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 Introduction 

 The internal limiting membrane (ILM) is the inner-
most layer of the retina and part of the vitreoretinal in-
terface. Morphologically, the ILM is the basal membrane 
of the Müller glia, which plays an essential role in the ho-
meostasis and stability of the retina  [1] . In this context, 
retinal glial cells are responsible for the removal and me-
tabolization of neurotransmitters such as  � -aminobutyr-
ic acid (GABA)  [2] . The basal membrane consists of col-
lagen fibers  [3]  and is tightly linked to the vitreous body 
by glycoproteins such as laminin and fibronectin  [4, 5] . 
Thus, the ILM has to compensate for forces arising be-
tween the vitreous body and the retinal surface  [6] . An 
imbalance in the affecting forces on the ILM, such as 
those caused by traction maculopathy, raises the risk of 
membrane destruction. In particular, the macular is pre-
disposed to a disruption that can result in a macular hole 
 [7] . The state of the art therapeutic intervention for mac-
ular holes is a pars-plana vitrectomy followed by an ILM 
peeling  [8] . An additionally applied ILM staining with 
vital dyes prior to the peeling has been shown to improve 
the initial reattachment rate and the postoperative visual 
acuity  [9] . Currently, indocyanine green (ICG) and bril-
liant blue G (BBG) are the most promising dyes for chro-

 Key Words 
 Macular hole surgery  �  Pars plana vitrectomy  �  Membrana 
limitans interna  �  Ultrastructure  �  Brilliant blue G  �  
Indocyanine green  �  Membrane peeling 

 Abstract 
 The purpose of this study was to investigate the ultrastruc-
ture of the membrana limitans interna (internal limiting 
membrane, ILM) and to evaluate alterations to the retinal cell 
layers after membrane peeling with vital dyes. Twenty-five 
patients (25 eyes) who underwent macular hole surgery 
were included, whereby 12 indocyanine green (ICG)- and 13 
brilliant blue G (BBG)-stained ILM were analyzed using light, 
transmission electron and scanning electron microscopy. 
Retinal cell fragments on the ILM were identified in both 
groups using immunohistochemistry. Comparing ICG- and 
BBG-stained membranes, larger cellular fragments were ob-
served at a higher frequency in the BBG group. Thereby, the 
findings indicate that ICG permits an enhanced separation 
of the ILM from the underlying retina with less mechanical 
destruction. A possible explanation might be seen in the 
known photosensitivity of ICG, which induces a stiffening 
and shrinkage of the ILM but also generates retinal toxic me-
tabolites.  Copyright © 2011 S. Karger AG, Basel 
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movitrectomy, even though there are controversial stud-
ies about the side effects. In particular, ICG is supposed 
to bring about a dose- and illumination-dependent toxic-
ity  [10, 11]  to the retinal ganglion cells and the retinal pig-
ment epithelium  [12, 13] . However, regarding the func-
tional outcome of ILM peeling with ICG or BBG after a 
period of 6 months, no significant differences were found 
 [14] . Therefore, the intention of this study was to examine 
ultrastructural features on the ILM by ICG or BBG to 
gain a picture of retinal alterations secondary to mem-
brane peeling.

  Patients and Methods 

 Twenty-five eyes from 25 patients with a diagnosed macular 
hole according to Gass  [15]  were enrolled in this retrospective 
study. All individuals were undergoing their first surgery for mac-
ular hole repair. The study was undertaken between March 2008 
and September 2009, in accordance with the rules of the local in-
stitutional review board and ethics committee. Benefits and risks 

of the pars-plana vitrectomy with vital dye-assisted membrane 
peeling were explained in detail to the patients, and the surgery 
was performed after written informed consent. The patient group 
consisted of 19 women and 6 men with a mean age of 68 years, 
ranging from 10 to 82 years. Fourteen left eyes and 11 right eyes 
were operated. The preoperative ophthalmic examination includ-
ed Snellen visual acuity, intraocular pressure, slit-lamp examina-
tion, stereoscopic biomicroscopic examination and optical coher-
ence tomography. For ILM staining, either 0.5 ml of 0.025% BBG 
(Brilliant Peel � , Fluoron GmbH; Neu-Ulm, Germany) or 0.3 ml 
of 0.1% ICG (ICG-Pulsion � , Pulsion AG; Munich, Germany) were 
used according to the schedule shown in  table 1 . BBG was applied 
to 12 patients, 9 women and 3 men, with a mean age of 69 years, 
ranging from 56 to 82 years. Membrane staining with ICG was 
performed in 13 patients, 10 women and 3 men, with an average 
age of 68 years, ranging from 10 to 81 years.

  All eyes received a standard 23-gauge 3-port pars-plana vit-
rectomy with a posterior vitreous detachment. For surgical field 
illumination, a cold light source (Megatron � , Geuder AG, Heidel-
berg, Germany) was used. The vital dyes were applied over the 
macular and washed within 20 s. Subsequently, the stained ILM 
was gripped carefully and peeled in a maculorhexis fashion with 
Eckardt end-gripping ILM forceps (DORC BV, Zuidland, The 
Netherlands). The surgery was completed by a fluid-gas exchange 

Table 1.  Clinical features of 25 eyes with a macular hole

Patient No./
Sex

Preparation
technique

Age
years

Dye Eye Lens status Symptom dura-
tion, months

Best-corrected 
visual acuity

Macular 
hole stage

1/F TEM/SEM 67 BBG right phakic/cat. 4 0.32 3
2/M TEM/SEM 77 BBG right phakic/cat. 6 0.10 2
3/F TEM/SEM 67 BBG left phakic/cat. 12 0.16 3
4/M TEM/SEM 58 BBG left phakic/cat. >12 0.16 4
5/M TEM/SEM 56 BBG left phakic/cat. 6 0.10 4
6/F TEM 79 BBG left phakic/cat. NA 0.10 3
7/F TEM 63 BBG left phakic/cat. 2 0.10 1b
8/F SEM 65 BBG left phakic/cat. 6 0.10 4
9/F SEM 68 BBG left phakic/cat. 5 0.32 3

10/F TEM/SEM 71 BBG right phakic/cat. 6 0.40 3
11/F TEM/SEM 82 BBG right pseudophakic 1 0.20 4
12/F TEM 71 BBG left phakic/cat. >12 0.32 1b
13/F TEM 68 ICG left phakic/cat. 12 0.25 2
14/F TEM/SEM 63 ICG right pseudophakic 6 0.20 1b
15/M TEM/SEM 70 ICG left pseudophakic 12 0.08 4
16/F TEM/SEM 74 ICG left phakic/cat. 2 0.32 2
17/F TEM 66 ICG right phakic/cat. NA 0.05 3
18/F TEM/SEM 71 ICG right pseudophakic 4 0.32 4
19/F TEM 74 ICG right phakic/cat. 3 0.10 3
20/F TEM/SEM 73 ICG right pseudophakic 6 0.05 3
21/F TEM 81 ICG left pseudophakic NA 0.25 2
22/M TEM 10 ICG left phakic 4 0.05 4
23/F SEM 73 ICG right phakic/cat. >12 0.32 3
24/F SEM 73 ICG left phakic/cat. 3 0.20 2
25/M SEM 75 ICG right pseudophakic 5 0.60 2

NA = No answer. 
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using hexafluoroethane (C 2 F 6 ). Postoperatively, all patients were 
asked to remain in a facedown position for the following 7 days.

  Intraoperatively, all harvested membranes were placed into 
4% formaldehyde and stored at 4   °   C overnight for fixation. During 
the removal procedure, the ILM folded up into a small multilay-
ered fragment. For this reason and handling circumstances, frag-
ments smaller than 4 mm 2  were used for light and transmission 
electron microscopy (TEM), whereas larger fragments were used 
for scanning electron microscopy (SEM). The group characteris-
tics according to the preparation technique are summarized in 
 table 2 .

  Concerning SEM, the membranes were fixed for 2 h in 2% glu-
taraldehyde in 0.1  M  sodium-cacodylate buffer. Afterwards, the 
specimens were dehydrated for 2 h in an ascending ethanol series. 
A terminal structure preservation was accomplished by critical 
point drying with carbon dioxide (CPD 30, BAL-TEC AG, Bal-
zers, Liechtenstein), followed by gold sputtering (SCD 005, BAL-
TEC AG). Finally, the membranes were examined on a LEO 1450 
VP scanning electron microscope (Carl Zeiss AG, Oberkochen, 
Germany).

  Membrane fragments intended for TEM were first prepared 
for gold spotted immunohistochemistry using GABA A  receptor 
 � 1 antibodies (Santa Cruz Biotechnology Inc., Santa Cruz, Calif., 
USA). Afterwards, the specimens were fixed for 4 h in 4% glutar-
aldehyde in 0.1  M  sodium-cacodylate buffer, followed by postfix-
ation (2 h) in 1% OsO 4  in sodium-cacodylate buffer. The mem-
branes were dehydrated within alcohol and contrasted in 1% ura-
nyl acetate. A terminal dehydration was accomplished in pro-
pylene oxide. The specimens were infiltrated with araldite resin 
and curing was performed for 48 h at 60   °   C. Particular attention 
was paid to cut all embedded membranes perpendicularly into 
semi-thin (2  � m) and ultrathin (70 nm) slices by a diamond knife 
using a LKB 8800A Ultratome III (LKB Produkter AB, Bromma, 
Sweden). Finally, semi-thin slices were stained with Richardson’s 
blue  [16]  for light microscopic examination (Axioskop 2 MOT, 
Carl Zeiss AG; Jena, Germany). Accordingly, ultrathin slices were 
contrasted with lead citrate for viewing in an EM 902A transmis-
sion electron microscope (Carl Zeiss AG; Oberkochen, Germany).

  A skilled and blinded observer accomplished the examination 
of all electron microscopic images using ImageJ software v. 1.41 
(National Institutes of Health; Bethesda, Md., USA). The statisti-
cal analyses were accomplished using SPSS software v. 17.0 (SPSS 
Inc., Chicago, Ill., USA). A p value less than 0.05 was considered 
to be statistically significant.

  Results 

 An ILM was observed in all biopsies prepared for elec-
tron microscopy. Twenty specimens, 10 BBG- and 10 
ICG-stained ILM, were prepared for light microscopy 
and TEM examinations. Light microscopy (not shown) 
was solely used to assure an adequate preparation quality 
of the biopsies. TEM was used for a detailed examination 
of the ILM, the determination of the membrane thickness 
and the analysis of residual cell fragments as shown in 
 figure 1 . The average ILM thickness was 2.00  8  0.39  � m 

(median 1.97  � m) after ICG staining and 2.48  8  0.31  � m 
(median 2.48  � m) after BBG application. Comparing the 
thicknesses, we found a Gaussian distribution with a sig-
nificant difference between the two groups (p = 0.007, 
Student’s t test). On the retinal side of the ILM, ruptured 
cell fragments were investigated. On the one hand, lipid 
bilayers were identified at a magnification of  ! 20,000 
and, on the other hand, immunogold labeling with 
GABA A  receptor  � 1 antibodies was performed. The de-
tection was positive in 9 of 10 cases (90%) within the ICG 
group and 8 of 9 cases (89%) within the BBG group. One 
ICG-stained ILM served as a negative control. With re-
gard to the quantification of those cell fragments, we 
identified 13.8  8  3.8 fragments per 10  � m membrane 
length (median 12.8 fragments per 10  � m) in ICG-stained 
ILM and 19.2  8  6.1 fragments per 10  � m membrane 
length (median 18.2 fragments per 10  � m) in BBG-
stained membranes. Comparing the two groups, we 
found a significant difference (p = 0.028, Wilcoxon-
Mann-Whitney test). As shown in  figure 2 , the surface of 
9 BBG- and 8 ICG-stained membranes was examined us-
ing SEM. The smooth vitreal surface was easily distin-
guishable from the rough retinal surface with numerous 
vesicular structures. The average diameter of the present 
vesicular structures was 0.16  8  0.06  � m (median 0.14 
 � m) after ICG staining and 0.22  8  0.04  � m (median 0.24 
 � m) after BBG application. Comparing the diameters, we 

Table 2. B aseline characteristics of the study groups

TEM S EM

BBG
(n = 10)

ICG
(n = 10)

BBG
(n  = 9)

ICG
(n = 8)

Age, years
Minimum 56 10 56 63
Maximum 82 81 82 75
Mean 69.1 65.0 67.9 71.5
SD 8.7 20.0 8.2 3.8

Sex
Female 7 (70) 8 (80) 6 (67) 6 (75)

Eye
Left eye 6 (60) 5 (50) 5 (56) 3 (38)

Preop. visual acuity
Minimum 0.10 0.05 0.10 0.05
Maximum 0.40 0.30 0.40 0.60
Mean 0.19 0.16 0.20 0.25
SD 0.11 0.11 0.11 0.17

Fig ures in parentheses are percentages.
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found a significant difference between the two groups 
(p = 0.021, Wilcoxon-Mann-Whitney test).

  Concerning the postoperative anatomical outcome, 
we observed a macular hole closure in 24 of 25 eyes (96%). 
A persistent foveal defect was observed in one long-stand-

ing stage 4 hole (patient No. 15). The functional outcome 
was examined in a short-term follow-up after 1 month. 
On average, patients with ICG peeling gained 9.4 letters 
compared to 6.8 letters with BBG peeling; no significant 
difference was found (p = 0.762, Student’s t test).

a b

c d

  Fig. 1.  Transmission electron microscopic 
images of the ILM. The retinal (R) and the 
vitreal (V) sides of BBG- ( a ,  c  and  d ) and 
ICG- ( b ) stained ILM were highly distin-
guishable. On the vitreal membrane side, 
collagen matrix (asterisk in  a ) and vitreous 
cells (hash in  a ) were observed occasion-
ally. On the retinal ILM side, cellular frag-
ments (arrowheads in  a  and  b ) were found 
in all specimens. Single cell fragments are 
presented as vesicular structures in  c  and 
under higher magnification in  d . 

a b

  Fig. 2.  The retinal surface of the ILM in 
scanning electron microscopy. Cellular 
fragments were observed as spheroid 
structures (arrowheads) on the rough sur-
face of the collagen matrix on BBG- ( a ) and 
ICG- ( b ) stained membranes. They were 
identified as inner portions of Müller glia. 
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  Conclusions 

 Selective ILM peeling around the macular hole has 
been proven to be a necessary requirement for the suc-
cessful anatomic and functional reorganization of foveal 
defects  [17] . An additional ILM staining turned out to be 
favorable by contrasting the translucent membrane to 
grip the ILM and to differentiate peeled from non-peeled 
areas on the macular  [18] . In this context, ICG and BBG 
displayed sufficient and selective staining characteristics 
 [19] . The first dye used for ILM peeling was ICG, and this 
has been extensively investigated. In the last years, ICG 
has been discredited because of its phototoxic properties 
 [20] . Uemura et al.  [21]  observed visual field defects after 
membrane peeling with ICG. Further long-term follow-
up investigations have shown that these functional de-
fects continue to deteriorate over the following years and 
the nerve fiber layer degrades  [22, 23] . Following this, 
BBG was established as a promising alternative biocom-
patible staining substance  [24, 25] . However, later in vitro 
investigations also demonstrated a retinal toxicity of BBG 
 [26, 27] .

  In our study, we analyzed the influence of ICG and 
BBG on vitreoretinal integrity when used as vital dyes for 
membrane peeling during macular hole surgery. GABA A  
receptor  � 1 antibodies were used to identify cellular 
fragments of Müller glia on the ILM, which were found 
in both study groups. It is known that GABA receptors 
are unevenly distributed across the Müller cell mem-
brane, with a higher density at the endfoot that merges 
into the ILM  [28] . A quantification of the adjacent cell 
fragments has shown a significantly higher amount of 
residues on BBG-stained ILM. In a parallel approach, the 
retinal ILM surface was analyzed using SEM. For the 
first time, Jerry Sebag  [29]  identified vesicles on the reti-
nal ILM surface by SEM as inner portions of Müller glia. 

The measurement and analyses of those retinal vesicles 
has shown larger portions of Müller glia on BBG-stained 
ILM. The concurrent observation of more frequent and 
larger cellular fragments on the ILM might indicate that 
BBG-assisted membrane peeling induces a more pro-
found alteration to the adjacent retinal cell layers than a 
peeling with ICG. A possible explanation of these find-
ings could be seen in the photodynamic effect of ICG. So 
far, the photodegradable properties have primarily been 
discussed in regard to the cytotoxicity  [30] . However, our 
observations indicate that biomechanical alterations of 
the ILM after ICG staining strongly influence the defi-
nite separation of the membrane while peeling  [31] . In 
this context, we also observed a significantly reduced 
thickness within ICG-stained ILM, compared to BBG-
stained specimens. Similar to corneal cross-linking with 
riboflavin and UVA light  [32] , ICG apparently leads to 
an increase in the biomechanical stability and a shrink-
age of the ILM. This might explain the subjective sensa-
tion of some surgeons that ICG-assisted maculorhexis is 
more comfortable to perform and a rupture of the mem-
brane is unlikely.

  Unfortunately, the preferable biomechanical proper-
ties of ICG are inextricably linked to its photolysis that 
generates cytotoxic metabolites  [33] . Future generations 
of staining substances should ideally cover both aspects 
to dispel current skepticism of dye-assisted macular sur-
gery.

  Regarding the functional results, this ultrastructural 
study is limited due to the brief follow-up period. Cor-
respondingly, we did not find a difference in the func-
tional outcome between the two groups. Large long-
term interventional case studies have shown that the en-
tire rearrangement of the macula requires several 
months  [34] . For this reason, further investigations are 
needed. 
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