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A B S T R A C T

Purpose: Here, we are testing the hypothesis that dynamic contrast enhanced MRI (DCE-MRI) is a useful ap-
proach for non-invasively evaluating age-related changes in aqueous humor outflow and its contribution to
elevated intraocular pressure in the DBA/2J model of pigmentary glaucoma.
Methods: A rodent-specific 7 T MRI was used to assess eye anatomy (anterior chamber (AC) and vitreous body
(VB) morphology, eye size, lens size) and aqueous humor dynamics (via intravenous administration of Gd-DTPA
and Gd-BOPTA contrast agents) in C57BL/6 and DBA/2J mice at 3 and 9months of age.
Results: Gd-MRI was used to demonstrate an anterior solute pathway into the mouse AC. Topical latanoprost
treatment in C57BL/6J mice reduced Gd-BOPTA accumulation in the AC. Age-related increases in AC area, AC
depth and eye size were observed in DBA/2J mice compared to C57BL/6J mice. The rate of Gd-DTPA accu-
mulation and peak Gd-DTPA intensity was lowest in 9-month old DBA/2J mice compared to 3-month old DBA/
2J mice and C57BL/6J mice at both ages. Leakage of Gd-DTPA posteriorly into the VB was also observed in 9-
month old DBA/2J mice.
Conclusions: These studies support the idea that age-related changes in aqueous humor outflow contribute to
elevated intraocular pressure (IOP) in the DBA/2J model of pigmentary glaucoma. Gd-MRI is a valuable tool for
better understanding of mechanisms and dynamics of aqueous humor circulation in normal and glaucomatous
mouse eyes or following topical administration of medicines to reduce IOP.

1. Introduction

Pigment dispersion syndrome is characterized by shedding and
dispersion of iris pigment throughout the anterior (AC) and posterior
chambers (PC) of the eye [1]. It is often associated with elevated in-
traocular pressure (IOP) that can lead to damage of the optic nerve and
pigmentary glaucoma, a form of secondary open-angle glaucoma that
tends to affect younger people [2]. The DBA/2J mouse strain re-
capitulates many facets of human pigmentary glaucoma such as pig-
ment dispersion, iris atrophy, iris transillumination and elevated IOP
[3,4], though unlike the human condition, angle closure is a feature of
this strain due to the development of anterior synechias (attachment of
the anterior iris to the trabecular meshwork) and dysgenesis of outflow
structures [3]. Elevated IOP presents at 2–6months in DBA/2J mice,
reaching a peak at 9–11months; resulting in retinal ganglion cell loss

and optic nerve cupping [5–8].
Regulation of aqueous humor secretion and drainage are integral to

maintaining physiological IOP and data show that age-related IOP in-
creases in glaucomatous eyes stem from disruption of the conventional
outflow pathway [9]. In the case of the DBA/2J mouse model, muta-
tions in the Tyrp1 and Gpnmb genes induce iris atrophy and pigment
dispersion [10,11], processes which are thought to affect aqueous
humor outflow at the trabecular meshwork. However, the dynamics of
aqueous humor secretion and drainage in normal and glaucomatous
mouse eyes are still unresolved and little is known about aqueous
humor flow changes in pigmentary glaucoma.

Magnetic resonance imaging (MRI) using contrast agents like ga-
dolinium diethylene-triamine penta-acetic acid (Gd-DTPA) or manga-
nese (Mn2+) has been used to assess ocular anatomy [12–14], retinal
blood flow [15], blood-retina barrier permeability [16] and aqueous
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humor flow [17,18] in rodents, monkeys and humans, among other
species. Gd-DTPA and Gd-BOPTA are water-soluble passive tracers
(938 Da and 600 Da, respectively) that under homeostatic conditions
can cross the blood-aqueous barrier following systemic administration
but have not been reported to cross the blood-retinal under normal
conditions [17–19]. Gadolinium tracer has previously been used to
demonstrate an anterior diffusional pathway for solutes into the aqu-
eous humor [18–22]. Clearance of aqueous humor and solutes from the
AC occurs primarily via the conventional outflow pathway consisting of
the trabecular meshwork and Schlemm's canal (SC) and secondarily via
the unconventional pathway between the ciliary muscle fibers (often
referred to as the uveoscleral route) [9].

In the present study, the diffusion of gadolinium tracer into the
anterior chamber was characterized in mice. Gd-BOPTA enhanced MRI
was used to assess total rates of aqueous humor flow and ocular per-
meability in the mouse eye following topical administration of latano-
prost, a prostaglandin F2α-receptor analogue that alters aqueous humor
outflow. Though the first-line treatment for ocular hypertension,

latanoprost's mechanism of action is as yet to be fully elucidated.
Traditionally its effects have been ascribed to an increase in drainage
through the ciliary muscle in humans, however it has been shown to
also increase outflow through the trabecular meshwork, FP receptor
activation leading to matrix-metalloproteinase (MMP) activation within
the TM [23,24].

Having established the ability of Gd-enhanced MRI to detect flow
changes through the AC, this was followed by assessment of aqueous
humor dynamics at different ages in the DBA/2J mouse model of pig-
mentary glaucoma with age-matched C57BL/6J mice as controls using
Gd-DTPA. These data indicate that blood-aqueous barrier breakdown
accompanies age-related changes in AH dynamics in the DBA/2J
mouse.

Fig. 1. Entry of Gd-DTPA into the AC via the anterior protein pathway.
A 3-D rendered image of Gd-DTPA entry into the AC over time, representing the OS and OD eyes of a single animal, image is pseudo-colored to represent pixel
intensity with attached intensity scale in image OS=1min. B Representative image of T1 MRI scan of a 3M C57BL/6J mouse demonstrating Gd-DTPA entry over
time. C Pixel intensity in the AC angle, AC centre and VB over time after Gd-DTPA injection. D Representation of areas used for pixel intensity measurement.
Red=AC angle; blue=AC centre; green= vitreous body. In all figures Time= time after Gd-DTPA injection with injection at 0min. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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2. Materials and methods

2.1. Animals

Wild-type C57BL/6J mice were sourced from Jackson Laboratories
and bred on-site in the Smurfit Institute of Genetics in Trinity College
Dublin (TCD). DBA/2J mice were obtained from Harlan, UK. Animals
were housed under a 12-hour light–dark cycle and were provided un-
restricted access to food and water. For latanoprost administration,
each mouse received three doses of 50 mg/ml latanoprost eye-drops
(Monopost Unidose, Thea Laboratories) at 24 h, 12 h and 3 h prior to
MRI imaging. The contralateral eye was dosed with saline eye-drops
simultaneously as a control. All procedures involving experimental
animals were performed in accordance with the ARVO Statement for
Use of Animals in Ophthalmic and Vision Research and were approved
by the Institutional Ethics Committee in University of Dublin, Trinity
College, under the HPRA project authorization AE19136/P017.

2.2. Contrast-enhanced magnetic resonance imaging (MRI) and data
analysis

Aqueous humor flow was assessed using a dedicated small rodent
7 T MRI system (Bruker BioSpec) at TCD. Tetracaine hydrochloride (1%
w/v, Bausch and Lomb) was applied to both eyes to minimize eye
movement and visidic eye gel (0.2% w/w, Bausch and Lomb) was used
to prevent corneal dryness. Mice were anaesthetized with 5% isoflurane
and placed on an MRI-compatible support cradle. This cradle has an in-
built system for maintaining the animal's body temperature at 37 °C and
a probe underneath the animal allows it to be physiologically mon-
itored (electrocardiogram, respiration and temperature). To ensure
accurate positioning of the animal, an initial rapid pilot image was
recorded and used to ensure correct geometry for all subsequent scans.
Blood-aqueous barrier integrity and aqueous humor flow were then
visualized in high-resolution T1-weighted MR images before and after
intravenous (tail vein) administration of 200 μl of 0.17mmol/ml Gd-
DTPA (Gadolinium diethylene-triamine penta-acetic acid, Magnevist,
0.5 mmol/ml stock solution, Bayer) or Gd-BOPTA (Gadobenate di-
meglumine, MultiHance, 529mg/ml stock solution, Bracco), which was
monitored over a period of 60 mins post-injection. MR images specifi-
cations were as follows: resolution: 63×63 μm2; field of view:
16×16mm2; in-plane resolution: 256× 256 pixels; slice thickness:
0.25mm; repetition time/echo time: 409/7ms; flip angle: 30°; number
of averages: 1; acquisition time: 1min, 10 s; repetitions: pre-scan — 4,
post-scan — 60. MR image analysis was performed using ImageJ and
MIPAV software and all data was analyzed blind to treatment. For
change in intensity analysis the baseline was taken from Time (0min)
after Gd-DTPA injection and rate of increase was calculated from a
linear fit over the initial 10min period.

2.2.1. Ocular anatomy
Fig. 1 shows the major regions of interest for morphological ana-

lyses. The following structures and measurements were recorded using
the pre-Gd-DTPA MRI scans and ImageJ software — AC area, AC signal
intensity, AC depth, VB area, VB signal intensity, VB depth, lens size
and eye size.

2.2.2. T1-weighted Gd-DTPA enhancement
AC signal intensity post-Gd-DTPA or Gd-BOPTA administration was

calculated and 3-D images were constructed with ImageJ software.

2.3. Statistics

For each data set, the mean (μ), standard deviation (s.d.) and
standard error of the mean (s.e.m.) were calculated. A two-tailed un-
paired Student's t-test was used to evaluate the significance of differ-
ences between each data set. Differences were considered statistically

significant when P values were ≤0.05. For multiple comparisons across
groups, one-way ANOVA followed by Bonferroni's post hoc tests was
used with P≤ 0.05 representing significance.

3. Results

Firstly, the dynamics of Gd-DTPA diffusion into the AH was ex-
amined. 3M C57BL/6J mice were intravenously injected with Gd-DTPA
(Time=0min) and immediately after these animals were examined
with MRI, taking a scan every minute. 3-D rendered images of the T1

scan were pseudocolored based on pixel intensity to more easily de-
monstrate differences in T1 signal. In both these images the signal en-
hancement of the AH by Gd-DTPA was first seen as a ring at the ir-
idocorneal angle at T=1min. Over the course of the next 6min the
contrast agent was seen to diffuse throughout the AC reaching a
homogenous state (Fig. 1A). Similarly, in the 2-D images signal en-
hancement begins at the iridocorneal angle (T=0min) and diffuses
throughout the AC (T=10min) (Fig. 1B). The mean signal intensity of
the AC angle, AC centre and VB were measured and compared over
time. The VB displays no evidence of Gd-DTPA entry with only a slight
increase in signal over 30 mins, which is consistent with MRI scan
variation (n= 4). The signal at the AC angle was immediately higher at
T=0min and reached a max at T=3min before plateauing (n=2).
In the AC centre the signal was similar to the VB at T=0min before
increasing and reaching a similar max as seen in the AC angle at T=20,
from where it plateaued for the remaining scan time (n=2) (Fig. 1C).
The ocular areas where signal intensity was measured are shown in
(Fig. 1D). These results demonstrate that Gd-DTPA enters the mouse AH
at the iridocorneal angle and not at the ciliary body (CB).

In order to test the applicability of Gd-enhanced MRI to detect
aqueous humor flow changes in the mouse eye, C57BL/6 mice were
topically administered latanoprost (or saline in the contralateral eye) at
24 h, 12 h and 3 h prior to MRI scanning. Intravenous administration of
Gd-BOPTA followed by T1-weighted MRI revealed that the signal-en-
hancement in the AC of the latanoprost-treated eyes was significantly
lower than that of controls (rate of increase; saline: 1.6%/min, lata-
noprost: 0.3%/min, *P≤ 0.05) (Fig. 2A). Peak percentage intensity in
Gd-BOPTA signal enhancement was also lower in latanoprost-treated
eyes compared to contralateral saline treatment (peak intensity; saline:
31.2%, latanoprost: 17.2%, P=0.26) (Fig. 2B). During the initial
20min the latanoprost treated eyes had a more rapid increase in signal
intensity and reached a higher peak than the saline treated eyes, both
then reach a plateau before gradually declining over the remaining scan
period (Fig. 2C).

Gd-enhanced MRI was then applied to the DBA/2J model of pig-
mentary glaucoma. Prior to Gd-DTPA administration, pre-contrast
images were used to assess various aspects of eye morphology in 3, 6
and 9month-old DBA/2J mice and compared to age-matched C57BL/6J
mice. Representative MR images in Fig. 3A show clear age-related in-
creases in AC area, AC depth and eye size in DBA/2J mice as compared
to age-matched C57BL/6J mice. IOP measurements in DBA/2J mice
compared to WT control mice showed increased IOP at 6 and 9months
in DBA/DJ mice compared to the same animals at 3months of age
(**P≤ 0.01).

Quantification of AC area and AC depth showed increases that were
significant at 6months of age in DBA/2J mice when compared to age-
matched C57BL/6J mice (AC area: 12.9% increase, *P≤ 0.05; AC
depth: 24.3% increase, **P≤ 0.01) and which were even more pro-
nounced at 9months of age when compared to age-matched C57BL/6J
mice (AC area: 17.8% increase, ***P≤ 0.001; AC depth: 49.6% in-
crease, ***P≤ 0.001) (Fig. 3C). Signal intensity pre-contrast enhance-
ment of the AC and overall eye size was significantly increased in DBA/
2J at 9months of age in comparison to age-matched C57BL/6J controls
(AC signal intensity: 44.1% increase, ***P≤ 0.001; eye size: 9.0% in-
crease, ***P≤ 0.001). Measurements of other ocular components –
vitreous body (VB) area, VB signal intensity, VB depth and lens size –
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showed no significant differences with age or between DBA/2J and
C57BL/6J strains (Fig. 3C).

Following Gd-DTPA administration, T1-weighted MRI showed a
reduced signal enhancement of the AC in 9month-old DBA/2J mice
compared to age-matched C57BL/6J animals: sample images are shown
in Fig. 4A. Analysis of the percentage change in signal intensity in the
first 10min post-Gd-DTPA injection showed that signal enhancement
was lowest in 9month-old DBA/2J mice (Fig. 4B). The extent of AC
signal enhancement in 3month-old DBA/2J animals was comparable to
3month- and 9month-old C57BL/6J mice. Furthermore, the rate of Gd-
DTPA accumulation in the AC over the initial 10min was significantly
lower in the DBA/2J 9month eyes relative to age matched controls
(Rate of increase; C57 9m: 14.0%/min, DBA 9m: 3.7%/min,
**P≤ 0.01) (Fig. 4C), no significant difference was seen between the
3month DBA/2J and age matched C57 mice or between 3month and
9month DBA/2J mice. Similarly the peak percentage intensity in Gd-
DTPA signal enhancement (Fig. 4D) was lowest in 9month-old DBA/2J
mice, although statistical significance was not reached.

T1-weighted imaging following Gd-DTPA administration also re-
vealed significant leakage of Gd-DTPA into the VB of 9month-old DBA/
2J mice but not age-matched C57BL/6J animals (Fig. 5A). At early
stages post-Gd-DTPA injection, the contrast agent appeared to be
emanating from the ciliary body and diffusing toward the posterior VB,
indicating a breakdown in aqueous-vitreous barrier integrity in the
ciliary bodies. Analysis of percentage change in Gd-DTPA intensity
using a region of interest in the anterior VB showed prolonged leakage

of Gd-DTPA in the VB for as long as 60 mins post-Gd-DTPA injection
(Fig. 5B).

4. Discussion

In this study, dynamic contrast-enhanced MRI was used to in-
vestigate aqueous humor dynamics and blood-aqueous barrier perme-
ability in the DBA/2J mouse model of pigmentary glaucoma and to
identify age-related changes in these phenotypes. Here, we sought to
verify the use of Gd-DTPA-enhanced MRI to quantify aqueous humor
tracer accumulation in the AC of normal and glaucomatous mouse eyes.
Gd-DTPA was found to enter the AC via the anterior iris route, as has
been demonstrated in both rabbit and human [18,25]. Additionally, AH
dynamics in mouse appear to be similar to human and we show that the
anterior solute pathway also exists in mouse, confirming its utility as a
good model system for glaucoma studies.

The AC anterior protein pathway is not intrinsically linked to AH
production with AH protein concentration levels highest at times when
AH secretion is low, such as after treatment with the cholinergic drug
pilocarpine [26,27]. Therefore, increasing AH drainage should increase
gadolinium-tracer drainage and reduce signal enhancement in these
eyes. To investigate this, eyes were treated with the IOP-lowering
medication latanoprost. Gd-BOPTA was used as the contrast agent in
this study as it entered via the same pathway as the Gd-DTPA and to
demonstrate this techniques utility with various MRI contrast agents.
Topical application of latanoprost in C57BL/6 mice resulted in reduced

Fig. 2. Effects of latanoprost on aqueous humor flow
dynamics in C57BL/6 mice.
A. The rate of Gd-DTPA increase (%/min) in the AC
during the 10min after Gd-DTPA injection was
compared between latanoprost-treated eyes and
contralateral saline-treated eyes. Gd-DTPA enhance-
ment of the AC was significantly decreased in lata-
noprost-treated eyes. (Unpaired Student's t-test, 95%
confidence interval, n= 4 animals, *P=0.0184.
Data are means ± s.e.m). B. Peak Gd-DTPA in-
tensity in the AC was compared between latanoprost-
and saline-treated eyes. C. The average percentage
change in intensity (relative to time (0min) after Gd
injection) over an hour in saline and latanoprost
treated C57 eyes (n= 4 animals, data points are
means ± s.e.m).
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rates of Gd-BOPTA signal enhancement and peak Gd-BOPTA intensity
in the AC, indicative of a change of Gd-accumulation in the ACs of
latanoprost treated eyes. This clearance of gadolinium from the AC in
latanoprost-treated eyes in the first 10min after Gd-BOPTA injection
also demonstrates the ability of contrast-enhanced MRI to identify and
track dynamic changes in aqueous humor flow within the AC. Inter-
estingly, latanoprost has a mechanism of action that affects both the
conventional and non-conventional outflow pathways. Latanoprost can
induce MMP activation, and therefore have a cytoskeletal effect on
trabecular meshwork (TM) cells. It can also induce calcium activated
potassium currents, which relaxes the TM cells and increases outflow.
This has been observed in human subjects manifested by IOP changes
with tonography [28–31].

Iris atrophy and pigment dispersion have previously been associated
with elevated IOP and degeneration of retinal ganglion cells in the
DBA/2J glaucoma mouse model [3,5–8]. Manganese-enhanced MRI has
previously shown impaired intraretinal uptake of manganese in aged
DBA/2J mice [13]. In the present study, we observed that Gd-accu-
mulation is altered in the AC of the aged DBA/2J mouse compared to
age matched C57BL/6J mice. Reduced AC signal enhancement was
observed in aged DBA/2J mice in addition to lower rates of Gd-DTPA
increase and lower Gd-DTPA peak intensities compared to age-matched

controls. This result was in contrast to expectations, due to the reduced
AH outflow in these aged animals and indicated a secondary pathology.
The aged DBA/2J eyes were found to have a compromised blood-aqu-
eous barrier, demonstrated by the posterior diffusion of Gd-DTPA from
the ciliary body into the VB. Gd-DTPA is approximately 938 Da in size,
so further work is required to understand the extent of blood-aqueous
barrier breakdown in DBA/2J mice and in pigmentary glaucoma, for
example via the systemic administration of molecular tracers of defined
sizes and aqueous sampling. Ageing in DBA/2J mice was also associated
with structural anomalies in ocular anatomy. Using pre-contrast MR
images, AC depth was found to increase substantially with age in DBA/
2J animals. This finding is in agreement with previous reports of age-
associated increases in AC depth measured using ultrasound [3], slit-
lamp [32] and whole-eye optical coherence tomography [33]. Indeed,
this clear “bulging” of the AC observed in the MR images correlated
with increased AC area, AC signal intensity and eye size in DBA/2J
mice.

The use of dynamic contrast-enhanced MRI to assess flow dynamics
of gadolinium-tracer from systemic circulation to the AC may also
greatly advance the development of novel IOP-lowering compounds for
the treatment of POAG, testing of novel conventional outflow drugs and
in the study of pseudoexfoliation glaucoma which is characterized by

Fig. 3. Morphological analysis of eye anatomy in C57BL/6 and DBA/2J mice using T1-weighted MRI.
A. Representative MR images of eye morphology in C57BL/6 and DBA/2J mice at 3, 6 and 9months of age. B) Intraocular pressure measurements in DBA/DJ mice at
3, 6 and 9months compared to wild-type mice (**P≤ 0.01). C. Quantification of area, depth and signal intensity of AC and VB, along with lens and eye size in
C57BL/6 and DBA/2J mice at various ages. Age-related increases in AC area, AC signal intensity, AC depth and eye size were observed in DBA/2J mice in addition to
aqueous volume. (One-way ANOVA followed by Bonferroni's post hoc test for multiple comparisons, 95% confidence interval, n=3–5 separate animals per age and
strain, *P≤ 0.05, **P≤ 0.01, ***P≤ 0.001. Data are means ± s.e.m.).
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extracellular deposits in the conventional outflow pathway. The dy-
namic aqueous humor flow changes observed in this study in both
C57BL/6J and DBA/2J mice may provide important information to
determine the effectiveness of long-term surgical treatments in eventual
clinical studies. While the DBA/2J mice are a useful tool for glaucoma
research, it must be recognized that there are shortcomings with the
model and they do not recapitulate every feature of the human disease.
Recently, the use of glaucoma drainage devices for both primary and
refractory glaucoma such as the Baerveldt, the Ahmed or more recently
the EX-PRESS has dramatically increased. These surgical implants can
have serious complications such as hypotony or tube obstruction that
can lead to subconjunctival fibrosis and tube failure [34]. As any in-
tervention requires surgery, Gd-MRI offers a method to directly monitor
an implant's effect on aqueous humor dynamics allowing diagnosis of
tube obstruction or tube damage prior to any further surgical

intervention. In addition, Gd-enhanced MRI may be used to track dy-
namic changes in glaucomatous eyes and provide a better under-
standing of the mechanisms involved in systemic delivery of drugs into
the AC.
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Fig. 4. Assessing aqueous humor dynamics with age in the DBA/2J model of pigmentary glaucoma using T1-weighted Gd-DTPA MRI.
A. Representative serial T1-weighted MR images of Gd-DTPA enhancement in C57BL/6 and DBA/2J mouse eyes at 9months of age. B. Percentage change in intensity
of AC in the first 10min post-Gd-DTPA injection. Decreased levels of Gd-DTPA signal enhancement in the AC were observed in 9month-old DBA/2J mice compared
to 3month-old DBA/2J mice and C57BL/6 mice at all ages. C. The rate of Gd-DTPA signal increase was lowest in 9month-old DBA/2J mice compared to 3month-old
DBA/2J mice and C57BL/6 mice at all ages. D. Peak Gd-DTPA signal enhancement in the AC was lowest in 9month-old DBA/2J mice.

Fig. 5. Leakage of Gd-DTPA into the anterior segment of the vitreous body in DBA/2J mice.
A. Pseudocolored T1-weighted Gd-DTPA-enhanced MR images of single eyes from 9month-old C57BL/6 and DBA/2J mice showing leakage of Gd-DTPA into the
vitreous body of DBA/2J eyes (white arrow). B. Percentage change in intensity of Gd-DTPA in a region of interest located in the vitreous body close to the anterior
chamber. Increased Gd-DTPA enhancement in the vitreous body of 9 month-old DBA/2J mice indicates reduced AC penetration and leakage back into the vitreous
body.
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