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Aim: To investigate the retinal foxicity of bevacizumab in co-application with a commercially available
recombinant tissue plasminogen activator (rt-PA), and to facilitate a new therapeutic concept in the treatment
of massive subretinal haemorrhage caused by neovascular age-related macular degeneration (AMD).
Methods: Isolated bovine refinas were perfused with an oxygen-preincubated nutrient solution. The
electroretinogram (ERG) was recorded as a transretinal potential using Ag/AgCl electrodes. Bevacizumab
(0.25 mg/ml) and rt-PA (20 pg/ml) were added to the nutrient solution for 45 min. Thereafter, the retina was
reperfused for 60 min with normal nutrient solution. Similarly, the effects of rt-PA (20 ug/ml, 60 pg/ml and
200 pg/ml) on the a- and b-wave amplitudes were investigated. The percentages of a- and b-wave reduction
during application and at washout were calculated.

Results: During application of bevacizumab (0.25 mg/ml) in co-application with 20 pg/ml (rt-PA), the ERG
amplitudes remained stable. The concentrations of rt-PA alone (20 pg/ml and 60 pg/ml) did not induce
significant reduction of the b-wave amplitude. In addition, 20 pug/ml rt-PA did not alter the a-wave amplitude.
However, 60 pg/ml rt-PA caused a slight but significant reduction of the a-wave amplitude. A full recovery
was detected for both concentrations during the washout. At the highest tested concentration of 200 pg/ml rt-
PA, a significant reduction of the a- and b-wave amplitudes was provoked during the exposure. The reduction
of ERG amplitudes remained irreversible during the washout.

Conclusion: The present study suggests that a subretinal injection of 20 ug/ml rt-PA in co-application with
bevacizumab (0.25 mg/ml) for the treatment of massive subretinal haemorrhage seems possible. This is a

INTRODUCTION

Age-related macular degeneration (AMD) is the leading cause
of central vision loss in the aged population of the Western
world.' The neovascular form of the disease is characterized by
the growth of a choroidal neovascularization (CNV). In
particular, CNVs associated with a massive subretinal haemor-
rhage are correlated with a dramatic loss in vision, inducing
irreversible damage of the neurosensory retina.””

Pars plana vitrectomy, subretinal tissue-plasminogen activa-
tor (rt-PA) injection and air-fluid exchange are techniques that
have been used effectively to displace submacular haemor-
rhage. Most patients have improved vision soon after the
haemorrhage is removed from the subretinal space. However,
visual acuity frequently deteriorates due to progression of the
underlying pathology of the macula.”

Although the exact mechanisms of CNV are still not
completely clarified, previous studies indicate that an imbal-
ance between angiogenic and antiangiogenic factors may play
an important role, in which vascular endothelial growth factor
(VEGF), as an angiogenic factor, plays a central role in the
development of CNV.**

Recently, new therapeutic agents have been introduced for
the treatment of exudative AMD targeting VEGF. One of these
new agents is bevacizumab (Avastin™)." "' The recombinant
humanized anti-VEGF antibody bevacizumab was shown in
vitro to inhibit VEGF-induced cell proliferation, survival,
migration and tissue-factor production, and recent studies
proposed its application in the treatment of exudative AMD."

Inhibiting the effects of VEGF, angiogenesis and vascular
permeability makes bevacizumab a promising candidate for

safety study. Therefore, we did not fest the clinical effectiveness of this combined treatment.

intraocular co-application with rt-PA in the treatment of
exudative AMD with a massive subretinal haemorrhage,
potentially reducing the risk of CNV progression or recurrence.

No data about the toxic side effects of bevacizumab in co-
application with rt-PA on retinal function are available, when
used at clinically relevant therapeutic concentrations. The
present study was designed to investigate the effects of
bevacizumab and rt-PA on the parameters of the electroretino-
gram (ERG) using the isolated perfused vertebrate retina
technique, an electrophysiological in vitro technique for the
evaluation of retinal toxicity.” '*

MATERIALS AND METHODS

Materials

Aspartate, glucose and other chemicals were obtained from
Merck at pro-analysis grade. Commercially available rt-PA
(10 mg Alteplase, (Actilyse®)) was purchased from Boehringer
Ingelheim (Germany) and was dissolved in 10 ml of a vehicle
containing 348.4 mg arginine, 107.2 mg HsPO,4; 1 mg poly-
sorbate 80 and water for injection.

Bevacizumab (Avastin™) was purchased from Roche
Pharma (Switzerland). Bevazicumab was dissolved in 4 ml of
a vehicle containing 240 mg o,a-trehalose x 2H,O, 23.2 mg
NaH,PO, x H,O, 4.8 mg Na,HPO,, 1.6 mg polysorbate 20 and
water for injection. The dilutions with dissolved rt-PA and
bevacizumab were used in a final concentration of 1 mg/ml and

Abbreviations: AMD, age-related macular degeneration; CNV, choroidal
neovascularization; ERG, e|ectroreﬁnogram; rt-PA, recombinant tissue
plasminogen activator; VEGF, vascular endothelial growth factor
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25 mg/ml, respectively, as a stock solution. The stock solutions
were stable when stored at 4°C.

A purified sheep anti-bovine IgG was purchased from
Immunology Consultants Laboratory Inc. (USA). The anti-
bovine IgG was dialysed with the nutrient solution and used as
a control.

METHODS

Superfused vertebrate retina assay

Bovine eyes were obtained directly post-mortem and were
transported in darkness in a serum-free standard medium
containing 120 mM NacCl, 2 mM KCl, 0.1 mM MgCl,, 0.15> mM
CaCl,, 1.5 mM NaH,PO, 13.5 mM Na,HPO, and 5 mM
glucose. The preparation was performed as described
recently.” " '* For each experiment, a new isolated retina was
used.

The ERG was recorded in the surrounding nutrient medium
via two silver/silver-chloride electrodes on either side of the
retina. The recording chamber containing a piece of retina was
placed in an electrically and optically insulated box. The
perfusion velocity was controlled by a roller pump and set to
1 ml/min. The temperature was kept constant at 30°C. The
perfusing medium was pre-equilibrated and saturated with
oxygen. The retina was dark-adapted and the ERG was elicited
at intervals of 5 min using a 1-Hz single white xenon flash for
stimulation. The flash intensity was set to 6.3 mlx at the retinal
surface using calibrated neutral density filters (Kodak Wratten
Filter).

The duration of light stimulation was 10 microseconds,
controlled by a timer (Photopic Stimulator PS33 Plus; Grass,
Warwick, RI). The ERG was filtered and amplified (100-Hz high
pass filter, 50-hz notch filter, 100 000 x amplification) using a
Grass RPS312RM Amplifier. The data were processed and
converted with an analog-to-digital data acquisition board
(PCI-MIO-16XE-50; National Instruments, Austin, TX) in a
desktop computer (PC compatible).

The retina was superfused with the serum-free nutrient
solution and stimulated repeatedly until stable b-wave ampli-
tudes were recorded. Bevacizumab at a concentration of
0.25 mg/ml and rt-PA at a concentration of 20 pg/ml (n = 6)
were added to the nutrient solution for 45 min and responses
were recorded for 45 min. Thereafter, the retina was reperfused
for 60 min with normal nutrient solution.

In our surgical setting, vitrectomy was combined with a
subretinal injection of 20 pg/ml tissue plasminogen activator
(rt-PA) in the case of a subretinal haemorrhage (SRH) caused
by neovascular AMD. According to our setting, the following
concentrations of rt-PA were selected and, in an analogous
manner, the effects of rt-PA (20 pug/ml [n=6], 60 nug/ml
[n=6] and 200 pg/ml [n =4]) alone were investigated on the
b-wave amplitude.

After recording stable ERG amplitudes, the retina was
exposed to the indicated concentrations of rt-PA for 45 min.
Thereafter, perfusion with standard solution was resumed for
another 60 min to observe the b-wave recovery. The b-wave
amplitude was measured from the trough of the a-wave to the
peak of the b-wave (fig. 1a).

To investigate the effects of bevacizumab on the photo-
receptors under scotopic conditions (6.3 mlx flash light
intensity), the b-wave was suppressed by adding 1 mM
aspartate to the nutrient solution. Under these conditions, the
influence of bevacizumab on the photoreceptor potential P III
was analysed. Aspartate is an inhibitor of synaptic transmission
at the level of the first retinal synapse and enables the recording
of unmasked photoreceptor potential P III by abolishing the
b-wave (fig. 1b)."” We recorded stable photoreceptor potential P
III for 30 min. Thereafter, bevacizumab in co-application with
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rt-PA was added at the same concentrations to the aspartate-
containing nutrient solution for 45 min (n = 6). The changes of
the a-wave amplitude during the application of bevacizumab
and rt-PA were recorded and the recovery was followed up for
60 min under perfusion with the aspartate-containing nutrient
solution. The effects of rt-PA alone on the photoreceptor
potential were also tested at concentrations of 20 pg/ml (n = 6),
60 pg/ml (n=6) and 200 pg/ml (n=4), using the same
experimental set-up.

Additionally, the effects of the vehicle were tested on the a-
and b-wave amplitudes. The dilution without the active agent
rt-PA was used as a control. Equivalent amounts of the solvent
carrier were applied to the nutrient solution for 45 min under
the same conditions as during the testing of 20 pg/ml rt-PA.
Subsequently, the a- and b-wave recovery was observed for
60 min (for both test series, n =5).

We also included an experiment with a sheep anti-bovine IgG
as a negative control for the test series bevacizumab in co-
application with rt-PA. The sheep anti-bovine IgG was dialysed
with the nutrient solution and we tested the effects on the b-
wave amplitude at the same final concentration of 0.25 mg/ml
(n=1).

Data analysis

The percentage reduction of the a-wave and b-wave amplitude
was calculated before and after application of bevacizumab and
rt-PA. The a- and b-wave recovery was compared with the a-
and b-wave amplitude before application of bevacizumab. For
the statistical analysis, the software “JMP Version 6.0.3” was
used. Significance was estimated by a multifactorial analysis of
variance and levels of p<0.05 were considered as statistically
significant.

RESULTS

The perfusion of the isolated bovine retina was performed
under stable environmental conditions. Osmotic pressure,
temperature and pO, remained unchanged during perfusion.
In our experimental setting, stable ERG amplitudes were
reached within 2 hours perfusion and the superfused retinal
preparations responded constantly to light stimulation for more
than 10 hours."”

Bevacizumab was effective in the treatment of neovascular
AMD and macular oedema at a concentration of 1.25 mg per
human eye after intravitreal injection.'’ ** Therefore, based on
approximately 5 ml of the vitreous humor, the average
intraocular concentration of bevacizumab was calculated to
be 0.25 mg/ml.

Accordingly, we studied the effects of bevacizumab on the
parameters of the ERG at a concentration of 0.25 mg/ml in co-
application with 20 pg/ml rt-PA. During the application of
bevacizumab and rt-PA, only a slight but not significant
reduction of the b-wave amplitude of 14.2% was found during
the exposure time (p=0.37, fig. 2a). Furthermore, after
incubation, the b-wave amplitude remained stable throughout
the washout with the standard solution, showing no significant
difference of b-wave amplitude before and after application of
bevacizumab and rt-PA (p = 0.80; fig. 2a).

The separated effects of rt-PA on the b-wave amplitude were
also tested at the following concentrations: 20 pg/ml, 60 pg/ml
and 200 pg/ml. During exposure of 20 pg/ml rt-PA, a slight
increase of 20.53% of the b-wave could be observed, which did
not reach significance level (p =0.10; fig. 3a). At 60 pg/ml rt-
PA, the applied drug provoked a reduction of the b-wave
amplitude of 27.9%, which was not significant (p=0.25;
fig. 3c). For both concentrations of rt-PA, the b-wave amplitude
recovered during the washout, reaching the mean value of b-
wave amplitudes before the application of rt-PA (fig. 3a and ¢).
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Figure 1 The ERG from the isolated
perfused bovine retina. A: The b-wave is
dominant in the ERG of the isolated perfused
bovine refina under scotopic light conditions.
It results from a 10-microsecond light
stimulus at a light infensity of 6.3 mlx at
scotopic lighting conditions. B: The a-wave is
dominant in the ERG of the isolated perfused
bovine retina affer blocking the b-wave b

1 mM aspartate to the nutrient solution. The
a-wave was generated by using a 10-
microsecond light stimulus of 6.3 mix at
scotopic lighting conditions.
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In contrast, the highest tested concentration of 200 pg/ml rt-
PA provoked a pronounced reduction of the b-wave amplitude
of 44.64% at the end of the exposure period (p<<0.01). A b-wave
recovery was not detected and the b-wave amplitude remained
impaired during the washout (p<<0.01; fig. 3e).

To evaluate the influence of bevacizumab (0.25 mg/ml) in co-
application with rt-PA (20 pug/ml) on the a-wave amplitude, we
investigated the effects of both therapeutic substances on the
photoreceptor potential P III using aspartate.”” After the
addition of 1 mM aspartate, the b-wave amplitude was reduced
continuously and unmasked photoreceptor potential could be
recorded. The concentrations of bevacizumab and rt-PA were
added to the nutrient solution containing aspartate for 45 min.
The washout for the a-wave recovery was comparably limited to
60 min (fig. 2b). The a-wave amplitude was changed by
bevacizumab and rt-PA, and a slight but significant reduction
of 17.02% of the a-wave amplitude (p=0.02; fig. 2b) was
detected during the exposure. At washout, the a-wave
amplitude recovered and no significant difference between
the a-wave amplitudes before the application and at the end of
the washout was observed (p = 0.07; fig. 2b).

In this analogous manner, we also tested the effects of 20 pg/
ml, 60 pg/ml and 200 pg/ml rt-PA on the a-wave amplitude. At
a concentration of 20 pg/ml rt-PA, a specific reduction of the a-
wave was not detected during the exposure (p = 0.23; fig. 3b).
However, the higher tested concentration of 60 pg/ml induced a
significant reduction of the a-wave amplitude of 18.2%
(p<<0.01; fig. 3d). However, for both concentrations of rt-PA,
a difference between the a-wave amplitudes before application
and at the end of the washout was not detected, reaching the
mean value of a-wave amplitudes before the application of rt-
PA (p=0.18 and p = 0.23, respectively; fig. 3b and d).

The application of 200 pg/ml rt-PA induced a significant
reduction of the a-wave amplitude of 36.6% (p<<0.01). At
washout, the recovery of the a-wave amplitude remained

500ms 750 ms 1000 ms

incomplete and did not reach the mean value of a-wave
amplitude before the application of rt-PA (p = 0.01; fig. 3f).

To determine the effects of the vehicle of rt-PA on retinal
function, the dilution of rt-PA at a concentration of 20 pg/ml rt-
PA was added to the nutrient solution and used as a control.
Apart from this variation, the test series were performed as
described before. During a 45-min incubation period, the
excipient caused no reduction of the a- and b-wave amplitudes
(p=0.16 and p = 0.40, respectively; fig. 4a and b) and the
recordings remained stable throughout the washout (p = 0.40
and p = 0.74, respectively; fig. 4a and b).

The sheep anti-bovine IgG was tested on the b-wave
amplitude and used as a negative control for the test series
bevacizumab in co-application with rt-PA. During exposure
with the sheep anti-bovine IgG, the b-wave amplitudes
remained stable. An alteration of the b-wave was also not
detected during the washout (fig. 5).

DISCUSSION

The condition SRH is associated with a poor visual outcome due
to a barrier effect that prevents metabolic exchange between
the retina and choriocapillaris, the toxicity of iron released by
the haemoglobin and shearing of the outer segments of the
photoreceptors.” ** The prognosis of submacular haemorrhage
is further worsened if associated with AMD.>” The short-term
effects of displacing the haemorrhage with rt-PA seem
beneficial, but progressive visual loss related to the underlying
CNV negate this benefit, whereby the majority of the eyes lose
visual acuity.” Consequently, co-application with bevacizumab
is suggested, thereby avoiding progression of the underlying
disease. The effectiveness of bevacizumab alone in the treat-
ment of neovascular AMD has been previously shown in many
non-controlled clinical studies without detecting retinal toxi-
city.'” "' #=* Due to the intriguing clinical results, a combined

Figure 2 Effects of bevacizumab in co-
application with rt-PA on the ERG of the
isolated perfused bovine retina. The average
of the representative drug series (both fest
series, n=6). The black horizontal bar marks
the time of combined bevacizumab

(0.25 mg/ml) and rt-PA (20 pg/ml)
application. The dash-dotted line in B marks
the time of the additional aspartate
application (1 mM). Three representative
standard deviations for each drug series are
given.
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intraocular application of bevacizumab and rt-PA seems to be a
promising treatment for SRH caused by neovascular AMD.
However, the toxicity of rt-PA has previously been studied in
the rabbit and cat.” ** It has been established that evidence of
retinal toxicity occurred with intravitreal doses greater than
or equal to 50 pg, which corresponds to an intravitreal
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Figure 3 Effects of rt-PA on the ERG of the
isolated perfused bovine refina. The average
of representative drug series. The black
horizontal bar marks the time of rt-PA
application. The dash-dotted line in B, D and
F marks the time of aspartate co-application
(1 mM). The rt-PA concentrations: in A and
B, a rt-PA concentration of 20 ug/ml was
used (n=6); in C and D, a rt-PA
concentration of 60 pg/ml was tested
(n=6); in E (n=4) and F (n=4), a rt-PA
concentration of 200 pg/ ml was
investigated. Three representative standard
deviations for each drug series are given.

concentration of 10 pg/ml assuming a vitreous volume of
approximately 5 ml. A clinical study showed exudative inferior
retinal detachments in all patients who received a dose of
100 pg intravitreally, but in none of the patients who received
50 pg.”” Fundus pigmentary changes were observed with an
intravitreal dose of 33 pg, which corresponds to a concentration

Figure 4 Effects of the vehicle on the a- and
b-wave amplitude of the isolated perfused
bovine retina. The average of representative
drug series (both fest series, n=>5). Affer
reaching equilibrium at stable ERG
amplituges, the vehicle without the substance
rt-PA was added to the nutrient solution. The
black horizontal bar labels the time of the
vehicle application. The dash-dotted line in B
marks the time of the additional aspartate
application (1 mM). After 45 min, the
exposure with the vehicle was discontinued
and the perfusion with the nutrient solution
resumed. The ERG amplitudes remained
stable throughout the washout. Three
representative standard deviations are given.



Retinal tolerance to bevacizumab with rt-PA

20—

2
\

&
\

b-wave amplitude (1V)
)
é

0 \ \ \
0 50 100 150

Time (min)

Figure 5 Effects of the sheep anti-bovine IgG on the b-wave amplitude of
the isolated perfused bovine retina. The black horizontal bar marks the time
of the application of 0.25 mg/ml sheep anti-bovine IgG according to the
tested concentration of bevacizumab (n=1). After reaching stable ERG
amplitudes, the sheep anti-bovine IgG was added to the nutrient solution.
After 45 min, the exposure was discontinued and the perfusion with the
nutrient solution was resumed. The ERG amplitudes remained stable
throughout the washout.

of 6.6 ng/ml.*® To avoid toxic effects, a maximum intravitreal
dose of 50 pg has been recommended, although in some clinical
studies higher doses of rt-PA were used.” *°

Singh ef al. described a subretinal injection of 48 pg/0.4 ml
according to a concentration of 120 pug/ml, which was twelve-
fold higher than the recommended intravitreally applied
concentration of 10 pg/ml.** However, no evidence of retinal
toxicity secondary to rt-PA in any of the patients has been
observed.”

Recapitulating the observations due to the retinal toxicity of
rt-PA, it must be hypothesised that, for rt-PA, only a narrow
therapeutic range exists. The ideal therapeutic concentration of
rt-PA in the treatment of SRH caused by neovascular AMD has
not yet been found. For rt-PA, it has been established that it
effectively lyses subretinal clots when injected subretinally
around the clotted blood. Therefore, we assume that a
subretinal injected concentration of 20 pg/ml is conducive to
the thrombolytic characteristics of rt-PA and to reducing retinal
toxicity.

Our results confirmed this consideration and no noteworthy
retinal toxicity was detected for the simultaneous application of
20 pg/ml rt-PA and 0.25 mg/ml bevacizumab, although a small
reduction of the a-wave amplitude was observed during
exposure. Considering the negative controls, the small decrease
of the a-wave has to be attributed to the applied active agents.
However, a full recovery was detected during the washout.

Therefore, according to our results, a subretinal injection of
20 pg/ml can be combined with an application of 0.25 mg/ml
bevacizumab within the surgical displacement of a SRH caused by
neovascular AMD. Concentrations of rt-PA that are higher than
20 pg/ml should not be applied, because a reversible but
significant reduction of the a-wave amplitudes was detected at
60 pg/ml rt-PA. The highest tested concentration of 200 pg/ml rt-
PA provoked an irreversible reduction of the ERG amplitudes.

The retinal toxicity of rt-PA is thought to be due to the -
arginine component of the vehicle. Further evidence for this
hypothesis comes from a study of intravitreal injections of
aztreonam that also contain r-arginine in the vehicle, which
showed almost equivalent retinal damage when a vehicle
equivalent to the aztreonam dose was injected.”* ** However, in
our control arm, no evidence for toxic effects on the function of
photoreceptors or the higher neuronal network was detected
when testing the concentration of the solvent carrier, which
was equivalent to a concentration of 20 pg/ml rt-PA.
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The technique of the isolated and perfused bovine retina has
often been proven to be a reliable and sensitive tool for
pharmacological studies and has been optimized during recent
years.” ' The concentrations of drugs, which are added to the
nutrient solution, are precisely specified. The drug effects can
be studied separately from systemic effects.

Strong similarities were detected in the drug-induced
changes of the ERG when retinas from human and vertebrate
animals were compared.” ' However, our findings might be
limited due to the potentially lower binding properties of
bevacizumab to bovine VEGF compared to human VEGEF.
Nevertheless, the homology of bovine VEGF to human VEGF is
about 98%. Therefore, we assume that the results from our
animal experimentation with the isolated perfused retina may
also be extrapolated to the human retina, according to other
safety studies that were published recently.” ** **

The aim of our study was to evaluate a safe concentration of
bevacizumab and rt-PA for combined treatment. Our study
revealed no retinal toxicity for the combined application of
bevacizumab and rt-PA at the tested concentration. The isolated
superfused retina is well defined to evaluate the short-term
effects on retinal function. Long-term effects cannot be
excluded with our experimental approach.

We are aware that no definitive conclusions can be drawn
based on a single in vitro study. However, we assume that a
combined treatment of SRH caused by exudative AMD with
bevacizumab and rt-PA at the tested concentration seems
reasonable.
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