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Abstract: Purpose: To analyze the distribution of Mn2+ in rabbit eyes after topical administration of Mncl2 for man-
ganese-enhanced MRI. Methods: Forty-eight Chinese white rabbits were divided into three groups. In group 1 (n = 
4), the baseline concentration of Mn2+ in aqueous, vitreous and serum samples were analyzed. In group 2 and 3, 
the rabbits received one topical instillation (20 μL) of MnCl2 (1 mol•L-1). In group 2 (n = 40), aqueous, vitreous and 
serum samples were collected and analyzed at predetermined time points (0.5, 1, 2, 4, 6, 12, 24, 48, 72 and 168 
hours postdose). Assays were performed using inductively coupled plasma-mass spectrometer (ICP-MS). In group 
3 (n = 4), after topical administration of MnCl2, dynamic manganese-enhanced MRI (MEMRI) was performed at 
predetermined time points. The signal-to-noise ratio (SNR) was calculated to evaluate the enhancements of eyes. 
Results: After topical administration, the maximum concentrations of Mn2+ in the aqueous and vitreous samples 
were 11.1641 ± 0.7202 (2 hours) and 1.5622 ± 0.1567 (12 hours). In group 3, the maximum enhancement of 
aqueous humor (SNR = 108.81 ± 10.65) appeared at 2 hours postdose, whereas, no significant changes were 
detected in vitreous. Conclusion: Mn2+ could distribute into aqueous humor rapidly after topical administration of 
MnCl2, whereas, the concentration of Mn2+ in vitreous body fluctuated in a narrow range over the course. The uptake 
of Mn2+ in retina may involve several different pathways.
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Introduction

Manganese (Mn2+) enters cells through voltage 
gated calcium channels and then moves along 
axons via axonal transport [1, 2]. Given the 
paramagnetic nature of Mn2+, its uptake and 
transport in the nervous system is detectable 
by MRI with T1-weighted imaging (T1WI). 
Manganese-enhanced MRI (MEMRI) has 
recently been used as a biomarker and tracer 
to investigate optic nerve axonal integrity [3-8], 
retinal projections to the superior colliculus [9], 
layer-specific calcium-dependent retinal fMRI 
activation [10, 11], cortical response to stimu-
lation or postnatal development and plasticity 
of retinal and callosal projections [12, 13].

When MEMRI is used to investigate the visual 
system, an intravitreal injection is the common 
means of delivery of the Mn2+ solution into the 
ocular space [3, 14-16]. However, direct injec-
tion of drugs into the vitreous body is stressful 

for patients and could potentially produce 
severe adverse events, such as endophthalmi-
tis, retinal detachment, uveitis, ocular hyper-
tension, cataract, intraocular hemorrhage, and 
hypotony [17]. In an attempt to remedy the inva-
sive intravitreal injection of MnCl2, Sun SW et al. 
proposed to deliver Mn2+ through topical load-
ing [18, 19]. In their study, they considered that 
the uptake of Mn2+ may do not involve the vitre-
ous body. But the definite conclusion can not be 
established from the observed lack of vitreous 
enhancement in previous studies. 

To investigate the penetration and distribution 
of Mn2+ after topical administration of Mncl2, we 
measured the concentration of Mn2+ in aque-
ous humor and vitreous body in rabbits. And, 
MEMRI was performed at same time, to analyze 
the relation of the enhancement of eyes and 
Mn2+ concentration in aqueous humor and vit-
reous body. 
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Materials and methods 

Animals and groups

Forty-eight Chinese white rabbits were divided 
into three groups, 1) control group (n = 4), to 
analyze the baseline concentration of Mn2+ in 
aqueous humor, vitreous body and serum. 2) 
concentration test group, in which the concen-
trations of Mn2+ in aqueous humor, vitreous 
body and serum were analyzed at predeter-

72 and 168 hours postdose), 4 rabbits were 
first anesthetized with xylazine (5 mg•kg-1) and 
ketamine (35 mg•kg-1). A sample of arterial 
blood was drawn from the central artery of the 
ears just before the euthanasia. Rabbits were 
then sacrificed with pentobarbital overdose 
(1.2 ml•kg-1). The left eyes were enucleated 
and then rinsed with an isotonic saline solution. 
The aqueous humor (0.15 ml) was removed 
from the eye using a 1-ml syringe attached to a 
27-gauge needle. Vitreous body (0.15 ml) was 

Table 1. The time course of Mn2+ Concentrations in aqueous humor, 
vitreous body and serum after topical administration of Mncl2 (1 
mol•L-1)
Time (h) Aqueous humor (mg•L-1) Vitreous body (mg•L-1) Serum (mg•L-1)
Control 0.2136 ± 0.0183 0.2234 ± 0.0154 0.2379 ± 0.0093
0.5 5.3062 ± 0.3011☆ 0.2713 ± 0.0154☆ 0.2435 ± 0.0164
1 7.9690 ± 0.4721☆ 0.3011 ± 0.0148☆ 0.2431 ± 0.0161
2 11.1641 ± 0.7202☆ 0.5012 ± 0.0125☆ 0.2309 ± 0.0137
4 5.4838 ± 0.6073☆ 1.2195 ± 0.0977☆ 0.2341 ± 0.0124
6 2.2523 ± 0.1921☆ 1.2786 ± 0.1504☆ 0.2401 ± 0.0152
12 1.9814 ± 0.2019☆ 1.5622 ± 0.1567☆ 0.2236 ± 0.0141
24 1.6626 ± 0.2833☆ 1.0453 ± 0.1336☆ 0.2283 ± 0.0129
48 0.8640 ± 0.1750☆ 0.7322 ± 0.1480☆ 0.2309 ± 0.0168
72 0.4936 ± 0.1702☆ 0.3612 ± 0.0755☆ 0.2256 ± 0.0114
168 0.2301 ± 0.0209 0.2435 ± 0.0206 0.2321 ± 0.0132
☆P < 0.01, compared with control group.

mined time points after 
topical administration of 
MnCl2. 3) MEMRI group (n 
= 4), to visualize the 
enhancement images after 
administration of MnCl2.

The rabbits (supplied by 
Zhengzhou University Ex- 
perimental Animal Center) 
of mixed gender and an 
average age of 15 weeks 
were reared in room with 
standard chow and water 
supply. Animals were treat-
ed in accordance with the 
guidelines of the Asso- 
ciation for Research in 
Vision and Ophthalmology 
and protocols approved by 
the Zhengzhou University 
Animal Ethical Committee 
for animal research.

MnCl2 administration

For topical administration 
of MnCl2, 1.0 mol·L-1 MnCl2 
in distilled and deionized 
water was freshly prepared 
(PH = 6.5). The rabbits 
were anesthetized with xyl-
azine (5 mg•kg-1) and ket-
amine (35 mg•kg-1). Utili- 
zing a micropipette, the left 
eye of rabbits in group 2 (n 
= 40) and MEMRI group (n 
= 4) received one topical 
instillation (20 μl) of MnCl2.

Samples collection

In group 2 (n = 40), at pre-
determined time points 
(0.5, 1, 2, 4, 6, 12, 24, 48, 

Figure 1. Mn2+ concentrations versus time profiles in aqueous humor, vitre-
ous body and serum after topical administration of Mncl2 (20 μL, 1 mol•L-1). 
The maximum concentrations of Mn2+ in aqueous humor and vitreous body 
were 11.1641 ± 0.7202 mg•L-1 (2 hours) and 1.5622 ± 0.1567 mg•L-1. The 
concentration of Mn2+ decreased rapidly. The concentration in vitreous body 
fluctuated in a narrow range, and no obvious changes were detected in serum. 
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aspired with a 15-gauge needle mounted on a 
5-ml syringe. Serum was obtained by allowing 
the blood sample to clot at room temperature 
for 1 hour followed by centrifugation. All sam-
ples were diluted to 15 ml with distilled and 
deionized water. The 4 rabbits in group 3 were 
sacrificed and samples were obtained as men-
tioned above.

Mass spectrometry analysis of Mn2+

The concentrations of Mn2+ were analyzed on a 
PE/SCIEX Elan 6100 inductively coupled plas-
ma-mass spectrometer (ICP-MS, Perkin Elmer 
Life & Analytical Sciences, Shelton, Connecticut, 
USA). All samples were vortexed and aspirated 
into a pneumatic nebulizer. The resulting aero-
sol was directed to the hot plasma discharge by 
a flow of argon. Instrumentation response was 
defined by the linear relationship of analyte 
concentration vs ion counts. Analyte concen-
trations were derived by reading the ion count 
ratio for each mass of interest. 

Memri

In group 3 (n = 4), T1WI was repeated at prede-
termined time points (0.5, 1, 2, 4, 6, 12, 24, 48, 

72 and 168 hours postdose). MRI was per-
formed using a clinical 3.0 Tesla scanner 
(Siemens, Germany), with a 3-inch surface coil 
as a receiver. The employed sequence acquired 
data with the following parameters: voxel size, 
0.2 × 0.2 × 2 mm, matrix 448 × 314, echo time 
TE = 16 ms, repetition time TR = 600 ms, band 
width = 199 Hz/px, a total TA (acquisition time) 
of approximately 8 minutes was achieved.

Manually drawn regions of interest (ROIs) were 
placed in oblique 2D slices. The mean signal 
intensities of aqueous humor and vitreous body 
were measured. The signal-to-noise ratio (SNR) 
was calculated with the following formula: SNR 
= S/SDair. Where S represents the signal inten-
sity in the ROI of the Mn2+ enhanced area, and 
SDair is the mean value of the SD in three ROIs 
in air. 

Statistical analysis

Data were given as mean ± standard error and 
analyzed by SPSS15.0. The concentration of 
Mn2+ and SNR at predetermined time points 
were compared to the baseline concentration 
and SNR of rabbit eyes in control group, using 
independent sample t-test. P < 0.01 was con-
sidered statistically significant.

Figure 2. Dynamic images of the rabbit eyes (T1WI) after topical administration of Mncl2 (1 mol•L-1) at predeter-
mined time points (0.5, 1, 2, 4, 6, 12 and 24 hours postdose). The enhancement of cornea and aqueous humor 
began at 0.5 hour, the maximum enhancement appeared at 2 hours, and then gradually decreased. There were no 
obvious enhancement of vitreous body during the follow up.
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Results

Measurement of Mn2+ concentration 

The concentrations of Mn2+ versus time profiles 
in aqueous humor, vitreous body and serum 
after topical administration are shown in Table 
1. The concentration of Mn2+ in aqueous humor 
increased rapidly 0.5 hours after topical admin-
istration, and the maximum was measured at 2 
hours (11.1641 mg•L-1). Then the concentra-
tion decayed rapidly, and the concentration decr- 
eased to 2.2523 mg•L-1 at 6 hours. The con-
centrations of Mn2+ in aqueous humor at prede-
termined time points (0.5, 1, 2, 4, 6, 12, 24, 
48, and 72 hours postdose) were significantly 
different from the control group. (P < 0.01) In 
vitreous body, the concentration of Mn2+ 
increased slowly 0.5 hours postdose, the maxi-
mum concentration was measured at 12 hours 
(1.5622 mg•L-1). The concentration of Mn2+ in 
aqueous humor and vitreous body decreased 
to the baseline at 168 hours. Whereas, no obvi-
ous changes of Mn2+ concentration were 
detected in serum at all times throughout the 
study (Figure 1).

MEMRI of eyes

In group 3, we obtained the repeated T1WIs of 
eyes, at predetermined time points (0.5, 1, 2, 
4, 6, 12, 24, 48, 72 and 168 hours postdose) 
after MnCl2 (20 μL, 1 mol•L-1) loading. Data col-
lected from right eyes without Mn2+ treatments 

were added as a control. The aqueous humor 
showed initial significant enhancement 0.5 
hour after MnCl2 loading, and reached the peak 
at 2 hours postdose. The enhancement of 
aqueous humor began to decrease after 2 
hours postdose. Whereas, there were no obvi-
ous enhancement of vitreous body during the 
follow up (Figure 2).

The SNR of different tissue versus time profiles 
are shown in Table 2. The SNRs of aqueous 
humor at 0.5, 1, 2, 4, 6, 12 and 24 hours post-
dose were significantly different from the con-
trol eyes. (P < 0.01). Whereas, the vitreous 
body did not show significant changes in the 
entire temporal evaluation.

Discussion

There is increasing interest in developing 
MEMRI as a technique for functional and 
molecular imaging of biological processes, and 
Mn2+ is now a well-established contrast agent 
in this technique [7-9]. Recently, Sun SW et al 
have demonstrated the feasibility of using topi-
cal administration of Mn2+ for MEMRI [18]. The 
penetration and distribution of Mn2+ is a com-
plicated process, for further study of topical 
administration of Mn2+ for MEMRI, we evaluat-
ed the concentration of Mn2+ in aqueous humor 
and vitreous body using ICP-MS, and analyzed 
the relation of Mn2+ concentration and enhance-
ment of eyes in rabbits.

ICP-MS is a specific detector for metals at 
extremely low level. It plays an increasingly 
major role in trace elements analysis in differ-
ent aspects [20-23]. In the study, the Mn2+ con-
centration in aqueous humor began to increase 
0.5 hour after topical administration of Mncl2. 
The concentration increased rapidly with an ini-
tial burst effect at the early stage, and then 
reached maximum concentration at 2 hours. 
MEMRI showed the enhancement of aqueous 
humor synchronized with the fluctuation of the 
Mn2+ concentration in aqueous humor. The 
maximum SNR of the aqueous humor emerged 
at 2 hours (108.81 ± 10.65). The releasing 
model of Mn2+ was consistent with many topical 
administration drugs [24-27]. 

In previous study, MEMRI showed there were 
no detectable changes of signal intensity in vit-
reous body after topical administration of 
Mncl2. SUN SW et al concluded that the uptake 

Table 2. The SNR of eyes at predetermined 
time points after topical administration of 
Mncl2 (1 mol•L-1)
Time (h) Aqueous humor Vitreous body
Control 27.12 ± 1.88 28.45 ± 1.81
0.5 99.77 ± 2.26※ 29.26 ± 2.24
1 105.21 ± 3.92※ 25.33 ± 1.05
2 108.81 ± 10.65※ 29.03 ± 1.97
4 85.66 ± 5.08※ 30.23 ± 1.87
6 75.25 ± 6.30※ 30.44 ± 1.79
12 62.61 ± 5.41※ 31.13 ± 2.05
24 37.54 ± 3.95※ 29.95 ± 2.38
48 31.02 ± 5.09 32.36 ± 2.33
72 28.08 ± 5.76 28.38 ± 2.64
168 28.74 ± 4.03 30.55 ± 1.83
※P < 0.01, compared with control group, (SNR, Signal-
to-Noise ratio).
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of Mn2+ might do not involve the vitreous body 
[18]. But they did not measure the Mn2+ con-
centration in vitreous body. In the study, 
although the vitreous body did not show obvi-
ous enhancement of MEMRI, the concentration 
of Mn2+ fluctuated during the follow up times. 
We found that the Mn2+ concentration in vitre-
ous body began to increase slowly 0.5 hour 
after administration of Mncl2, and the maxi-
mum concentration was measured on 12 hours 
(1.5622 mg•L-1).

In the study, the Mn2+ concentration was very 
low in vitreous body. These findings suggested 
that the uptake of Mn2+ in retina may do not 
involve the vitreous body or the Mn2+ enters the 
retina via other different routes. The specific 
transport pathways across eye tissues can 
alter the passive permeation, such as ion chan-
nels or membrane transporters. The previous 
studies confirmed that the enhancement 
depended on the health retina ganglia cells 
(RGCs), the loss of RGCs can minimize the 
amount of Mn2+ that enters the cells [18, 
28-30]. As a calcium analog, the calcium chan-
nels in cells may affect the absorption of Mn2+ 
in retina, and cause the significant enhance-
ment of retina.

The presented study evaluated the concentra-
tion of Mn2+ in aqueous humor and vitreous 
body after topical administration of Mncl2, and 
analyze the relationship of the enhancement of 
MEMRI and Mn2+ concentration of eyes in rab-
bits. Whereas, our study was compromised by 
several limitations. In the study, we just investi-
gated the concentration of Mn2+ in aqueous 
humor and vitreous body, but the concentra-
tions of Mn2+ in cornea, lens boundary, retina 
and optic nerve were not included.

In conclusion, after topical administration of 
Mncl2, Mn2+ could distribute into aqueous 
humor rapidly, whereas, the Mn2+ concentra-
tion in vitreous body fluctuated in a narrow 
range over the course. There were no signifi-
cant enhancement in vitreous body. Maybe the 
uptake of Mn2+ in retina did not involve vitreous 
body, or it involved several different pathways.
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