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Abstract
Introduction: One sober consequence of the current epidemic of diabetes mellitus is that an
increasing number of people world-wide will partially or completely lose their sight to diabetic
retinopathy. Clinically, the sight-threatening complications of diabetes are diagnosed and treated
based on visible retinal lesions (e.g., dot-blot hemorrhages or retinal neovascularization).
However, such anatomical microvascular lesions are slow to respond with treatment. Thus, there
remains an urgent need for imaging biomarkers that are abnormal before retinal lesions are visibly
apparent and are responsive to treatment.

Areas covered: Here, the development of new MRI methods, such as manganese-enhanced
MRI, for evaluating early diabetes-evoked retinal pathophysiology, and its usefulness in guiding
new treatments for diabetic retinopathy are reviewed.

Expert opinion: In diabetic retinopathy, not all important diagnostic and prognostic needs are
well served by optical methods. In the absence of gross anatomy changes, critical times when drug
intervention is most likely to be successful at reducing vision loss are missed by most light-based
methods and thus provide little help in guiding diagnosis and treatment. For example, before
clinical symptoms, is there an optimal time to intervene with drug therapy? Is a drug reaching its
target? How does one assess optimal drug dose, schedule, and routes? How well do current
experimental models mimic the clinical condition? As discussed herein, MRI is as an analytical
tool for addressing these unmet needs. Future clinical applications of MRI can be envisioned such
as in clinical trials to assess drug treatment efficacy, or as an adjunct approach to refine or clarify a
difficult clinical case. New MRI-generated hypotheses about the pathogenesis of diabetic
retinopathy and its treatment are discussed. In the coming years, a substantial growth in the
development and application of MRI is expected to address relevant question in both the basic
sciences and in the clinic.
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There remains an urgent need to prevent vision loss from diabetic retinopathy (DR), a
common and significant problem for patients with diabetes. The anatomical vascular lesions
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of DR can appear years after diabetes becomes well-controlled (i.e., blood glucose levels
maintained in the normal range) suggesting a persistent and physiologic lesion well before
the vascular histopathology is detectable. The visible retinal lesions of DR form the basis for
its diagnosis and treatment evaluation. However, such anatomical lesions do not respond
quickly with treatment and so clinical trials looking for beneficial drugs typically need to
evaluate large numbers of patients over very long periods of time. The expense of such trials
has limited the development and testing of new drug therapies for DR. The availability of
imaging biomarkers that are sensitive to early diabetes-induced retinal pathophysiology will
allow for more rapid evaluation of treatment benefits and thus greatly reduce overall cost of
drug trials while improving drug discovery, optimization of treatment, and therapeutic
success in DR.

1. Vascular functional biomarkers and DR
Most efforts to develop useful non-invasive imaging biomarkers have focused on the impact
of diabetes on retinal vascular physiology and, in particular, retinal blood flow. However,
even after decades of research, there is limited consensus as to diabetes’ influence on retinal
blood flow [1-4]. To date, most studies of retinal blood flow are usually performed in the
absence of a challenge (i.e., a stress to the retinal circulation). However, normally the retinal
circulation is always responding to changing neuronal demands, as well as systemic changes
in, for example, blood pressure. Thus, it is hard to know how to interpret measurements of
blood flow in the minimally challenged retina. For example, if retinal blood flow decreases
and autoregulation remains intact, then the retinal circulation will be able to compensate, at
least somewhat, for the reduced perfusion. Autoregulation is a measure of how retinal
vascular diameter changes to maintain retinal blood flow. However, studies find, regardless
of method, patient population, or type of challenge, that before the appearance of diabetic
microangiopathy autoregulation is impaired in the diabetic patient [5]. These studies are
usually performed by measuring the adaptability (or functionality) of the retinal circulation
to a provocation such as flickering light, breathing oxygen, or changing blood pressure
[1,6-9]. Furthermore, in experimental DR, drugs which corrected early diabetes-induced
autoregulatory dysfunction also corrected later histopathology [9]. Exactly how
autoregulatory dysfunction and histopathology are mechanistically connected remains
unclear. Nonetheless, as a biomarker of treatment efficacy, correction of diabetes-induced
autoregulatory dysfunction is a promising approach. One possible limitation is that in a
clinical setting, it might be difficult to maintain quality control of the provocation
experienced by the retinal vasculature in each patient. Thus, efforts continue to identify
additional functional biomarkers of early diabetes-evoked retinal pathophysiology that also
respond to therapy.

2. Neuroretinal function and DR
Because retinal vascular function and neuronal demands are normally tightly coupled,
research efforts have moved from investigating retinal vascular pathophysiology induced by
diabetes to identifying neuroretinal problems produced by chronic hyperglycemia. Before
the appearance of DR, non-vascular retinal dysfunction is clinically and experimentally
evident on visual performance and retinal electrophysiology examinations [10,11].
However, these metrics generally do not have the fine spatial resolution needed to map
function panretinaliy, a critical need because diabetic lesions do not appear uniformly across
the retina [12]. One approach to addressing this problem is multifocal ERG (mfERG), an
electrophysiologic method that can evaluate spatially heterogeneous function across central
retina [13]. Applications of mfERG in DR have been promising. For example, clinical
studies find that diabetes-evoked mfERG defects are spatially predictive, with high
sensitivity (88%) and specificity (84%), of where on the retina microangiography will
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develop up to a year later [13]. Again, exactly how diabetes-evoked vascular and non-
vascular problems are linked remains unknown. While there are effective treatments for DR
in rodent models, mfERG has limited use in murine and rat due to the very small rodent
eyes’ sensitivity to even small amounts of internally reflected light and presence of diabetic
cataract in diabetic rats [14,15]. Because few treatments currently exist for patients with
diabetes, it is not clear if new treatments that slow progression of DR also correct the earlier
neuroretinal dysfunction on mfERG.

3. MRI metrics and technologies for evaluating experimental DR
There are several abnormalities commonly thought of as characteristic of DR in humans
which are robustly mimicked in diabetic rodent models including acellular capillary and
pericytes ghost formation, impairment in vessel autoregulation, and deterioration of
neuroretinal function [5,7,8]. A standard way to evaluate micrography, which is a late-stage
indicator, is with trypsin digest [16]. Optical imaging is useful for evaluating retinal blood
vessel appearance in the clinic and these methods are translatable rodent models. On the
other hand, there are fewer measures of functional retinal blood flow in diabetic rodents, in
part because of the small size of the rodent eye and the appearance of cataract in rat models.
MRI methods have been developed which can make high-resolution 3D maps of the ocular
circulation and its hemodynamic changes in rodents in vivo [17] although the value of such
MR microangiography has not yet been evaluated in diabetic models.

Experimental DR also demonstrates early retinal auto-regulatory defects on oxygen-
enhanced MRI [9]. When this defect is corrected by normalization of biochemical
abnormalities associated with diabetes, the results are predictive of subsequent treatment
efficacy [9]. These results – which take advantage of the physiologic accuracy of MRI and
thus are independent of MRI – suggest a new diagnostic: evaluating retinal autoregulation in
patients with diabetes for prognostically evaluating drug treatment efficacy.

As for assessing neuroretinal function in rodent models, the most common approach
involves electrophysiology (e.g., ERG). However, ERG only measures a response from the
entire retina making studies of how dysfunction and vascular histopathology are linked
difficult to interpret. Here, another imaging tool, manganese-enhanced MRI (MEMRI), is
highlighted because it can map retinal function with even higher spatial resolution than
mfERG, is not limited by cataract, is readily performed in rodents, and can monitor early
diabetes-induced changes in neuroretinal physiology and their response to treatment (this
latter point is discussed in detail below) [18-23]. The focus in the remaining review is on
MEMRI because it accurately measures retinal calcium channel activity from awake and
conscious animals with extremely high spatial resolution while automatically providing co-
localization with retinal structure (retinal thickness).

One disadvantage of all MR methods is accessibility because they can not be performed in a
doctor’s lab or office. However, most hospitals have MRI on-site. A major advantage of
MRI is that often, several of MR methods can be combined to more fully phenotype disease
and treatment efficacy in the same eye over time, something that is a major advance for
imaging science of the retina.

4. MEMRI basics
The usual MEMRI procedure is straightforward: animals are overnight dark adapted and
then injected, while still in the dark, with manganese chloride (MnCl2, ip). After 4 h of
additional darkness, animals are anesthetized and gently placed into the MRI machine. A
very high spatial resolution spin-lattice relaxation time (T1 or, less ideally, T1-weighted) is
then generated from which the extent of manganese accumulated in each retinal layer can be
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measured. All of the conditions of the MEMRI experiment are carefully considered. Dark
adaptation, the most often used condition, represents a retinal ‘stress test’ since the retina
uses 50% of its ATP in the dark to maintain outer segment cyclic guanosine monophosphate
(cGMP) channels open [24,25]. After 4 h plasma manganese levels have returned to baseline
and good retinal uptake has occurred [26]. Doses of manganese (44 – 66 mg/kg) are not
toxic to retinal histology, blood retinal barrier integrity, and electrophysiology [23,27,28].

One common variation of this procedure is to light adapt the animal for 20 – 30 min before
manganese injection and continue the light exposure during the next 4 h (until placement in
the magnet) [23]. Alternatively, one eye can be patched the day before the experiment
followed by overnight dark adaptation and light adaptation procedure [29]. This latter
condition effectively produces a dark adapted and light adapted eye in the same animal, thus
reducing the number of animals studied by 50%. As an aside, patched animals seem to have
a lower uptake of manganese in the unpatched or light adapted eye (relative to unpatched
light adapted animals) although more work is needed to better understand how patching one
eye influences adaptation of the unpatched retina.

Why manganese? First, manganese is a paramagnetic MRI contrast agent and shares a few
properties with another commonly used paramagnetic agent, gadolinium. Like gadolinium,
manganese linearly alters water spin-lattice relaxation rates (1/T1) at low concentrations. An
FDA-approved manganese-based contrast agent, Teslascan, was originally used as a blood
pool agent like gadolinium chelates [26]. Importantly, the manganese in Teslascan is taken
up by the retina in a stimulus-dependent manner [26]. Clinical evaluation of MEMRI is in
progress but no results have yet been published. Nonetheless, the findings reviewed herein
are expected to inform future clinical studies.

Unlike gadolinium, manganese is an essential metal that is critical for a mammal’s health.
For this reason, manganese can enter cells via a number of ion channels, such as the divalent
metal transporter 1 (DMT1) and zinc transporters [30,31]. However, influx through these ion
channels does not appear related to tissue function. Critically, manganese also enters cells
via voltage-gated calcium channels, such as L-type calcium channels (LTCCs), which are
important calcium channels that regulate fundamental neuronal functions, such as
neurotransmitter and melantonin release [32-34].

5. MEMRI and LTCCs
In vitro, Mn2+ uptake is increased both by membrane depolarization (opening LTCCs) and
the specific LTCC agonist BayK8644 [35,36]. In vivo studies confirm that Mn2+ uptake is
inhibited by specific LTCC antagonists verapamil [37], nifedipine [38], and diltiazem [28].
Here, new data are presented that further highlights that normal photoreceptor uptake of
manganese (MEMRI) is regulated by LTCC activity based on studies with systemic
pretreatment with either nifedipine (NIF, specific LTCC antagonist) and BAYK8644 (BAY,
specific LTCC agonist) in dark (patched Long Evans rat eye) and light (unpatched fellow
Long Evans rat eye) adaptation (Figure 1) [38]. MEMRI clearly has the robust sensitivity
needed to detect the expected results that the antagonist NIF is effective at closing LTCCs in
the dark (when photoreceptor membranes are depolarized and LTCCs are open) whereas the
agonist BAY is effective at opening LTCC in the light (when photoreceptor membranes are
hyperpolarized and LTCCs are closed).

In general, manganese influx can also be modified by other calcium channels, such as
transient receptor potential vanilloid (TRPV) [39] and ligand-gated channels in the brain but
not apparently in the retina [38,40]. The activity of these calcium channels are closely linked
with neuronal activity. Also, Mn2+ efflux from cells is slow, taking days to leave, for
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example, the retina [26]. Thus, measuring retinal uptake with MEMRI provides an analytical
metric of the history of LTCC activity while the animal was awake and freely moving, and
thus is a powerful measure assay of a critical modulator of photoreceptor neurotransmitter
release, among many other aspects of neuronal activity.

6. MEMRI accurately measures retinal physiology
Initially, sensitivity of MEMRI to normal light/dark adaptation was examined. MEMRI was
able to robustly report on the status of photoreceptor LTCCs that are maximally open in the
dark and progressively closed with brighter light [23,41]. Also, MEMRI was sensitive to
photoreceptor membrane polarization modulation by either visual cycle or sodium-
potassium adenosine triphosphatase (Na/K ATPase) activity [21,41]. In contrast to the outer
retina, in the inner retina manganese uptake did not change with light and dark adaptation
and this likely reflected the roughly equal representation of ON and OFF pathways in the
inner retina [23,41]. There were two exceptions to this finding. In much younger mice
(postnatal day 7), which do not have functional photoreceptors, inner retinal manganese
uptake was significantly greater in the light than in the dark [42]. While initially puzzling,
melanopsin was eventually identified as the reason for this difference [42]. In another
experiment, an exogenous and intrinisically photosensitive ion channel, called channel
rhodopsin, was injected into the inner retina, and again more manganese uptake was found
in light than dark exposure [43].

While not part of this application, we note that we have already confirmed that the
manganese in an FDA-approved contrast agent (Teslascan) is taken up by the retina in a
stimulus-dependant manner [26] and that high resolution MRI of human eyes are possible
(Figure 4). Thus, we expect that findings from the proposed research will inform future
clinical studies. Together, the above considerations provide strong evidence supporting the
physiologic accuracy of MEMRI in the retina.

7. MEMRI, ischemia/reperfusion, and a new hypothesis
Previous studies have reported that suppressing calcium ion influx through LTCC is
neuroprotective in ischemia/reperfusion studies [44-47]. Thus, the sensitivity of MEMRI to
ischemia/reperfusion was tested, an injury that also causes diabetes-like microangiography
in non-diabetic rats [48,49]. Using this paradigm, a strikingly significant subnormal uptake
of manganese before the appearance of retinal degeneration (24 h of reperfusion) was noted
[48]. At 7 days of reperfusion, there was substantial retinal thinning and, surprisingly,
manganese uptake had recovered to normal levels [48]. This raised the question: which
event (the early subnormal manganese uptake or the later apparent recovery) was linked
with retinal histopathology? To begin to address this question, a powerful preconditioning
procedure known as repetitive hypoxic preconditioning (RHP) was used because it largely
prevents retinal histopathology following ischemia/reperfusion [50]. In control rats (i.e., not
exposed to ischemia/reperfusion), RHP treatment alone resulted in subnormal manganese
accumulation [48]. Furthermore, in rats that had undergone ischemia/reperfusion, RHP
prevented both the recovery in manganese uptake at 7 days of reperfusion as well as retinal
degeneration [48]. Thus, the dramatic subnormal manganese uptake found immediately
following ischemia/reperfusion appeared neuroprotective while the apparent recovery likely
contributed to the retinal morbidity. Intraperitoneal injections of nifedipine (a specific LTCC
blocker) protected rats from ischemia-induced retinal degeneration damage [44]. These
considerations suggested the hypothesis that therapies which prevent or prolong subnormal
manganese uptake will be beneficial against ischemia/reperfusion (and possibly diabetes, see
below).
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Here, new data are presented which begin to test this hypothesis (Figure 2). Angiotensin-
converting enzyme inhibitors (ACEi), such as captopril and enalapril, and angiotensin II
subtype 1 receptor antagonist losartan, have all been found to reduce ischemia/reperfusion
damage in heart, liver, and lung [51-54]. While the exact mechanism(s) of such protection
remains somewhat unclear, there is strong evidence that ACEis, or receptor antagonist, can
potentiate/mimic preconditioning, at least in the heart, and this is one reason their clinical
benefit is currently being evaluated [53-57]. For the present purposes, it is intriguing that
ACEi have also been found to be effective at reducing calcium currents via LTCCs in heart
cells and tissue, apparently via a direct interaction with the outer surface of the channel
[58-68]. In rat retina, Fukuda et al. reported that either ACEi (captopril) or an angiotensin II
type 1 receptor blocker, administered acutely prior to an ischemia–reperfusion insult,
attenuated the later histologic damage [69]. Thus, it is possible that captopril, enalapril, or an
angiotensin II type 1 receptor antagonist losartan would significantly reduce retinal uptake
of manganese in control animals as might be expected if they were inducing a
preconditioned-like state (i.e., channel closure). To test this, dark adapted non-diabetic age-
and strain-matched controls were compared to rats treated with either captopril (2 mo Lewis
rats, ~ 25 mg/kg body weight/day, drinking water [70]) for 5 days before MEMRI study),
enalapril (6 mo Sprague–Dawley rats, ~ 6 mg/kg/day, drinking water) for 1 week prior to
MEMRI examination, or losartan (2 mo Sprague–Dawley rats, ~ 20 mg/kg/day, drinking
water). A suppression of retinal LTCC activity by these drugs in vivo was found for the first
time (Figure 2). This antagonism did not seem related to systemic effects on blood pressure
(data not shown, manuscript submitted). Although captopril and preconditioning have
antioxidant properties, and this could explain some of their beneficial effects, many ACEi
are not antioxidants [61,64,65,71-75]. Overall, while the beneficial actions of ACEi and
angiotensin II type 1 receptor blockers appear to be multifaceted, the above considerations
support the hypothesis that therapies which prevent or extend subnormal manganese uptake
effect may also contribute to a beneficial outcome.

8. MEMRI, DR, and oxidative stress
Next, MEMRI was used to study experimental DR. Diabetic dark adapted rats and mice,
within a couple of months after conversion to chronic hyperglycemia, both demonstrated
subnormal retinal manganese uptake [20,22]. Interestingly, at longer durations of diabetes
(and at increased age), uptake in diabetic mice retina dramatically recovered to normal [20].
Here, new data are presented (Figure 3) which demonstrate that this dramatic recovery was
not limited to diabetic mice and also occurs in 9 mo diabetic rats. Both diabetic mouse and
rat results have features that mirror those from ischemia/reperfusion.

It is established that retinal oxidative stress is a major contributor to the pathogenesis of
early diabetes-related changes in retinal microvascularture (i.e., acellular capillaries and
pericytes ghosts) [5] and antioxidants are effective at preventing the development of DR in
diabetic models. Furthermore, oxidative stress alone alters/suppresses retinal and brain
LTCC activity [76,77]. Thus, it is possible that preventative antioxidant therapy could stop
the development of the early subnormal retinal uptake seen on MEMRI. In diabetic rats,
treatment with a potent antioxidant, α-lipoic acid, prevented subnormal intraretinal uptake
[22]. Also, diabetic superoxide dismutase overexpressor mice (SODIOE), unlike diabetic
wildtype mice, did not develop subnormal retinal manganese uptake [20]. Consistent with
the hypothesis that preventing subnormal uptake is beneficial, treatment with α-lipoic acid
or SODIOE prevented later DR [20,22]. Recently, another factor was found to contribute to
subnormal manganese uptake in the outer retina. Acute treatment with 11-cis-retinal
significantly corrected only outer retinal uptake, although not to control levels [18]. 11-cis-
retinal is a key participant of the visual cycle, but also has other concentration-dependent
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actions such as on gap junctions [78-80]. Studies are on-going to better define the
mechanism(s) underlying its beneficial action on impaired outer retinal channel activity.

The apparent recovery of manganese uptake in the diabetic rodents might be due to changes
in retinal calcium channels with increased age. To address this question, the relationship
between MEMRI and age was characterized in non-diabetic rats [81]. Indeed, a significant
age-related supernormal accumulation of manganese was found. This increased uptake was
important because it predicted later visual contrast sensitivity declines. A likely explanation
for the supernormal uptake was an age-related increase in retinal expression of a drug-
insensitive LTCC subtype α1D, but not α1c [81]. As a side note, it is possible that the results
from the earlier ischemia/reperfusion study might be a consequence of change in LTCC
subtype which contributed to the apparent recovery in retinal manganese uptake after a 1
week of reperfusion in the ischemia model. Interestingly, treatments which suppress
manganese uptake in control rodents (e.g., ACEi, preconditioning (see above)) have been
found to inhibit or prevent the appearance of DR [70,82-87]. These considerations raise the
possibility that the hypothesis that therapies which prevent or prolong subnormal manganese
uptake will be beneficial against ischemia/reperfusion may also apply to diabetes.
Furthermore, it is possible that alterations in LTCC subtype induced by diabetes contribute
to both the apparent recovery in older diabetic rodents and the initial subnormal uptake.
These questions are actively being pursued in the lab. In any event, MEMRI appears as a
sensitive test of early abnormalities in retinal physiology in diabetic models, as well as
treatment efficacy (also see Section 3).

9. MEMRI and retinal neovascularization
A late-stage retinal complication of diabetes that is closely associated with blindness is an
abnormal growth of new blood vessels from the retinal circulation into the vitreous (or
neovascularization (NV)) which can lead to a retinal detachment. Unfortunately diabetic
rodent models do not develop retinal NV [5]. Nonetheless, there are non-diabetic rodent
models that do develop retinal NV [88,89]. Of the two generally used models, the rat retinal
NV model of John Penn is preferred because it offers dial-in control over the severity and
incidence of retinal NV produced and does not involve vaso-obliteration with associated
inflammation like other NV models [28,90-92]. When the rat NV model was examined with
MEMRI, a striking supernormal uptake of manganese was noted prior to the appearance of
retinal NV [28,38]. In fact, during the appearance of NV, different rat strains exhibited
dissimilar MEMRI time course and NV regression patterns, with the more prolonged
supernormal retinal uptake occurring in retinas with greater NV severity [28,38].
Furthermore, calcium channel blocker treatment administered before the appearance of
retinal NV partially inhibited NV severity [38]. In support of these findings, another group
has recently reported similar benefits of calcium therapy on retinal NV in the mouse model
(ARVO 2013, abstract #5614 - B0137).

10. Conclusion
The above considerations highlight MRI in general and MEMRI in particular as useful
biomarker/discovery tools of retinal morbidity and treatment efficacy, and strongly support a
link between neuronal dysfunction and the appearance of vascular lesions.

11. Expert opinion
As the world-wide population ages, and the incidence and severity of metabolic disorders
such as obesity and diabetes increases, retinal disease continues to be a major public health
problem. There is a clear and pressing need for better ways to prevent vision loss and
blindness. Imaging is likely to be the best approach for addressing this need in patients and
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in experimental models by highlighting new biomarkers of disease progression and
analytically evaluating drug treatment efficacy. By far, optical imaging remains the primary
modality in part because such methods can be performed in a doctor’s office and can time-
efficiently screen patients. Yet, moving forward, not all important diagnostic and prognostic
needs are well served by optical methods. For example, in the absence of gross anatomy
changes, a critical time point when drug intervention is most likely to be successful at
reducing vision loss, most light-based methods provide little help in guiding diagnosis and
treatment. Thus, urgent questions remain: before clinical symptoms, is there an optimal time
to intervene with drug therapy? Is a drug reaching its target? How does one assess optimal
drug dose, schedule, and routes? How well do current experimental models mimic the
clinical condition?

New imaging methods are clearly needed to address these unmet needs and this has
prompted a growing interest in MRI. As discussed herein, MRI is an analytical tool for
hypothesis testing in animal models. In other words, MRI is a powerful discovery tool and
not well suited for screening. However, future niche clinical applications of MRI can be
envisioned such as in clinical trials to assess drug treatment efficacy, or as an adjunct
approach to refine or clarify a difficult clinical case.

Here, a new type of MRI examination, MEMRI, is discussed as a particularly powerful, but
currently underutilized, high spatial resolution imaging method for analytical assessment of
functional retinal cell biology and anatomy in vivo. Applications to date of MEMRI to DR
have already advanced understanding of a previously unappreciated role of LTCCs in DR.
Such data have motivated a new line of scientific inquiry into the problem of DR and
suggest new therapeutic strategies for ameliorating vision loss in this disorder. For example,
information derived from the proposed research would motivate the investigation of the
efficacy of Cav-specific therapies in treating the long-term vascular histopathologic lesions
that are the hallmark of DR. Another focus of future work will be to determine exactly how
diabetes impacts the different LTCC subtype channels and leads to oxidative stress via, for
example, mitochondrial and NADPH oxidase mechanisms. In addition, it is possible to
envision performing future MEMRI studies to non-invasively evaluate retinal LTCC activity
in select groups of patients with diabetes treated with subtype-specific LTCC antagonists.
Clinical MEMRI studies are nearing reality and are expected to be a major advance for DR
and other retinopathies in terms of testing mechanistic hypotheses and evaluating treatment
efficacy. Currently, fine resolution images, similar to those in rodents, but in humans
without sedation is possible using a cued-blinking procedure (Figure 4) [93]. In the coming
years, a substantial growth in the development and application of MRI is expected to address
relevant question in both the basic sciences and in the clinic.
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••. First description of cued-blinking.
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Article highlights

• Retinal MRI represents an important advance in imaging of the retina by
providing a unique and high spatial resolution combination of co-localized
functional and anatomical metrics of retinal physiology and pathophysiology.

• MRI of the retina fills an unaddressed need for discovering new biomarkers of
disease progression and for evaluating therapeutic benefits before the
appearance of gross lesions by reporting on whether or not a treatment was
active in the retina, and what combination of dose/timing optimizes therapeutic
benefit.

• MRI studies have generated new and testable hypotheses with regard to treating
DR including the ideas that therapies which correct early subnormal
autoregulation will also prevent the develop of retinal histopathology in
diabetes, that preventing or prolonging subnormal manganese uptake will be
protective against the damaging effects of chronic hyperglycemia on the retina,
and that treatments which target photoreceptor L-type voltage gated calcium
channels can improve diabetes-induced visual performance impairments.

This box summarizes key points contained in the article
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Figure 1.
A. Representative MEMRI of an eye of a 200 g Long Evans rat in vivo illustrating central
retinal regions-of-interest (white boxes). T1 data acquisition was performed using a 7T
Clinscan MRI as previously published [81]. B. Summary of specific LTCC antagonist
(nifedipine (NIF), 30 mg/kg dissolved in DMSO) and agonist (BayK8644 (BAY), 2 mg/kg
dissolved in saline) on outer retinal manganese uptake in dark adapted (patched, left) and
light adapted (unpatched, right) animals [29]. Long Evans rats were patched and prepared as
previously described [29,81]. Calcium channel modulators were administered 30 min prior
to manganese injection, as in [81]. Non-LTCC antagonist had no effect on retina manganese
uptake (data in [38]). Bold black lines indicate a significant (p < 0.05) difference from
vehicle control values. Error bars represent standard error of the mean (SEM), and numbers
above the bars represent the number of animals studied. No manganese baseline values were
0.6 s−1.

Berkowitz et al. Page 16

Expert Opin Med Diagn. Author manuscript; available in PMC 2014 February 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. ACEi and angiotensin II subtype 1 receptor antagonist suppress retinal manganese
uptake, particularly in the outer retina.
Central (−0.4 – 1 mm from the optic nerve head) retinal manganese uptake (i.e., (1/T1))
profiles were compared between non-treated non-diabetic control rats (filled black circles)
and non-diabetic control rats (open square treated with (A) captopril (B) enalapril, or (C)
losartan. T1 data acquisition was performed using a 7T Clinscan MRI as previously
published [81]. Other details are in text. Data were analyzed as previously described and
shown here as a function of distance from the retina/non-retina borders, where 0% is the
vitreous/retina border and 100% is the retina/choroid border [81]. Regions near borders were
not included in the analysis because these regions likely include some signal from outside of
the retina. For those areas tested, lines above profiles indicate significant differences in
manganese uptake as indicated (p < 0.05, two-tailed test (bold black lines); details on
statistical analysis can be found elsewhere) [81].
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Figure 3. Summary of natural history of manganese uptake for dark adapted inner retina (left
panel) and outer retina (right panel) of diabetic Sprague–Dawley rats.
Error bars are SEM. The y-axis scale starts at a signal intensity of 50 (arb. units) because this
is the pre-manganese baseline level determined from rats not injected with manganese (data
not shown). T1 weighted data acquisition was performed using a 4.7T MRI as previously
published [41]. Data were analyzed as previously described [41]. Numbers over bars are
numbers of animals studied. Details on statistical analysis can be found elsewhere [41].
*p < 0.05 from 100%.
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Figure 4. Representative fine resolution of human eye (courtesy of Drs. S. Lalith Talagala, Daniel
Reich and Alan Korestsky (NIH) who also provided much of the following summary).
MRI was performed on a 3.0 T scanner (GE Signa Excite HDx, Waukesha, WI, USA) using
a receive-only surface coil (diameter of 40 mm) connected to a head support. The coil was
positioned over the right eye, without touching the face. The left eye was patched. The head
was slightly tilted to the contra-lateral side. Participants were asked to fixate when necessary
on a red tape X positioned on the upper internal surface of the scanner bore. Images were
collected using a 2D fast spoiled gradient echo sequence (TR = 16 ms; TE = 3.4 ms; flip
angle 25; matrix size 512 × 128; FOV 3.8 × 3.8 cm; slice thickness 2.5 mm; pixel size 75 ×
75 μm). 20 separate images, each taking 12 s to acquire while the patient does not blink
followed by 5 s of interval where rest and blinking are encouraged, were acquired. These 20
images were acquired on the same location. This cued blinking protocol has been described
elsewhere [93]. Following rigid image registration (and removal of images with too much
movement artifact), an average image was generated as shown. Top inserts: region of
interest of images collected with resolutions of 75 and 58 μm2.
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