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Abstract
PURPOSE—To test the hypothesis that manganese-enhanced MRI (MEMRI) provides a sensitive
and robust measure of an important retinal ionic dysregulatory phenotype in pathologic retinal
thinning.

METHODS—Four hours after intraperitoneal MnCl2 injection, high-resolution MEMRI data were
collected from overnight dark-adapted male control Sprague–Dawley and albino Royal College of
Surgeons rats before (at development stage postnatal day [P] 17) and during photoreceptor
degeneration (P36 and P57). In separate experiments, control rats, with and without repetitive
hypoxic preconditioning, were subjected to high IOP (100 mm Hg) for 60 minutes followed by 24
hours or 7 days of reperfusion (e.g., ischemia/reperfusion). Central retinal thickness and intraretinal
ion activity were measured from the MEMRI data. Histology examination was also performed to
confirm retinal damage.

RESULTS—In two different neurodegenerative models, MEMRI revealed first-time evidence for
changes (P < 0.05) in intraretinal ion regulation before and during pathologic, but not (P > 0.05)
developmental, retinal thinning. This phenotype was significantly altered by a neuroprotective
repetitive hypoxic preconditioning protocol.

CONCLUSIONS—MEMRI and a nontoxic systemic dose of MnCl2 provided an objective,
noninvasive measure of an ionic deregulatory phenotype that appears useful for improved early
diagnosis and treatment prognosis in a range of neurodegenerative diseases and their treatment.

There is no effective treatment for major neurodegenerative diseases of the visual system, such
as retinitis pigmentosa (RP), though promising experimental therapies are being developed.
Because neurodegeneration is irreversible, it is critical that diagnosis and prognosis of
treatment efficacy be made as early as possible in the course of the disease. Electroretinography
(ERG) is a leading method for assessing retinal health and has been used to measure functional
changes before morphologic changes in experimental and clinical studies.1 However, ERG
measures an integrated response from whole retina, and this decreases its sensitivity to focal
lesions. Multifocal electroretinographic methods address this concern but are not easily applied
in small animal models. In addition, it is unclear how whole-retina ERG results and noninvasive
morphology outcome metrics (i.e., ocular coherence tomography [OCT]), which are measured
over a relatively much smaller region of retina, can be quantitatively compared. In addition,
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neither ERG nor OCT directly assesses postreceptoral (i.e., inner retina) and photoreceptoral
(i.e., outer retina) metabolic alterations linked with neuronal loss. There is a pressing need for
noninvasive methods that can identify, with high spatial resolution, a robust phenotype of
retinal activity that is quantitatively sensitive to the extent of degeneration in experimental
models in vivo.

Maintaining transmembrane ion gradients is essential for healthy neuronal function.
Importantly, growing evidence supports a pathogenic role for early changes in intraretinal ion
activity during a clinically silent phase first involving impaired ion handling and then an
increased flux of ions such as calcium, which, in turn, likely triggers apoptosis and neuronal
loss.1–5 Furthermore, reducing flux through ion channels is neuroprotective against ischemic
damage.5,6 We reason that a noninvasive measurement of an ionic dysregulatory phenotype
before and during the onset of retinal cell death would allow for early, and thus more rapid,
testing of retinas at risk for degeneration and efficacy of new neuroprotective therapies.

Manganese-enhanced MRI (MEMRI) is a powerful, noninvasive, high-resolution approach for
studying ionic regulation colocalized with structure and has been applied across disciplines
such as cardiology, oncology, and neurology and includes the retina.7–13 We, and others,7,
8,12–14 have validated that, after systemic injection of a nontoxic dose of MnCl2, manganese
(Mn2+), an MRI contrast agent and ion analog of, for example, calcium, readily accumulates
intracellularly as a function of membrane integrity and cellular activity and is relatively slowly
removed. To date, MEMRI studies of retinal degeneration have not been reported.

In this study, we tested the hypothesis that MEMRI sensitively and robustly measures an ionic
dysregulatory phenotype within the retina. To determine whether this pathologic phenotype
represents a common defect not linked to a particular model or sex of the rat, two different
degenerative models were studied using male or female Royal College of Surgeons (RCS) rats,
a well-studied model with similarities to autosomal recessive retinitis pigmentosa.15 In
addition, a model of acutely induced ischemia/reperfusion (I/R) injury produced by elevated
intraocular pressure (IOP) was investigated.1 We also examined whether repetitive hypoxic
(RH) preconditioning, a protocol that is neuroprotective, could alter ionic regulation within the
retina.16

METHODS
The animals were treated in accordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals and the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research. In all cases, rats (200–250 g) were housed and maintained
in normal 12-hour light/12-hour dark cycling. The day before the MRI experiment, rats were
placed and maintained in total darkness overnight. All procedures (e.g., weighing rat, injecting
MnCl2, anesthesia for MRI, and MRI examination) were performed in the presence of dim red
light or darkness. MnCl2 was administered as an intraperitoneal injection (44 mg/kg) to awake
rats. These rats were maintained awake in dark conditions for another 3.5 hours, then
anesthetized and imaged (MEMRI study) or killed for the toxicity study.

Control and Dystrophic Retinal Thinning Groups
Male albino control Sprague–Dawley and albino RCS (breeders provided by Matthew LaVail)
rats were examined with MEMRI at three time points. These times in the RCS rat represent
the following three key points in the course of neurodegeneration: before gross photoreceptor
changes (postnatal day [P] 17, n = 4 control and 6 RCS), after significant loss of rods (P36, n
= 5 control and 8 RCS), and after substantial degeneration of cones (P57, n = 5 control and 6
RCS).17 Although recent data suggest that it is reasonable to measure the evolution of ion
regulation in the same rat after a single intraperitoneal bolus of manganese, these data were
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available only after the experiments performed herein, and so only new groups of rats were
studied at each time point.14 Additional experiments are needed to determine whether periodic
exposure to subtoxic manganese levels are associated with histologic or physiological damage
to the retina. After the P57 MEMRI examination, rats were killed for histologic examination.

Repetitive Hypoxia and Elevated Intraocular Pressure
Four groups of female Sprague–Dawley albino rats were studied: a nonischemic room air
control group (n = 4), a nonischemic RH preconditioned control group (n = 4), an I/R group
(n = 6), and an I/R group pretreated with repetitive hypoxia (RH+I/R; n = 4). RH procedures
consisted of exposing caged rats to 11% oxygen in a modified incubator in which the oxygen
levels were controlled by a computer (Oxycycler; BioSpherix, Ltd., Redfield, NY) for 2 hours
every other day for a total of 3 exposure days. The percentage of oxygen within each incubator
was validated using a separate, calibrated, handheld sensor. To induce ischemia, elevated IOP
was produced in room air or RH animals 4 days after the last hypoxic episode. Rats were first
anesthetized with intraperitoneal injections of ketamine (60 mg/kg) and xylazine (6 mg/kg).
The anterior chamber of one eye was cannulated with a 30-gauge needle attached to a line
connected to a saline bag and a calibrated pressure transducer at rat eye level. The saline bag
was raised to a height that produced a pressure in the eye of 100 mg. The duration of ischemia
was 60 minutes. After the saline bag was lowered and normalization of IOP was confirmed,
the needle was withdrawn and retinal reperfusion was visually confirmed. Animals were
studied by MEMRI at either 24 hours or 7 days after ischemia. After the 7-day MEMRI
examination, rats were killed for histologic examination.

Histology
After initial fixation in formalin overnight at 4°C, eyecups were post-fixed for 3 hours on ice
in 0.67% osmium tetroxide and 0.83% glutaraldehyde in 0.1 M sodium phosphate buffer (pH
7.4). The eyecups were then rinsed with 0.1 M phosphate buffer, dehydrated in graded ethanols
and propylene oxide, and embedded in Epon araldite. Semithick (1.5-mm) radial sections
through the optic nerve head were cut with a ultramicrotome (Reichert-Jung Ultracut E;
Cambridge Instruments, Buffalo, NY), contrasted with Richardson stain, and coverslipped for
histopathologic evaluation of retinal layer thickness.

MEMRI
Immediately before the MRI experiment, rats were anesthetized intraperitoneally using
urethane (36% solution, 0.083 mL/20 g animal weight, prepared fresh daily; Aldrich,
Milwaukee, WI). To maintain the core temperature, a recirculating heated water blanket was
used. Rectal temperatures were continuously monitored throughout each experiment, as
previously described.18 MRI data were acquired on a 4.7-T Bruker Avance system using a
two-turn transmit/receive surface coil (1-cm diameter) placed over the eye. Images were
acquired using an adiabatic spin-echo imaging sequence (repetition time, 350 seconds; echo
time, 16.7 ms; number of acquisitions, 16; matrix size, 512 × 512; slice thickness, 620 µm;
field of view, 12 × 12 mm2; 54 minutes/image).19 A single transverse slice through the center
of the eye (based on sagittal localizer images collected using the same adiabatic pulse sequence,
as described) was obtained for each rat.

Data Analysis
Retinal Thickness—Whole retinal thicknesses were measured from each MRI-generated
image as the radial distance between the anterior edge and the posterior edge of the retina at
distances ±0.4 to 1 mm from the optic nerve, as previously described and as validated against
histology, on each image.12 Mean superior and inferior values were generated for each rat and
used for comparisons. No difference (P > 0.05) in whole retinal thickness were found between
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the present data and our previous report in control female Sprague–Dawley rats; therefore,
these data were combined.

Retinal Signal Intensities—Signal intensities of inner and outer retina were analyzed from
1 pixel-thick central retina (±0.4–1 mm from the optic nerve). For quantitative analysis,
intraretinal signal intensities were analyzed using the program NIH IMAGE and derived
macros.20 Changes in receiver gain between animals were controlled by setting the signal
intensity of a fixed region of noise in each rat to a fixed value. In retinas from control and RCS
rats, a 1 pixel-thick line (representing the border between inner and outer retina) was set at 4
pixels (or approximately 94 µm) posterior to the clearly defined vitreoretinal division. Another
1 pixel-thick line was set at 3 pixels (or approximately 70 µm) posterior from this inner/outer
division. Pixels immediately anterior to each line were considered representative of inner and
outer retina, respectively, and were analyzed as previously described.12 These retinal regions
analyzed are also indicated here (see Fig. 2, Fig. 3). In the RCS rats, comparison of retinal
signal intensity with histology obtained at P57 revealed that the debris layer (a characteristic
lesion of the RCS phenotype in which the subretinal space fills with shed photoreceptor outer
segments) also accumulated manganese (data not shown). Thus, in RCS rats, the thickness
measured on MEMRI included this debris zone despite the fact that that the neurosensory retinal
thickness was significantly lower than that in age-matched controls. In other words, “retinal”
thickness measured from MEMRI of older RCS rats likely overestimated the retinal thickness.
In the elevated IOP model, approximately 50% of the inner retina degenerates by 7 days after
ischemia; no gross degeneration is noted by 24 hours after ischemia.1,16,21–23 In this case, a
1 pixel-thick line was set 2 pixels (or approximately 47 µm) anterior to the well-defined
scleroretinal border. Another 1-pixel line was drawn anteriorly by 3 pixels. As described, pixels
immediately anterior to each line were considered representative of inner and outer retina,
respectively, and were analyzed as previously described.12 Images collected with the present
parameters, from rats that were not injected with MnCl2, had retinal signal intensities lower
than 50 arbitrary units (data not shown). Thus, only retinas with intensities greater than 50 were
included in the final intensity analysis, though, as mentioned, whole retinal thicknesses were
measured from all retinas.

Statistical Analysis—Retinal thicknesses were consistent with a normal distribution, and
comparisons between groups were mostly performed using an unpaired 2-tailed t-test or a
Mann–Whitney U test (depending on the numbers of animals in a group). Because we
hypothesized that I/R would reduce retinal thickness and that RH would improve retinal
thickness, comparisons were performed using a 1-tailed test. Comparison of retinal signal
intensities and Mn2+ ion enhancements were performed using a generalized estimating
equation approach.24 This method performed a general linear regression analysis using all the
pixels from each subject and accounts for the within-subject correlation between adjacent
pixels. In all cases, unless otherwise noted, 2-tailed P < 0.05 was considered significant.

RESULTS
Constant Intraretinal Ionic Regulation during Developmental Thinning

During maturation in rodents, retinal thinning continues after differentiation.25,26 MEMRI
could readily measure (P < 0.05) this retinal thinning between P17 (258.7 ± 4.1 µm; n = 4;
mean ± SEM) and P57 (197.1 ± 2.5 µm; n = 5; Fig. 1). During developmental thinning, a
constant extent of manganese uptake in inner and outer retina was measured (Fig. 2).

Identification of an Ionic Dysregulatory Phenotype during Degeneration
RCS rats also demonstrated age-dependent retinal thinning, though by P57, the retina thickness
(173.1 ± 2.9 µm; n = 6) was significantly thinner (P < 0.05) than that of age-matched controls
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(197.1 ± 2.5 µm; n = 5; Fig. 1). Importantly, at P17, when there was little photoreceptor
degeneration, retinawide manganese uptake in the RCS rat was subnormal and increased by
P57 (Fig. 2). In addition, in P17 RCS rats, MEMRI detected a significant difference (P < 0.05)
in the mean ratio of manganese uptake in inner and outer retina (9%; Fig. 2) compared with
previously published ratios in light-adapted (1%) and dark-adapted (19%) control rats.12

Ionic Dysregulatory Phenotype in a Different Model of Degeneration
To test whether the ionic dysregulatory phenotype was a common defect linked with
degeneration and not to a particular model or sex, we also examined a nondevelopmental, acute
model of retinal degeneration using an established I/R IOP model applied to Sprague–Dawley
adult female rats. At 24 hours after reperfusion, retinal thickness (193.4 ± 3.0 µm; n = 4) was
not lower than control values (191.5 ± 1.1 µm; n = 9; P > 0.05). However, by 7 days, there was
a significant (P < 0.05) decrease in total retinal thickness (161.5 ± 2.4 µm; n = 6) compared
with that of controls. At 24 hours after I/R, retinawide manganese uptake was subnormal and
increased between 1 and 7 days of I/R (Fig. 3).

Preconditioning Using Acute Hypoxia Attenuates I/R-Induced Decrease of Total Retinal
Thickness

By 7 days after I/R, rats pretreated with repetitive hypoxia (RH+I/R) had less (P < 0.05)
evidence of intraretinal damage and retinal thinning (173.9 ± 4.9 mm; n = 4) than those not
preconditioned (I/R; 161.5 ± 2.4 µm; n = 6; Fig. 4). Note that compared with retinal thickness
in control rats (191.5 ± 1.1 µm; n = 9), no evidence for hypoxia-induced retinal swelling was
found on MEMRI (186.1 ± 5.2 µm; n = 5) examination (P > 0.05). Subnormal intraretinal
manganese uptake after ischemia (RH+I/R) was also noted (Fig. 4). This subnormal response
was likely caused by the RH procedure because control rats exposed to the same RH protocol
also demonstrated subnormal uptake on MEMRI examination 7 days later (Fig. 4).

DISCUSSION
In this study, we identified a central intraretinal ionic dysregulatory phenotype that occurred
during pathologic, but not developmental, retinal thinning in which a significant
predegenerative subnormal uptake of manganese was followed by an increase in the extent of
uptake. In both models, changes in manganese uptake were not localized to the portion of retina
involved with degeneration but instead were found throughout the retina. These observations
support and expand our previous report of a panretinal change in manganese uptake after an
injury localized to the retinal pigment epithelium.14 Intriguingly, in all cases examined to date,
such intraretinal spatial mirroring occurred before histologic evidence of degeneration. We
speculate that early intraretinal changes reflected physiological upstream/downstream
consequences of a focal injury. Furthermore, our data reveal that repetitive hypoxic
preconditioning, a protocol that had previously only been tested in a murine I/R model,16 is
also neuroprotective in a rat I/R model. Importantly, RH significantly suppressed the ionic
dysregulatory phenotype linked with degeneration. When considered together, the present data
highlight for the first time the sensitivity of MEMRI to important retinawide changes in ion
regulation in response to injury. One limitation of the MEMRI experiment is that it measures
the end result of manganese accumulation in a particular retinal layer but cannot distinguish
intracellular from extracellular location. Nonetheless, MEMRI appears to be a powerful,
objective, and noninvasive approach that may improve early diagnosis and treatment prognosis
in a range of neurodegenerative diseases.

Because high levels of manganese ion are generally considered toxic, it is worthwhile
reviewing why the dose and route of administration of MnCl2 used in the present study are not
expected to adversely affect retinal anatomy or function. At our standard MnCl2 dose (44 mg/
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kg, intraperitoneally), no evidence for perturbed electroretinographic parameters was found at
either 4 hours or 7 days after injection compared with control rats.14 In addition, at 30 days
after injection, whole and inner retinal thickness, IOP, and blood retinal barrier permeability
surface area product were not different from those of control rats.12 We also found that
reinjection of the same group of control rats with MnCl2, when retinal signal intensity had
returned to baseline levels (≥1 week), yielded no significant difference in intraretinal uptake.
14 Importantly, we have validated that intraretinal manganese uptake reflects normal changes
in the regulation of ion activity induced by, for example, light adaptation, Na+K+ ATPase
activity, and L-type calcium channels.7,12,14 Thus, it is reasonable to consider the use of a
modest dose of MnCl2 as nontoxic and the intraretinal uptake of manganese as a quantitative
biomarker of ion activity regulation in vivo.

Apoptosis is a key factor in refinement of the mammalian retina during maturation and during
retinal degeneration, though different molecular pathways appear to be involved. 27–29 For
example, the upregulation of caspases plays a key role during developmental retinal cell death
but not during degenerative photoreceptor death in certain in vivo models.29 Despite strong
evidence for ionic regulation of apoptosis,24,30 the possibility of a differential degree of ionic
regulation in development and degeneration is less clear. Our results suggest that
transmembrane gradients are distinctly regulated during normal retinal maturation and
abnormal retinal degeneration. More work is now needed to further understand the implications
of these results.

In this study, a dystrophic rat model relevant to progressive degenerative disease in human
eyes was studied. A hallmark of retinitis pigmentosa, a family of inherited disorders, is the loss
of photoreceptor or retinal pigment epithelial function leading to progressive night blindness,
reduction or loss of visual acuity, and gradual loss of the visual field. In the male RCS rats
studied herein, we found evidence of impaired ion regulation at P17 (Fig. 2) that preceded the
onset of major photoreceptor damage and, thus, did not seem to be a consequence of
degeneration. Other evidence for perturbed ion regulation in RCS rats includes subnormal
rhodopsin dephosphorylation kinetics that suppresses ion channel opening, leading to an
extended light adaptation state even after overnight dark adaptation,2,3 dysfunctional
dopaminergic regulation, which may modulate Na+K+ ATPase activity,31,32 abnormal uptake
of an ion channel-permeant histology marker,4 and significant changes in ionotropic and
metabotropic receptors, two classes of postreceptor ion channel modulators.17,33–36
Furthermore, the subsequent increase in intraretinal manganese uptake is in line with current
evidence of channel opening leading to calcium overload, apoptosis, and photoreceptor demise.
1,2,5,37–40

We also investigated another model of retinal degeneration in which female Sprague–Dawley
rats were subjected to high IOP inducing global retinal ischemia, followed by different periods
of reperfusion. In such a model, functional changes on ERG are detected 2 days after ischemia,
but significant whole retinal thinning is only found later in the reperfusion period.1,16,22,23
In the present IOP study, ketamine was used as an anesthetic. Ketamine attenuates NMDA
receptor–induced neuronal cell death and is generally thought to be neuroprotective. Despite
this potential confounder, the present data, and those of others, clearly demonstrate a benefit
of preconditioning in ketamine-anesthetized I/R models (Fig. 4).41,42 In the I/R model,
subnormal uptake of manganese 1 day after ischemia (Fig. 3) appears consistent with early
ischemia-induced impairment of the Na+/K+-ATPase pump and membrane depolarization,
whereas subsequent increases in manganese uptake may be the result of channel opening and
accumulation of sodium and calcium ions in the cytosol.1,14,43 In both models examined
(RCS and I/R), a similar late-stage uptake of manganese was found between controls and
experimental rats, though it was not determined whether this was caused by a reestablishment
of ionic homeostasis after degeneration or whether MEMRI studies at later times would have
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revealed progressively higher manganese uptake. Nonetheless, when both models are
considered, a similar early-phase ionic dysregulatory phenotype was found that appeared
independent of the model of degeneration and sex of the cohort studied.

To examine the possible importance of this ionic dysregulatory phenotype to histopathologic
outcome, I/R experiments were repeated with an RH preconditioning protocol that was reported
to induce long-lasting neuroprotection in mice.16 The effectiveness of RH in rats had not been
previously examined. The data in Figure 4 support the notion that RH is effective in protecting
the rat retina from ischemic injury. Furthermore, the data in Figure 4 are consistent with the
triggering of an adaptive response by RH involving the downregulation of basal ion activity
and thus lower intraretinal uptake of manganese. We speculate that such downregulation, in
turn, reduced ionic overload during reperfusion and resulted in a reduction of injury (i.e., retinal
thickness).6 These data underscore the sensitivity of MEMRI because modification of the
intraretinal ionic dysregulatory phenotype in a manner consistent with neuroprotective
mechanisms could be readily measured.

Before the present study, it was not possible to noninvasively and simultaneously monitor the
spatial and temporal changes in retinal layer-specific ion activity and thickness in any animal
model of retinal degeneration in vivo. Based on the present data, MEMRI examination of retina
degeneration is likely to be widely applicable for the rapid development of new and useful
treatment strategies for a range of neurodegenerative disease.
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FIGURE 1.
Total retinal thickness measurements for male RCS rats at three time points: before (at
developmental stage P17) and during (P36 and P57) photoreceptor degeneration. Age-matched
control (con) rats were also studied. Numbers of animals used to generate these data are listed
above bars. Error bars represent SEM. Brackets represent between-group comparisons with
P < 0.05. *Significant differences from P17 data. **Significant differences from P17 and P36
data. ***Significant differences between P57 groups.
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FIGURE 2.
Summary of changes in MEMRI intraretinal signal intensity during development and
degeneration. Top: pseudocolor linearized images of average retinal signal intensity in central
retina of P17 dark-adapted control male Sprague–Dawley rats (top, C; n = 4) and RCS (bottom;
n = 6). The same pseudocolor scale was used for both linearized images, where blue to
green to yellow to red represent lowest to highest signal intensity. The intraretinal location
used to extract inner retinal (IR) and outer retinal (OR) data used in this study are indicated on
the right of each linearized image. The scale on the bottom indicates the location of the optic
nerve (ON) and the superior and inferior directions. Bottom: summary of inner and outer retinal
signal intensities over time for control (left) and RCS (right) rats. Red brackets: between-group
comparisons with P < 0.05. Error bars are SEM, and numbers above bars are numbers of
animals studied.
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FIGURE 3.
Summary of changes in MEMRI intraretinal signal intensity in I/R. Top: pseudocolor linearized
images of average retinal signal intensity in central retina of dark-adapted control female
Sprague–Dawley rats (top, C; n = 4) after 24 hours of reperfusion (middle, 24-hour I/R; n = 3)
and 7 days of reperfusion (bottom, 7 d I/R; n = 6). The same pseudocolor scale was used for
both linearized images, where blue to green to yellow to red represent lowest to highest signal
intensity. The intraretinal location used to extract inner (IR) and outer (OR) retinal data used
in this study is indicated on the right of each linearized image. The scale on the bottom indicates
the location of the optic nerve (ON) and superior and inferior directions. Bottom: summary of
temporal evolution of whole retinal thickness (left) and inner (IR) and outer (OR) retinal signal
intensities. Red brackets: between-group comparisons, with P < 0.05. Error bars represent
SEM, and numbers over bars are numbers of animals studied.
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FIGURE 4.
Summary of the effect of repetitive hypoxic preconditioning on MEMRI signal intensity in I/
R. Top: representative retinal histology after I/R (left) and RH+I/R (right) in female Sprague–
Dawley rats collected under the same magnification. One week after ischemia, samples were
collected immediately after MEMRI examination. To optimize the visual display of these data,
both images were digitally sharpened by the same extent and contrast enhanced automatically
based on the signal histogram. These procedures ensured that subjective bias was not
introduced. Bottom: whole retinal thickness (left) measured from MEMRI data from control
(C) rats, rats that had undergone ischemia and 7 days of reperfusion (I/R), or rats that had first
been preconditioned (RH) and then subjected to ischemia and reperfusion (RH+I/R). Inner
retinal (IR) and outer retinal (OR) signal intensities (right) from each group. Brackets: between-
group comparisons with P < 0.05. Error bars represent SEM, and numbers over bars are
numbers of animals studied. Note the untreated 7-day I/R data are reproduced from Figure 3
to aid comparison.
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