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Local hypothermia protects the retina from
1schaemic injury in vitrectomy

Kazushi Tamai, Eiji Toumoto, Akio Majima

Abstract

Aims—Hypothermic irrigating solutions
were used during vitrectomy in pressure
induced ischaemic eyes so that their
effects on retinal function and histological
changes could be investigated.
Methods—After anaesthetised albino rab-
bits underwent closed vitrectomy, their
vitreous cavities were continuously irri-
gated for 30 minutes at a perfusion
pressure of 140 mm Hg. The rabbits
were divided into three groups according
to their intraocular perfusion temp-
eratures—8°C, 22°C, and 38°C. Elec-
troretinograms were taken before and
after irrigation. Glutamate levels in the
vitreous were examined after irrigation.
Eyes were enucleated on the seventh post-
operative day and examined histologi-
cally.

Results—On the seventh postoperative
day, the recovery rate of a-wave ampli-
tudes was significantly lower in the 38°C
group than in the 8°C group, and that of
b-wave amplitudes was significantly lower
in the 38°C group than in either the 8°C or
22°C group. Retinal damage in the 38°C
group revealed more severe histological
impairment than in either the 8°C or 22°C
group. Oedema of the inner retinal layer
was significant in both the 22°C and 38°C
groups. Glutamates reached peak values
30 minutes after the end of ischaemia in
the 38°C group. However, no significant
glutamate increases were detected 15 to 60
minutes after ischaemia in either the 8°C
or 22°C group.

Conclusion—Local hypothermia during
vitrectomy in acute ischaemic eyes ap-
pears to decrease retinal damage.

(Br ¥ Ophthalmol 1997;81:789-794)

Hypothermia is known to increase tissue toler-
ance to ischaemic insults,’ and has been
applied in neurosurgery” and cardiac surgery.’
Hypothermic neuroprotective properties are
well documented in brain damage,* the effects
being partly due to reducing the ischaemia
induced release of excitatory amino acids.’
The application of hypothermia in vitreous
surgery has recently been investigated.”"’
Hirose et al * reported that chilled solutions
were useful during vitreous surgery for ad-
vanced stages of retinopathy of prematurity in
order to prevent or minimise fibrin formation.
We'' reported in a previous paper that local
hypothermia during vitrectomy reduced retinal

damage in pressure induced mild ischaemia.
Several factors, including excitatory amino
acids and free radicals, are known to be related
to retinal damage resulting from ischaemia and
subsequent reperfusion.”” However, the
mechanisms for hypothermic effects on an
ischaemic retina have not yet been substanti-
ated.

In this study, we performed intravitreous
irrigation under complete vaso-occlusive pres-
sure using solutions at various temperatures,
while examining the electrophysiological and
histological changes of the retina. We also
measured changes in glutamate levels in the
vitreous after ischaemia.

Materials and methods

VITRECTOMY AND SUBSEQUENT VITREOUS
PERFUSION

Twenty five albino rabbits were anaesthetised
with intravenous injections of pentobarbitone
20 mg/kg. Their pupils were dilated with a 1:1
mixture of 0.25% tropicamide and 5% phe-
nylephrine, and then retinal cryopexy was per-
formed on one eye of each animal in areas
where sclerotomy was planned. The animals
were anaesthetised again 7 days later with
intravenous injections of pentobarbitone 20
mg/kg and intramuscular injections of keta-
mine hydrochloride 5 mg/kg. The pupils were
dilated once again and conjunctival peritomy
was performed. A 500 ml bottle of intraocular
irrigating solution (BSS plus, Alcon, Fort
Worth, TX, USA) was suspended about 100
cm above eye level, and connected to a 20
gauge infusion cannula through a 400 cm long
tube. The cannula was inserted through the
sclerotomy in the inferonasal quadrant 4 mm
posterior to the limbus, and sutured in place.
The rabbits were divided into three groups
(seven animals each) according to the tempera-
tures of the irrigating solutions—8°C, 22°C
(room temperature), and 38°C (body tempera-
ture). The temperature of 8°C was constantly
maintained by passing the fluid through a tube
immersed in iced water. A vitreous cutter
(MVS XX, Alcon) was placed through the
sclerotomy in the supratemporal quadrant, and
vitrectomy was then performed for 7 minutes.
Adequate illumination was provided by a
paraxial light operation microscope without
using intraocular fibreoptic illumination. After
the vitrectomy was completed, the cutter was
replaced by a 20 gauge cannula connected to a
peristaltic aspiration pump (TMP-15E, Toyo-
seisakusho, Japan). Perfusion pressures were
measured with pressure transducers attached
to both the inflow and outflow cannulas. The
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Figure 1  The vitreous cavity ts irrigated at perfusion pressure of 140 mm Hg. The

pressure at the outflow site is maintained at abour 120 mm Hg.

420 um

Figure 2 A sample for the evaluation of inner retinal layer (IRL) thickness, a region with
a width of 420 um at a distance of 6.0 mm from the ora serrata. The IRL thickness was
measured and averaged from four values in each region. Vertical bars indicate IRL

thickness.

signals obtained were amplified and directed to
a two channel recorder. The solution bottle
was elevated so that the infusion pressure was
kept at 140 mm Hg. The vitreous cavity was
then irrigated at an infusion rate of 8 ml/min
for 30 minutes with a solution of the same
temperature used for vitrectomy (Fig 1).
Irrigation was discontinued at the end of the
ischaemic period, and intraocular pressure was
normalised at 15 mm Hg. The sclerotomy
wounds were sutured. Rectal temperature was
monitored throughout the surgery. Gen-
tamicin, 3 mg, was injected subconjunctivally,
and indomethacin solution and 1% atropine
ointment were placed into the inferior con-
junctival cul de sac at the end of the procedure.
Indomethacin solution, atropine and erythro-
mycin ointment were applied daily in the cul de
sac for 7 days after surgery. Four animals were
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Table 1 Grading of retinal damage

Grade 0 No definite abnormal findings

Grade 1 Mildly impaired regions such as
vacuolation of the photoreceptor cells

Grade 2 Focal oedema, inflammatory cell

infiltration, and/or proliferation of the
retinal pigment epithelium

Exudative retinal detachment and/or
disruption of the photoreceptor cells
Total disruption of the outer retinal
layer

Grade 3(a, b)

Grade 4(a, b)

a, without disorganisation of the inner retinal layer.
b, with disorganisation of the inner retinal layer.

excluded from the experiment because of com-
plications arising from surgical procedure—
two for vitreous haemorrhage and two for lens
injury.

ELECTRORETINOGRAMS (ERGS)

ERG responses were measured after 40 min-
utes of dark adaptation using a recording
device (PE-300, Tomey, Nagoya, Japan) before
and 2 hours after surgery. This procedure was
repeated on the first and seventh days postop-
eratively. ERGs were recorded by positioning
the rabbits in a box and placing a xenon lamp
15 cm in front of the eye. A flash of maximum
intensity (20 J) provided photostimulation. A
contact lens electrode was placed on the
cornea, and a reference electrode subcutane-
ously at the vertex. ERGs were taken of both
eyes for each animal. The a- and b-wave ampli-
tudes of each operated eye were shown as a
percentage of those in its matching non-
operated eye.

HISTOLOGICAL EVALUATION

Both eyes of each animal were enucleated on
the seventh postoperative day, and fixed with a
1:1 mixture of 2.5% glutaraldehyde and 5%
formaldehyde in 0.1 M phosphate buffer (pH
7.2). After fixation, the eyes were cut in half
and embedded in paraffin. Sagittal sections of
2.5 um thickness were then sliced at or near the
optic disc and stained with haematoxylin and
eosin. Five different sections were selected at
random from each eye, and examined by light
microscopy. After analysing the entire retina in
each section, we categorised the sections into
the grades according to tissue damage (Table
1). Each section’s grade was determined by the
highest degree of damage found in it. If there
were two or more differently graded regions of
damage, the severest grade was chosen to rep-
resent the section. The evaluation of the inner
retinal layer (IRL) oedema was based upon its
mean thickness in all the sections except for
those with disorganisation of IRL (grade 3(b)
or 4(b)). The two regions (with a width of 420
um) at distances of 6.0 and 10.0 mm from the
ora serrata of each side were sampled, giving a
total of four regions in each section. Each
region was examined by light microscopy, and
then photomicrographed. Colour slides (35
mm) were scanned with a LS-20E (Nikon,
Tokyo, Japan), and saved to the hard disk of a
Compaq computer (Prolinea 5100). The
measurement of IRL thickness (from the outer
plexiform layer to the inner limiting mem-
brane) was made directly on the 19 inch moni-
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Figure 3 Relative ERG recovery of a-wave (A) and b-wave (B) amplitudes (n=7).
*p<0.05, **p<0.01. Error bars represent standard deviations.

tor display image using Adobe Photoshop
(Adobe systems, Mountain View, CA, USA)
and Window draw (Micrografix, Richardson,
TX, USA). Four values were taken from the
left to right margin for each 140 pm of wide
strip in a region, and were averaged to obtain a
single value (Fig 2). Then, a single average fig-
ure was calculated from values for four regions
in each section. Masked authors (KT, ET) cat-
egorised retinal damage and measured IRL
thickness, finding a variance less than 5%.

MEASUREMENT OF GLUTAMATE IN VITREOUS
FLUID

Another set of 45 rabbits were anaesthetised,
and vitrectomy and intravitreous perfusion
were done on one eye of each animal under an
infusion pressure of 140 mm Hg for 30
minutes in the same manner described above.
The rabbits were divided into three groups (15
animals each) according to irrigating solution
temperatures (8°C, 22°C, and 38°C). A 29
gauge needle was inserted through the non-
vascular pars plana into the vitreous, and 0.4
ml of vitreous fluid was extracted after ischae-
mia. Each temperature group was divided into
three subgroups (five animals each) according
to their respective extraction times of 15, 30,
and 60 minutes after ischaemia. The vitreous
fluid was taken only once from each animal in
order to avoid the injurious effects of the
extraction. Fluids were immediately frozen at
—20°C, then analysed for amino acids by high
performance liquid chromatography (HPLC)
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Table 2  Distribution of retinal damage in each grade.
Five randomly chosen sections from each eye are categorised
into four grades (n=35)

(A) Perfusion ar 8°C

Grade

Eyes 1 2 3(a) 3(b) 4(a) 4(b)
1 3 2 0 0 0

2 3 2 0 0 0 0

3 4 1 0 0 0 0

4 3 2 0 0 0 0

5 2 2 1 0 0 0

6 2 2 1 0 0 0

7 1 3 1 0 0 0
Total 18 14 3 0 0 0

(B) Perfusion at 22°C

Grade
Eyes 1 2 3(a) 3(b) 4(a) 4(b)
1 3 2 0 0 0 0
2 3 2 0 0 0 0
3 1 3 1 0 0 0
4 1 2 2 0 0 0
5 2 1 2 0 0 0
6 3 2 0 0 0 0
7 0 1 3 0 1 0
Total 13 13 8 0 1 0

(C) Perfusion ar 38°C

Grade
Eyes 1 2 3(a) 3(b) 4(a) 4(b)
1 0 0 4 0 1 0
2 0 0 2 1 1 1
3 0 1 3 0 1 0
4 0 0 2 0 1 2
5 0 0 2 0 2 1
6 0 1 2 0 2 0
7 0 0 3 1 1 0
Total 0 2 18 2 9 4

using the L-8500 (Hitachi Seisakusho, Japan).
Collected samples were thawed within a few
days after extraction, derivatised using sulpho-
salicylic acid as an internal standard, and then
centrifuged for 10 minutes at 12 800 g. Super-
natant portions were removed and their pH
was adjusted to 1.6 with hydrochloric acid and
lithium hydroxide. These samples were suf-
fused directly onto an HPLC column (internal
diameter 60 mm X 4.6 mm) containing spheri-
cal particles of 3 um. Amino acids separated on
the column were reacted with ninhydrin, and
then visualised by spectrophotometric detec-
tion under wavelengths of 440 nm and 570 nm.
Glutamate concentrations were estimated by
peak heights and compared with standard
samples. Serine concentrations were also meas-
ured as a control.

All investigations involving animals con-
formed to the Association for Research in
Vision and Ophthalmology Resolution on the
Use of Animals in Research.

Statistical analysis employed the Wilcoxon
signed rank test (ERGs and glutamate levels),
Student’s ¢ test (IRL thickness), and % test
(histological grading). A p value of less than
0.05 was regarded as significant.

Results

ERGS

The preoperative a-wave and b-wave ampli-
tudes in the operated eyes averaged 115.4 (SD
32.6) uV and 230.6 (39.1) pV, respectively.
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Corresponding figures in the non-operated
eyes were 120.6 (35.1) uV and 236.7 (34.6) uV.
The recoveries of a-wave and b-wave ampli-
tudes are shown in Figure 3. On the seventh
postoperative day, the a-wave amplitude per-
centage in the eyes perfused at 8°C, 22°C, and
38°C was 82.6% (SD 5.2%), 80.6% (11.2%),
and 70.0% (7.1%), respectively, compared
with fellow eyes. The b-wave amplitude
percentage was 87.4% (11.7%), 85.0%
(9.2%), and 69.7% (8.8%), respectively. The
recovery rate of a-wave amplitude in the eyes
perfused at 8°C was significantly higher than at
38°C. The recovery rate of b-wave amplitude
in the eyes perfused at either 8°C or 22°C was
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Figure 4 Histological findings of retinal damage by grade (haematoxylin
and eosin stained, X 240). (A) Grade 0. Retina of a non-operated eye.
(B) Grade 1. Retina that underwent 8°C irrigation. (C) Grade 2. Retina
that underwent 8°C irrigation. Proliferation of retinal pigment epithelial
cells is observed. (D) Grade 2. Retina that underwent 22°C irrigation.
Retinal oedema with inflammatory cell infiltration is observed. (E) Grade
3(a). Retina that underwent 22°C irrigation. (F) Grade 4(a). Retina
that underwent 38°C irrigation. (G) Grade 4(b). Retina that underwent
38°C irrigation. Retina is extensively disorganised and thinned.

significantly higher than at 38°C. There were
no significant differences in the recovery rates
of either a- or b-wave amplitude between the
8°C and 22°C groups. Both a- and b-wave
amplitudes in the non-operated eyes were
stable; essentially equal before and after the
surgery.

HISTOLOGICAL FINDINGS

Retinal damage was observed in all the
operated eyes (Fig 4, Table 2). In each section,
the severity of retinal damage was different
from region to region. The majority of the sec-
tions in the eyes perfused at 38°C had severe
retinal damage. In four sections in the 38°C
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Figure 5 The thickness of inner retinal layer (IRL).
Perfusion at 8°C (n=35), perfusion ar 22°C (n=35), and
perfusion at 38°C (n=29) (non-operated eyes; n=105).
*p<0.01. Error bars represent standard deviations.

group, the retina was entirely disorganised and
thinned (grade 4(b)), although only one
section in the 22°C group had total disruption
of the outer retinal layer (grade 4(a)). None of
the 8°C group exhibited a grade more severe
than 3(a). The proportion of grades 3 and 4
was significantly more frequent in the eyes per-
fused at 38°C than in those perfused at either
8°C or 22°C (p<0.01). All non-operated eyes
were categorised as grade 0. The thickness of
IRL in the non-operated (control), 8°C, 22°C,
and 38°C groups was 45.6 (3.8) um, 49.2 (5.6)
um, 58.2 (9.4) pm, and 57.9 (11.4) pm,
respectively (Fig 5). The IRL thickness was
significantly larger in both the 22°C and 38°C
groups (p<0.01), whereas no significant differ-
ences were found between the 8°C group and
non-operated eyes.

GLUTAMATE LEVEL IN THE VITREOUS AFTER
ISCHAEMIA

Results are summarised in Figure 6. In the
38°C group, the glutamate level at 30 minutes
was 35.3 (14.7) umol/ml, which was signifi-
cantly higher than the 5.9 (4.9) umol/ml in the
8°C group and 7.0 (3.6) umol/ml in the 22°C
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Figure 6 Changes in glutamate (A) and serine (B) levels
in the vitreous after ischaemia (n=5). *p<0.01. Error bars
represent standard deviations.
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group (p<0.01). No significant glutamate level
changes were detected 15 to 60 minutes after
ischaemia in either the 8 or 22°C group. Serine
levels showed no significant changes 15 to 60
minutes after ischaemia in any of the three
groups.

The rectal temperature of all animals used
averaged 38.4 (1.0)°C throughout the experi-
ments.

Discussion

We'' reported, in a previous paper, that
histological retinal damage was more severe in
the 38°C perfusion group compared with the
22°C or 8°C perfusion groups under relatively
mild ischaemia produced by 70 mm Hg of per-
fusion pressure. The present experiment
showed more clearly that the 38°C group
suffered more severe retinal impairment than
the other two groups in both ERGs and histo-
logical findings under complete vaso-occlusive
ischaemia. Furthermore, we confirmed that
only the 8°C group suffered no significant
inner retinal oedema. These results showed
that local hypothermia protects the retina more
effectively when the ischaemia is more serious.
In this study, grading was mainly according to
outer retinal layer (ORL) impairment, because
morphological injury of ORL was more
evident than that of IRL in the majority of the
damaged regions. Only in the sections of
marked ORL damage (grades 3 and 4), was
disorganisation of IRL observed. This is prob-
ably due to abundant glycogen at the inner
layer of the rabbits’ poorly vascularised retina.'
In ischaemia, glycolysis proceeds
anaerobically,"” and the inner layer of rabbit
eyes is considered to be more ischaemia toler-
ant than the outer layer.

Glutamates act as a mediator of neural
injury in ischaemic conditions," and extracel-
lular glutamates were found to have increased
in ischaemic brains’ and spinal cords."” Gluta-
mate increase in the extracellular space of the
ischaemic retina has recently been well demon-
strated in vivo using the microdialysis
technique.'" In our experiment, glutamates
released from the retina into the vitreous
immediately flowed away from the outflow site
during ischaemia, and the glutamates reached
their peak level after they were dispersed into
the vitreous following the end of ischaemia.
One must consider the possible influence of
the breakdown of the blood-aqueous barrier
resulting in increased glutamates in the vitre-
ous, owing to high levels of amino acids in the
plasma.” However, since the levels of serine,
one of the non-neurotransmitter amino acids,
showed no significant changes 15 to 60
minutes after the ischaemia in any of the three
groups, the significant increase of glutamate
levels in the 38°C group was thought to be pri-
marily due to ischaemic injury.

Evidence that some of the neuroprotective
effects of hypothermia may result from reduc-
ing ischaemia induced release of excitatory
amino acids has recently been revealed.*® It is
suggested that only a few degrees of hypother-
mia during ischaemia confer a marked cerebral
protective effect* and limit glutamate excitoxity
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by decreasing the release of glutamate during
cerebral ischaemia.” In one’ of our previous
publications, we found that retinal temperature
decreased by about 9°C when the vitreous was
irrigated with a 22°C solution. The present
results indicated that 22°C seemed to be low
enough to protect the retina from ischaemic
injury related to glutamate release. The histo-
logical findings, however, showed significant
retinal oedema in the 22°C group, which was
not seen in the 8°C group. This suggested that
other mechanisms, such as decreased produc-
tion of free radicals, preservation of energy
resources, and reduced toxic metabolised
wastes may have worked more efficiently in the
8°C group than in the 22°C group.

Various kinds of neuroprotective agents,
including glutamate receptor antagonists* and
antioxidant enzymes,* have proved to be effec-
tive in reducing experimentally induced ischae-
mic injury. However, these agents should only
be applied to human eyes with caution,
because glutamate is an indispensable neuro-
transmitter, and total inhibition of its role
seems to be harmful to retinal function.
Moreover, some of these agents are reported to
have anaesthetic properties which can impair
memory and cognitive function long after
administration.”” Local hypothermia may be
more effective than the above applications
because of its minimal side effects.

Many disorders requiring vitreous surgery
are considered to have ischaemic conditions
such as diabetes mellitus and retinal vessel
occlusion. Since intraocular bleeding is one of
the common complications during vitreous
surgery, an irrigation bottle is often elevated in
order to reduce it.”* This procedure, however,
produces further ischaemic conditions in the
operated eyes. Therefore, finding an effective
means for reducing retinal damage from
ischaemia becomes a key concern in vitreous
surgery. We’ reported that local hypothermia
during vitrectomy under normal pressure for
60 minutes significantly inhibited the break-
down of the blood-aqueous barrier. This
effect, however, was not found in a short term
irrigation of 30 minutes.” We'® also examined
bleeding time and postoperative inflammation
by injuring the retinal artery during vitrectomy,
and confirmed that hypothermia reduced both
intraocular bleeding and postoperative inflam-
mation. Summing up the results of the present
experiments, we consider hypothermia to be
effective in prolonged or complicated surgery
where intraocular bleeding is expected and/or
ischaemia is evident. Keeping in mind that our
experiments were conducted using only three
different temperatures, the degree to which the
temperature of irrigating solutions should be
lowered could not be determined accurately.
Extreme cooling should be avoided because
Zilis et al ® reported that 2°C fluid caused sub-

Tamaz, Toumoto, Majima

clinical retinal detachment, which was not
observed when 22°C fluid was used. We are
planning to investigate further the optimal
temperature and conditions for applying hypo-
thermia during vitreous surgery.
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