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Abstract

Manganese enhanced MRI (MEMRI) is an emerging technique for tracing neuronal pathways in
vivo. However, manganese may leak into blood vessels or cerebrospinal fluid (CSF) after local
injection, and can be circulated to and taken up by brain regions that may not have connections to
the targeted pathways. Comparing enhancement time-courses after intranasal injection with
intravenous infusion of MnCl,, in rats, the early enhancements in the pituitary gland (Pit) and
hippocampus indicate the contrasts in those regions in the olfactory tract-tracing experiment were
caused by such systemic effects. Since the Pit has easy access to manganese from the blood and its
signal is proportional to other brain regions after intravenous infusion, it was used as an internal
reference for the systemic effects. Applying intensity normalization by the Pit signal to tract-tracing
data from the olfactory bulb led to reduced contrast in the hippocampus. These results demonstrate
that nonspecific enhancements in MEMRI tract-tracing studies may have to be taken into account
and that normalization by the Pit signal can compensate these effects.
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Introduction

Mapping cortical and subcortical neuronal connections is an important aspect of understanding
brain function. Recent advances in manganese-enhanced MRl (MEMRI) provide a new
approach for visualizing neuronal pathways in vivo [1]. By injecting MnZ* into specific sites
in the brain or peripheral regions, MEMRI tract tracing has been demonstrated in many systems
and species, such as the olfactory pathway in rodents through intranasal injection [2,3] or
intracerebral injection [4]; the visual pathway via intra-vitreous injection [2,5-7]; the
somatosensory pathway [8,9] and basal ganglia pathway [10,11] by stereotaxic injection; and
the song control pathway in birds [12]. Transport of Mn2* across 2 to 3 synapses has been
observed [2,4,6,7,10].
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Although enhancements in specific pathways can be observed, enhancement has also been
found in regions outside the expected neuronal pathway. For example, in studies tracing the
olfactory pathway, enhancement in the pituitary gland (Pit), which does not have direct
connection with the olfactory bulb (OB), has been reported [2,3]. These results raise the issue
of whether nonspecific enhancement contributes to MEMRI tract tracing. For instance, in
intranasal injection, Mn2* would get into blood vessels in the nostril epithelium and be
circulated to the brain. Although Mn2* does not cross the blood-brain barrier (BBB) readily,
it can enter the brain through the choroid plexus-blood junction [13-15]. Similar problem
would arise if one tries tracing from other peripheral areas to the brain. Even with stereotaxic
intracerebral injection, if the injection site is close to ventricular space (e.g., amygdala or
hippocampus), Mn2* can also be circulated throughout the brain via the cerebrospinal fluid
(CSF) [16,17]. Therefore, brain tissues can accumulate Mn2* from the blood stream or CSF.
Indeed, this is the approach taken by MEMRI neuroarchitecture studies where systemic
administration of MnCl, enhances brain MRI in interesting ways [13,17]. Even though the
amount of MnZ* which gets into the blood or CSF from a focal injection site is small, it can
cause significant enhancement in regions that tend to accumulate high levels of manganese,
such as the Pit, cerebellum or hippocampus. This means not only regions outside a pathway
(e.g., the Pit) but also regions that are potentially within a pathway (e.g., hippocampus) could
be enhanced by these indirect routes.

In this study, we investigated the possible nonspecific enhancement in an MEMRI tract-tracing
experiment and ways to reduce it. Mn?* is transported at a rate of 1 — 6 mm/h in axons [2,5,
8,11] so that typically 24 to 72 h is needed for Mn2* to be transported in sufficient quantities
to target regions. By comparing signal time courses with intravenous (i.v.) administration of
Mn2*, nonspecific enhancement due to systemic effects could be discriminated. In addition,
previous studies have shown that the Pit has rapid Mn2* enhancement within an hour after
systemic infusion and remains enhanced in rodents [13,14,18,19]. It was tested whether the Pit
signal could be used as a reference for controlling nonspecific enhancement in MEMRI tract-
tracing experiments.

Experiments were carried out in male Sprague-Dawley rats (150 — 255 g). All animal work
followed the guidelines of the Animal Care and Use Committee of the National Institute of
Neurological Disorders and Stroke, NIH (Bethesda, MD). To trace the neuronal connections
in the olfactory pathway, 20 uL of 500 mM MnCl; (Sigma-Aldrich, St. Louis, MO) aqueous
solution was injected into both nostrils of a rat (N = 5). No abnormal behavior was observed
after injection. To evaluate the nonspecific enhancement in the brain, 5 rats received i.v.
infusion of 9 mg/kg Mn2*, which is close to the daily dietary dose of 10 mg/kg [20]. This
dosage avoids saturating the tissue absorption capacity for manganese. Another 3 rats were
infused with a higher dose (44 mg/kg) of Mn2* to evaluate the dose dependence of tissue
enhancement. This dose is about a quarter of the highest dose used in previous studies with
i.v. infusion [13,14] and shall safely provide high tissue enhancement without saturating most
of them. These rats were infused with 120 mM MnCl, at a rate of 2.25 mL/h by a syringe pump
(Cole-Parmer Instrument, Vernon Hills, IL) under 1.0 — 2.0 % isoflurane anesthesia. During
and after the infusion, their body temperatures were maintained by a warm water bath until
fully awake. Then they were returned to cages for free access to food and water. No sign of
abnormalities was observed.

MRI scans were conducted before, and at 1, 12, 24, 36 and 48 hours after Mn2* administration.
Rats were anesthetized with 1.5-2.5 % isoflurane in a 1:1:1 mixture of O,:N>:air using a
nosecone and their heads were immobilized in a plastic stereotaxic holder. The rectal
temperature was maintained at approximately 37°C using warm water circulation. Images were
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acquired onan 11.7 T/31 cm horizontal magnet interfaced to a Bruker Avance console (Bruker
BioSpin, Billerica, MA). A 70-mm diameter birdcage coil was used for homogeneous RF
excitation and a 2 x 3 cm saddle-shaped surface coil was used for signal reception. The surface
coil was carefully aligned with the eyes of the rats to minimize the position difference. T1-
weighted images were acquired by 3D rapid acquisition with relaxation enhancement (RARE)
sequence with TR = 300 ms, effective TE = 10 ms and a RARE factor of 2. An axial slab with
field-of-view of 38.4 x 25.6 x 25.6 mm3 and matrix size of 192 x 128 x 128 was used to obtain
200-pm isotropic resolution.

Images acquired from the same animal at different times were manually registered to the image
acquired before manganese injection. Region-of-interests (ROIls) were drawn on the major
areas in the olfactory pathway according to the rat brain atlas [21] using AMIDE [22]. These
regions included the OB, anterior olfactory nucleus (AON), piriform cortex (PCX), amygdala
(AMG), and hippocampus (HC). The ROI for the OB was drawn in the anterior part of the
bulb, which is close to where Mn2* gets in the OB in the intranasal injection experiment. Other
regions not in the olfactory pathway were also selected to evaluate nonspecific enhancements,
such as the Pit, cortical gray matter (GM) in the somatosensory area and muscle in the neck.
To average and compare data from different animals, regional signal-to-noise ratio (SNR) and
two kinds of signal normalization were used. Regional SNR was calculated by dividing the
mean signal in an ROI by the standard deviation in a noise region outside the head. Signal
normalization was performed by dividing the mean signal in an ROI by the mean signal in the
Pit or muscle. Statistical analysis was performed using Student’s paired t-test; a value of p <
0.05 was considered significant.

At 12 h after intranasal injection of Mn2*, high contrast could be observed mainly in the OB
and part of the AON, while enhancement could also be seen in more distant regions especially
the HC and Pit (Fig. 1a, left column). At 24 h post-injection, major gray and white matter
structures along the olfactory pathway, including the OB, AON, olfactory tubercle (Tu), PCX,
and anterior commissure (AC) that connects bilateral PCX, were enhanced. In contrast, there
were strong enhancements in the Pit, HC, and OB (Fig. 1a, right column) at 12 h after i.v.
administration of 9 mg/kg (low dose) Mn2*. The high enhancement in these areas compared
to others suggested that they readily accumulated Mn2*. At 24 h after infusion, contrast in most
cortical and some subcortical gray matter areas were increased as well.

Fig. 1b and 1c show the progression of enhancement in the OB, HC, and Pit up to 48 h after
intranasal injection (N = 5) and i.v. administration of 9 mg/kg of Mn2* (N = 5), respectively.
Although the HC and Pit doesn’t have direct projections from the OB, both areas showed
significant (p <0.05, paired t-test) contrast as early as 12 h post-intranasal injection as compared
to the 1 h post-injection time point. Significant enhancements were also detected in the HC
and Pit at 12 h after i.v. infusion and the signals in the three areas kept increasing through out
the 48 h period. The similar early enhancements in the Pit and HC under both intranasal and
i.v. injections indicate that enhancements in these regions after intranasal injection were not
due to axonal transport. In addition, the similar trends of signal increase in the Pit with other
tissues (e.g., the HC) suggested that the Pit may be used as a reference for the systemic
enhancement.

Fig. 2a shows the time courses normalized by the Pit signal after systemic infusion of 9 mg/
kg of Mn2*. The normalized signals at all the time points became insignificant compared to
the first time point (p > 0.1, paired t-test). This demonstrates that intensity normalization by
the Pit signal effectively reduced signal enhancements after systemic administration of
MnClI,. In contrast, intensity normalization using the muscle signal still showed similar
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temporal variations in these brain regions (data not shown). This is probably due to the low
level of muscle enhancement after systemic MnCl, infusion. Fig. 2b shows the SNR time
courses of the Pit and PCX after i.v. infusion of 44 mg/kg (high dose; N = 3; solid lines) and
9 mg/kg (dashed lines) of MnCl,. The Pit signal at the high dose condition maintained at a
plateau after 1 h post-infusion while the PCX signal increased with a similar trend as in the
low dose condition. Therefore, the capacity of Mn2* uptake in the Pit may be saturated and
thus could not serve as a reference for systemic effects at this high dose.

After normalizing the image intensity of the tract-tracing data by the Pit signal, the
enhancements in the OB, AON, PCX, Tu and AC were still readily detectable but not in the
HC or AMG (Fig. 3a). From the normalized time courses, the signals in the HC, AMG, and
GM did not increase with time (Fig. 3b). The increasing signal in the PCX while decreasing
in the OB indicates that Mn2* continued to accumulate in the PCX after beginning to leave the
OB at about 12 h after intranasal injection.

Discussion

We have demonstrated that some signal enhancement in a MEMRI tract-tracing experiment
could come from systemically circulated Mn2* and intensity normalization by the Pit signal
could reduce this confound. Intranasal injection of substances is well known to be an effective
route to administer drugs to the blood. Therefore, injection of MnCl; into the nostrils is
particularly susceptible to nonspecific enhancements in MEMRI tract tracing. Stereotaxic
injection directly into the brain may not cause as large systemic effects. However, injection
sites close to ventricular space and tract tracing from peripheral sites to the brain may still be
confounded by these effects.

Previous MEMRI studies have used SNR [5], intensity normalization to a tissue inside [23] or
outside the brain, such as the muscle [11], that is not significantly enhanced to compare signal
changes in different brain areas. However, these methods do not account for the possibility of
systemic effects from MnZ* that can leak into blood or CSF. Following the time course of
signal enhancement enables distinguishing tracing from systemic effects because regions that
readily accumulate Mn2* from blood or CSF are predicted to show enhancements earlier than
that due to axonal transport. However, this requires a large amount of MRI time. Applying the
Pit normalization to the olfactory tract tracing data showed that nonspecific enhancements
detected in the HC, AMG and GM were eliminated. Although the AMG does have direct
projections from the OB, to detect this connection requires averaging multiple animals [3], or
using a more sensitive quantitative T4 imaging approach [4]. The HC tends to accumulate a
lot of Mn2* due to the nearby subventricular zone [14] as well as its high activity and the
specific cell types that have large amounts of mitochondria and manganese superoxide
dismutase [24]. Though the HC have indirect projection from the OB through the entorhinal
cortex, it is less possible to be detected by the current protocol.

The reasons of using the Pit as an internal reference for systemic effects are anatomically easily
delineated and, more importantly, its easy access to Mn2* in the blood. Mn?* is readily taken
up by the Pit due both to high transport of Mn2* [25,26] and a lack of the BBB. These make
the Pit absorb Mn2* earlier than other regions of the brain. Other circumventricular organs,
such as pineal gland, median eminence, and the subfornical organ, also lack a BBB and would
be good references for the systemic effects. Since the Pit is easier to identify and maintains
similar trend of enhancement in the 48 h period studied, it is a good candidate area to control
for systemic effects.

There are some drawbacks to the use of the Pit normalization approach. If there are significant
amounts of Mn2* being transported by neuronal tracts to the Pit, the normalization could render
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these tracts undetectable and reduce the sensitivity in other tracts. Furthermore, using this
approach assumes consistent Mn2* uptake (and release) rates during the observation period.
The accumulation of MnZ* in the Pit may be dependent on the Pit activity which is controlled
by a variety of hormones. For example, thyrotropin-releasing hormone, which is involved in
the regulation of body temperature, can increase the influx of Ca2* and Mn2* to anterior
pituitary cells [27]. If there are some stimuli or environmental changes that could alter the
activity in the Pit during the experimental period, other circumventricular organs may be a
better reference for intensity normalization.

Another issue is that accumulation of Mn2* in the Pit is time and dose dependent. As shown
in Fig.2b, the Pit signal (blue dashed line) increased gradually at the first 12 h after i.v. infusion
and then maintained at a certain level. It should be noted that the increasing Pit signal may
cause underestimation of the Mn2* transport rate in axons if the intensity is normalized by the
Pit signal during this period. Besides, the Pit may be saturated at high dose of Mn2*. This will
make the Pit signal act differently from other brain tissues and no longer be suitable to serve
as a reference for intensity normalization. For example, i.v. infusion of 44 mg/kg of Mn2*
caused the enhancement in the Pit to reach a plateau 1 h after the infusion while signals in other
brain tissues were still rising (Fig. 2b). Local injection of Mn2* for tract tracing is not expected
to lead to high levels of blood Mn2*. The intranasal injection with 500 mM of Mn2* did not
saturate the Pit signal, but care must be taken if higher doses are used. In addition to saturating
the transport, another reason that MRI signal can saturate is that high concentrations of
Mn?2* can cause T, shortening, which results in a reduction of signal intensity to offset increases
from the T,-weighted imaging sequence used. Using quantitative T1 mapping can avoid this
T, effect.

It should also be noted that although the entire Pit is enhanced after systemic administration,
enhancement in the Pit is not homogeneous. It was observed that the intermediate Pit is
preferentially enhanced by Mn?* [28]. Besides, the anterior Pit has higher signal increase than
the posterior Pit [24]. Since the intermediate Pit is very thin, it was not easily distinguished at
the resolution used in the current study. We used an ROI to average signal from most of the
anterior Pit. Although including the other parts of the Pit would not make the normalization
invalid, the sensitive to the systemic effects would be different.

Since tissue Ty is generally longer at higher magnetic field and the relaxivity of Mn?* didn’t
change much at high field [15,29,30], the T4 shortening and the resulted signal change due to
MnZ* will be smaller at a lower field (e.g., 4.7T) than at a higher field (e.g., 11.7T used in this
study). Nonspecific enhancement at lower field will also be smaller but would not differ much
with that at higher field due to small amount of Mn2* distributed nonspecifically in a tract
tracing study. Therefore, nonspecific enhancement could still be an issue at lower magnetic
field.

The intensity uniformity in the brain due to B4 field inhomogeneity and positioning of RF coils
is another factor that can affect the result of signal normalization especially when surface coils
are used for detection. In this study, we used a volume transmit coil to provide homogeneous
excitation and a saddle-shaped receive coil to achieve good penetration depth in the ventral
part of the brain. However, there was still about a 20% signal variation across the whole brain.
By careful positioning of the receive coil, this variation could be kept consistent from animal
to animal and minimized effects on the normalization. It is possible to use a variety of
techniques to account for signal intensity variations such as correcting coil sensitivity profiles
[31] or T1 mapping [4].

In conclusion, signal enhancement of the brain caused by Mn?* entering the blood or CSF can
lead to nonspecific enhancements in MEMRI tract-tracing experiments. The Pit is a useful
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indicator to assess the extent of systemic effects. Furthermore, any systemic effects that do
occur in the brain can be effectively reduced by normalizing the image intensity with respect

to

the Pit signal. This normalization procedure enabled well defined pathways and signal time

courses to be obtained.
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Fig 1.

(a) Time series T1-weighted images of rat brains before and at 12 and 24 h after intranasal
MnCl;, injection (left column) and i.v. infusion of 9mg/kg of MnCl; (right column). The
averaged SNR time courses of the OB, HC, and Pitat 1, 12, 24, 36, and 48 h after (b) intranasal
injection and (c) i.v. infusion of 9 mg/kg of MnCl5, (the error bar represents the standard error
among animals). Significant early enhancement in HC and Pit indicates that the contrasts are
due to systemic effects rather than tract tracing. (*: p <0.05; **: p <0.01, paired t-test compared
to the first time point.)
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Fig. 2.

() The normalized signal time courses in the OB, HC, and GM by the Pit signal in rats with
i.v. infusion of 9 mg/kg of MnCl, (N = 5; the error bar represents the standard error among
animals). After the normalization, these tissues didn’t have significant signal change at all the
time points. (b) The SNR time courses in the Pit and PCX with i.v. infusion of 44 mg/kg (N =
3; solid lines) and 9 mg/kg (N = 5; dashed lines) of MnCl,. At the high dose condition, the
signal plateau in the Pit from 1h suggested that its capacity of absorbing Mn2* may be saturated.
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Fig 3.

(a) T1-weighted images of a rat after intensity normalization by the Pit signal before (left
column) and at 24 h (right column) after intranasal MnCl, injection. After normalization,
significant contrast could still be seen in the OB, AON, PCX, and AC but not in the AMG and
HC. (b) The averaged signal time courses (N = 5; the error bar represents the standard error
among animals) of the OB, PCX, GM, HC, and AMG after normalized by the Pit signal show
that only OB and PCX are enhanced.
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