-weighted MR images more difficult (Silva et al., 2004).
Compensating for a lower manganese concentration is technically
challenging. For example, longer and/or repeated scans could
increase the time of each imaging experiment and the physiological
burden on each subject due to longer anesthesia. One possible way to
decrease manganese toxicity while keeping MRI-detectable levels of
the ion, is to avoid transient high concentrations by slowly infusing
larger volumes of diluted manganese using, for instance, osmotic
pumps (Canals et al., 2008). Also, fractionated MEMRI has been
suggested as an improved method of systemic manganese delivery by
means of repeated administration of relatively low (30 mg/kg) doses
of manganese with 48 h interval between injections (Bock et al.,
2008a). However, the behavioral consequences of different adminis-
tration protocols have never been studied in detail.

In the present study, we tested the effects of a single systemic
administration of MnCl2 in a dose range of 16–80 mg/kg on rat
voluntary locomotor activity. We demonstrate a dose-dependent
decrease of voluntary running, which was accompanied by weight
loss and decrease in food intake. The adverse effects were found to be
proportional to the dose of MnCl2 and lasted for up to seven post-
injection days. The lowest dose of MnCl2 (16 mg/kg) produced
minimal adverse effects, but was not sufficient for MRI-detectable
elevated accumulation of manganese in movement-related brain
regions. In addition, we evaluated an alternative method of manga-
nese delivery to the brain by means of chronically implanted (i.p.)
osmotic pumps that provide a continuous and slow release of MnCl2
over 7 days. In contrast to a single systemic injection, manganese
administration via osmotic pumps allowed avoiding acute toxic
effects, while achieving cumulative concentration of MnCl2 (80 mg/kg)
sufficient for functional mapping.

Methods

Male Sprague–Dawley rats (250–300 g) were used in the present
study. Rats were maintained on a 12 h light/dark illumination cycle,
housed in groups of four and had ad libitum access to food and water.
All experimental procedures were approved by the local authorities
(Regierungspraesidium) and were in full compliance with the guide-
lines of the European Communities Council Directive of 24 November
1986 (86/609/EEC) for the care and use of the laboratory animals.

Voluntary running procedure

The rats' voluntary running activity was tested in a clear
polycarbonate cage (48×27×22 cm) equipped with free access to a
stainless steel wheel (35 mm in diameter). A stainless steel wire lid
incorporated a 500 ml water bottle and a U-shaped food hopper for
lab chow (Tecniplast ®, Italy). Each rat was tested individually and
returned to the home cage after testing. During the entire testing
period, the rat had free access to the running wheel, food and water.
Rats' voluntary running was tested during the dark (most active)
period of the 12 h light/dark cycle between 9 am and 20 pm and at the
same time of day.

Systemic MnCl2 administration

In Experiment 1, naive rats (n=12) had access to the running
wheel for 3 h per day for 6 consecutive days. On day 7, rats received
a subcutaneous (s.c.) injection of MnCl2 (MnCl2·(H2O)2, Merck
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KGaA, Germany) solution in saline (16 mg/kg/10 ml) or equivalent
volume of saline (10 ml/kg). The injection was made 3 h before the
running activity test to minimize a possible negative effect of the
acute injection procedure on the rat behavior. The rat post-injection
activity was tested for six consecutive days. Then, the effects of
higher doses of MnCl2 were tested. On day 13, saline-treated rats
received injection of MnCl2 (32 mg/kg/10 ml or 80 mg/kg/10 ml;
n=3 for each dose); MnCl2-treated rats served as control and
received the saline injection (n=6). The rat post-injection activity
was tested for another three days.

In Experiment 2, naive rats (n=6) had access to the running
wheel for 3 h per day for 6 consecutive days. On day 7, rats received an
intraperitoneal injection (i.p.) of either MnCl2 (80 mg/kg/10 ml) or
equivalent volume of saline (10ml/kg) 3 h before the activity test and
the rat post-injection activity was tested. The second injection was
made when both groups of rats showed similar running activity.
Saline-treated rats received injection of MnCl2 (80 mg/kg/10 ml) and
MnCl2-treated rats received the saline injection. The rat post-injection
activity was further tested daily for one week.

In Experiment 3, MnCl2 was administered using osmotic pumps
(Alzet, Durect Corporation, Cupertino, CA, USA). The pumps were
implanted (i.p.) under general anesthesia using aseptic techniques.
The 7-day pumps (total volume of 200 μl and constant flow rate of
1 μl/h) were loaded with MnCl2 (80 mg/kg/200 μl) or saline. Rats
were anesthetized with isoflurane (4.0% induction, 2.0% mainte-
nance). The abdomen skin and muscles were cut and the pump was
quickly introduced into intraperitoneal space; the abdomen muscles
and skin were then sutured. At the end of the surgery, animals
received analgesic (Fynadine® Essex, München, Germany; 0.25 mg/
kg; s.c.) and antibiotic (Baytril®, Bayer, Leverkusen, Germany; 5 mg/
kg; s.c.) medication and given 24 h post-surgery recovery. The next
day rats were given access to the running wheels for 3 h per day for 6
consecutive days.

In addition to the running activity, the rats' weight and/or food
and water intake were monitored daily throughout the testing period
in all experiments.

MRI data collection

Based on the results of behavioral studies, the functional brain
imaging was performed under the experimental conditions that
produced minimal or no toxic effects of MnCl2. The first experimental
group (n=6) was subjected to the procedures described in Experi-
ment 1, except the running time was extended to 12 h per day for 6
consecutive days. On day 7, prior to the running test, rats were given a
single injection of MnCl2 (16 mg/kg, s.c.) and then scanned in the
magnet. The second group of rats (n=6) was subjected to the
procedures described in Experiment 3, but with 12 h per day access to
the running wheels for 6 days and then MRI scanning was performed.
The control (sedentary) rats for both experimental conditions received
the equivalent amount of MnCl2, but were kept in their home cages for
the entire duration of the experiment.

For the MRI experiments, the animals were anesthetized with 1.5–
2% isoflurane and placed in a modified saddle coil integrated within a
stereotaxic animal holder (RAPID Biomedical, Rimpar, Germany). The
head holder was adapted with movable bite and ear bars and
positioned fixed on amagnet chair. This allowed precise positioning of
the animal with respect to the coil and the magnet and avoiding
movement artifacts. Body temperature, heart rate, CO2 and SpO2 were
monitored throughout the scanning session. Each rat was subjected to
a single scan session after the behavioral testing was completed.

A separate group of rats (n=4) was used for characterization of
the time course of manganese accumulation in different brain regions
following a single MnCl2 injection (16 mg/kg, s.c.) or 7-day osmotic
pump (11.4 mg/kg/24 h, i.p.). These rats were not subjected to any
behavioral manipulations and scanned at multiple time points.
Experiments were carried out in a vertical 7T (300 MHz)/60-cm
diameter bore magnet (Bruker BioSpin, Ettlingen, Germany). It is
equipped with a gradient insert of 38-cm inner diameter (Siemens AC-
44; Siemens Medical Solutions AG, Erlangen, Germany). The gradient
system is driven by a Siemens gradient power amplifier with peak
voltage of 700V and current of 500A. A maximum of 40 mT/m gradient
strength per channel can be achieved in less than 100 μs. The saddle coil,
which was designed to generate a homogeneous field over the whole
rat-brain,was used to transmit and receive. TheMR system is controlled
by a Bruker BioSpec console (ParaVision 3, 4 and 5 at different time
periods) runningunder the Linux operating system.Weused amodified
driven equilibrium Fourier transform (MDEFT) method with MDEFT-
preparation (Lee et al., 1995) to obtain T1-weighted anatomical images.
The scan parameters were: TR=22.2 ms, TE=4 ms, FA=20°,
ID=1000 ms and four segments. The inversion delay (ID) of the
MDEFT preparation (responsible for the T1 contrast) was optimized in
vivo for the contrast to noise ratio (CNR) of the thalamus after Mn2+

accumulation after local injection in the motor cortex (Canals et al.,
2008). For terminal fields with lower accumulation of the ion, this ID is
an appropriate compromise between scanning time and CNR. The
geometric parameters of the 3D scans were matrix 192×192×80,
FOV=48×48×40 mm and voxel size 0.25×0.25×0.5 mm.

Data analysis

The behavioral data were analyzed using various designs of analysis
of variance (ANOVA andMANOVA).When the assumption of sphericity
was violated for ANOVA analyses, the degrees of freedomwere adjusted
using aGreenhouse-Geisser correction factor. TheMRI images copped to
the brain volume were analyzed with custom-developed Matlab
functions (v7.5.0, MathWorks). The image cropping parameters were
defined manually using brain landmarks (bifurcation of the Azygos
anterior cerebral and the medial orbitofrontal arteries). An automated
realignment procedure of SPM (statistical parametric mapping, www.
fil.ion.ucl.ac.uk) was applied to co-register all scans. MRI images were
then realigned to the stereotaxic rat brain template corresponding to the
digitized rat anatomical atlas (Schwarz et al., 2006). This procedure
resulted in automatic segmentation of up to 400 brain structures.

For statistical analysis, the image intensity was normalized to
reference signal intensity. Due to likelihood of differential Mn2+

accumulation within both brain and muscle tissue in runners and
sedentary rats, for the normalization of MR images we chose a
tissue region around the nasal cavity, which lays in close proximity
to the brain olfactory bulbs and showed no change in image
intensity over time. Moreover, the intensity of this reference region
should not be affected by manganese concentration due to running.
Statistical maps were generated by implementing a Student's t-test
(unpaired) at each voxel comparing two groups of rats (runners vs.
sedentary). The significant voxels represent the pattern of running-
induced T1-weighted MRI signal enhancement due to increased
Mn2+ accumulation in activated brain regions in the runners
compared to the sedentary controls. The arbitrary significance
threshold was set to pb0.01 (uncorrected for multiple compar-
isons) for individual voxels, and a minimum cluster size of 3
contiguous voxels constituting at least 3% of the total number of
voxels for a given region of interest (ROI). The same data were also
tested for lower or higher p-values. Several brain regions including
amygdala and entorhinal cortex were excluded from ROI analysis
due to image artifacts produced by ear canals.

Results

Behavioral effects of a single systemic injection of MnCl2

The voluntary running activity in intact rats was progressively
increasing over 6 days of testing from 131.1±11.4 to 301.2±42.7
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(mean±SE) meters per hour as revealed by repeated measures
ANOVA (F2,34.5=13.1, pb0.001; Supplementary Fig.1). The running
activity did not depend on a particular time of day when the 3-
h test was performed (F3.7,27.6=1.32, ns for test × time interaction).
Due to substantial individual variability in voluntary running
activity (e.g. min/max: 147.6/792.2 m per hour on day 6), rats
were distributed between experimental groups such that there was
no between groups difference in running activity on the last
pretreatment day 6 (Fig. 1A). A single injection of a small dose of
MnCl2 (16 mg/kg, s.c.) on day 7 resulted in decreased wheel-
running activity compared to both pre-injection level and saline-
injected control rats (Fig. 1A). Although the difference between two
experimental groups did not reach statistical significance (p=0.08),
a lower running activity in MnCl2-treated rats (67–89% of the
control group level) was observed for 6 successive days of testing
(Fig. 1A).

The effects were more dramatic when the higher doses of MnCl2
were tested. Six days after the first injection, the rats were re-
distributed in 3 experimental groups such that they showed
comparable running activity before the second injection (Fig. 1B).
MnCl2-treated rats (n=6) received saline injection and served now
as a control group, while saline-treated rats received either
32 (n=3) or 80 mg/kg (n=3) of MnCl2. Multivariate Pillai's
Fig. 1. Manganese-induced effects on rat voluntary wheel running. (A) Effects of a low
dose of MnCl2 (16 mg/kg, s.c.). Lines represent an average running speed (meters per
hour) over 12 days of testing before (days 1–6) and after (days 7–12) a single s.c.
injection MnCl2 (16 mg/kg; filled circles) or equivalent volume of saline (10 ml/kg;
open circles). (B) Wheel running after a second injection of either 32 mg/kg of MnCl2
(open squares), 80 mg/kg of MnCl2 (filled squares) or saline (open circles). Note a
dose-dependent and long-lasting manganese-induced decrease of rat running activity
after a single systemic injection of MnCl2. Pre-Inj: 3 h test on a day preceding an
injection; Post-Inj1: 3–6 h post-injection; Post-Inj2: 27–30 h post-injection; Post-Inj3:
51–54 h post-injection. ⁎pb0.05; ⁎⁎pb0.01 for 80 mg/kg; ##pb0.01 for 32 mg/kg of
MnCl2 compared to control (saline-injected) group. Error bars represent±1 SEM.
Trace test revealed a significant effect of the day of testing and day
x group interaction (F3,7=7.67, p=0.013 and F6,16=6.49,
p=0.001, respectively). Between-subject comparison showed a
significant group effect (F2.9=7.75, p=0.011). Subsequent within-
group repeated measures ANOVA indicated that the significant day
effect was present exclusively after the injection of MnCl2
(F3,6=12.78, pb0.01 and F3,6=15.05, pb0.01, for 32 and 80 mg/
kg, respectively), while performance of the saline-injected rats was
stable (F3,15=1.95, ns). Post hoc Scheffe comparisons confirmed
that there were no between-group differences on the pre-injection
day; 80 mg/kg produced the strongest effect on rat voluntary
running as the significant effect was present at all three time points
tested (Fig. 1B). The running activity after 32 mg/kg was
significantly decreased 24 h post-injection, but has not completely
recovered for at least 3 consecutive days (Fig. 1B). Fig. 2A
summarizes the results for all three tested doses of MnCl2
illustrating a dose-dependent, sustained reduction of the rat
voluntary running after a single s.c. injection of MnCl2.

The manganese-induced decrease of running activity was accom-
panied by decrease in food intake (Fig. 2B) and as a consequence by
decrease of body weight, particularly after injection of the highest
dose (Fig. 2C). There were no consistent changes in water intake. In
addition, signs of skin irritation around the injected area were
observed, but only after the injection of the highest dose of MnCl2.

To eliminate possible effects of the administration route, a separate
group of rats (n=6)was tested using a similar experimental design as
in Experiment 1, except of the route of systemic MnCl2 administration
(i.p.). Rats were first given free access to the running wheel 3 h per
day for six consecutive days and on day 7 were injected either with
80mg/kg ofMnCl2 (n=3, i.p.) or equivalent volume of saline (n=3, i.
p.) 3 h prior to the wheel running test. The rat running activity was
monitored 24 h and 7 days post-injection to ensure complete recovery
of the activity level prior to the second injection. Then, rats received a
second injection in a counter-balanced manner: saline-treated rats
received 80 mg/kg of MnCl2 and manganese-treated rats received
control saline injection. A single i.p. injection of MnCl2 resulted in a
dramatic (averaged at 15% of the control level) decrease of the rat
voluntary running activity already 3 h after injection (Fig. 3A). The
activity was significantly reduced 24 h later (on average, 35% of
control level) and slowly recovered by the post-injection day 7 (Fig.
3A). There was also a significant drop in body weight 24 h post-
injection, most likely related to a decreased food intake (Fig. 3B).

Thus, acute systemic injections of MnCl2 independently of the
route of administration severely affected the animal's ‘well-being’
state as reflected in voluntary wheel running, food intake and body
weight. The manganese-induced effects were dose-dependent, were
present already 3 h post-injection and reached their maximum 24
h post-injection. The effects of manganese were reversible, but
showed a rather slow dose-dependent recovery lasting 3 to 7 days.

Effects of systemic administration of MnCl2 via chronically implanted
osmotic pumps

In Experiment 3, rats were first implanted with osmotic pumps
loaded either with 200 μl of saline (n=6), orMnCl2 dissolved in saline
such that the total amount of MnCl2 in a pump was equivalent to
80 mg/kg (n=9). After 24 h post-surgery recovery, the rats were
given access to the running wheels for 3 h per day for six consecutive
days. The running activity of rats implanted with pumps was
compared to the activity of naive rats (n=18) used in the
Experiments 1 and 2 (data before injection; days 1–6). A two-way
ANOVA with day of testing as a repeated factor and type of treatment
as between group factor revealed a significant day effect (F1.99,59.4=
29.70, pb0.001) indicating a progressive increase of the running
activity over days (Fig. 4). Further statistical tests showed that neither
a pump implantation procedure (group with saline-loaded pumps)



Fig. 2. Effects of different doses of MnCl2 on rat voluntary wheel running (A), body
weight (B) and food intake (C). Bars represent a group mean percent change compared
to a pre-injection level at different post-injection times. Error bars represent±1 SEM.
Saline injection, open bars; 16 mg/kg, dotted bars; 32 mg/kg, striped bars; 80 mg/kg,
black bars. Note a dose-dependent and prolonged effects on all parameters tested.
⁎pb0.05; ⁎⁎pb0.01 and ⁎⁎⁎pb0.001 compared to a corresponding parameter of the
control (saline-injected) group.

Fig. 3. Effects of a single i.p. injection of different doses of MnCl2 on rat voluntary wheel
running (A) and body weight (B). Bars represent a group mean percent change
compared to a pre-injection level after saline (open bars) and 80mg/kg of MnCl2 (black
bars) at different post-injection times. Error bars represent±1 SEM. Note the dose-
dependent and prolonged effects, which are comparable with an s.c. injection (Figs. 1
and 2). ⁎⁎pb0.01 and ⁎⁎⁎pb0.001 compared to a corresponding parameter in the
control (saline-injected) group.

Fig. 4. Effects of chronically implanted osmotic pumps on the rat voluntary running. The
amount of running progressively increased over six consecutive days of testing in all
experimental groups. Daily mean running speed (±1 SEM) for each experimental
group is shown. Note that neither the pump implantation procedure (saline-loaded
pumps; line with triangles), nor MnCl2 administration (80 mg/kg/7days, release rate
1 μl/h; line with squares) did affect the rat wheel running compared to intact group
(line with circles).

2548 O. Eschenko et al. / NeuroImage 49 (2010) 2544–2555
nor manganese administration via osmotic pumps affected the
rat wheel running as there was no significant day × treatment
interaction (F3.96,59.4=1.12, ns) or overall between group differences
(F2,30=1.03, ns).

The food and water intake was also not affected by either of the
experimental manipulations as revealed by a one-way ANOVA
(F2.23=2.64, ns and F2.23=0.90, for food and water intake, respec-
tively). Despite the equal food and water intake, the weight gain over
6 days of testing was different between groups (F2.23=10.67,
p=0.001). Post hoc comparisons confirmed that overall weight gain
was slightly higher in the intact animals relative to the rats with
implanted pumps. Importantly, there was no difference between rats
with NaCl- or MnCl2-loaded pumps (Supplementary Fig.2); the latter
indicates that a lesser weight gain was not due to a manganese
exposure, but possibly due to a surgical procedure. In addition,
considerable between-subject variability in other parameters, such as
running preference or energy metabolism likely contributes into this
result. For example, a significant negative correlation was found



Fig. 5. (A) Regions of brain activation related to movements in the running-wheel as revealed by increased intensity of T1-weighted images due to Mn2+ accumulation in runners
(n=6) compared to sedentary (n=6) rats. Left and middle columns: color-coded t-test maps superimposed on the representative coronal sections. Right column: corresponding
sections from the rat atlas of Paxinos and Watson (2005) with highlighted primary and secondary motor (red) and sensory (green) cortices; numbers below the sections indicate
their position relative to bregma inmillimeters. Note the strong and selective activation of the sensory- andmotor-related cortical areas, as well as of certain brain regions nuclei (e.g.
DR, dorsal raphe; PAG, periaqueductal grey, bottom raw). Cg1, cingulate cortex, area 1; Cg2, cingulate cortex, area 2; M1, primary motor cortex; M2, secondary motor cortex; PrL,
prelimbic cortex; S1J, primary somatosensory cortex, jaw region; S1FL, primary somatosensory cortex, forelimb region; S1HL, primary somatosensory cortex, hind limb region;
S1Ulp, primary somatosensory cortex, upper lip region; S1BF, primary somatosensory cortex, barrel field; S2, secondary somatosensory cortex; GI, granular insular cortex; DI,
dysgranular insular cortex; AI, agranular insular cortex; CPu, caudate putamen; Pn, pons. (B) Spatial correspondence between the statistical map (left panel), automatically detected
regions of interest (two middle panels) and the structures outlines in the rat brain atlas (right panel). Note that a large fraction of significant voxels corresponds to the
somatosensory cortex. The coronal plane highlighted by a red frame on panel A is shown.
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Fig. 5 (continued).
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between the amount of running activity and weight gain (r=−0.39,
pb0.05) regardless of a particular experimental condition.

The results of this experiment clearly demonstrate the advantage
of systemic administration of MnCl2 via osmotic pumps, which
provide a long-lasting, continuous and slow release of Mn2+ into
intraperitoneal space (1 μl/h for 7 days). Such release rate likely is
readily managed by homeostatic mechanisms, does not produce toxic
effects, while allows reaching relatively high cumulative dose.

Functional mapping of brain activity in behaving rats using MEMRI

Based on the results of the behavioral study described above, for
functional mapping experiments with MEMRI, we used a single
injection of MnCl2 (16 mg/kg, s.c.) or MnCl2-loaded osmotic pumps
providing a cumulative concentration of 80 mg/kg over 7 days
(Supplementary Fig.3). Both modes of systemic administration of
MnCl2 produced minimal or no toxic effects, respectively, on the rat
wheel running, food and water intake or general well-being (Figs. 1
and 2). To maximize the activity-related accumulation of Mn2+ in the
brain, the wheel access time was extended to 12 h per day.

The supplementaryMRImeasurements of the time course of Mn2+

accumulation in the brain were performed on a separate group of rats
(n=4) and illustrated on the Supplementary Fig. 4. Two rats per each
condition were scanned at different time points before and after
MnCl2 administration. Acute administration of relatively low dose of
MnCl2 (16 mg/kg, s.c.) resulted in a substantial enhancement of MR
image signal intensity reaching maximum 24 h post-injection. Signal
intensity was the highest in brain areas lacking brain–blood barrier
(BBB), such as the pituitary gland (Pit), the intensity of which doubled
compared to the pre-injection level (Supplementary Figs. 4A, B). SNR
across different brain regions varied within a range 22–29% increase,
compared to a pre-injection level (Supplementary Fig. 4B). Continu-
ous application of a very low dose of MnCl2 (11.4 mg/kg/24 h) via
MnCl2-loaded osmotic pumps resulted in a gradual increase of MR
image signal intensity reaching a plateau after 3 days (Supplementary
Fig. 4C). SNR enhancement was 13–30% across different brain regions,
but ∼200% for Pit. Thus, both administration methods provided MRI-
detectable and comparable amounts of Mn2+ ions in the rat brain.

In the case of single s.c. injection, one group of rats (runners, n=6)
was first given access to the running wheels for six days, while the
control rats (sedentary, n=7) were kept in their home cages. On day
7, all rats (runners and sedentary) were injected with 16 mg/kg of
MnCl2 (Supplementary Fig. 3A). After injection, runners were given
another 12-h access to the wheels, while the control sedentary rats
were returned to their home cages. All rats were scanned 24 h post-
injection under isoflurane anesthesia. The injection of MnCl2 resulted
in a substantial decrease of locomotor activity as was reflected by the
total distance traveled (1.52±0.21 and 0.66±0.19 km on the pre-
and post-injection days, respectively; Supplementary Fig. 3A). In
contrast to the results of the 3-h wheel test (Experiment 1) when the
decrease of running did not reach statistical significance, the observed
effect was highly significant when the test time was extended to 12
h (paired t-test: t5=4.85, pb0.01 for pre- and post-injection days
comparison).

Analysis of MRI images showed that SNR of the pituitary gland
(Pit) did not differ significantly between runners and sedentary rats
(19.56±0.93 and 20.98±1.88, respectively; one-way ANOVA:
F1,12=0.42, ns) indicating equal availability of Mn2+ in the blood in
both experimental groups. Statistical comparison of MRI images from
runners and sedentary rats failed to detect any difference in
distribution of image signal intensity across the entire brain volume
even when the significance level was set to pb0.05 (voxel-by-voxel
comparison; unpaired Student's t-test).

In the second experimental condition, all rats (n=12) were first
implanted with osmotic pumps and divided in two groups (runners
and sedentary). Six rats were given access to the running wheels for 6
days, while the control six rats were kept in their home cages. The
total distance traveled by the group of runners before the scan was
6.98±0.79 km. On day 7, all rats were scanned in the magnet
(Supplementary Fig. 3B). The coronal sections of raw MDEFT images
of all rats contributed to between-group statistical analyses are
presented on the Supplementary Fig. 5A.

SNR in Pit after 7 days of manganese application did not differ
between runners and sedentary rats (23.47±1.35 and 20.98±1.17,
respectively; one-way ANOVA: F1,11=1.92, ns). Furthermore, it was
comparable with such values 24 h after a single s.c. injection
(Supplementary Fig. 4C). Fig. 5A illustrates the brain regions with
statistically significant elevated accumulation of Mn2+ in pump-
implanted rats exposed to the running wheels 12 h per day for 6 days
compared to the control (sedentary) rats with matching exposure to
MnCl2. Table 1 summarizes all brain regions (out of 379 automatically
segmented ROIs) that contained at least 3 contiguous significant
voxels constituting at least 3% ROI (see Methods for details). As listed
in the Table 1, the strongest activation was observed in the primary
motor (M1) and somatosensory (S1) cortices (23% and 28% of ROI,
respectively, with voxel-based t-test significance level, pb0.01; Fig.
5B). The corresponding secondary cortices (M2 and S2) were also
activated, however, to a lesser extent (6–7% ROI). The activation of
these cortical regions was predictable and in agreement with other
functional mapping studies using different brain imaging methods
(Holschneider et al., 2003; Rhodes et al., 2003). Strikingly, activation
was also observed in a number of brain stem structures including
serotonergic nucleus dorsal raphe (36% ROI), periaqueductal grey
(24% ROI) and pontine nuclei (20% ROI), which constitute a
“mesencephalic locomotor region” (MLR). A constellation of brain
stem nuclei in MLR has been hypothesized to directly activate
corticospinal cells to initiate and control different forms of locomotion
(Jordan, 1998). In addition, a substantial activation was detected in



Table 1
Brain regions containing statistically significant voxels of functional brain activation in runners compared to sedentary rats.

Number of voxels per
individual ROI

Number of significant
voxels; pb0.01

% ROI; pb0.01 Number of significant
voxels; pb0.005

% ROI;
pb0.005

Primary motor cortex M1 3193 734 23 317 10
Secondary motor cortex M2 1970 147 7 43 2
Primary somatosensory cortex S1 7501 2078 28 1125 15
Secondary somatosensory cortex S2 1368 88 6 25 2
Dorsal raphe nucleus DRD 14 5 36 2 14
Periaqueductal grey PAG 276 67 24 15 5
Pons Pn 41 8 20 1 2
Insular cortex Ins 2101 281 13 108 5
Olfactory bulb OB 704 71 10 38 5
Subiculum Sub 1237 84 7 28 2
Hippocampus, ventral part HC 1742 97 6 34 2
Piriform cortex Pir 4680 232 5 99 2
Sensory root of the trigeminal nerve s5 190 6 3 3 2
Auditory Cortex Au 1618 49 3 9 1
Substantia nigra, reticular part SNR 215 5 2 2 1
Cingulate cortex Cg1 660 29 4 7 1
Temporal association cortex TeA 665 17 3 3 0
Prelimbic cortex PrL 560 19 3 1 0
Cerebral peduncle, basal part Cp 275 9 3 1 0
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insular cortex, subiculum and ventral hippocampus, while minimal or
no activation was noted in other brain regions (Table 1). The pattern
of activated regions was extremely consistent when a lower level of
significance (pb0.005) was applied, except for temporal association
cortex, prelimbic cortex and cerebral peduncle (Fig. 5A).

Discussion

The results of the present study convincingly demonstrate that
continuous and slow administration of MnCl2 over prolonged period
is advantageous for longitudinal behavioral studies compared to a
single systemic injection of the same dose. Themethod described here
allows avoiding toxic effects of manganese, while the latter reaches
MRI-detectable cumulative amounts in the brain. Chronically
implanted osmotic pumps are perfectly suited for such purpose.
They provide a nicely controlled continuous and slow release of Mn2+

over multiple days. In contrast to a single injection, such slow release
rate of manganese likely is readily managed by homeostatic
mechanisms and therefore does not produce acute toxic effects.
Using this administration method, we have also demonstrated the
possibility of functional brain mapping in unrestrained and naturally
behaving rats.

The study by Lin and Koretsky (1997) paved the way for functional
brain imaging using MEMRI. The activity-induced MEMRI (AIM-MRI)
takes advantage of the slow efflux of Mn2+ from the brain, so that the
pattern of manganese accumulation is retained for long time, enabling
MRI to be performed after the behavioral testing. In combination with
the basic principles of MEMRI, i.e. the paramagnetic nature of
manganese, and its neural activity-dependent increases within the
cells, AIM-MRI has been now used for different applications including
functional mapping of sensory pathways in awake and unrestrained
animals (Bissig and Berkowitz, 2009; Chuang et al., 2009; Yu et al.,
2005). In our study, we implanted rats with manganese-loaded
osmotic pumps and gave the animals a free access to a running wheel
for 6 days. Wheel running resulted in elevated accumulation of Mn2+

in the motor and somatosensory circuits including forebrain and
mesencephalic structures (Fig. 5).

The pattern of activated brain regions was highly selective and
in accordance with existing studies employing other brain imaging
techniques like cerebral blood flow-related autoradiography, PET, or
immunohistochemistry (Holschneider et al., 2003; Jordan, 1998;
Nguyen et al., 2004; Rhodes et al., 2003). Yet, a possibility of some
“false alarms” cannot be completely excluded and should be
interpreted with caution, particularly in cases of significant
activation detected in small brain nuclei. Some voxels constituting
a particular ROI may in principle label a corresponding brain region
as “active” because of partial-volume averaging, for example if there
is significant tracer accumulation in the neighboring regions or in
the locations of abrupt change in signal intensity. In addition,
randomly distributed significant voxels within a given ROI may also
be misleading if no clustering-methods are used or the number of
voxels constituting a reliable activation-cluster is small. On the
other hand, elevated activity in several brain regions (e.g. striatum,
thalamic nuclei) known to be involved in motor and sensory
processing was not detected in the present study. Several factors
may account for this result. For instance, a sparse (less than 3
contiguous voxels), or proportionally small (less than 3 % ROI)
increase in a given ROI at a chosen significance level (pb0.01) failed
to satisfy our criteria for activation. Greater individual variability in
activity of a given structure or insufficient Mn2+ accumulation may
contribute to the lack of significant between-group differences. A
larger group size (nN6 rats) or longer exposure time may increase
the statistical power. A “ceiling” effect of Mn2+ accumulation (e.g.
in striatum) may also played a role. Finally, a spatial inhomogeneity
of MR image intensity due to differential susceptibility to artifacts
may also be considered.

There is a persistent notion in the literature that manganese
accumulates in the brain predominantly in the basal ganglia, while
little or no accumulation is typically observed in the neocortex
(Dorman et al., 2006; Finkelstein et al., 2008; Kim, 2004; Newland et
al., 1989; Normandin et al., 2004). According to a recent study, such
differential distribution of manganese in the brain can be explained by
preferential manganese transport via cerebrospinal fluid (CSF) and
thus a higher manganese uptake in the brain structures adjacent to
the ventricles (Bock et al., 2008a). Manganese-enhanced tissue
contrast in cortical regions has been also reported in animals by
several investigators, yet using much higher manganese concentra-
tions than used in the present study (Bissig and Berkowitz, 2009; Bock
et al., 2009; Silva et al., 2008). In the present study, a trans-synaptic
manganese transport along the activated neural pathways likely
contributed to the cortical labeling.

In our experiments, the manganese supply to the brain did not
differ between the runners and sedentary rats as indicated by the
manganese content in the pituitary gland, a structure lacking BBB and
thus accumulating the highest amount of manganese. The latter
provides further evidence that the reported differential manganese
accumulation in the runners and sedentary rats is caused by
difference in the functional load in a specific subset of brain structures.
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On the other hand, we cannot exclude the possibility that the
increased accumulation of manganese in the functionally activated
brain regions – at least to some extent – results from an accelerated
direct transport of manganese from the blood stream across BBB of the
cerebral capillaries via a non-specific metal transporters (Takeda,
2003). It has been shown that at high plasma concentrations transport
across the choroid plexus is more prevalent, while at normal plasma
concentrations the transport across cerebral capillaries dominates
(Murphy et al., 1991; Rabin et al., 1993); the latter could be true in
case of low doses of manganese. More experiments will be required to
clarify the extent to which MEMRI is independent from neurovascular
effects.

Notably, the manganese treatment via chronically implanted
osmotic pumps (11.4 mg/kg/24 h for 7 days) did not produce any
detectable adverse effects expressed in voluntary running activity,
food or water intake and body weight; all these parameters being
quantitatively analyzed. In contrast, a single s.c. or i.p. application of
MnCl2 in a dose range of 16–80 mg/kg resulted in abrupt and long-
lasting toxic effects. Specifically, a substantial decrease of voluntary
running activity was detected already 3 h post-injection; food intake
was reduced causing a significant weight loss 24 h post-injection.
These behavioral indices of manganese-induced toxicity slowly
recovered to the baseline level during 3 to 7 post-injection days.
Obviously, such adverse behavioral manifestations are highly unde-
sirable for the whole set of behavioral studies, which critically depend
on the animal well-being and involve testing of such cognitive
functions as perception, attention, learning and memory, etc.

Manganese-induced motor dysfunction

Manganese-induced motor disturbances have been reported by
numerous toxicological studies. Manganese is a micronutrient
essential for a diverse range of biological functions, but harmful to
the central nervous system at excessive exposures. Various
symptoms of manganese toxicity are routinely tested in animals
(Burton and Guilarte, 2009; Calabresi et al., 2001; Gwiazda et al.,
2007; Newland, 1999; Olanow et al., 1996; Shukakidze et al., 2003).
In particular, the effect of manganese on motor function has been
reliably reproduced in different animals and experimental para-
digms; this effect is apparent across a wide range of doses, different
routes of administration and chemical species of manganese
(Calabresi et al., 2001; Dodd et al., 2005; Mohammad and Faris,
2006; Nam and Kim, 2008; Newland and Weiss, 1992; Normandin
et al., 2004). Manganese treatment typically results in decreased
motor activity or disturbances in motor coordination, although a
manganese-induced hyperactivity has also been reported (Calabresi
et al., 2001; Eriksson et al., 1987). The effects are usually reversible,
dose-dependent and often remain long after the end of manganese
administration.

Although the mechanisms underlying manganese neurotoxicity
remain unclear, experimental evidence exists that manganese may
affect dopaminergic and cholinergic neuromodulatory systems,
which may lead to various cognitive and neurological disorders
including motor dysfunction (Calabresi et al., 2001; Eriksson et al.,
1987; Nam and Kim, 2008; Newland and Weiss, 1992; Olanow et
al., 1996). Taking this into account, a successful application of
MEMRI technique for longitudinal studies, particularly involving
behaving animals, critically depends on the manganese administra-
tion regimen that does not or minimally compromise homeostatic
capacity, while achieving MRI-detectable cumulative concentration
of Mn2+ in the brain.

Contrary to numerous toxicological studies, there is a common
consensus in the existing MEMRI literature that rodents do not
develop serious behavioral abnormalities or neural deficits following
manganese exposure (Bissig and Berkowitz, 2009; Bock et al., 2008a;
Yu et al., 2005). Unfortunately, MRI studies do not necessarily include
a formal behavioral test and an assessment of potential toxic effects of
manganese is usually limited to a rather subjective general observa-
tion of animal behavior in the home cage. In our study, we used a
voluntary wheel running test, which is a relatively easy, but
quantitative method for measuring rodents' physical activity in
response to chemical or environmental stimuli (Sherwin, 1998). In
addition to testing toxic effects of MnCl2, we used this behavioral test
to map functional brain activity with MEMRI in naturally behaving
and actively moving animals.

Voluntary running as an indicator of manganese-induced toxicity

Voluntary wheel running is a wildly used behavioral model for
rodents and other experimental animals (Sherwin, 1998). In fact, it
is the most common behavior performed by captive animals and
usually occurs spontaneously within a few minutes of access to the
wheel. For many species, wheel running increases during the first
few days (12–21 days for rats) and after this initial “learning” phase
stabilizes and maintains at a baseline level in the absence of
experimental manipulation (Premack and Schaeffer, 1963). In the
rat, running almost exclusively occurs at night as many other
appetitive behaviors (Eikelboom and Mills, 1988). It is generally
agreed that wheel running is naturally rewarding and strongly
depends on animal motivation to perform this behavior (Belke,
1997; Iversen, 1993; Yu et al., 2005). It has been demonstrated that
the pattern of operant responding to gain access to a wheel was
similar to those observed for conventionally accepted consumma-
tory reinforces such as food and water (Belke, 1997). Due to a
rather complex nature, wheel running is a highly plastic behavior
and can be influenced by a variety of internal and external factors
that justify its use in many applications. For example, the aversive
effects (e.g. pain) might determine levels of voluntary wheel
running (Sherwin, 1998). Finally, it is an extremely sensitive
behavioral model. For example, it has been reported that changes
in motor activity detected by running wheel were considerably
greater compared to other testing apparatus (Sherwin, 1998).

In general, various forms of locomotor activity are used as an
indicator of manganese toxicity (Calabresi et al., 2001; Gwiazda et
al., 2007; Nam and Kim, 2008; Newland and Weiss, 1992). In the
present study, we demonstrated a significant decrease in rat
running activity after a single systemic injection of all tested
doses of MnCl2 (16–80 mg/kg) using the voluntary wheel running
model. Our result is in agreement with the existing literature as the
manganese-induced motor deficits appear in both non-human
primates and rodents at doses below 10 mg/kg (Gwiazda et al.,
2007). In this respect, it is important to note that the sensitivity of
behavioral tests in case of manganese toxicity overcomes that of
other methods detecting biochemical or structural changes as a
result of manganese exposure. Indeed, some evidence exists that
motor effects of manganese neurotoxicity may be present before
any functional, structural or degenerative changes in the manga-
nese-affected brain regions, which typically appear at much higher
doses (Gwiazda et al., 2007). In contrast, systemic administration of
the equivalent cumulative amount of MnCl2 (80 mg/kg/7days) via
osmotic pumps did not affect the rat motor activity during 6
consecutive days of testing. Thus, when evaluating manganese
toxicity, it is important to consider both the sensitivity of the
behavioral test and the administration regimen (dose, frequency
and duration).

Application of MEMRI for whole-brain mapping in behaving animals

The ability of manganese to cross the BBB following systemic
administration (Murphy et al., 1991; Rabin et al., 1993), enter
excitable cells via voltage-gated Ca2+ channels (Drapeau and
Nachshen, 1984; Lin and Koretsky, 1997; Narita et al., 1990; Silva et
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al., 2004) and accumulate in the activated brain regions gives the
unique opportunity to use MEMRI for the whole-brain functional
mapping. Exposure to subtoxic levels of manganese extends the
application of this method to behaving animals. Furthermore, the use
of a hypothesis-free image analysis allows detection of functional
brain activation that would be difficult to predict a priori. This is
particularly important for mapping the functional activity accompa-
nying complex behaviors like learning when multiple brain areas are
engaged in processing and the pattern of activation may vary at
different times.

To validate this method for a longitudinal behavioral study, we
chose a hypothesis-driven experimental design. The running-
associated brain activation pattern was predicted based on the
results from the studies using other brain imaging techniques
(Holschneider et al., 2003; Jordan, 1998; Nguyen et al., 2004;
Rhodes et al., 2003). We compared the efficiency of acute s.c.
injection of MnCl2, a common way of systemic administration in
MEMRI studies, and via chronically implanted osmotic pumps, an
alternative method of manganese delivery.

Based on our results (Experiment 1), the rat voluntary running
activity was minimally affected by the lowest dose of MnCl2 (16 mg/
kg, s.c.). We, therefore, attempted to obtain the locomotion-related
functional maps following an experimental design described by
others for awake and unrestrained rats (Alvestad et al., 2007;
Berkowitz et al., 2006; Bissig and Berkowitz, 2009; Yu et al., 2005).
Rats were given access to the running wheels 12 h/day for six
consecutive days and on day 7 they received a single s.c. injection of
MnCl2. After the injection, rats were given an opportunity to run for 12
h and after then were scanned in the magnet. First, the extension of
the wheel access time from 3 h/day to 12 h/day made our behavioral
paradigm more sensitive as the manganese-induced decrease of
running activity was now statistically significant even after applica-
tion of the lowest dose of MnCl2. Analysis of MRI images did not reveal
any significant differences in distribution of signal intensity between
the running and sedentary conditions.

This result could be explainedbynumerous factors. First, the amount
of Mn2+ in the brain provided by a relatively low dose of systemically
administeredMnCl2 (16mg/kg compared to44–80mg/kgused inother
studies) could be insufficient for functional mapping. However, it has
been reported that MRI-detectable brain tissue contrast can be reached
after systemic application of a similar dose (20 mg/kg, s.c.) of MnCl2
(Watanabe et al., 2004). Higher doses of MnCl2, as demonstrated in this
study could not be applied due to severe and long-lasting impairment of
the rat voluntary running activity and adverse effects on the rat general
well-being (Figs. 1 and 2).

Second, a manganese-induced decrease of running activity that
varied across animals from 5% to 63% of the pre-injection level was not
sufficient for achieving significantly different image intensity in
activated brain regions due to Mn2+ accumulation. The testing time
of 12 h during the dark phase of 12 h light/dark illumination cycle
corresponded to a period of maximal locomotor activity expressed by
rats; locomotor activity during the light phase is essentially absent
(Afonso and Eikelboom, 2003; Eikelboom and Mills, 1988). It is
possible that an additional running activity over several post-injection
days may result in successful mapping of motor circuitries using a low
dose of MnCl2, given that manganese wash out from the brain is
extremely slow (see Supplementary Fig. 4A). Although we cannot
exclude a possibility of finding an appropriate protocol of manganese
administration using a single or multiple systemic injections that does
not affect animal behavior, we find the osmotic pump-administration
protocol described in the present study clearly advantageous for
longitudinal behavioral studies. Regardless of a particular mode, dose
and regimen of manganese administration, the behavioral assessment
in MEMRI experiments involving awake animals may be essential as it
will allow avoiding the periods of acute adverse effects that may
eventually affect the imaging results and their interpretation.
By now, there are several studies in which Mn2+ was given to
animals while they were exposed to various sensory stimuli and
mapping of the brain structures within a corresponding sensory
pathway has been demonstrated (Bissig and Berkowitz, 2009; Chuang
et al., 2009; Yu et al., 2005). On one hand, these studies convincingly
demonstrated successful application of MEMRI for functional brain
mapping; on the other hand, the experimental design in all of these
studies involved a passive exposure of an animal to sensory
information over a relatively long time. For example, in one study
mice were exposed to sound for 24 h (Yu et al., 2005), in another
study rats were maintained in visually stimulating environment for
8 h (Bissig and Berkowitz, 2009). Such long periods of passive (and
unavoidable) exposure to sensory stimulation may produce non-
physiological patterns of activations reflecting not only the prolonged
stimulation but also stress responses (Florentino et al., 1988; Geber,
1966; Hartel and Hartel, 1960). In the present study, we tested rat
voluntary behavior; the amount of running activity was not restricted
by the experimenter, which makes, in our opinion, this experimental
situation physiologically more natural. In addition, manganese-
associated toxicity in these studies cannot be completely eliminated
as according to our results the systemic doses of MnCl2 in a range of
40–60 mg/kg produce robust adverse behavioral effects as expressed
by voluntary running and feeding activity. Clearly, the “tolerance”
threshold for manganese-induced toxicity may depend on the
question in study and this threshold becomes lower with increasing
complexity of behavior to be performed by an animal. Finally, the
signs of abnormal behavior may not be readily detected by using a
rather simple behavioral paradigm.

All in all, the manganese systemic administration via osmotic
pump allows avoiding acute toxic effects by providing slow delivery
rate. It should be noted that the availability of Mn2+ to map active
brain areas during the constant slow release achieved with osmotic
pumps is not the same than after acute administration (either after
one or multiple injections). After acute injection, plasma levels of
Mn2+ are transiently increased, and therefore, the levels in the brain's
extracellular space. This means that there exists a preferred time
window for Mn2+ to move from the extracellular to the intracellular
compartment and map a functional activation. This time window in
experiments with acute manganese administration coincides with the
moment of worst side effects likely related to peripheral toxicity.
Manganese delivery with osmotic pumps provides a constant pull of
available Mn2+ in the extracellular space while avoiding undesired
side effects.

Furthermore, continuous slowmanganese delivery over prolonged
time results in MRI-detectable cumulative Mn2+ concentration in the
brain that was sufficient for functional imaging. The daily dose used in
our study (11.4 mg/kg/24 h) is in a good agreement with the safe
daily manganese amount for laboratory rodents (10 mg/kg) recom-
mended by the National Research Council (National Research Council
(U.S.). Subcommittee on Laboratory Animal Nutrition, 1995). Taking
this into account, applying higher delivery rates may not be favorable
for behavioral studies. A higher cumulative concentration of manga-
nese in the brain can be further achieved either by increasing the
exposure time, or by manganese delivery directly to the parenchyma
or to the CSF via osmotic pumps. The latter, being on one hand more
invasive, on the other hand may allow avoiding transient adverse
effects related to peripheral toxicity.

Our findings put forward a new class of experimental paradigms,
in which manganese-exposed animals may freely behave in complex
environments, or may learn to perform various degrees of cognitive
behaviors over an extended period of time. Such experiments are less
susceptible to the reduced temporal resolution of the MEMRI method,
compared to that achieved with conventional methods, such as the
MR imaging utilizing the blood-oxygen-level-dependent (BOLD)
contrast mechanism. With MEMRI, the relevant temporal resolution
is likely to be predominantly determined by the frequency of
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scanning, which in turn would be limited by factors, such as optimal
maintenance and recovery from anesthesia, as well as general effects
of manganese of the animals' physiology.

Functional mapping using MEMRI has a clear advantage with
respect to other neuroimaging techniques: it is likely to reflect an
integrated brain activity over time due to the differential and
structure or network-specific trans-synaptic transport of manganese
along the activated pathways. Many research fields can potentially
benefit from such an “integrative” imaging technique, including those
concentrating on development, learning and memory, aging or
disease-dependent degeneration of neuronal pathways.

Further development of brain imaging techniques suitable for
laboratory animals is essential as they are not only complements to
human imaging studies, but they also permit simultaneous applica-
tion of various invasive methods. Such an integrative experimental
approach eventually brings a substantial new knowledge for better
understanding of neural mechanisms underlying cognitive processes
and complex behaviors.
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