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Abstract: Manganese-enhanced magnetic resonance imaging (MEMRI) is a noninvasive method to assess neural 
connectivity in vivo. The study aimed to evaluate the feasibility of topical delivery of MnCl2 for optic nerve injury 
detection using MEMRI in rabbits. The traumatic neuropathy model was unilateral, and the other eye was sham-
operated. MnCl2 solution (1.0 M) was topically administrated to the ocular surface in controls (n=10) and the optic 
nerve injury group (n=10). MRI was performed using a 3.0 Tesla MRI scanner 24 hours later. Manganese toxicity 
was assessed by anterior segment optical coherence tomography, and histological examination of retina and optic 
nerve. In the optic nerve injury group, there was an increased Mn2+-altered T1 signal in the optic nerve proximal to 
the lesion site, and no manganese-enhanced signal was detected distal to the optic nerve injury site. There was no 
significant difference in cornea thickness between the left and right eyes in the safety analysis group. The retina 
and optic nerve showed no obvious manganese toxicity one week after 1.0 M MnCl2 topical administration in the 
safety analysis group. Topical administration of MnCl2 seems feasible and safe for the detection of optic nerve injury 
by MEMRI in rabbits.
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Introduction

Previous methods used for nerve tract study 
rely on methods that require the sacrifice of the 
animals, preventing the use of these methods 
for longitudinal studies or their eventual use in 
humans [1-3]. Manganese-enhanced magnetic 
resonance imaging (MEMRI) is a noninvasive 
method to assess neural connectivity of the 
central nervous system in vivo. Indeed, MEMRI 
allows the visualization of in vivo nervous fiber 
tracts in rodents and non-human primates 
[4-10]. MEMRI has been successfully used to 
study nervous pathologies and injuries [11-13].

Manganese is a calcium analog that is absorbed 
within neurons via voltage-gated calcium chan-
nels, and actively transported by the neurons’ 
cytoskeleton [7, 14]. Its transport along the 
nerve tract is physically stopped by a mechani-
cal injury [15], or chemically stopped by certain 

drugs [16]. The Mn2+ ions are paramagnetic in 
nature and can shorten the T1 relaxation time 
of the surrounding water protons [17]. Therefore, 
manganese can be used as a tracer to study 
nerve tracts using T1-weighted imaging (T1WI). 

MEMRI has been shown to be effective in char-
acterizing ion channel regulation in photorecep-
tors, retinal layer-specific functionality, and 
optic nerve axonal transport in rodents and 
non-human primates [18-22]. For optic nerve 
axonal transport study, it has been shown that 
MEMRI is a viable method for serial in vivo mon-
itoring of normal, induced, and spontaneously 
regenerating optic nerve axons in different spe-
cies [23]. However, the traditional way of deliv-
ering Mn2+ to the optic nerve is through an intra-
vitreal injection of MnCl2 [7, 15, 18, 24]. This 
procedure is very delicate and requires much 
care to avoid hemorrhage or trauma. Recently, 
the feasibility of topical administration of Mn2+ 
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for MEMRI of the visual system in mice has 
been shown [25, 26]; topical MnCl2 is absorbed 
into the iris and capillary circulation to reach 
the retina, without diffusion into the vitreous 
space.

Traumatic optic neuropathy (TON) is a cause of 
permanent vision loss [27]. The commonly 
used clinical examinations such as visual acu-
ity, visual field examination, computed tomog-
raphy (CT), magnetic resonance imaging (MRI), 
and visual evoked potentials may not be suffi-
cient for the direct and comprehensive assess-
ment of the location and extent of optic nerve 
damage in patients with optic nerve injury [27].

Therefore, the aim of the present study was to 
assess the feasibility of topical administration 
of MnCl2 for MEMRI to detect mechanically-
induced optic nerve injury in rabbits. This 
approach might provide an easy and less inva-
sive approach for Mn2+ loading for MEMRI anal-
ysis of optic nerve injuries.

Materials and methods 

Animals

Twenty Chinese white rabbits (male: female 
ratio of 1:1, 15-week-old) were obtained from 
the experimental Animal Center of Zhengzhou 
University, Henan, China. All procedures and 
animal experiments were approved by the ani-
mal care and use committee of Zhengzhou 
University and the ARVO statement for the use 
of animals in ophthalmic and vision research.

Rabbits were divided into two groups: 1) a safe-
ty analysis group (n=10) that was used to evalu-
ate the safety of MEMRI (no optic nerve injury); 
and 2) an optic nerve injury group (n=10) in 
which the optic nerve in the left eyes was 
crushed with microvascular clamps intraorbital-
ly 2 mm caudal to the lamina cribrosa, and the 
right eyes received a sham surgery. All animals 
underwent MEMRI.

Traumatic optic neuropathy model 

Rabbits were anesthetized with a 1:1 mixture 
of xylazine hydrochloride and ketamine by ster-
ile intramuscular injection (0.2 ml/kg). The 
optic nerve of the left eye was crushed for 10 
seconds, 2 mm caudal to the lamina cribrosa, 
using microvascular clamps, without damaging 

the central retinal artery running along the ros-
tral margin of the optic nerve within the dural 
sheath [28, 29]. In the present study, to 
decrease the influence of surgery on the 
absorption of MnCl2, we exposed the optic 
nerve of the left eye through the scalp and 
superior palperbral incisions. The right eye 
underwent a sham surgery. 

MnCl2 administration

For topical administration of MnCl2 (Tianjin Bodi 
Chemical Co., Ltd., Tianjin, China), a solution of 
1.0 M MnCl2 in distilled and deionized water 
(pH=6.5) was freshly prepared before each 
experiment. In the safety analysis group, 10 μl 
of MnCl2 solution was administrated to the sur-
face of the left eyes, while the right eyes were 
untreated and was used as an internal control 
to evaluate the safety of MEMRI. In the optic 
nerve injury group, the MnCl2 solution (10 μl) 
was administered to the surface of both eyes 
immediately after the traumatic optic neuropa-
thy model was achieved. After 1 hour, the 
remaining solution was carefully removed using 
a lint-free tissue. The rabbits were anesthetized 
(intramuscular injection of 0.2 ml/kg of xyla-
zine hydrochloride and ketamine) for imaging 
24 hours after MnCl2 administration.

MRI protocol

MRI was performed using a 3.0 Tesla scanner 
(Siemens, Erlangen, Germany) with an 8-chan-
nel high-resolution knee MRI coil. Images were 
acquired in the coronal plane. We used the 3D 
FLASH sequence (3D-VIBE) to acquire data 
using the following parameters: isotropic spa-
tial resolution of (0.4 mm)3, matrix of 320 
×320×240, echo time (TE)=3.59 ms, repetition 
time (TR)=20 ms, band width=160 Hz/px, and 
flip angle α=20°, achieving a total acquisition 
time (TA) of approximately 15 min (Table 1).

MRI data analysis

Intensity profiles were calculated from the lam-
ina cribrosa to the superior colliculus. The first 
section (S1) was placed 2 mm caudal to the 
lamina cribrosa (optic nerve injury site in the 
optic nerve injury group). The second section 
(S2) was placed in the optic foramen, 2 mm 
proximal to the optic chiasm. The third section 
(S3) was placed in the lateral geniculate nucle-
us. The forth section (S4) was placed in the 
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All rabbits in the safety analysis group were 
sacrificed by pentobarbital anesthesia over-
dose (1.2 ml/kg) to examine the integrity of the 
retina and optic nerve 7 days after MnCl2 
administration. Tissue samples were fixed in 
10% neutral formalin for 48 hours. Samples 
were dehydrated using alcohol and xylol series 
and were embedded in paraffin. Histological 
sections were processed for light microscopy 
using hematoxylin and eosin (H&E) staining. For 
evaluation of the retinal ganglion cells (RGC), 
the middle section of the eyeball was used to 
represent the RGC integrity of each eye. Tissue 
sections were examined at 40×. Three pictures 
were taken to cover the entire RGC layer to 
count the RGC number. Tissue sections (3-μm 
thickness) of optic nerves, 2 mm anterior to chi-
asm, were cut. The integrity of axons was evalu-
ated using H&E staining. 

Statistical analysis

Data were presented as means ± standard 
error and analyzed using SPSS 15.0 (SPSS Inc., 
Chicago, IL, USA). SNR in the manganese-
enhanced and non-enhanced ROIs of the visual 
pathway were compared using paired sample 
t-tests. Independent sample t-tests were used 
to compare the differences in RGC numbers 
and the cornea thickness of the bilateral eyes 
in the safety analysis group. P-values <0.05 
were considered statistically significant.

Results

Topical administration of MnCl2 enhanced the 
visual pathway visualized by MRI

MRI was performed 24 hours after topical 
administration of MnCl2 in the two groups. In 
the safety analysis group withou toptic nerve 
injury, MRI showed a clear enhancement 
throughout the visual pathway of the left eye. 
Its distribution included the left optic nerve, 
right lateral geniculate nucleus, and right supe-
rior colliculus (Figure 1). In the optic nerve inju-
ry group, there was an increased Mn2+ signal in 
the optic nerve proximal to the lesion site 
(Figure 1), but no enhancement was detected 
distal to the lesion site. There was an increased 
Mn2+ signal throughout the visual pathway in 
the sham-operated right eyes (right optic nerve, 
left lateral geniculate nucleus, and left superior 
colliculus), whereas the Mn2+ signal of the right 
lateral geniculate nucleus and right superior 

superior colliculus. Manually drawn regions of 
interest (ROIs) were placed in oblique 2D slices 
in the four sections along the manganese-
enhanced and contralateral structures. The 
mean signal intensities in the ROIs were mea-
sured, and the signal-to-noise ratio (SNR) was 
calculated with the following formula: SNR=S/
SDair, where S represents the signal intensity in 
the ROI of the manganese-enhanced area or 
the isotopic contralateral non-enhanced select-
ed area of the visual pathway, and SDair is the 
mean value of the SD in two ROIs in air. 

Evaluation of MEMRI safety

Anterior segment optical coherence tomogra-
phy (AS-OCT) and pathological analysis were 
performed to evaluate the integrity of the cor-
nea, retina, and optic nerve. One day after 
administration of MnCl2, AS-OCT (MOPTIM Co., 
Ltd, Shenzhen, China) was used to examine the 
cornea of the rabbits in the safety analysis 
group. The rabbits were anesthetized with 
intramuscular injection of 0.2 ml/kg of xylazine 
hydrochloride and ketamine mixture. Pupils 
were dilated using a topically applied drop of 
tropicamide (1%; Shandong Bausch & Lomb 
Freda Pharmaceutical Co., Ltd, Jinan, China). 
Corneas were lubricated frequently during the 
imaging session (hyaluronic acid sodium eye 
drops; Santen Pharmaceutical Co., Ltd, Suzhou, 
China). Volumetric images were acquired with 
1000 A-scans per B scan, 100 B-scan frames. 
Four repeated A-scans were collected and aver-
aged at each location to improve the signal-to-
noise ratio.

Table 1. Magnetic resonance imaging param-
eters used in a 3.0 T whole-body scanner
Parameter 3D-VIBE sequence
Isotropic spatial resolution (mm) 0.4×0.4×0.4
Matrix 320×320×240
FOV (mm) 120×120
Bandwidth (Hz/px) 160
α (°) 20
Average 3
Phase partial Fourier 7/8
Slice partial Fourier 7/8
TR (ms) 20
TE (ms) 3.59
TA (min) 15
FOV: field of view; TR: repetition time; TE: echo time; TA: 
acquisition time.
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colliculus was lower than in the contralateral 
section (Figure 1). 

To quantify the enhancements, ROIs were 
selected in the four sections of both hemi-
spheres. In the safety analysis group without 
optic nerve injury, there were significant differ-
ences in the SNR of the four ROIs throughout 
the visual pathway in the left eyes compared 
with the sham-operated right eyes (all P<0.01). 
In the optic nerve injury group, the S1 SNR in 
the left eyes was higher than in the right eyes 
(P<0.01). The S2, S3, and S4 SNR in the injured 
optic tracts were lower than in the sham-oper-
ated right eyes (all P<0.01) (Figure 2).

Safety evaluation of topical administration of 
MnCl2

AS-OCT was performed one day after topical 
administration of MnCl2. In the safety analysis 

group without optic nerve injury, the cornea 
thickness of the left eyes was 340 ± 25 μm, 
and the cornea thickness of the right eyes was 
356 ± 20 μm, without significant difference 
(P>0.05) (Figure 3A). The corneas were trans-
parent, and there was no edema of the cornea 
epithelium.

Seven days after MnCl2 administration, rabbits 
in the safety analysis group without optic nerve 
injury were sacrificed to analyze the pathologi-
cal changes in the retina and optic nerve. No 
visible changes were observed in retinal tis-
sues under light microscopy. H&E staining of 
the retina showed that the retinal layer was 
clear, RGC had a monolayer distribution, neatly 
arranged and dense, and the nuclei were clear 
(Figure 3B). There was no difference in RGC 
numbers between the two eyes in the safety 
analysis group without optic nerve injury 
(P>0.05) (Figure 3B). 

Figure 1. Manganese-enhanced MRI (MEMRI) of the rabbit visual pathway in the safety analysis group and the optic 
nerve injury group one day after topical administration of MnCl2. Rabbits were divided into two groups: 1) a safety 
analysis group (n=10) that was used to evaluate the safety of MEMRI (no optic nerve injury); and 2 an optic nerve 
injury group (n=10) in which the optic nerve in the left eyes was crushed with microvascular clamps intraorbitally 2 
mm caudal to the lamina cribrosa, while the right eyes underwent sham surgery. In the safety analysis group, 10 μl 
of MnCl2 solution (1.0 M) were administrated to the surface of the left eyes, while the right eyes were untreated and 
served as sham operated eye. Enhancement was observed in the left optic nerve (white arrow in S1), 2 mm proxi-
mal to the optic chiasma (white arrow in S2), right lateral geniculate nucleus (white arrow in S3), and right superior 
colliculus (white arrow in S4). In the optic nerve injury group, 10 μl of MnCl2 solution (1.0 M) were administered 
to the surface of both eyes immediately after the traumatic optic neuropathy model was achieved. Enhancement 
was observed in the optic nerve proximal to the lesion site of the left eye (yellow arrow in S1), right optic nerve, left 
lateral geniculate nucleus and left superior colliculus. No enhancement was detected distal to the lesion site, 2 mm 
proximal to the optic chiasma (yellow arrow in S2), right lateral geniculate nucleus (yellow arrow in S3) and right 
superior colliculus (yellow arrow in S4). S1: 2 mm caudal to the lamina cribrosa (optic nerve injury site in the optic 
nerve injury group). S2: 2 mm proximal to the optic chiasma. S3: lateral geniculate nucleus. S4: superior colliculus. 
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Data showed no detectable damage to the 
Mn2+-enhanced nerves. Longitudinal sections 
of optic nerves showed that the optic nerve 
fibers were arranged intensively and regularly, 
with uniform staining (Figure 4).

Discussion

An intravitreal injection is the most commonly 
used mean of delivery of a Mn2+ solution into 
the ocular space for MEMRI. To minimize the 
potential adverse effects of intravitreal injec-
tion, it was shown in mice that the topical 
administration of MnCl2 might be a good alter-
native [25, 26]. The aim of the present study 
was to evaluate the feasibility of topical delivery 
of MnCl2 for optic nerve injury detection using 
MEMRI in rabbits. In the safety analysis group 
without optic nerve injury, the optic projection 
was visualized from the optic nerve to the supe-
rior colliculus. In the optic nerve injury group, 
there was an increased Mn2+ signal in the optic 
nerve proximal to the lesion site. No manga-
nese-enhanced signal was detected distal to 
the optic nerve injury site. The pathological 
analysis of the retina and optic nerve showed 
no injury one week after 1 M MnCl2 topical 
administration to rabbits in the safety analysis 
group without optic nerve injury. 

In the present study, the histology of the RGC 
was not observed in the optic nerve injury 
group. In the optic nerve injury group, the MnCl2 
solution was administered to the surface of the 

injured eyes. Studies from our group and from 
others’ have shown that optic nerve damage 
could lead to RGC apoptosis in animals with 
optic nerve injury [30, 31]. Therefore, it is not 
clear if Mn2+ may protect or increase the dam-
age to the RGC in animals with optic nerve inju-
ry. This issue remains to be elucidated in future 
studies.

The topically loaded Mn2+ enters the ocular 
space by routes that are different from the tra-
ditional intravitreal injection. A previous study 
by our group showed that the Mn2+ ions distrib-
ute rapidly in the aqueous humor, peaking 2 h 
after topical administration of MnCl2 [32]. In the 
vitreous body, the concentrations of the Mn2+ 
ions peak at 12 h [32]. Serum levels of Mn2+ 
remained unchanged for 168 h [32]. The con-
centration gradients of ions may drive Mn2+ to 
enter the retina via diffusion or transport by 
microvessel circulation from the iris or ciliary 
bodies [25, 26]. In the safety analysis group 
without optic nerve injury, MRI showed a clear 
enhancement throughout the visual pathway of 
the left eye 1 day after topical administration of 
10 μl of MnCl2 1.0 M. The distribution of Mn2+ 
included the left optic nerve, right lateral genic-
ulate nucleus, and right superior colliculus. 
Previous studies have confirmed that among 
mammals humans have the most uncrossed 
fibers at the optic chiasm [33], and that in rab-
bits about 10% of RGC axons project to the 
same side of brain and that 90% of optic nerve 

Figure 2. Signal-to-noise ratio of the four sections along the visual pathway one day after topical MnCl2 adminis-
tration. SNR: signal-to-noise ratio. Data are presented as means ± standard error (n=10 eyes for each subgroup). 
**P<0.01 left eyes vs. right eyes.
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fibers are crossed at the optic chiasm [34]. 
However, this part of the nerve fibers signal 
enhancement was not observed, neither the 
visual cortex. Additional studies are necessary 
to address this issue.

A study reported that MEMRI could detect the 
regeneration of optic nerve 12 month after 
optic nerve injury [35]. In the present study, 
MEMRI was performed 24 hours after optic 
nerve injury and neuroplasticity may slightly 
have affected the MEMRI results. Additional 
studies are still necessary to refine the model 
and to control for such confounders.

Currently, the transmission mechanism of Mn2+ 
is unclear, but active transportation of Mn2+ 
along microtubules in axons has been con-
firmed [8, 14]. In the optic nerve injury group, 
we investigated the capability of Mn2+ to detect 
axonal damage. There was a significant differ-
ence in S1 SNR in the optic nerve injury eyes 
compared with the sham-operated right eyes. 
After crushing the optic nerve, the local axo-
plasmic flow was interrupted at the damage 
point [14], as observed in the present study. 
When Mn2+ reached the injury, the Mn2+ accu-
mulated before the injury, probably due to axo-
plasmic flow disruption, which will need to be 
confirmed. Therefore, because of the disrup-
tion in the downstream axonal transport at the 
lesion site, the S2, S3, and S4 SNR in the 
injured optic nerve were lower than in the 
sham-operated right eyes. There was no dam-
age to S2, S3, and S4. In the present study, 
Mn2+ signal was observed distal to the mechan-
ical lesion site, indicating that the lesion 
stopped active transport. 

Concerns have been raised about the tolerance 
of the whole eyes after the topical administra-
tion of MnCl2 [12, 36-38]. A previous Chinese 
study revealed that MnCl2 at 1 M induced a 
moderate level of inflammation to the rabbit 
eyes, but that there was no toxicity at 0.25 M 
[39]. In the present study, 10 µL of a 1 M MnCl2 
solution was administered. Once diluted in the 
tears, the real concentration of MnCl2 on the 
eye surface was probably less than 0.25 M. In 
addition, in the present study, AS-OCT strongly 
suggested that there was no significant differ-
ence in the cornea thickness between the left 
and right eyes in the safety analysis group with-
out optic nerve injury, suggesting that it could 
be safe to administrate 10 μl of MnCl2 1.0 M to 
the surface of the eyes, at least in rabbits. The 
cornea, located in the front of the eye, may be 
more vulnerable to Mn2+ compared with other 
parts of the eye. The relationship between cor-
neal damage and Mn2+ toxicity remains in need 

Figure 3. Safety evaluation of topical administration 
of MnCl2. A. Cornea thickness measured using an-
terior segment optical coherence tomography in the 
safety analysis group. B. H&E staining of the bilat-
eral retina in the safety analysis group (×400). The 
retinal layers had a normal appearance. The retinal 
layer was clear. Retinal ganglion cell (RGC) showed a 
monolayer distribution, neatly arranged and dense, 
and the nuclei were clear. INL: inner nuclear layer; 
ONL: outer nuclear layer; Phr: photoreceptor; RGC 
numbers are shown as means ± standard error 
(n=10 eyes for each subgroup).
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of further investigation. The pathological analy-
sis did not observe any toxicity to the retina and 
the optic nerve in the safety analysis group 
without optic nerve injury. Pilot studies identi-
fied that the enhancement of Mn2+ peaked on 
day 1, decreased during follow-up, and returned 
to baseline on day 7. Therefore, AS-OCT was 
performed one day after MnCl2 administration, 
and the histopathological examination was per-
formed on day 7. However, these examinations 
may not be sufficient to reveal the toxicity of 
Mn2+, and further more sophisticated investiga-
tions are needed to ensure the safety of MEMRI.

In contrast to recent studies performed in mice 
using 7.0-11.7 T high-resolution MRI [24, 40], 
we acquired our images using a conventional 
clinical 3.0 T scanner. However, accounting for 
the limited field strength of the clinical 3.0 TMRI 
scanner, image resolution and SNR are expect-
ed to be lower than using ultra-high field MRI. In 
addition, given the diameter of a rabbit optic 
nerve (1.5 mm), images with slice thickness of 
0.4 mm might have partial volume effects for 
measuring the optic nerve. Ultra-high-field ani-
mal scanners can provide extraordinarily high 
spatial resolution of up to 30 μm or even high-
er, as well as excellent tissue contrast. 
Conventional low-field scanners preserve the 
contrasting effects of many T1-shortening 
agents such as Gd-DTPA and Mn2+ much better 

as their relaxation (R1) is field-dependent and 
typically reduced at very high field strength 
[41]. More essentially, the SNR loss by approxi-
mately 3-fold in low-compared with high-field 
scanners impairs image quality. Further investi-
gations with higher spatial resolution will be 
needed to solve this issue.

In conclusion, with the topical administration of 
MnCl2, significant signal increments of the rab-
bit visual pathway were observed using a 3.0 T 
MRI scanner. The MEMRI with topical adminis-
tration of MnCl2 can detect optic nerve injuries 
in rabbits. Eye drop administration may be an 
easy and less invasive approach for loading 
Mn2+ for MEMRI analysis of the visual system.
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arranged intensively and regularly (black arrow), with uniform staining.
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