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Effects of irrigation solutions on corneal endothelial
function

Mohamed I Yagoubi,W John Armitage, Jeremy Diamond, David L Easty

Abstract
Rabbit corneas were perfused in vitro with an
irrigation solution for 90 minutes. This was
followed by 6 hours of perfusion with tissue
culture medium TC199 during which endo-
thelial function was assessed by monitoring
rates ofswelling during a period ofperfusion in
the absence of bicarbonate ions, and subse-
quent rates of thinning when bicarbonate ions
were restored to the perfusate. Corneal thick-
ness (measured with an ultrasonic pachy-
meter) immediately following excision was 401
tim (SD 19, n=23). During the 90 minute per-
fusion at 35°C, corneas exposed to balanced
salt solution (BSS), Hartmann's solution or
0.9% NaCI (all initially at room temperature)
swelled, respectively, at 14 (SD 2*3, n=4), 11
(SD 2-6, n=4), and 70 (SD 4 3, n=4) pm/h.
Cold Hartmann's solution (initially at 4°C)
caused corneas to swell at 9 (SD 2-3, n=4)
gtm/h. On the other hand, corneas perfused
with BSS Plus thinned at 9 (SD 3*4, n=4) itm/h
and TC199 with Earle's salts had little effect on
thickness. Rates of swelling and thinning
during the following assessment perfusion
showed no apparent effects of prior exposure
to any of the irrigation solutions on the barrier
properties or pump function of the endo-
thelium. Despite this, the increased thickness
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Table I Composition ofirrigation solutions and aqueous humour

Aqueous TC199 TC199 Hartmann's
humour Earle's Hank's solution BSS BSS Plus

Na+ (mM) 162-9 144-0 138-0 131-0 144-0 160-0
K+ (mM) 2-2-3-9 5-4 5-8 5 0 10-0 5 0
Ca2+ (mM) 1-8 1-9 1-3 2-0 4-3 1-0
M8'+ (mM) 1.1 0-8 0-8 - 3-2 1-0
Fe (mM) - 1-8 18 - - -

Cl- (mM) 131-6 123-7 143-7 111-0 127-2 130-0
HCO3 (mM) 20-2 26-2 - - - 25-0
NO3- (mM) - 1-8 1-8 - - -

H2PO- (mM) - 1-0 04 - - -

HPO4 - (mM) 0-6 - 0-3 - - 3 0
S042- (mM) - 0-8 0-8 - - -
Acetate (mM) - 0-6 0-6 - 28-6
Citrate (mM) - - - - 5-8
Lactate (mM) 2 5-4 5 - - 29-0 - -

Glucose (mM) 2-7-3-7 5 6 5-6 - - 50
Glutathione 19 JIM 0-2 ,uM 0-2 IAM - - 0 3mM
Osmolality (mosmol/kg) 304 290 288 257 302 305
pH (20°C) 7-4 7-4 7-4 6-0 7-3 7-4

appearance of cell, borders were evident com-
pared with freshly isolated cornea.
(BrJ Ophthalmol 1994; 78: 302-306)

Damage to the corneal endothelium through
trauma or use of inappropriate irrigation solu-
tions can compromise the long term success of
intraocular surgical procedures. The efficacy of
irrigation solutions, especially when used for
extended periods, is critically dependent on their
composition. Dikstein and Maurice' showed in
1972 that perfusion of rabbit cornea with a
Ringer solution containing bicarbonate ions,
glucose, adenosine, and reduced glutathione
(GBR) maintained endothelial pump function
in vitro for several hours. Further work by
McCarey and Edelhauser2 showed that this
solution preserved endothelial function and
ultrastructure better than earlier intraocular
irrigation solutions.

Edelhauser's group2- subsequently tested
several solutions commonly used for irrigation
during intraocular sugery, including 0-9%
sodium chloride, Plasmalyte 148, lactated
Ringer's solution (Hartmann's solution), GBR,
balanced salt solution (BSS), and BSS Plus
(Alcon). They found that corneal thickness and
endothelial structure were best maintained by
solutions containing glutathione and bicarbo-
nate. A number of clinical studies confirmed the
efficacy of BSS Plus, a commercially available
intraocular irrigation solution that contains
glutathione and bicarbonate ions.7"'0 Although
BSS Plus appeared to cause less oedema immedi-
ately following intraocular surgery," an advant-
age in terms of reduced postoperative loss of
endothelial cells was less clear cut.'2 13 A major
problem has been to develop a stable solution
containing a sufficient concentration of bicarbo-
nate ions that is suitable for intraocular surgery.
For example, GBR' must be equilibrated with
5% CO2 to give a stable pH of 7 4, which is
clearly impractical for clinical use, and BSS Plus
comes as a two part solution that is mixed
immediately before use.

Previous assessments of intraocular irrigation
solutions were made mainly on the basis of
corneal thickness changes during exposure to the
various solutions. The aim of our study, there-
fore, was to assess irrigation solutions in vitro not
only by their capacity for maintaining thickness
of rabbit corneas, but by evaluating functional
integrity of the corneal endothelium after
exposure to the irrigation solutions. This was
done during a standardised period of perfusion
by measuring swelling and thinning rates of
corneas, respectively, in the absence and pres-
ence of bicarbonate ions.' '4 Endothelial mor-
phology was also examined following perfusion.
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Figure I Change in corneal thickness (mean (SEM), n=4) during initial 90 i
perfusion with imgation solutions: TC199 with Earle's salts (0), BSS Plus (I
Hartmann's solution (A), cold Hartmann's solution (A), 0 9% NaCi (*).

Methods

PREPARATION OF CORNEAS
Corneas obtained from New Zea
rabbits (3-4 kg) after an intravenous
pentobarbitone sodium were secure(
rings and perfused as described by ]
Maurice.' Corneal thickness, meast
ultrasonic pachymeter (DGH Ti
Inc), immediately following enuclea
[im (SD 28, n=23). Excision of the
mounting on the support ring had
corneal thickness, which remained
(SD 19, n=23, p=0 7 paired t
epithelial surface was covered with s
prevent changes in corneal thicknc
evaporation.
The endothelial surface was per

mllh, a pressure of 15 cm H20 and 3
the first 90 minutes of perfusion, c
exposed to an intraocular irrigati
This was followed by a further
perfusion during which endothelial i
assessed.

IRRIGATION SOLUTIONS
The following solutions were evalu,
pyrogen free 0 9% (w/v) NaCl

Table 2 Change in corneal thickness during I
irrigation solutions

Rate of
Initial change in
thickness thickness

Irrigation solution (6m)* (pmlh)f
0 9% NaCl 406(15) +69-7 (4
BSS 409(16) +14-2 (2
Hartmann's solution 403 (11) + 10-6 (2
Hartmann's solution (cold) 403 (34) +9 4 (2
TC199 Earle's 398 (18) -0-8 (2
BSS Plus 386(14) -9-3 (3

p=07 NSt

*Mean (SD), n=4; tregression coefficient (SD), i
swelling, - indicates thinning; tone way analysis
differences in initial thickness not significant at th

Pharmaceuticals), Hartmann's solution (lactated
Ringer's solution, Baxter), balanced salt solution
(BSS, Torbay Hospital Pharmaceutical Unit),
BSS Plus (Alcon) and tissue culture medium
TC199 with Earle's salts but without phenol red
(Sigma, M3769). The composition of these solu-
tions is given in Table 1.

Corneas were perfused for 90 minutes with
one of the irrigation solutions, and corneal
thickness was measured with the ultrasonic
pachymeter every 30 minutes. The silicone oil
was removed briefly to allow the measurements

r to be made. Each measurement was the mean of
readings taken at four different sites of the

0 central cornea.
To mimic the conditions during intraocular

surgery, corneas were initially exposed to the
! irrigation solutions at room temperature for the

first few minutes ofperfusion. For the remainder
90 of the 90 minute perfusion, the water jacket in

contact with the perfusion chamber warmed the
solution to 35°C. To evaluate the effects of using

minutes' refrigerated irrigation solutions, a further group
I), BSS (O) ofcorneas was exposed to Hartmann's solution at

4°C. As with the solutions initially at room
temperature, the majority of this perfusion was
at 350C.

iland White ENDOTHELIAL ASSESSMENT
s overdose of Corneal hydration and, thus, thickness are con-
d on support trolled by the endothelium through a pump leak
Dikstein and mechanism. Removal of bicarbonate ions from
Lred with an the perfusate suppresses endothelial pump
echnologies, function and causes corneal swelling, although
ition was 404 inhibition of the pump is not complete unless
e cornea and CO2 is also removed from the perfusate. Pump
no effect on function can be restored and the swelling
I at 401 ,um reversed by returning bicarbonate to the
test). The perfusate.'"

;ilicone oil to After the 90 minute perfusion with one of the
tss owing to irrigation solutions, endothelial function was,

therefore, assessed during a further 6 hours of
fused at 2 5 perfusion with TC199. Corneal thickness was
150C. During measured every 30 minutes with the ultrasonic
:orneas were pachymeter. The first 2 hours of perfusion were
on solution. with TC199 with Earle's salts (Sigma, M3769).
6 hours of This solution contained sodium bicarbonate (26
function was mmol/1) and glutathione, and should have sup-

ported endothelial pump function. Two hours of
perfusion with TC199 with Hanks' salts (Sigma,
M3274) then followed. This solution did not
contain bicarbonate ions and, thus, should have

ated: sterile, caused corneal swelling, although the solution
(Manorpark was not CO2 free. For the final 2 hours, perfusion

with TC199 Earle's was restored and, providing
exposure to that the endothelium was undamaged, corneas

should have thinned. Neither of the TC199
solutions contained phenol red, and their
measured osmolalities (Roebling osmometer)
were 290 and 288 mosmol/kg, respectively, for

p Value TC199 with Earle's salts and TC199 with Hanks'
3) <0-001 salts.
3) 0001 Rates of change in corneal thickness both
.6) 0-003*3) 0-004 during perfusion with the irrigation solutions
;2) 072 NS and during the three parts of the assessment4) 0025 perfusion were determined by regression

analysis. Comparisons were made between
n=4: + indicates groups by analysis of variance at the 5% level of
;of variance - g b
ie 5% level. significance.
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3 mmol/l Ca21) for IO minutes.'5I The alizarin red
S was adjusted to pH 4-2 before use.

Results

HCU3-- tree EXPOSURE TO IRRIGATION SOLUTIONS

Changes in corneal thickness during perfusion
for 90 minutes with the irrigation solutions are

shown in Figure 1 and Table 2. There were no

differences in corneal thickness between the

various groups at the start of perfusion (p=007).
Exposure to TC199 with Earle's salts resulted in

little change in thickness, whereas BSS Plus
caused thinning. Corneas exposed to the other
solutions all increased in thickness during the 90
minute perfusion. Corneas exposed to 0 9%
NaCl swelled at by far the highest rate. Hart-
mann's solution and BSS caused modest, though

2 3 4 5 6 significant, increases in thickness (Table 2).

Time (hours)
Change in corneal thickness (mean (SEM), n=4) during assessment perfusion ASSESSMENT OF ENDOTHELIAL FUNCTION
90 minutes' exposure to irrigation solutions: untreated control0), TC199 with Freshly isolated corneas not subjected to the 90

minute perfusion with an irrigation solution
(untreated control) maintained their thickness
during the first 2 hours of perfusion with TC199
with Earle's salts. When perfused with bicarbo-
nate free TC199 with Hanks' salts, they swelled
at 31f5 pm/h (SD 2-0, n=4), but thinned again
at 34-5 pm/h (SD 5 5, n=4) when reperfused
with TC199 with Earle's salts.
An extra 90 minute perfusion with TC199

with Earle's salts preceding the assessment per-
fusion had no effect on corneal thickness at the

start of the assessment nor on the rates of
swelling and thinning during the three parts of
the assessment perfusion (Fig 2 and Table 3).
The changes in thickness of corneas previously

_ exposed to BSS Plus were also similar to the

controls.
In spite of the swelling induced by prior

exposure to BSS and cold Hartmann's solution,
HC0I the rates of swelling and thinning during the
'''' assessment were no different from the controls at

0 1 2 3 4 5 6 the 5% level of significance (Fig 3 and Table 3).
Time (hours). These corneas, however, were still thicker than

Change in corneal thickness (mean (SEM), n=4) during assessmentperfusion controls (p= 0-01) at the end of the assessment

90 minutes' exposure to irmgation solutions: untreated control (0), BSS(p)u
nz's solution (A), cold Hartmann's solution (A), 0-9% NaCI perfusion.

The only groups to thin significantly during
Changes in corneal thickness during the 6 hour assessment perfusion with TC1 99 the first 2 hours of the assessment perfusion with

TC199 were those previously exposed to 0 9%
Rate ofchange in corneal thickness (Rm/h)t NaCl (regression coefficient -22-7 ,tm/h,
TC199 Earle's TC199Hank's* TC199 Earle's P<0001) or to Hartmann's solution at room

;olution* 0-2 h 2-4 h 4-6 h temperature (regression coefficient -5 7 pm/h,
Icontrol +39 (24 3) +31-5 (2 0) -34.5 (5.5) p=002). By the end of the assessment, corneas

-227(49) +26-6(7-1) -224(84) exposed to 0-9% NaCl were still considerably
i's solution -25(56) +394(12-8) -2439(49) thicker than the controls (p=0 01, Fig 3),

3-3 (46) +295 (96) -297 (72) whereas corneas exposed to room temperature
Lrle's -905 (281) +35386 (784) -2637 (274) Hartmann's solution were no different from the

controls at the 5% level of significance.
*Corneas, except for untreated controls, were perfused for 90 minutes with an irrigation solution
before the assessment perfusion with TC199; tregression coefficient (SD), n=4: + indicates swelling,
- indicates thinning; tTC199 Hanks' does not contain HCO3 .

ENDOTHELIAL MORPHOLOGY
After perfusion, the endothelium was stained
with trypan blue and alizarin red S and examined
by light microscopy after brief fixation in 2-5%
glutaraldehyde (0- 15 mol/l cacodylate buffer,

ENDOTHELIAL MORPHOLOGY
Staining with trypan blue and alizarin red S
demonstrated in all cases an intact endothelial
mosaic with no evidence of cell loss or damage,
even in corneas exposed to 0-9% NaCl. Some
changes were apparent, however, both to cell
shape and to the intercellular borders compared
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with freshly isolated cornea (Fig 4). Cells
exposed to Hartmann's solution had broader and
more irregular borders, whereas cells exposed to
BSS were rounder and showed more regular,
smoother borders than freshly isolated, unper-
fused corneas. Cells exposed to BSS Plus and
TC199 were similar to each other in appearance,
with somewhat straighter and wider borders
than unperfused corneas. Although the nuclei of
cells exposed to 0-9% NaCl were prominent, this
was not the result of trypan blue staining. The
borders of these cells were very straight and
sharply defined (Fig 4E).

Discussion
Previous investigations of the effects of intra-
ocular irrigation solutions on corneas have
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Figure 4 Endothelial morphology after staining with trypan
blue and alizarin red S. (A) Freshly isolated, untreated
cornea. (B) Cornea perfused with Hartmann's solution for 90
minutes, followed by 6 hour assessment perfusion - note
thickened borders. (C).Cornea perfused with BSS Plus for 90
minutes, followed by 6 hour assessment perfusion - borders
wider and straighter than (A). (D) Cornea perfused with BSS
for 90 minutes, followed by 6 hour assessment perfusion - note
more rounded shape ofcells and straighter borders than (A).
(E) Cornea perfused with 0-9% NaClfor 90 minutes,
followed by 6 hour assessment perfusion - nuclei are prominent
(though not stained withtiypan blue), and borders very
straight and sharply defined.

focused mainly on corneal thickness changes
during exposure to the various solutions.'-6The
present study extends those observations
through the addition of a standardised period of
perfusion following exposure to the irrigation
solutions, during which the ability of the endo-
thelium to control corneal hydration was
assessed.

Corneal hydration, and hence thickness, is the
result of a balance between the passive leak of
water and solute across the endothelium into the
stroma, and the activity of endothelial ion
pumps. The leak, in turn, is dependent on the
stromal swelling pressure and the passive perme-
ability of the endothelial monolayer. Disruption
of endothelial intercellular junctions or failure to
support the endothelial ion pumps will, there-
fore, lead to corneal swelling. ' 14
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Control of corneal hydration during exposure
to irrigation solutions is influenced by ionic
composition of the solution, the presence of
energy substrates, and factors such as osmolality
and pH. Ofthe irrigation solutions we used, only
0-9% NaCl did not contain calcium, which is
essential for maintaining endothelial inter-
cellular junctions and, hence, for maintaining
the barrier function of the endothelial layer. 16 As
expected, this solution caused a rapid increase in
thickness (70 itm/h) of rabbit corneas. One
hour's exposure to 0-9% NaCl has previously
been reported to cause irreversible damage to
rabbit corneal endothelium,3 but we found no
evidence of similarly extensive damage either on
the basis of subsequent endothelial function or
morphology. Such a high rate of swelling, how-
ever, would make this solution an inappropriate
choice for intraocular irrigation, especially for
extended surgical procedures.
Hartmann's solution and BSS both lack

HCO3-, which is essential for endothelial pump
function, an energy substrate (glucose), and
glutathione. Both of these solutions caused an
increase in corneal thickness; but, given its low
osmolality (257 mosmol/kg), the rate of swelling
in Hartmann's solution was much lower than
expected. Hartmann's solution also has a low pH
of only 6 and a slightly lower ionic strength than
BSS (0-143 v 0-163, respectively). It has been
shown that both pH and ionic strength influence
the swelling properties of cornea and that reduc-
tions in both these factors reduce the rate of
swelling of isolated bovine stroma.'7 Such a low
pH has been shown to be harmful to corneal
endothelium,'8 and irreversible changes follow-
ing exposure to Hartmann's solution have also
been reported5; but those detrimental changes
were observed after longer exposure times than
the 90 minutes used in the present experiments.
The changes in corneal thickness during the

assessment perfusion suggested that neither BSS
nor Hartmann's solution irreversibly disrupted
the endothelial barrier properties or pump
function. However, the swelling induced by
exposure to BSS and cold Hartmann's solution
was not fully reversed by the end of the assess-
ment period, although they were still thinning
and may well have attained their original thick-
ness with continued perfusion. In contrast,
corneas exposed to Hartmann's solution at room
temperature did return to their normal thickness
within the time course of the experiment, sug-
gesting that ifirrigation solutions are to be stored
in a refrigerator, they should be allowed to warm
to room temperature before use.

Tissue culture medium 199 with Earle's salts
and BSS Plus both contain HCO3- as well as
glucose and glutathione, which are all compo-
nents that have been identified as necessary for
maintenance of corneal thickness.' Although the
osmolality of TC199 was lower than that of
human aqueous humour (Table 1), rabbit
corneas maintained their thickness during perfu-
sion with this solution, while they thinned
during exposure to BSS Plus. The assessment
perfusion confirmed that endothelial function

was apparently unaffected by prior exposure to
either of these two solutions, but, as with the
other irrigation solutions, morphological
changes to the endothelium were evident. These
changes, however, seemed to have no functional
significance for the endothelium.

In summary, the two solutions that contained
HCO3, glucose, and glutathione - namely, BSS
Plus and TC199 with Earle's salts, did not cause
corneal swelling. On the other hand, exposure to
0-9% NaCl, BSS, or Hartmann's solution, all of
which caused corneal swelling to varying
degrees, did not subsequently appear to have any
deleterious consequences for endothelial barrier
properties or pump function. All of the irrigation
solutions caused some morphological changes to
cell shape or to intercellular borders, but there
was no evidence of cell loss or gross disruption to
the endothelial mosaic. These changes had no
apparent functional significance. The swelling
induced by cold Hartmann's solution was more
persistent than that following exposure to Hart-
mann's solution at room temperature, suggest-
ing that refrigerated irrigation solutions should
be warmed before use.
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