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Manganese-enhanced magnetic resonance imaging (MRI ) is a viable method for temporospatial tracing
visual pathway in vivo
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Abstract

Axonal tracing is useful for detecting optic nerve injury and regeneration, but many commonly used methods cannot be used to observe
axoplasmic flow and synaptic transmission in vivo. Manganese (Mn’")-enhanced magnetic resonance imaging (MEMRI) can be used for in
vivo longitudinal tracing of the visual pathway. Here, we explored the dose response and time course of an intravitreal injection of MnCl,
for tracing the visual pathway in rabbits in vivo using MEMRI. We found that 2 mM MnCl, enhanced images of the optic nerve but not the
lateral geniculate body or superior colliculus, whereas at all other doses tested (5-40 mM), images of the visual pathway from the retina to
the contralateral superior colliculus were significantly enhanced. The images were brightest at 24 hours, and then decreased in brightness
until the end of the experiment (7 days). No signal enhancement was observed in the visual cortex at any concentration of MnCl,. These
results suggest that MEMRI is a viable method for temporospatial tracing of the visual pathway in vivo. Signal enhancement in MEMRI de-
pends on the dose of MnCl,, and the strongest signals appear 24 hours after intravitreal injection.
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Introduction

Axonal tracing is a valuable tool for detecting optic nerve in-
jury and regeneration. Some axonal tracing methods require
the use of histological techniques, which cannot be used to
observe axoplasmic flow or synaptic transmission in vivo
because they require the experimental animals to be killed
prior to tissue sectioning. Such techniques include the use of
herpes simplex virus, indocyanine green, carbocyanine fast
Dil, and biotinylated dextran (Rajakumar et al., 1993; Tillet
et al., 1993; Mombaerts et al., 1996; Sun et al., 1996; Norgren
and Lehman, 1998; Reiner et al., 2000; Sparks et al., 2000;
Paques et al., 2003).

Manganese (Mn”") is a calcium analog and a paramag-
netic contrast agent for MRI. It shortens the relaxation
constant T1, resulting in an image with enhanced signal
contrast in the tract or cortical regions containing it. Mn**
is a trans-synaptic tracer that is taken up into neurons via
voltage-gated Ca’* channels, packaged into vesicles, and
transported down the axon in a microtubule-dependent
manner (Narita et al., 1990; Takeda et al., 1998; Pautler
and Koretsky, 2002). Mn**-enhanced magnetic resonance
imaging (MEMRI) makes it feasible to trace the visual
pathway longitudinally in living animals. The resulting
image, showing elevated signal intensity in the Mn*"-con-
taining visual pathway, demonstrates that intravitreal
Mn®" can be taken up by retinal ganglion cells (RGCs) and
transported along axons to the cortex (Watanabe et al.,
2001; Ryu et al., 2002; Thuen et al., 2005; Pautler, 2006;
Zhang et al., 2010b; Lin et al., 2014), thus allowing the
visual pathway to be viewed on MRI images. MEMRI has
been used to study the connections and functional proper-
ties of the songbird vocal control system (Van der Linden
et al., 2002; Tindemans et al., 2003; Van Meir et al., 2004)
and the visual pathway of mice and rats (Lin et al., 2001;
Watanabe et al., 2001; Yamada et al., 2008; Chan et al.,
2011). In addition, the technique has been used to observe
chronic glaucoma, radiation-induced optic neuropathy,
and optic nerve injury and regeneration in mice, rats,
frogs and fish (Ryu et al., 2002; Chan et al., 2008; Thuen et
al., 2009; Sandvig et al., 2011).

Sandvig et al. (2011) demonstrated that MEMRI is a viable
method for serial in vivo monitoring of normal, induced,
and spontaneously regenerating optic nerve axons in dif-
ferent species. Lowe et al. (2008) and Olsen et al. (2010)
observed that Mn®" tract tracing was dose-, space- and
time-dependent in mice and rats. Furthermore, Olsen et al.
(2010) suggested that the entry of Mn®" into RGC axons is
rate-dependent and not directly proportional to the vitreal
concentration in rats. Lowe et al. (2008) examined different
concentrations of Mn** for MEMRI tract tracing in mice.
They found that the concentrations used for optimal tract
tracing might actually block neuronal activity. In our previ-
ous studies (Zhang et al., 2010a; Luo et al., 2012), we showed
that intravitreal injection of MnCl, induces retinal cell dam-
age from concentrations of 20 mM and 25 mM or more, in
rabbits and rats, respectively. This species difference may be
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because the volume of MnCl, injected into the vitreous body
was greater in rabbits than in rats.

The rabbit is a useful animal model for studying optic
nerve injury and regeneration. However, to our knowledge,
there have been no reports of the use of MEMRI for display-
ing the visual pathway in rabbits in vivo. Therefore, in the
present study, we characterized the dose response and time
course of intravitreal MnCl, injections for visual pathway
image enhancement in rabbits in vivo.

Materials and Methods

Animals

We used 36 clean male and female pigmented rabbits, weigh-
ing 2-2.5 kg. All experiments were carried out in accordance
with the Association for Research in Vision and Ophthal-
mology Statement for the Use of Animals in Ophthalmic and
Vision Research. Precautions were taken to minimize suffer-
ing and the number of animals used in each experiment.

MEMRI

The rabbits were equally and randomly divided into six
groups, irrespective of sex, and were anesthetized by intra-
muscular injection of a mixture of ketamine hydrochloride
(15 mg/kg; Fujian Thou Farmland Pharmaceutical Co., Ltd.,
Gutian, Fujian Province, China) and xylazine hydrochloride
(15 mg/kg; Jilin University of Veterinary Medicine, Changc-
hun, Jilin Province, China).

Each group received a 25-pL injection of an aqueous
solution of MnCl, (2, 5, 10, 15, 20 or 40 mM; Tianjin Ke-
miou Chemical Reagent Co., Ltd., Tianjin, China) into the
vitreous body of the left eye through the pars plana (2 mm
posterior to the limbus). The needle was withdrawn slowly
to minimize reflux after injection. An anterior chamber tap
was used to balance the intraocular pressure. The right eye
served as the non-injected control.

Serial MRI images of the visual pathway were taken us-
ing a 1.5T Sonata MR System (Siemens, Erlangen, Germa-
ny), with a maximum gradient capability of 40 mT/m, at
4,6, 8, 12, and 24 hours, and 2, 4, and 7 days after MnCl,
administration. A flexible coil for animals (Chen Guang
Medical Science Co., Shanghai, China) was used to obtain
all images and to compile a three-dimensional stereoscop-
ic image of the brain. Each animal had its head placed
inside the coil and was fixed on a custom-made frame to
prevent movement. The following imaging parameters
were used: three-dimensional, fast, low-angle shot se-
quence; matrix dimensions = 256 X 256; slice thickness
= 0.5 mm; repetition time = 10 ms; echo time = 3.59 ms;
average = 6 times; field of view = 90 mm. All data were
uploaded to an image workstation (Leonardo, Siemens)
and image reconstruction was performed using Siemens
Standard 12 dirs software.

MRI data analysis

Images were reconstructed using the maximum intensi-
ty projection technique (slice thickness = 10 mm, level
distance = 3 mm). To quantify Mn’* enhancement in the
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Table 1 Comparisons of visual pathway signal-to-noise ratios in the injected vs. control eye 24 hours after injection with various concentrations

of MnCl,
Left eye (injected) Right eye (non-injected control)
MnCl, (mM) Optic nerve  Lateral geniculate body  Superior colliculus ~ Optic nerve  Lateral geniculate body  Superior colliculus

2 86.6+2.8" 54.2+2.9 53.8+3.0 57.3+2.5 54.2+1.3 54.4+1.5

5 101.3+3.7% 70.2+2.6™ 71.0+3.2™ 51.6+2.2 49.2+1.9 58.9+1.8

10 113.8+2.8" 73.6+3.0" 62.4+2.2" 62.4+1.8 58.8+2.1" 55.3+2.1"

15 137.3+3.3" 93.5+3.3" 92.3+2.7"* 79.4+3.6" 73.6+2.6" 62.6%£2.6"

20 140.6+2.4™ 94.142.5™ 85.5+4.5" 60.3+1.8" 61.5+2.5" 59.8+2.1"

40 157.6+3.2™ 107.1+4.0" 98.8+2.7"* 68.2+2.8" 61.9+3.5" 52.4+2.8"

Data are expressed as the mean + SD. Factorial analysis of variance was used with homogenous variances, with the least significant difference
post hoc test. Dose: F = 46.630, P = 0.000; eyes: F = 222.824, P = 0.000; interaction: F = 18.612, P = 0.000. *P < 0.05, vs. right eye; #P < 0.05, vs. 2

mM MnClL,.

visual pathway, the region of interest (ROI) was selected
by manually drawing along the Mn**-enhanced and con-
tralateral non-enhanced visual pathways. The ROI includ-
ed the optic nerve, lateral geniculate body and superior
colliculus. The mean signal intensity of the ROI was mea-
sured, and the signal-to-noise ratio (SNR) was calculated
using the following formula: SNR = S§/SD, where S is the
signal intensity in the ROI of the Mn**-enhanced area or
the contralateral isotopic non-enhanced area of the visual
pathway, and SD is the standard deviation of the back-
ground noise. The data were collected by one investigator
who did not know which eye had received the intravitreal
MnCl, injection.

Statistical analysis

Data were analyzed using SPSS version 15.0 (SPSS Inc., Chi-
cago, IL, USA), and were expressed as the mean + SD unless
otherwise indicated. Percent-percent plots were used to test
for normality, and data were considered normally distributed
if a linear trend appeared on the scatter diagram. For com-
parisons of SNRs in the two sides in the optic nerve, lateral
geniculate body and superior colliculus, homogeneity tests
of variances were performed. A factorial analysis of variance
was used when the variances were homogeneous, and the
least significant difference post hoc test was used to perform
specific comparisons. Regression analysis of the relationship
between the optic nerve SNR and MnCl, concentration was
carried out by curve fitting, and the fitted equation was an-
alyzed using the F test. A 95% significance level was used in
all statistical tests.

Results

Dose response of MEMRI in the visual pathway

The dose-response relationship of intravitreal MnCl, and
MEMRI was observed 24 hours after injection (Table 1,
Figure 1). The visual pathway from the retina to the con-
tralateral superior colliculus was enhanced significantly at
MnCl, concentrations of 5-40 mM (P < 0.05), and the whole
visual pathway was observed clearly at 10-40 mM. Howev-
er, enhancement of the MRI signal was not detected in the
visual cortex at any concentration. At 2 mM, the SNR of the

optic nerve ipsilateral to the injected eye was significantly
greater than that of the control eye (P < 0.05). However, no
enhancement was observed in the lateral geniculate body or
superior colliculus contralateral to the injected eye at this
low concentration (¢t = 0.04 and 0.22, respectively; P > 0.05
vs. control eye; Table 1, Figure 1). In a preliminary study, we
found no visual pathway enhancement at MnCl, concentra-
tions lower than 2 mM. Comparing the SNR at each con-
centration with that at 2 mM showed that bilateral contrast
enhancement occurred at 5-40 mM in the optic nerve, and
at 10-40 mM MnCl, in the lateral geniculate body and supe-
rior colliculus.

Regression analysis revealed that the SNR of the optic
nerve increased with increasing concentrations of Mn”" (R’
=0.984, P=0.000; Figure 2).

Time course of MEMRI in the visual pathway
SNR was measured in the optic nerve to observe the time
course of MEMRI at 5, 10, 15, 20, and 40 mM MnCl,. SNR
in the optic nerve began to increase significantly 4 hours af-
ter injection. The maximum SNR was observed at 24 hours,
after which it reduced, nearing control values by 7 days after
injection (Figure 3).

In the optic chiasm, SNR enhancement was detected at
6 hours after intravitreal MnCl, injection, in the lateral ge-
niculate body at 8 hours, and in the contralateral superior
colliculus at 12 hours. The whole visual pathway was clear 24
hours after injection (Figure 4).

Discussion

RGCs are located in the inner layer of the retina and their
axons form the optic nerve, which leaves the eye at the lam-
ina cribrosa. In rodents, the majority of RGC axons in the
optic nerve decussate in the optic chiasm and project into
the contralateral optic tract to subcortical targets, including
the thalamic lateral geniculate nucleus, midbrain pretectum,
and superior colliculus (Voogd, 1998; Isenmann et al., 2003;
Harvey, 2014; So et al., 2014). For visual pathway tracing in
vivo, Mn”" is taken up by RGCs through voltage-gated Ca**
channels after intravitreal injection (Narita et al., 1990). In-
tracellularly, Mn®" is distributed in vesicles and transported
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Figure 1 MRI images 24 hours after intravitreal injection with various concentrations of MnCl, (2-40 mM).
(A-F) MnCl, concentration: 40, 20, 15, 10, 5, 2 mM, respectively. MnCl, dose-dependently enhanced the visual pathway from the retina to the con-
tralateral superior colliculus. Arrows 1, 2, 3, 4 represent optic nerve, optic chiasm, lateral geniculate body, and superior colliculus, respectively.
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Figure 2 Positive correlation between optic nerve SNR and MnCl,
concentration.

Regression analysis of the relationship between the SNR in the optic
nerve and MnCl, concentration was carried out by curve fitting. The
fitted equation was analyzed using an F test. y = 66.234 + 24.269 In(x),
where y = optic nerve SNR and x = MnCl, concentration. F = 374.15, P
=0.000, R* = 0.984. SNR: Signal-to-noise ratio.
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Figure 3 Time course of SNR in the optic nerve after intravitreal
injection of different concentrations of MnCl,.

Concentration: F = 90.596, P = 0.000; time: F = 305.14, P = 0.000; in-
teraction: F = 5.137, P = 0.000. SNR: Signal-to-noise ratio.

Figure 4 MRI of the visual pathway at various time points after intravitreal injection of 20 mM MnCl,.
(A-H) 4, 6, 8 12, 24 hours, 2, 4, and 7 days, respectively. Arrows 1, 2, 3, 4 represent optic nerve, optic chiasm, lateral geniculate body, and superior
colliculus, respectively.
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anterogradely along axonal microtubules. Several studies
have shown that Mn®" transport is reduced after administra-
tion of the microtubule-disrupting agent colchicine (Sloot
and Gramsbergen, 1994; Pautler and Koretsky, 2002). When
Mn”" reaches a synapse, it is released into the synaptic cleft
where it may be taken up by Ca*" channels on the postsyn-
aptic membrane (Takeda et al., 1998; Saleem et al., 2002).

We used MEMRI to observe the visual pathway in rab-
bits and revealed the dose-response relationship and time
course of signal enhancement after intravitreal injection of
MnCL,. In the range of 5-40 mM, 25 pL of MnCl, increased
MRI signal along the visual pathway from the retina to the
contralateral superior colliculus. SNR in the optic nerve in-
creased with increasing concentrations of Mn*". At 2 mM,
Mn®* enhanced the signal in the optic nerve, but not in the
lateral geniculate body or superior colliculus contralateral to
the injection. These results demonstrate that signal enhance-
ment by MEMRI is dose-dependent. In the range of Mn**
concentrations tested (2—40 mM), we did not find a satura-
tion effect.

Contrast enhancement was not observed in the lateral ge-
niculate body or superior colliculus ipsilateral to the injection,
although the data showed that the SNRs of these parts of the
visual pathway were significantly elevated after 10-40 mM
MnCl, compared with 2 mM. This suggests that most axons
of the optic nerve run to the contralateral side after the optic
chiasm, and only a minority remain on the ipsilateral side.
The concentration of MnCl, reaching the lateral geniculate
body and superior colliculus ipsilateral to the injection was
not sufficient to enhance the MRI contrast signals in these
areas. Interestingly, SNR in the contralateral optic nerve was
elevated at 15-40 mM compared with 2 mM; this might be
the result of Mn”" diffusion in the optic chiasm.

Consistent with previous reports, we found no trans-syn-
aptic movement of Mn”" to the visual cortex or any enhance-
ment of the MRI signal here (Silva et al., 2004; Thuen et al.,
2005), despite evidence that Mn®" can traverse the synapse
in the rodent olfactory pathway (Pautler et al., 1998; Paut-
ler and Koretsky, 2002). Watanabe et al. (2001) suggested
that the reason for a lack of trans-synaptic movement of
Mn”" ions in the visual pathway was because of dilution of
local Mn®* that had traveled a long distance from the ret-
ina to the lateral geniculate body and superior colliculus,
leaving too few Mn”" ions transported to the visual cortex
to cause a change of signal. In addition, Henriksson et al.
(1999) showed that the uptake of Mn*" into the olfactory
epithelium and its transfer to the olfactory bulb along the
primary olfactory neurons is a saturable process. Therefore,
it is reasonable to speculate that Mn”" uptake in RGCs and
its transfer along their axons is a similarly saturable process,
and the local Mn* concentration may be the limiting factor
in determining MEMRI signal contrast for neuronal tracing
(Watanabe et al., 2001).

In our time course study, the signals of optic nerves were
enhanced 4 hours after Mn”" injection at concentrations
of 5-40 mM. Each part of the visual pathway, from the

optic nerve head to the superior colliculus, was enhanced in
succession over 12 hours. The maximum SNR in the visual
pathway was observed at 24 hours, after which it decreased
until the end of the experiment. Optic nerve signals recov-
ered to control levels at 7 days. These results demonstrated
that Mn** accumulated in the visual pathway and reached a
peak at 24 hours, independent of concentration.

In summary, we have investigated the changes in MEM-
RI signal contrast with dose and time for tracing the visual
pathway in rabbits. Mn®" at 5-40 mM significantly enhanced
the signal in the visual pathway from the optic nerve to the
superior colliculus in T1-weighted images. The best time for
observation was 24 hours after intravitreal injection of Mn*".
These results are in line with those of previous studies in rats
and mice (Natt et al., 2002; Lowe et al., 2008; Olsen et al.,
2010), and provide further evidence that MEMRI is a useful
technique for studying the axonal function of the optic nerve
in many species in vivo.
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