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Abstract

Middle cerebral artery occlusion (MCAO) using the intraluminal suture technique is a common

model used to study cerebral ischemia in rodents. Due to the proximity of the ophthalmic artery to

the middle cerebral artery, MCAO blocks both arteries, causing both cerebral and retinal ischemia.

While previous studies have shown retinal dysfunction at 48 hours post-MCAO, we investigated

whether these retinal function deficits persist until 9 days and whether they correlate with central

neurological deficits.

Rats received 90 minutes of transient MCAO followed by electroretinography at 2 and 9 days to

assess retinal function. Retinal damage was assessed with cresyl violet staining,

immunohistochemistry for glial fibrillary acidic protein (GFAP) and glutamine synthetase, and

TUNEL staining.

Rats showed behavioral deficits as assessed with neuroscore that correlated with cerebral infarct

size and retinal function at 2 days. Two days after surgery, rats with moderate MCAO (neuroscore

< 5) exhibited delays in electroretinogram implicit time, while rats with severe MCAO

(neuroscore ≥ 5) exhibited reductions in amplitude. Glutamine synthetase was upregulated in

Müller cells 3 days after MCAO in both severe and moderate animals, however, retinal ganglion

cell death was only observed in MCAO retinas from severe animals. By 9 days after MCAO, both

glutamine synthetase labeling and electroretinograms had returned to normal levels in moderate

animals.
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Early retinal function deficits correlated with behavioral deficits. However, retinal function

decreases were transient and selective retinal cell loss was observed only with severe ischemia,

suggesting that the retina is less susceptible to MCAO than the brain. Temporary retinal deficits

caused by MCAO are likely due to ischemia-induced increases in extracellular glutamate that

impair signal conduction, but resolve by 9 days after MCAO.
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Introduction

Clinically, ocular ischemia can occur in conjunction with cerebral stroke or arthrosclerosis

of the carotid or ophthalmic arteries. Indeed, visual impairments are often a first symptom in

these pathologies (Benavente et al., 2001, Mead et al., 2002), and 57% of minor strokes are

accompanied by subclinical visual field defects (Falke et al., 1991). Ocular ischemic

syndrome, usually caused by severe obstruction of the carotid artery, involves vision loss

due to chronically reduced arterial blood flow to the eye (Sturrock and Mueller, 1984).

Ocular ischemia can also occur independently of cerebral damage, as is the case in retinal

artery occlusion (Rumelt et al., 1999) and anterior ischemic optic neuropathy (Johnson and

Arnold, 1994).

Middle cerebral artery occlusion (MCAO) in rodents is a common technique used to study

mechanisms and potential treatments of cerebral ischemia. In this model, a filament is

inserted into the internal carotid to block the middle cerebral artery (Longa et al., 1989). Due

to the proximity of the ophthalmic artery to the middle cerebral artery in rats (Fig. 1), the

filament blocks both arteries. The ophthalmic artery branches into the ciliary arteries, which

provide blood supply to the outer retina via the choroid, and the central retinal artery, which

provides blood supply to the inner retina. Since the ophthalmic artery ultimately provides

the blood supply for the entire eye (Smith et al., 2002), it is not surprising that several

studies have presented evidence of retinal deficits following MCAO in rodents (Block et al.,

1997, Kaja et al., 2003, Cheung et al., 2007, Kalesnykas et al., 2008, Steele et al., 2008, Li et

al., 2009). Since common behavioral assessments of MCAO in rodents (i.e., Morris water

maze (Andersen et al., 1999); radial arm maze (Lee et al., 2003)) depend on successful

interpretation of visual cues and can be affected by visual function deficits (Wong and

Brown, 2007), it is imperative to understand how MCAO impacts visual function beyond

one week post-ischemia when most behavioral testing is performed.

Block et al. (1997) reported decreased retinal function as measured by electroretinogram

(ERG) a- and b-wave amplitudes and delayed b-wave implicit times during MCAO in rats,

with reduced b-wave amplitudes persisting to 48 hours after reperfusion. Additionally, glial

fibrillary acidic protein (GFAP) expression (a marker for retinal glial cell reactivity)

increased in Müller cells following MCAO in rats (Block et al., 1997, Kalesnykas et al.,

2008). However, the eyes of these rats did not show cell loss or changes in retinal thickness

with Nissl staining (Block et al., 1997, Kalesnykas et al., 2008), although a few apoptotic
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cells were found with TUNEL staining in the rat retinal ganglion cell layer (Kaja et al.,

2003).

It is interesting that there is no cell death in the inner nuclear layer of the rat retina given that

1) the MCAO model causes a ~50% reduction in bipolar cell function as measured by ERG

b-wave at 2 days post-MCAO, and 2) MCAO causes extensive cell death in the brain

(Longa et al., 1989). The absence of retinal cell death suggests that functional deficits may

recover. This idea is supported by the findings of Block et al. (1997) that photoreceptor

dysfunction recovers at 2 days post-MCAO as shown by a-wave amplitude recovery (Block

et al., 1997).

Thus, we hypothesized that the retina will exhibit reduced susceptibility to MCAO, with

retinal function recovering across time. To test this hypothesis, we investigated the temporal

response of the retina to injury and whether retinal function and structure correlate with the

severity of brain injury as determined by behavioral deficits. These studies are important in

determining whether visual deficits confound behavioral assessments in MCAO rats and in

comparing the retinal versus cortical neuron response to MCAO injury.

Materials and Methods

Animals

Adult male Sprague-Dawley rats (n = 31) from Charles River Laboratories were used in this

study. Rats were approximately 60 days of age (290–330 grams) at the time of surgery.

Littermates that did not receive surgery were used as controls. All animal procedures were

approved by the Institutional Animal Care and Use Committee (Emory University protocol

#251–2008) and performed in accordance with NIH guidelines and the Association for

Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and

Vision Research. Rats were housed under a 12:12 reverse light:dark cycle with water and

food ad libitum and handled daily for at least 5 days prior to surgery. One rat died during

surgery, one was excluded due to an incomplete reperfusion, and one control rat was

excluded because of functional abnormalities.

MCAO surgery

MCAO surgery was performed with minor modifications to the previous description (Longa

et al., 1989). Briefly, animals were initially anesthetized via inhalation of 5% isoflurane (in a

N2/O2 70%/30% mixture) and remained sedated with inhalation of 2% isoflurane. A pulse

oximeter (SurgiVet, model V3304; Waukesha, WI, USA) was used to analyze and sustain

blood oxygen saturation (SpO2) at 90%. Body temperature was monitored via rectal probe

and sustained between 36.5°C and 37.5°C with a heating lamp. A laser-Doppler flowmetry

(LDF) probe (Moor Instruments, Wilmington, Delaware, USA), an established and reliable

system for monitoring changes in cerebral blood flow due to induction of focal cerebral

ischemia (Dirnagl et al., 1989), was used to monitor cerebral blood flow for 5 minutes prior

to occlusion through 5 minutes after reperfusion. Because we wanted to investigate

correlation between the brain and retina over a range of severities, we did not exclude
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animals with low % occlusions even though this is a practice commonly used to reduce

variability (Sayeed et al., 2006).

A midline incision was made at the ventral surface of the neck, and a 6–0 silk suture was

used to separate and ligate the right common carotid arteries. Next, a microvascular clip was

used to temporarily occlude the internal carotid and pterygopalatine arteries while a 4–0

silicon-coated monofilament (0.35–0.40 mm long) (Doccol Co., Albuquerque, NM, USA)

was inserted through the cut in the external carotid artery and into the internal carotid artery.

This filament was pushed an estimated 20 mm distal to the carotid bifurcation to block the

opening of the middle cerebral artery and the adjacent ophthalmic artery (Fig. 1) and

remained in place for 90 minutes, followed by reperfusion. Upon removal of the filament,

the wound was sutured, and each rat was transferred to a heating blanket to recover from

anesthesia.

Neurological assessment

Neurological deficit scores (herein referred to as neuroscore) were determined as described

(Xia et al., 2006). Briefly, scores ranging from 0 (no neurological deficit) to 8 (stroke-

related death) were used to assess neurological deficits at 24 and 72 hours post-occlusion.

Neuroscores are presented here as an average of both scores. Animals with a neuroscore of

less than 5 were classified as “moderate” (n = 11), while animals with a neuroscore of 5 or

more were classified as “severe” (n = 5). Moderate animals were euthanized at 3 (n = 6) and

9 (n = 5) days post-MCAO, while all severe animals were euthanized at 3 days due to

IACUC-required endpoints. Animals with a score of 5 “circle or walk spontaneously only to

the left” (Xia et al., 2006) and were more likely to be euthanized due to IACUC endpoint

requirements.

For rats euthanized at 3 days, brain slices were stained with 2% 2,3,5-triphenyltetrazolium

chloride (TTC; Sigma, St. Louis, MO, USA), which differentiates between metabolically

active and stroke tissue. Brains were removed and placed in ice-cold saline. Using a rat brain

matrix (Harvard Apparatus, Holliston, MA, USA) and beginning 1 mm posterior to the

anterior pole, brains were sliced into 7 serial coronal sections (2 mm thick). Slices were

stained with 2% TTC in saline for 15 min at 37°C in the dark and then fixed in 10%

buffered formalin. Metabolically active tissue reduces TTC to form a red product, while

stroke tissue remains white because its metabolic enzymes are compromised. Stained

sections were scanned using a high-resolution scanner (Epson Perfection 2400 Photo).

Electroretinogram (ERG)

ERGs were used to measure the retinal response to light stimuli. Rats were dark-adapted

overnight and then anesthetized (ketamine 80 mg/kg and xylazine 16 mg/kg). The corneal

surface was anesthetized with proparacaine (1%), and the pupils dilated with tropicamide

(1%) and phenylephrine hydrochloride (2.5%). Retinal responses were recorded by placing a

DTL fiber in contact with the corneal surface of each eye through a layer of methylcellulose.

Platinum needle reference and ground electrodes were placed in the cheek below the eye and

in the tail, respectively. Using a commercial amplifier and acquisition system (UTAS-

E3000, LKC, Gaithersburg, MD, USA), dark-adapted ERG responses were recorded to a
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series of Ganzfeld strobe flashes (with intensities increasing from 0.00039 to 137 cd s/m2).

Interstimulus time increased from 10 to 60 s as light intensity increased, and 3 to 10

responses were averaged per flash stimulus. Amplitudes and implicit times were measured

for a-waves (baseline to trough, representative of photoreceptor cell function (Penn and

Hagins, 1969, Hood and Birch, 1990), b-waves (trough to peak, representative of bipolar

cell function (Robson and Frishman, 1998), and oscillatory potentials (wavelets which likely

represent amacrine and ganglion cell function), (Wachtmeister, 1998). Oscillatory potential

amplitudes and implicit times are presented as the sum of all 6 oscillatory potentials for each

flash stimulus. Reported amplitude averages are for the brightest flash stimulus.

Retinal morphology and immunohistochemistry

Rats were euthanized and their eyes removed. Eyes were fixed in 10% buffered formalin,

processed through a series of graded ethanols, and embedded in paraffin. Sections (5 μm)

were cut on a rotary microtome. Every 6th slide was stained with 0.1% cresyl violet. Images

were captured and inspected for pyknotic nuclei, and counts of total cells (number of cells in

the retinal ganglion cell and inner nuclear layers and number of rows of photoreceptor nuclei

in the outer nuclear layer) were made in retinal sections containing optic nerve. Three

sections were counted and averaged per eye, and 6 fields were counted per section (3 on

either side of the optic nerve, spaced approximately 100 microns apart).

To label GFAP and glutamine synthetase (GS) in Müller cells, sections were blocked for 30

minutes in 0.1 M Tris-buffered saline (TBS; pH 7.4) containing 3% normal serum, then

incubated in primary antibodies diluted in the blocking serum overnight at 4°C. Primary

antibodies included rabbit anti-GFAP (1:500; Millipore; Billarica, MA, USA; AB5804) and

mouse anti-GS (1:1000; Millipore; MAB302). For double labeling, primary and secondary

antibodies from different species were used simultaneously. Sections were rinsed 3 times

with 0.1 M TBS following primary antibody incubation, then incubated for 1 hour at room

temperature with the corresponding fluorophore-conjugated secondary antibody solution

(goat anti-rabbit; 1:500; Alexa Fluor 546; A11071 and goat anti-mouse; 1:500; Alexa Fluor

488; A11001; Invitrogen, Grand Island, NY, USA). Sections were then rinsed with 0.1 M

TBS, mounted with a DAPI mounting medium, and coverslipped. One image per retina,

superior to the optic nerve was acquired. GS images were analyzed using the histogram tool

of commercial imaging software (Image Pro©, Media Cybernetics; Rockville, MD, USA) to

quantify GS labeling intensity. Measurements were normalized to the brightness of the

background for each micrograph.

Fluorescent terminal deoxynucleotidyl transferase-mediated 2′deoxyuridine 5′-triphosphate-

biotin nick end labeling (TUNEL) staining was used to assess apoptosis in the retina.

Briefly, retinal sections were incubated with TUNEL using a DeadEnd Fluorometric

TUNEL kit (Promega; Madison, WI, USA) and counter-stained with a mounting medium

containing propidium iodide. A fluorescent microscope (Olympus BX41, Olympus America

Inc.) was used to acquire all images and staining intensity was quantified using Photoshop.
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Statistical analysis

Results are expressed as mean ± standard error of the mean (SEM). ERG, GS expression,

and cell count results were analyzed using a two-way repeated measures analysis of variance

(ANOVA) followed by Tukey’s test for individual comparisons. All correlations were

analyzed using Pearson’s correlation.

Results

Retinal function deficits in MCAO animals are transient and correlate with behavioral
deficits

Neuroscores ranging from 1 to 7 (mean = 3.9, SEM = 0.4) were observed in MCAO rats. To

demonstrate how the behavioral scores compare to neurological damage, Figure 2 shows

representative brain slices stained with TTC from MCAO rats assigned a score of 3 (Fig.

2A) or 6 (Fig. 2B). Behavioral deficits measured with the neuroscore were positively

correlated with infarct size (R2 = 0.805, p < 0.005) (Fig. 2C). Occlusions were designated as

severe or moderate based on neuroscore, with animals with a neuroscore of less than 5 being

classified as “moderate” and animals with a neuroscore of 5 or greater being classified as

“severe”. Additionally, % occlusion as measured by LDF was, on average, 15% higher in

the severe group versus the moderate group.

We observed different retinal function responses in moderate versus severe stroke animals.

Figure 3 shows representative ERG and oscillatory potential waveforms from MCAO and

control rats 2 days after surgery. Moderate animals showed delays in latency in MCAO

eyes, while severe animals showed decreases in amplitude in both MCAO and contralateral

eyes.

ERG quantification 2 days after MCAO surgery revealed that rats with severe MCAO

showed a trend for reductions (38%) in dark-adapted a-wave amplitudes in MCAO eyes

(317 ± 87 μV) and contralateral eyes (388 ± 113 μV), while both moderate MCAO (462 ±

46 μV) and contralateral eyes (476 ± 41 μV) showed similar levels to controls (510 ± 43 μV)

[Repeated measures ANOVA, F(4, 114) = 2.131, p < 0.01] (Fig. 4A). Amplitude changes at

2 days after surgery were accompanied by significant delays in a-wave implicit time in

MCAO eyes from the moderate group and a trend for delay in MCAO eyes from the severe

group compared with all other groups [Repeated measures ANOVA main effect, F(4, 111) =

5.650, p < 0.001](Fig. 4B).

Both MCAO (584 ± 106 μV) and contralateral eyes (644 ± 144 μV) from severe rats had

significant reductions in dark-adapted b-wave amplitudes (49% and 43%, respectively)

compared with control (1146 ± 84 μV) and moderate contralateral eyes (1106 ± 99 μV)

[Repeated measures ANOVA interaction effect, F(4, 156) = 5.117, p < 0.002] (Fig. 4C). For

moderate animals, a trend for a decrease (21%) in amplitude was observed in MCAO eyes

(911 ± 123 μV) but not contralateral eyes (Fig. 4C). For b-wave implicit times, we observed

a trend for delay in contralateral and MCAO eyes from the moderate group (Fig. 4D).

For dark-adapted summed oscillatory potentials, severe MCAO eyes (502 ± 101 μV) showed

significant reductions (43%) in amplitude compared with control eyes (885 ± 70 μV) and
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moderate contralateral eyes (953 ± 104 μV) while severe contralateral and moderate MCAO

eyes showed a trend for a reduction in amplitude [Repeated measures ANOVA main effect,

F(4, 156) = 4.166, p < 0.007](Fig. 4E). For summed oscillatory potential implicit times, we

observed a significant delay in moderate MCAO eyes versus control and severe contralateral

eyes [Repeated measures ANOVA main effect, F(4,153) = 7.422, p < 0.001](Fig. 4F).

Delays in light-adapted b-wave implicit times were observed in moderate MCAO eyes as

well (data not shown).

By 9 days after surgery, we observed a complete recovery of function in the moderate group

(data not shown). There were no significant differences in any ERG parameters at this time

point.

A significant correlation was observed between the neuroscore and retinal function

measured with the ERG b-wave amplitude to the brightest flash intensity (137 cd s/m2; R2 =

−0.478, p < 0.05)(Fig. 5), with more reduced b-wave amplitudes occurring in animals with

higher (worse) neuroscores.

Selective apoptosis in retinal ganglion cells from severe MCAO animals

As shown in Figure 6, cresyl violet staining revealed no differences in morphology, no

pyknotic cells, and no differences in cell numbers between groups in the outer nuclear layer

(Fig. 6A) or the inner nuclear layer (Fig. 6B). However, there was a significant reduction in

retinal ganglion cells (Fig. 6C) in severe MCAO eyes versus moderate contralateral and

control eyes [Repeated measures ANOVA main effect, F(4, 180) = 2.940, p < 0.05]. Like

control eyes, MCAO and contralateral eyes from both moderate and severe MCAO groups

all contained a few scattered TUNEL positive cells with no significant differences between

groups (data not shown).

Upregulation of GFAP and GS in MCAO retinas

GFAP and GS were upregulated in the retina following MCAO (Fig. 7). GFAP labeling was

observed in Müller cells in severe and some moderate MCAO retinas 3 days after surgery.

In 9-day MCAO and contralateral eyes and intact controls, GFAP staining was observed

only in the nerve fiber layer, where GFAP-expressing astrocytes typically present (Fig. 7).

A significant increase in GS intensity was observed between MCAO eyes and contralateral

eyes in the moderate 3-day (n = 6) and severe groups (n = 5) but not the moderate 9-day

group (n = 5) [Repeated measures ANOVA interaction effect, F(2, 13) = 8.006, p < 0.005]

(Fig. 8A). GS intensity was significantly increased in severe MCAO eyes compared with 9-

day moderate MCAO eyes and in severe contralateral eyes compared with 3-day moderate

contralateral eyes. Additionally, there was a significant inverse correlation between GS

staining intensity and ERG max b- wave (R2 = −0.627, p < 0.05) (Fig. 8B).

Discussion

To determine whether neurons in the retina and brain respond similarly to MCAO, and

whether MCAO resulted in sustained visual deficits, we investigated retinal function and
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structure at different times after MCAO with varying severity of stroke and the correlation

with brain injury and behavioral deficits.

Retinal dysfunction without cell death with moderate MCAO

We found retinal deficits are dependent upon the severity of the occlusion at 2 days – such

that moderate injuries resulted in ERG delays, while severe occlusions caused ERG

amplitude reductions. Our observations extended the findings of others (Block et al., 1997,

Kaja et al., 2003, Cheung et al., 2007, Kalesnykas et al., 2008, Steele et al., 2008, Li et al.,

2009) who found that MCAO surgery resulted in retinal dysfunction, such as decreased

ERG amplitude (Block et al., 1997). The Block et al. (1997) study showed recovery of

photoreceptor cell function as measured by the a-wave by 2 days after MCAO, while we

observed the additional recovery of the b-wave (bipolar cell function) and oscillatory

potentials (amacrine and ganglion cell function) by 9 days (i.e., a full ERG recovery) in

moderate animals.

While large amounts of pyknotic cells, cell loss, and TUNEL-positive cells have been

observed in both the retinal ganglion cell and inner nuclear layers in the mouse retina at 1

day following MCAO (Cheung et al., 2007, Steele et al., 2008, Li et al., 2009), rat retinas

consistently showed no cell death, no major morphological changes with Nissl staining

(Block et al., 1997, Kalesnykas et al., 2008), and very few, if any, TUNEL-positive cells in

the inner nuclear and photoreceptor layers (Kaja et al., 2003, Kalesnykas et al., 2008), even

in studies showing retinal function deficits (Block et al., 1997). Similarly, in our study the

functional and morphological differences following MCAO were not accompanied by

retinal cell death in the inner and outer nuclear layers, which are responsible for generating

the b- wave and a- wave, respectively. We did, however, observe cell loss in the retinal

ganglion cell layer in severe MCAO retinas. In addition to differences in retinal cell loss,

mice differ from rats in cerebral response after MCAO, requiring greatly reduced occlusion

times (30 minutes versus 90–120 minutes in rats) to induce a comparable cerebral infarct

(Carmichael, 2005). These results suggest important species differences in response to

ischemia in both the retina and the brain, with mice showing more susceptibility to ischemia

in both tissues. Such differences could inform interpretations of studies designed to evaluate

the outcome of neuroprotective agents given in the acute stage of an ischemic brain injury.

Transient retinal function deficits may be caused by sub-lethal increases in extracellular
glutamate

By investigating retinal function in MCAO rats across time, we were able to show that

retinal function deficits following MCAO are transient and recover by 9 days in animals

with moderate stroke injury. Since cell death was not detected in the photoreceptor or inner

nuclear layers, it appears that these neurons may undergo a transient dysfunctional state. We

were unable to examine retinal morphology of the severe group at 9 days, but given that no

cell death was detected at 3 days in the photoreceptor or inner nuclear layers, which contain

neurons that generate the ERG, it is likely that the severe group would have experienced an

eventual recovery of function as well.
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Although retinal cell death did not occur in the inner and outer nuclear layer following

MCAO, we observed increases in GFAP at 3 days post-MCAO, which is a general sign of

retinal stress and pathology (Bringmann et al., 2009). Increases in GFAP have been

observed previously both in rat retinas at 2 and 5 days post-MCAO and in mouse retinas at 1

day post-MCAO (Block et al., 1997, Cheung et al., 2007, Kalesnykas et al., 2008).

Additionally, we observed increases in GS, a more specific response that occurs following

retinal injuries that involve changes in levels of extracellular glutamate (Bringmann et al.,

2009). Glutamate is the neurotransmitter used by photoreceptors, bipolar cells, and retinal

ganglion cells (Massey and Redburn, 1987), and increased levels of extracellular glutamate

could affect the function and/or signal conduction of these cells (Kalloniatis, 1995). When

retinal neurons fire, they release glutamate into the synapse. This extracellular glutamate is

taken up by nearby Müller cells via the Müller-specific glutamate transporter, GLAST

(GLutamate ASpartate Transporter). Then GS, a substrate-regulated enzyme present in

Müller cells, converts glutamate to glutamine (Pow and Barnett, 1999).

Ischemia has been shown to induce increases in extracellular glutamate in both the brain

(Hillered et al., 1989) and the retina (Perlman et al., 1996) that if uncontrolled can result in

excitotoxicity (Beal, 1992, Kalloniatis, 1995). MCAO may cause increased levels of

extracellular glutamate in the retina, and the Müller cells respond by upregulating GS, as

shown in other retinal injury models that involve increased extracellular glutamate

(Bringmann et al., 2009). We hypothesize that even with these increased levels of GS,

enough glutamate remains in the extracellular space to impair signal conduction, resulting in

decreased retinal function, but not cell death.

The effects of sub-lethal levels of glutamate on ERG function have been documented

previously (Barnett and Pow, 2000). When GLAST is inhibited, extracellular glutamate is

increased due to the lack of Müller cell uptake. The result is decreased ERG responses yet

no cell death. We postulate that a similar increase in glutamate occurs at 2 days post-MCAO

as evidenced by the increased GS. By 9 days post-MCAO, GS levels returned to normal,

suggesting that GS may clear all of the excess glutamate and allow for recovery of retinal

function.

Similarly, increases in GS have been observed from 3 hours to 3 days after cerebral

ischemia (Petito et al., 1992, Tanaka et al., 1992, Hoshi et al., 2006, Verma et al., 2010), and

these increases appear to be transient, returning to baseline levels by 5 days (Tanaka et al.,

1992). Additionally, treatments that enhance the activity of glutamate transporter (Verma et

al., 2010) and GS (Zhang et al., 2011) have been shown to reduce brain injury in ischemia-

reperfusion models, providing further support for a protective role of GS in reducing levels

of extracellular glutamate after ischemic injury.

We also observed increased GS and decreased retinal function in contralateral eyes as well

as MCAO eyes. This result could be an example of diaschisis, that is, the undamaged neural

tissue is losing function due to damage to distant, but connected, neural tissue (Stein et al.,

1983, Feeney and Baron, 1986). Additionally, the decreased function and increased retinal

glutamate in contralateral eyes could be due to indirect effects of the cerebral infarct, such as

increased systemic levels of glutamate, which have been shown to be 3-fold higher after
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permanent MCAO, a model that causes a less severe stroke than our transient MCAO model

(Puig et al., 2000). Furthermore, in the permanent occlusion model, which involves

permanent occlusion at a point distal to the internal carotid such that the middle cerebral

artery alone is blocked and the ophthalmic artery is unaffected, changes in the retina (i.e., a

slight upregulation of HIF-1a) were still detected (Kalesnykas et al., 2008). The fact that

retinal changes were observed independent of ophthalmic artery occlusion, coupled with the

fact that we observed retinal function deficits in both the occluded and contralateral eye in

MCAO rats, suggests that the retinal injury caused by MCAO is at least partially systemic in

nature.

Our finding of increased GS and decreased retinal function in the contralateral eye has

interesting clinical implications, because while it is unlikely that a clot would block both the

middle cerebral and ophthalmic arteries in humans, it is possible that increased systemic

levels of glutamate are the cause of the transient vision loss that often accompanies stroke in

people (Mead et al., 2002).

The retina is less susceptible to MCAO although early retinal function deficits correlate
with deficits in brain function

Utilizing a range of stroke severity allowed us to investigate the correlation between retinal

function and brain function. We observed a significant correlation between retinal function

responses at 2 days and neuroscores (Fig. 2), which clearly established similar ischemic

effects after MCAO at this early time point. However, while retinal function recovers by 9

days, we know that neurological deficits after MCAO are more lasting (Modo et al., 2000).

Further, we showed that cell death occurred in brains from both moderate and severe

animals but only in the retinal ganglion cell layer in retinas from severe animals. Therefore,

it appears that the retina (particularly the inner and outer nuclear layers) shows less

susceptibility than the brain to the ischemic injury caused by MCAO. It is also possible that

the brain and the retina receive different levels of occlusion. One limitation of this study is

that we only took laser-Doppler readings from the MCA but not the ophthalmic artery.

However, Steele et al. (2008) showed that almost no retinal perfusion occurs during MCAO

in the mouse. Future work should compare perfusion to the brain and retina during MCAO

in rats.

The retina has been shown to have more or less susceptibility to injury than the brain

depending on the type of insult. The endothelial cells of the retina have been shown to be

more susceptible than brain-derived endothelial cells to oxidative stress and increased

vascular permeability, as measured by glutathione peroxidase activity, superoxide

production and superoxide dismutase levels, and junctional protein levels in bovine

endothelial cell cultures (Grammas and Riden, 2003). The retina is also more sensitive than

either the brain or the liver to dietary changes in lipid levels, with the retina but not the brain

showing an incorporation of trans DHA (Docosahexaenoic acid) and a reduction in cis DHA

as well as ERG defects following a diet high in trans fatty acids (Acar et al., 2006). In the

event of ischemia, however, the retina is less susceptible than the brain, showing a much

greater tolerance time to ischemic injury. In the brain, permanent damage is caused by 3–7

minutes of global ischemia in both animal models and humans (Weinberger L, 1940, Kabat
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H, 1941, Brock, 1956, Meyer, 1956), while the retina exhibits tolerance times that vary from

less than 30 minutes to as long as 98 minutes (Reinecke et al., 1962, Fujino and Hamasaki,

1967, Hayreh and Weingeist, 1980, Faberowski et al., 1989, Lafuente et al., 2001, Zhu et al.,

2002). This resilience could be because the retina and the vitreous have stores of glucose

and glycogen while the brain relies on the cerebral vasculature, or because reflow through

occluded vasculature happens more readily in the retina than the brain (Hayreh and

Weingeist, 1980).

We observed a difference in susceptibility among the cell types within the retina as well.

Retinal cell types have been shown to have differential susceptibilities previously, with

retinal ganglion cells showing more cell death with aging than either photoreceptors or cells

of the inner nuclear layer (Lei et al., 2011). It is interesting that retinal ganglion cells, like

the cells of the brain, show death in the MCAO model, given that the blood supply and

blood retinal barrier for retinal ganglion cells is more similar to that of the brain, while the

photoreceptors rely on the choroid for blood supply and the retinal pigmented epithelium for

blood retina barrier (Cunha-Vaz, 1976).

Conclusions

The transient MCAO model provides a unique opportunity to investigate cerebral and retinal

ischemia simultaneously due to the functional deficits that occur in both brain and retina.

Moreover, it creates a useful model for the study of mechanisms and treatments of ocular

ischemic syndrome in rats. Retinal function deficits occur at 2 days post-MCAO and

correlate with behavioral deficits. Decreased b-wave amplitudes occurred in both MCAO

and contralateral eyes in severe animals, suggesting the injury is at least partially systemic.

With the addition of the 9-day post-injury evaluations, we were able to show that the retinal

function deficit following MCAO is transient and recovers by 9 days with moderate

occlusion. This finding suggests that behavioral testing at this time is not confounded by

visual deficits.

We have also presented data suggesting that ischemia-induced increases in extracellular

glutamate may be the mechanism behind the temporary retinal function reduction after

MCAO in rats and this represents a potential mechanism behind temporary retinal function

deficits that occur following stroke in humans. Recovery of function may be explained by

the transient increase in GS, which may act to overturn sub-lethal levels of extracellular

glutamate.
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Abbreviations

MCAO middle cerebral artery occlusion

GFAP glial fibrillary acidic protein

LDF laser-Doppler flowmetry

ERG electroretinogram

GS glutamine synthetase

GLAST GLutamate ASpartate Transporter
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Highlights

1. Early retinal function deficits correlate with behavioral deficits.

2. Severe MCAO reduces retinal function and causes retinal ganglion cell death.

3. Moderate MCAO causes delays in retinal function that fully recover within 9

days.

4. Sub-lethal increases in extracellular glutamate may cause transient retinal

deficits.

5. Contralateral eyes also show glutamine synthetase increases and retinal

dysfunction.
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Figure 1.
Diagram of MCAO filament placement. The filament is fed through the external carotid

artery (ECA) and into position along the internal carotid artery (ICA) to block the middle

cerebral artery (MCA). Note the close proximity of the ophthalmic artery (OphA). CAs,

Ciliary Arteries; CRA, Central Retinal Artery; ACA, Anterior Cerebral Artery; PCA,

Posterior Cerebral Artery; BA, Basilar Artery; CCA, Common Carotid Artery. Modified

from Steele et al., 2008.
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Figure 2.
Correlation of infarct size with behavioral responses. Representative sequential coronal

slices of MCAO brains treated with TTC in an animal that received a neuroscore of 3 (A) or

6 (B). The infarct (white tissue) is larger in animals with higher neuroscores. C) Neuroscores

showed a significant positive correlation with infarct size (R2 = 0.805, p < 0.005).
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Figure 3.
Representative waveforms from moderate and severe MCAO eyes, contralateral eyes, and

naïve controls at 2 days post-MCAO. For both ERG and oscillatory potential waveforms,

severe animals showed decreases in amplitude in both MCAO and contralateral eyes, while

moderate animals showed delays in latency in MCAO eyes. A) ERG waveforms in response

to 137 cd s/m2 flash stimuli. The two gray lines mark the control a- wave and b- wave,

respectively. Arrows indicate delayed responses. B) Oscillatory potentials (OPs) from

filtered ERGs in response to 137 cd s/m2 flash stimuli. The gray line marks OP4 for the

control trace. Arrows indicate delayed responses.
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Figure 4.
Mean ERG results at 2 days post-MCAO. A) A trend for reduction in dark-adapted a-wave

amplitudes was observed in severe MCAO and contralateral eyes [Repeated measures

ANOVA, F(4, 114) = 2.131, p < 0.01]. B) Significant delays were observed in a-wave

implicit time in moderate MCAO eyes with a trend for delay in severe MCAO eyes

[Repeated measures ANOVA, F(4, 111) = 5.650, p < 0.001]. C) A significant reduction in

dark-adapted b-wave amplitudes was observed for severe MCAO and contralateral eyes

while a trend for reduction in amplitude was observed in moderate MCAO eyes [Repeated

measures ANOVA, F(4, 156) = 5.117, p < 0.002]. D) For b-wave implicit times, a trend for

delay was observed in contralateral and MCAO eyes from the moderate group. E) A

significant reduction in dark-adapted oscillatory potential amplitudes was observed in severe

MCAO eyes with a trend for a decrease in severe contralateral and moderate MCAO eyes

[Repeated measures ANOVA, F(4, 156) = 4.166, p < 0.007]. F) For oscillatory potential

implicit times, we observed a significant delay in moderate MCAO eyes versus control and

severe contralateral eyes [Repeated measures ANOVA, F(4,153) = 7.422, p < 0.001].
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Figure 5.
ERG b-wave responses at the brightest flash stimulus (137 cd s/m2) showed a significant

correlation with neurological deficit scores (R2 = −0.478, p < 0.05).
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Figure 6.
A–C) No significant differences were observed in number of rows of photoreceptor nuclei in

the outer nuclear layer (A) or in cell counts in the inner nuclear layer (B). C) A significant

reduction in retinal ganglion cells was observed in severe MCAO retinas versus moderate

contralateral and controls [Repeated measures ANOVA, F(4, 180) = 2.940, p < 0.05]; ON,

optic nerve. D) Representative micrographs of cresyl violet staining in a control retina, a

moderate MCAO retina, and a severe MCAO.
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Figure 7.
Representative micrographs from sections immunostained for GS and GFAP. GFAP and GS

were upregulated in the retina following MCAO. GFAP labeling was observed in Müller

cells in severe and some moderate MCAO retinas at 3 days. In all other groups, GFAP

staining was observed only in the nerve fiber layer (NFL), where GFAP-expressing

astrocytes typically present. Increased GS labeling was observed in severe MCAO and

severe contralateral eyes and in moderate MCAO eyes at 3 days. Moderate contralateral at 3

days and moderate MCAO and contralateral at 9 days showed levels similar to controls.

GCL, Ganglion Cell Layer; IPL, Inner Plexiform Layer; INL, Inner Nuclear Layer; OPL,

Outer Plexiform Layer; ONL, Outer Nuclear Layer; IS, Inner Segments; OS, Outer

Segments.
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Figure 8.
Mean GS immunolabeling intensity as percent of naïve control for severe and moderate

MCAO eyes versus contralateral eyes. A) A significant increase in GS intensity was

observed between MCAO eyes and contralateral eyes within the severe group and moderate

3-day group but not the moderate 9-day group. Comparisons between severity and time

points revealed that GS intensity was significantly increased in severe MCAO eyes

compared with 9-day moderate MCAO eyes and in severe contralateral eyes compared with

3-day moderate contralateral eyes [Repeated measures ANOVA interaction effect, F(2, 13)

= 8.006, p < 0.005]. B) A significant inverse correlation was observed between GS staining

intensity and ERG b- wave at the bright flash stimulus (137 cd s/m2; R2 = −0.627, p < 0.05).
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