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Abstract

Ž .Adult rats underwent permanent bilateral occlusion of the common carotid arteries 2VO to determine the effect of chronic cerebral
ischemia on vision and retina. They were monitored post-surgically for the presence of the pupillary reflex to light. Some rats were tested
for 6 months post-surgically on a radial arm maze task and then tested in another water-escape task which explicitly tested visual
function. Another group of rats were tested post-surgically for 3 months on a task which simultaneously assessed visual and tactile
discrimination ability. The thicknesses of the retinal sub-layers were then measured for some rats. Fourteen of the 25 rats that underwent
2VO lost the pupillary reflex. This seemed to occur within 5 days. Rats that lost the pupillary reflex but not rats whose reflex was intact,
were impaired on all visually guided mazes. Tactile discrimination ability was unaffected. Only rats that lost the pupillary reflex showed
reduced thickness of the retinal outer nuclear and plexiform layers, reduced cell density in the retinal ganglion cell layer and astrocytosis
and degeneration of the optic tract. We conclude that 2VO can eliminate the pupillary reflex. Photoreceptors and retinal ganglion cells

Ž . Ž .degenerate, but it is unclear if these are the cause s or result s of the loss of the pupillary reflex. These effects are accompanied by
impairment of visually guided behavior. The possibility that visual system damage may also occur in acute ischemia merits further
investigation. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Chronic bilateral occlusion of the common carotid arter-
Ž .ies 2VO of the rat reduces corticalrhippocampal blood

flow to ;25–50% of normal levels at 2.5 h post-occlu-
sion. Seven days later, the reduction in flow has abated to
;60–75% and it remains at this reduced level for at least

w xseveral months 27,32 . Several reports indicate that after
2VO, rats are impaired on visually guided tasks that are
typically used to assess spatial learningrmemory. For
example, after 1 week of 2VO, they cannot perform the
Morris water maze task, which requires that the rat locate a
hidden submerged platform in a water tank by using

w xextra-maze visual cues to spatially navigate 29 . A more
slowly emerging impairment occurs on the radial arm
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Ž .maze RAM task which requires that the rat forage to find
food rewards that are located at the end of arms that

w xradiate from a central hub 20,29 . On this task also,
foraging is guided by extra-maze visual cues.

Evidence suggests that 2VO compromises the visual
system. After seven days of 2VO, retinal morphology is

Žnot affected, though the b-wave of the electroretinogram a
function of bipolar cell depolarization and the resulting

.potassium efflux from Muller cell endfeet is eliminated,¨
w xsuggesting that 2VO affects retinal signal transmission 1 .

This effect begins shortly after ligation. Shorter duration
Ž .20–60 min 2VO significantly reduced the magnitude of

w xthe b-wave and as well, lengthened its implicit time 1,4,5 .
Relatedly, others have reported that chronic 2VO causes

w xatrophy of the optic nerve at 16 weeks post-occlusion 30 .
During the early course of an experiment, which we

intended would examine the post-2VO emergence of
deficits on the RAM task, we noticed that some 2VO rats
showed a loss of the pupillary reflex. Accordingly, in this
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study, we systematically explored the relationship between
the loss of the pupillary reflex on performance of the
RAM. Additionally, we assessed the ability of 2VO rats in
a visually cued water escape task and in another RAM
task, which allowed for the simultaneous assessment of
visual and tactile discrimination, to determine if sensory
impairment was selective to the visual modality. Lastly,
we histologically examined the optic tract and retinas of
these rats and related these findings to their behavior and
their pupillary reflex.

The results indicate that a chronic, moderate decrease in
cerebral blood flow elicits significant retinopathy, charac-
terized by reduction of thickness of the outer nuclear and
plexiform layers, reduced cell density in the ganglion cell
layer and by astrocytosis and degeneration of the optic
tract in about half of the rats. These rats lost the pupillary
reflex and showed impairment of visually guided behavior.
The 2VO rat may provide an experimental model of the
permanent blindness which is a frequent result of carotid

w xartery disease in humans 6,10,25 . The data also empha-
size the necessity to directly assess visual function in other
stroke models.

2. Materials and methods

2.1. Animals

Approximately 10-month-old male retired breeder
Ž .Sprague–Dawley rats 510–711 g were obtained from

Ž .Charles River Montreal, Canada . Animals were singly
housed with free access to water, in a 12-h reversed light

Ž .cycle on at 20:00 . All procedures were approved by the
Animal Care Committee of Carleton University and con-
formed to the guidelines of The Canadian Council of
Animal Care and the ARVO statement for use of animals
in ophthalmic and vision research.

Pupillary constriction was examined by illuminating the
rats’ dark adapted eye with an otoscope. Since the observa-
tion that the pupillary reflex might be affected by 2VO
arose while RAM testing was already under way in experi-
ment one, 12 of 27 animals had their reflex observed
beginning after surgery and onwards. The rats were exam-
ined weekly for 6 weeks and then before any new behav-
ioral task and before cardiac perfusion. The pupillary
reflex of the remaining 15 animals was first examined
118"14 days after surgery.

2.2. BehaÕioral testing

Prior to surgery, the 27 rats of experiment one were
trained on a 10-arm RAM to a performance criterion. The
maze consisted of a 75-cm diameter, grey plastic hub from
which radiated 10 equally spaced arms that were 66 cm
long, 12 cm wide, with 25 cm high clear side walls.
Remotely operated clear plastic doors were placed 21 cm
down the length of each arm. A recessed food well at the

end of each arm could be baited with one half of a Honey
Nut Cheerio. The middle of the hub also contained a
recessed well into which 1.0 ml of 10% liquid sucrose
could be injected by a remotely controlled pump. The
maze was situated in a room that contained a variety of
visual cues including wall-mounted patterns.

The rats were food-deprived to 85%"2.5% of their
original body weight and trained to consume the liquid
sucrose in the hub before the experimenter remotely opened
all arms. The rationale for this was to prevent animals
from adopting a simple non-visually guided algorithm for

Ž .finding rewards such as entering adjacent arms by forc-
ing them to return to the hub’s center. Eight of the 10 arms
were baited with reward and two adjacent arms were never
baited. The baited arms were consistent for each rat but
varied across rats. When an animal exited an arm, all the
doors were closed and the rat was required to consume
sucrose before the doors were re-opened. Animals were
given 15 min to find all eight rewards.

Animals were trained for 5 consecutive days each week
until they met a strict performance criterion after which
they underwent surgery. RAM testing resumed 3–4 days
later for 16 weeks, ceased for 7 weeks and then resumed
for 1 week.

For the simultaneous visualrtactile discrimination, 13
rats had their pupillary reflexes examined on every post-
surgery day for the first week and once a week thereafter.
They were trained on a 12-arm RAM described elsewhere
w x18 , that was modified such that the hub was enclosed by
a 30-cm wall with remotely controlled, sliding guillotine-
style doors allowing entry into each arm. Each arm could
be cued as black or white by means of a suspended
cardboard swinging door located 10 cm into each arm. The
end wall of each arm contained a 28 cm high plastic panel,
also either black or white. To provide the tactile cue, the
floor of each arm was lined with an interchangeable strip
of polyurethane matting, either rough or smooth surfaced,
extending 4 cm into the centre chamber and 5 cm from the
end or the arm.

ŽThe rats received a food pellet Noyes Precision Ar1
.Rodent Pellets for entering only arms that contained the

combination of correct visual and correct tactile cue. The
rough floor lining was the correct tactile cue for all the
rats. Black visual cues were the correct visual cues for half
of the rats and white for the other half. For each rat, 6
arms containing the combination of both correct tactile and
visual cues, were baited. Three arms containing the correct
tactile cue but the incorrect visual cue, were unbaited as
were 3 arms that contained the correct visual cue com-
bined with an incorrect tactile cue. Hence, the rat could

Žcommit either a visual cue error e.g., enter black cued
.arms when only white-cued arms contained reward or a

Ž .tactile error enter smooth-floored arms .
Training sessions began with the animal in the centre

chamber of the RAM. All 12 doors were opened simulta-
neously to allow access to the 6 baited arms, 3 non-baited
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visual error arms, and 3 non-baited tactile error arms. After
an animal retrieved the pellet from a baited arm, the door
to that arm remained shut for the rest of that test session.
Conversely, unbaited arms always remained accessible.
The session ended when all 6 pellets were retrieved or 10
min elapsed. Rats were trained to a strict performance
criterion in order to qualify for 2VO surgery. Three days
after surgery, RAM testing resumed. The rats were trained
every 2nd–3rd day until post-surgical day 62.

Animals from both experiments were also tested in a
w xwater maze described elsewhere 29 . This maze task is

often used for functional assessment in rat ischemia mod-
w xels 17,21,23,24,29 . The rats from experiment one were

tested at about 220 days post-surgery. The maze procedure
was intended to assess the rats’ ability for visual discrimi-
nation. Two 12-cm diameter cylinders, one black and one
yellow, were suspended above the water with the black
cylinder always marking the location of a submerged
platform. The platform location was randomly changed
from trial to trial to one of two different sites, with the
cuing cylinders also appropriately interchanged. The ani-
mals were tested 9 trials per day for 10 days. The latency
to swim to the correct location was recorded.

The rats from the visualrtactile discrimination experi-
ment were also trained at about 100 days post-surgery in
the conventional spatial navigation version of the task

w xdescribed elsewhere 17,29 , which required that they lo-
cate the submerged platform by using extra-maze cues.
The rats underwent one daily session for 4 consecutive
days.

2.3. Surgery

Ž .2VO and sham surgery was carried out under ke-
Ž .tamine hydrochloride 100 mgrkg i.m. and methohexital

Ž .sodium 40 mgrkg anaesthesia for all rats with the excep-
tion that the 12 rats that were tested in the visual-tactile
RAM task did not receive atropine pre-medication. This
was eliminated to test the possibility that it may have
contributed to the loss of the pupillary reflex. In fact, it did
not contribute, as 7r16 rats that received atropine lost the
reflex while 7r9 rats that did not, also lost the reflex.

w xThe surgery has been previously described 29 . Briefly,
a ventral mid-line incision was made, the common carotid
arteries were exposed bilaterally and gently separated from
the carotid sheath and vagus nerve. Animals assigned to
the 2VO surgery had both carotids doubly ligated with 5-0
silk suture 8–10 mm inferior to the origin of the external
carotid. During surgery, the animal’s body temperature
was maintained at 378C with a heat lamp connected to a
rectal thermistor probe.

2.4. Histology

At about 300 days post-surgery, the rats from experi-
ment one were perfused and their brains and eyes subse-

quently removed, post-fixed and paraffin embedded as
w xdescribed elsewhere 29 . The hippocampus was coronally

Ž .sectioned 4 mm and stained with Palmgren’s silver stain
w x28 . To examine the optic tract, 8 mm coronal brain
sections at y2.8, y3.3, y3.8 mm from bregma were
stained with the Gallyas silver stain for degenerating neu-

w xrons 13 . Eight-micrometer cross-sections from approxi-
mately the same eccentricity of the central retina of the left
eye were also prepared and stained with hematoxylin and

Ž . Žeosin H and E . Four-micrometer sections of brain y2.8,
.y3.3, y3.8, y4.3 mm from bregma and central retina

were stained immunohistochemically, with a monoclonal
Ž .antibody to glial fibrillary acidic protein GFAP, Sigma , a

w xmarker for astrocytic infiltrationrproliferation 22 .
All hippocampal measures were derived from 2 sections

at each of y3.3, y3.8 and y4.3 mm from bregma. Optic
tract measures were derived from two sections at each of
y2.8, y3.3, y3.8 mm from bregma. Averages across
sections and plates were calculated. All microscopic inves-
tigations were carried out by an observer blind to group
membership on an Olympus BH-2 microscope. The total
number as well as the number of damaged hippocampal
CA1 and CA4 pyramidal cells of both hemispheres were
counted manually from silver stained sections. Damaged
cells were deemed to have smaller, darker nuclei with an

Ž .irregular shape. GFAP immunoreactivity percent area
Žwas measured in the oriens layer of both hippocampi CA1

.and CA4 sectors , and in the left and right optic tract with
Žcommercially available image analysis software Imaging

.Research, St. Catherines, ON at 200= magnification.
ŽBriefly, the experimenter defined target staining manually

.eliminating artefact and the computer determined the areal
density of target in systematically sampled areas. These
densities were then averaged for the two slides. Gallyas
staining of the optic tract was similarly analysed.

The same software was used to measure the thickness
of the different layers of central retina as well as cell

Ž .density in the RGC layer. Cell density values cellsrmm
were formulated by counting the number of RGC layer
cells across a fixed length of retina. Retinal GFAP
immunoreactivity in the different layers of central retina
was assessed along a scale where 0 represented no im-
munoreactivity and 4 represented extensive immuno-
reactivity. All retinal measures were conducted on the
medial, nasal and temporal aspects of the central retina.
Nasal and temporal aspects were defined as the section of
the retina closest to the ciliary body where retinal thick-
ness appeared stable.

3. Results

3.1. BehaÕioural results suggested Õision deficit

Of the 27 animals trained to criterion on the RAM in
experiment one, 11 underwent sham surgery and formed
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Ž .the control group CON . Sixteen animals underwent 2VO.
Of these rats, 7 lost their pupillary reflex and formed the
2VOnoflx group. The remaining 9 2VO animals with the
intact pupillary reflex formed the 2VOflx group. All CON
animals retained the reflex.

Ž .RAM errors were defined as i baited arm re-entries
Ž .BAR , where an animal entered a baited arm from which

Ž .it had previously retrieved the food reward and ii un-
Ž .baited arm entries UAE , where an animal entered an arm

that never contains a food reward. It has been argued that
ŽBARs reflect working memory for arms recently visited

.during a session on the maze while UAEs reflect refer-
Žence memory for arms that on all sessions on the maze,

. w xhave never been associated with food reward 25 .
The post-surgical performance of these three groups on

the RAM can be seen in Fig. 1, upper panel, which shows
BARs averaged over each week of post-surgical testing.
ANOVA of these data indicated that the groups differed

Ž .significantly p-0.01 . Scheffe’s post-hoc analysis indi-´
cated that the 2VOnoflx group committed more BARs than

Ž .the CON group p-0.05 . Similar results were found by

Fig. 1. The upper panel shows baited arm re-entry errors on the radial
Ž .arm maze task of experiment one. The 2VOnoflx rats ns7 but not the

Ž . Ž .2VOflx rats ns9 committed more errors than the CON rats ns11 .
Ž . Ž .The lower panel shows visual left side and tactile right side errors on

the visualrtactile radial maze task of experiment two. The 2VOnoflx rats
Ž .ns7 showed significantly increased visual but not tactile errors when

Ž . Ž . ŽUcompared to the combined 2VOflx ns2 and CON ns3 group. :
significantly different from CON group; a: significantly different from

.2VOflx group .

Fig. 2. The upper panel shows the mean group latencies to swim to the
visually cued platform in the 2-cue version of the Morris water maze. The

Ž .2VOnoflx rats ns7 were significantly impaired at discriminating
between the correct and incorrect cues. The lower panel shows perfor-
mance on the spatial navigation version of the water maze in experiment
two. The 2VOnoflx rats were impaired at navigating to the location of the
hidden, submerged platform.

Ž .the ANOVA for UAEs data not shown . In this instance
however, Scheffe’s test revealed that the 2VOnoflx group´
committed significantly more UAEs than both the CON

Ž .and the 2VOflx groups p-0.05 . Again the 2VOflx and
CON rats did not differ.

Of the 12 rats trained on the simultaneous visualrtact-
ual discrimination version of the RAM, 3 rats underwent
sham surgery, 9 underwent 2VO surgery and 7 of these
lost the pupillary reflex. Some rats appeared to lose the
reflex in both eyes simultaneously; others lost the reflex
first in one eye followed by the second within a few days.
In one instance, only one eye functioned properly. That is,
exposure of the functioning eye to light elicited a consen-
sual reflex in the damaged eye, while exposure of the
damaged eye to light, failed to elicit any pupillary reaction
in either eye. The 2VOnoflx rats lost the pupillary reflex in
both eyes either immediately, or within 5 days post-surgery.
One rat temporarily lost the pupillary reflex in both eyes
immediately after surgery, regained it in one eye 5 days
later, and regained it in the remaining eye about two weeks
later.

ANOVAs comparing the 2VOnoflx group against the
combined 2VOflx and CON groups, both of whom re-
tained the pupillary reflex, indicated that the 2VOnoflx rats

Ž .committed more visual p-0.001 but not tactile errors
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than the other two groups. The results are shown in the
lower panel of Fig. 1.

As shown in the upper panel of Fig. 2, when tested for
their ability to locate the hidden platform in the water
maze by discriminating between light and dark cue loca-
tion markers, the three groups of experiment one were

Ž .found to differ by ANOVA p)0.001 . Post-hoc analysis
indicated that the 2VOnoflx group required significantly
more time than either the CON or the 2VOflx group
Ž .p-0.05 . This was not due to differing swim speeds as
shown by analysis of videotapes of the first session. Con-
sistent with these data for the visually cued water maze
task, the 2VOnoflx rats of experiment two were clearly
impaired on the spatial navigation version of the water
maze. These data are shown in the bottom panel of Fig. 2.

3.2. Histological analysis reÕealed Õisual system pathology

Histological analyses of CA1 and CA4 cell fields of the
hippocampus indicated that the three groups from experi-
ment one did not differ in total numbers of cells, number
of damaged cells, or the percentage of area in each sector

Žthat displayed GFAP immunoreactivity all F’s-1.0,
.ANOVA, data not shown .

Fibre degeneration and reactive astrocytosis in the optic
tract as shown by the percentage area stained with the
Gallyas silver technique and for GFAP respectively, indi-

Ž .cated significant group differences p-0.001, ANOVA .
For both measures, the 2VOnoflx group had higher percent
area staining than both the CON and 2VOflx groups
Ž .p-0.01; Fig. 3A–F .

ANOVAs of the results of morphometric analyses of H
and E stained retinal cross-sections indicated that the
groups differed overall in cell density in the RGC layer
and in thickness of both the outer plexiform and outer

Ž .nuclear layers p-0.001; Fig. 3G–I . Post-hoc compar-
isons indicated that 2VOnoflx rats showed reduced overall
RGC layer cell density and reduced overall thickness of
the outer plexiform and nuclear layers when compared to

Ž .the control and 2VOflx rats p’s-0.05 , who did not
differ from each other. The data for thickness of the
temporal retina are shown in Fig. 4. Similar effects were
observed for medial and temporal aspects with the one
exception that the 2VOnoflx and control rats did not differ

Ž . Ž . Ž . Ž . ŽFig. 3. Photomicrographs of optic tract A–F and central medial retina G–I . Sections from the CON A, D, G , 2VOflx B, E, H , and 2VOnoflx C, F,
. Ž . Ž . Ž .I groups were stained with Gallyas silver A, B, C , monoclonal anti-GFAP Ab D, E, F , or hematoxylin and eosin G, H, I . Optic tracts from 2VOnoflx

Ž . Ž . Ž .animals had more intense silver C , and GFAP staining F compared to animals with an intact pupillary reflex A, B and C, D, respectively . Similarly,
Ž . Ž .2VOnoflx animals had thinner OPL and ONLs, and a lower GCL cell density I than did the other groups G, H . In this instance, the OPL and ONL is

Ž .not present in the 2VOnoflx retina I . Scale Bars100 mm.
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Ž .Fig. 4. The leftmost panel shows cell density in the RGC layer of the temporal retina. Cell density was significantly reduced in the 2VOnoflx rats ns7 .
Ž . Ž . Ž .The other four panels show the thicknesses of the inner nuclear layer INL , inner plexiform layer IPL , outer plexiform layer OPL and outer nuclear

Ž .layer ONL . Significant reductions in the thickness of the OPL and ONL were observed only for the 2VOnoflx rats, indicating the loss of photoreceptor
ŽU Ž . Ž . .cells. : significantly different from CON ns11 group; a: significantly different from 2VOflx ns7 group; error bars represent S.E.M. .

in RGC layer cell density at the nasal aspect. The thickness
of neither the inner plexiform nor the inner nuclear layer
differed among the three groups.

In order to investigate whether retinal pathology was
still ongoing, GFAP immunohistochemistry of retinal sec-
tions was rated by an experimenter blind to group member-
ship on a 0–4, where 0 represented no visible staining.
Differences between the 2VOnoflx and CON groups and
between the 2VOnoflx and 2VOflx groups were analysed
with Mann–Whitney U-tests. No differences in the density

Ž .of GFAP were noted in any retinal layer data not shown .

4. Discussion

The results of the behavioural testing of 2VO rats were
clearly related to their pupillary reflex status. 2VO rats that
lacked the pupillary reflex committed more errors on the
RAM task of experiment one, committed more errors of
visual but not tactile discrimination on the RAM task of
experiment two and were significantly slower to locate the
submerged platform in both the explicitly cued and the
spatial navigation version of the water maze task. Con-
versely, 2VO rats that retained the pupillary reflex were
not significantly different from the control rats on any of
these tasks.

Histological analyses of the retinas indicated loss of
photoreceptors and RGC layer cells and optic tract atrophy
in 2VOnoflx rats. Current research from our laboratory
which uses the Thy-1 antibody to selectively label retinal

w xganglion cells 2 has indicated that the cell loss in the
RGC layer reflects the death of these cells rather than

Ž .displaced amacrine cells unpublished observations .

While the pupillary reflex was affected within several
days after 2VO, retinal pathology was not assessed until
many months later and so from these data, it is not
possible to ascertain the temporal link between these two
measures. However, we have observed elevated GFAP in
the optic tract and in the lateral geniculate nucleus at 14
days and the Gallyas degeneration staining in the optic

Žtract is also increased at this time unpublished observa-
.tions . Hence, it seems reasonable to conclude that visual

system degeneration is contiguous with the loss of the
pupillary reflex. The exact sequence and cause of these
events remains unclear and is the subject of current investi-
gation in our laboratory. At this time, it seems that the loss
of the pupillary reflex likely does not reflect early degener-
ation of RGC layer cells. DNA fragmentation in photore-
ceptors is apparent 2 weeks after 2VO while DNA damage
in the RGC cell layer is first observed at 10 weeks after
2VO and becomes increasingly more evident at subsequent
time points, when substantial loss of ganglion but not

Ždisplaced amacrine cells is detected unpublished observa-
.tions . Our results are supported by a recent report that

2VO caused marked suppression of the electroretinogram
3 and 9 months later with marked loss of photoreceptors

w xevident at 9 but not 3 months 26 . Furthermore, thy-1
immunoreactivity was reduced at 9 months, indicating
retinal ganglion cell loss at this time. The pupillary reflex
was not measured in the rats of that study.

One explanation for the loss of the pupillary reflex is
that it is caused by ischemic damage to the ciliary gan-
glion. Retinal and optic nerve degeneration may then result
from light toxicity due to the collapse of the pupillary
reflex. Alternatively, photoreceptor and then RGC degen-
eration, andror optic tract degeneration may occur as a
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result of ischemia, resulting in the loss of the pupillary
reflex due to sensory deafferentation. Future experiments
could determine the contribution of light toxicity by elimi-
nating light access to the eye after 2VO.

A common symptom of occlusive carotid artery disease
in humans is amaurosis fugax or transient ischemic blind-
ness. This occurs in over one third of patients and may
progress to permanent blindness if the occlusion is not

w xreversed 10 . Exposure to bright light diminishes the
visual evoked potential in patients with carotid disease
probably because diminished retinal blood flow cannot
meet the metabolic demands of photoreceptor re-pigmenta-

w xtion 7,9,11 . Retinal histopathologies from six patients
with carotid disease who experienced visual symptoms,
showed cell loss, which varied considerably even within
the same retina and which was total for all retinal elements

w xin some regions 15,16 . Atrophy of the optic nerve as well
as dilated and non-reactive pupils had been observed in
several of these patients. In parallel to our findings here for
the rat, tonic pupil was noted for some of these patients as

w xwell as for other patients suffering retinal ischemia 33 .
An important issue that remains to be resolved is why

approximately half of our 2VO rats and apparently about
the same percentage of humans who suffer carotid steno-
sis, in fact demonstrate visual disturbance and retinal
pathology. The pterygopalatine artery, which is the princi-
pal source of retinal perfusion in the rat branches from the
internal carotid and it seems reasonable to assume that
when the common carotid is blocked, there would be
reverse perfusion of the internal carotid and the thence the
pterygopalatine, via the circle of Willis. It seems to be the
case that this reverse perfusion does not occur or is

Ž .insufficient in about half of the 2VO rats. The reason s for
Ž .this remain s to be determined.

These clinical findings and the results of this experi-
ment underscore the vulnerability of the visual system to
carotid occlusion. Furthermore, they suggest that the re-
duction of light exposure may be important to the preser-
vation of retinal integrity prior to the surgical resolution of
the carotid occlusion. Lastly, the possibility that the retinal
degeneration is apoptotic suggests that prophylactic treat-
ment be aimed at counteracting this mode of cellular
demise.

Most, if not all, of the experiments concerning the
behavioural effects of 2VO in rats have based their conclu-
sions of learningrmemory deficits in 2VO rats on tests

w xthat are sensitive to visual dysfunction 14,19,20,29,31,34 .
The deficits have been attributed to brain and notably
hippocampal ischemia. Indeed, there is substantial evi-
dence that the hippocampus is dysfunctional in 2VO rats.
Cytochrome oxidase activity is reduced and there is low-

w xlevel, apparently apoptotic death of pyramidal cells 3,8 .
Late-appearing pyramidal cell loss and elevated GFAP
may occur, although as suggested by the current experi-

w xment, they may not always be evident 20,29 . Our current
findings from the application of unbiased stereological cell

counting techniques indicates pyramidal cell loss after
Ž .2VO unpublished observations . Hence, the discrepant

results regarding pyramidal cell loss is probably due to
inadequacies of cell counting techniques. However, the
degree of pyramidal cell loss is relatively modest and the
functional assessment of metabolically dysfunctional but
not degenerate hippocampal pyramidal cells in 2VO rats
and as well the determination of factors that might push
these cells to extinction, remain as future research chal-
lenges.

Lastly, it is important to note that retinal blood supply
may also be compromised in other rat ischemia models
Že.g., carotid occlusion plus hypotension, occlusion of

.vertebral and carotid arteries etc. . It has been reported that
15 min of global ischemia achieved by the 4-vessel occlu-
sion technique, causes degeneration of the optic tract and
neuronal damage in the superior colliculus although sur-
prisingly, this is not manifested until sometime between 5

w xand 60 days post-surgically 12 . Thus, visual dysfunction
could also contribute to the effect of transient global
ischemia on behaviour. This effect has frequently been
assessed by performance in the Morris maze which relies
upon visually-guided spatial navigation. This could ac-
count for the poor correlation between performance of this
task and measures of ischemic brain damage, most notably

w xCA1 pyramidal cell loss 21,23,24 . Furthermore, even
when CA1 damage has been found to correlate with
impaired water maze performance, it is possible that visual
dysfunction could be a causative factor.
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