
The corneal endothelium, a monolayer of tightly packed 
hexagonal flat cells at the posterior surface of the cornea, is 
crucial for maintaining corneal transparency. Possibilities for 
analyzing the protein expressed in corneal endothelial cells 
(ECs) are limited by their small number (300,000 to 500,000 
per cornea). Protein extraction for immunoblots is not the 
current technique and has been reported only after several 
donors’ ECs are pooled [1-4]. Immunostaining techniques 

are therefore those most widely used to study protein 
expression in situ. In the literature, the robust technique of 
immunohistochemistry (IHC) on cross sections is the main 
technique used for the corneal endothelium because IHC is 
simple, despite allowing visualization of only a few ECs, 
without clear subcellular localization, and being subject to 
the staining artifacts frequently encountered at tissue borders. 
To avoid these drawbacks, we previously developed specific 
immunostaining protocols performed directly on the intact 
endothelium of the whole cornea to allow en face viewing [5] 
without a tissue cross section. This technique has two main 
advantages: striking visualization of the whole intact endo-
thelium, allowing detection of regional or local differences 
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Purpose: In the literature, immunohistochemistry on cross sections is the main technique used to study protein ex-
pression in corneal endothelial cells (ECs), even though this method allows visualization of few ECs, without clear 
subcellular localization, and is subject to the staining artifacts frequently encountered at tissue borders. We previously 
proposed several protocols, using fixation in 0.5% paraformaldehyde (PFA) or in methanol, allowing immunostaining on 
flatmounted corneas for proteins of different cell compartments. In the present study, we further refined the technique 
by systematically assessing the effect of fixative temperature. Last, we used optimized protocols to further demonstrate 
the considerable advantages of immunostaining on flatmounted intact corneas: detection of rare cells in large fields of 
thousands of ECs and epithelial cells, and accurate subcellular localization of given proteins.
Methods: The staining of four ubiquitous proteins, ZO-1, hnRNP L, actin, and histone H3, with clearly different subcel-
lular localizations, was analyzed in ECs of organ-cultured corneas. Whole intact human corneas were fixed for 30 min 
in 0.5% paraformaldehyde or pure methanol at four temperatures (4 °C for PFA, −20 °C for methanol, and 23, 37, and 
50 °C for both). Experiments were performed in duplicate and repeated on three corneas. Standardized pictures were 
analyzed independently by two experts. Second, optimized immunostaining protocols were applied to fresh corneas for 
three applications: identification of rare cells that express KI67 in the endothelium of specimens with Fuch’s endothelial 
corneal dystrophy (FECD), the precise localization of neural cell adhesion molecules (NCAMs) in normal ECs and of 
the cytokeratin pair K3/12 and CD44 in normal epithelial cells, and the identification of cells that express S100b in the 
normal epithelium.
Results: Temperature strongly influenced immunostaining quality. There was no ubiquitous protocol, but nevertheless, 
room temperature may be recommended as first-line temperature during fixation, instead of the conventional −20 °C 
for methanol and 4 °C for PFA. Further optimization may be required for certain target proteins. Optimized protocols 
allowed description of two previously unknown findings: the presence of a few proliferating ECs in FECD specimens, 
suggesting ineffective compensatory mechanisms against premature EC death, and the localization of NCAMs exclu-
sively in the lateral membranes of ECs, showing hexagonal organization at the apical pole and an irregular shape with 
increasing complexity toward the basal pole. Optimized protocols were also effective for the epithelium, allowing clear 
localization of cytokeratin 3/12 and CD44 in superficial and basal epithelial cells, respectively. Finally, S100b allowed 
identification of clusters of epithelial Langerhans cells near the limbus and more centrally.
Conclusions: Fixative temperature is a crucial parameter in optimizing immunostaining on flatmounted intact corneas. 
Whole-tissue overview and precise subcellular staining are significant advantages over conventional immunohistochem-
istry (IHC) on cross sections. This technique, initially developed for the corneal endothelium, proved equally suitable 
for the corneal epithelium and could be used for other superficial mono- and multilayered epithelia.
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in staining patterns (up to the easy detection of isolated rare 
cells with a specific expression profile, such as the detection 
of rare stem-like cells within the endothelium [6]) and precise 
subcellular localization.

The technique is an IHC/immunocytochemistry hybrid, 
because it concerns a cell monolayer on top of intact tissue. 
We demonstrated that cells were easily overfixed in the flat-
mounted cornea, resulting in poor-quality immunostaining 
when the cornea is treated with conventional 4% parafor-
maldehyde (PFA), which suits most cases of IHC on solid 
tissues and of immunocytochemistry (ICC) on cultured cells. 
Instead, we showed that 0.5% PFA and pure methanol, each 
for 30 min at room temperature (RT, 23 °C), were the first-
choice fixatives to perform immunostaining on intact ECs of 
flatmounted whole corneas. Nevertheless, during this study, 
we observed that the temperature during fixation may often 
strongly influence staining quality [5]. For diverse immunos-
taining techniques, such as IHC and ICC, the recommended 
temperature during fixation is −20 °C for methanol and 4 °C 
for PFA, although the influence of temperature on staining 
quality has not been clearly reported [7].

To study the influence of temperature during fixation 
on staining quality and further improve immunostaining of 
ECs on flatmounted corneas, we systematically assessed a 
wide range of temperatures during methanol and PFA fixa-
tion for the labeling of four proteins located in different cell 
compartments. Second, to illustrate the advantages of this 
optimized technique, we identified rare proliferating cells in 
the endothelium of specimens of Fuchs’ endothelial corneal 
dystrophy (FECD), which is the most common primary endo-
thelial dystrophy and a leading indication for keratoplasty, 
and characterized the three-dimensional (3D) shape of the 
lateral membranes of ECs using neural cell adhesion molecule 

(NCAM) labeling. Finally, we investigated the application of 
this technique to the corneal epithelium.

METHODS

Human corneas: Ten organ cultured (OC) human corneas 
were used for fixative temperature testing. Storage time was 
(mean±standard deviation, SD) 22±10 days (7 to 35, median 
21). Endothelial cell density (ECD) was 1,976±618 cells/mm2 
(1,229 to 2,898, median 2004). The corneas were obtained 
from seven donors aged 75±8 years (54 to 81, median 77). 
Two pairs of fresh corneas were used for NCAM, cyto-
keratin 3/12, and S100 staining. Donor ages were 73 and 68 
years, and time from death to procurement was 9 and 23 h, 
respectively. Two corneal buttons with FECD were used. 
They were obtained from the operating theater, with 45 min 
from excision to fixation. Patient ages were 61 and 68 years. 
All OC corneas were obtained from the Eye Bank of Saint-
Etienne and initially stored in 100 mL organ culture medium 
(CorneaMax, Eurobio, Les Ulis, France) at 31 °C without 
medium renewal. All fresh corneas were procured from 
bodies donated to science (Laboratory of Anatomy, Faculty of 
Medicine) as permitted by the French bioethics law. Donors 
volunteer their body and give written consent to the Labora-
tory of Anatomy; no further specific approval by the ethics 
committee is required. The study was conducted in accor-
dance with the ARVO statement for the use of human subjects 
in Ophthalmic and Vision research. Handling of donor tissues 
adhered to the tenets of the Declaration of Helsinki of 1975 
and its 1983 revision in protecting donor confidentiality.

Antibodies: Specific primary antibodies for this study are 
presented in Table 1. Whenever possible, they were chosen 
among antibodies validated by their manufacturers for ICC, 
which seemed closest to our technique. Non-specific rabbit 

Table 1. Primary anTibodies.

Target proteins Animal source Clone Manufacturer
ZO-1 mouse ZO1–1A12 Zymed, Carlsbad, CA
actin rabbit polyclonal Sigma, Saint Louis, MO
hnRNP L mouse 4D11 Abcam, Cambridge, UK
histone H3 rabbit polyclonal Abcam
Ki67 mouse MIB-1 Dako, Glostrup, Denmark
NCAM mouse 301,021 R&D systems, Minneapolis, MN
Cytokeratin3+12 mouse 2Q1040 Abcam
CD44 mouse F10–44–2 Abcam
S-100* rabbit polyclonal Dako

*according to DAKO: reacts with S100B strongly, S100A1 weakly, and S100A6 very weakly. No reaction 
was observed with the other S100 proteins tested, S100A2, S100A3 and S100A4
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and/or mouse immunoglobulin G (IgG; Zymed, Carlsbad, 
CA) were used as primary antibodies for negative controls 
(i.e., secondary antibody control [8]). Secondary antibodies 
were Alexa Fluor 488 goat anti-mouse IgG or/and Alexa 
Fluor 555 goat anti-rabbit IgG (Invitrogen, Eugene, OR). Four 
proteins known to be consistently expressed in ECs with a 
characteristic pattern or ubiquitous proteins were chosen: 
ZO-1 is a peripheral membrane protein associated with tight 
junctions [9]; actin is one of the most conserved cytoplasmic 
proteins in eukaryotes, and its particularity in ECs is hexag-
onal shaped distribution [10]; heterogeneous ribonucleopro-
tein L (hnRNP L) is present in the nucleoplasm as part of the 
hnRNP complexes that play a major role in the formation, 
packaging, processing, and function of mRNA; and histone 
H3 is one of the basic nuclear proteins responsible for the 
nucleosome structure of chromosomal fibers in eukaryotes.

Immunostaining on flatmounted whole corneas: The general 
processing of corneas followed previously described proto-
cols [5] and is summarized in Figure 1. Briefly, corneas 
were rinsed in PBS (1X; 140 mM NaCl, 3 mM KCl, 10 mM 
NaPO4, pH 7.4 at 25 °C), cut into four to eight pie-shaped 
wedges to increase the number of experiments while saving 
rare tissue, and fixed immediately after removal from the 

OC medium. Double staining was chosen, again to save the 
human corneas. Fixation was performed for 30 min either 
in 0.5% PFA in PBS pH 7.45 at 4 °C, RT, 37 °C or 50 °C, 
or in methanol at −20 °C, RT, 37 °C or 50 °C. For the PFA-
fixed corneas, the cell membranes were then permeabilized 
using 1% Triton x-100 in PBS for 5 min at RT, except histone 
H3 labeling for which we previously showed that antigen 
retrieval with 1% sodium dodecyl sulfate (SDS) in water for 
5 min at RT was necessary [5]. The non-specific binding 
sites were then blocked by incubation for 30 min at 37 °C 
with blocking buffer based on PBS supplemented with 2% 
heat-inactivated goat serum and 2% bovine serum albumin 
(BSA). All primary antibodies were diluted 1:200 in the 
blocking buffer. The corneal pieces were fully immersed in 
this solution and incubated at 37 °C for 1 h. Incubation with 
secondary antibodies diluted at 1:500 in blocking buffer was 
done for 45 min at 37 °C. Nuclei were finally counterstained 
with Hoechst 33,342 (Sigma) 10 µg/ml in PBS at RT for 2 
min. Three rinses in PBS were performed between each step, 
except between blocking of non-specific protein binding sites 
and incubation with the primary antibody. The corneal piece 
was last placed on a glass slide, covered with PBS, and gently 

Figure 1. Schematics of the experi-
ments designed for optimizing 
immunostaining on f latmounted 
whole corneas. Four f ixation 
temperatures were assessed for 
each of the two fixatives. Only 
the main steps are presented. 
For details, refer to the Methods 
section. *Antigen retrieval using 
sodium dodecyl sulfate (SDS) was 
used only for revealing histone H3. 
room temperature=RT.
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Figure 2. Best results obtained after optimization of fixative temperature for detection in corneal ECs of flatmounted human corneas of ZO-1 
(methanol at −20 °C), hnRNP L (paraformaldehyde at room temperature [RT]), actin (methanol at 37 °C), and histone H3 (paraformaldehyde 
at RT + antigen retrieval with sodium dodecyl sulfate). A: Low magnification (10X objective) shows homogeneous staining in all endothelial 
cells (ECs). B: High magnification (100X objective) shows the typical staining patterns for each target protein. Upper line: immunostaining 
alone pseudocolored in green; lower line: merge with nuclei, labeled with Hoechst 33,342, pseudocolored in red.
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Figure 3. Influence of temperature during methanol fixation. All corneal pieces were fixed for 30 min. No pseudocolor for immunostaining; 
no counterstaining for nuclei. 40X objective.
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flattened using a large glass coverslip held by adhesive tape. 
Experiments were done at RT unless otherwise stated.

Evaluation of immunostaining quality: Images were captured 
with an inverted fluorescence microscope IX81 (Olympus, 
Tokyo, Japan) equipped with the Cell^P imaging software 
(Soft Imaging System GmbH, Munster, Germany). This non-
confocal microscope was chosen to obtain, at low magnifica-
tion, large-field images able to tolerate the residual 3D aspect 
of cell layers after flatmounting. Each temperature assay was 
done in duplicate on the same cornea and repeated at least 
three times on three different corneas.

During image acquisition, the fluorescence intensity 
and camera exposure parameters were constant for the same 
antibody. The immunostaining was evaluated independently 
by two pathologists experienced in immunofluorescence 
assessment (FF and JMD), on digital pictures blind to the 
preparation used. The intensity of staining was rated as null, 
weak, medium, good, or excellent. In the case of disagree-
ment, a third pathologist (MP) reviewed the pictures.

Applications: The performance of optimized immunostaining 
protocols was illustrated through three applications: detection 
of isolated cells among the whole endothelium or epithelium, 
high-resolution subcellular localization of a membrane bound 
protein in ECs, and characterization of each epithelial layer. 
For the first application, the endothelium of the corneal 
buttons from patients with advanced FECD were labeled for 
Ki67, a ubiquitous proliferating marker. We hypothesized 
that the increased rate of apoptosis among ECs [11] could be 
partly offset by abnormal proliferation. For the epithelium, 
labeling of the S100B protein, a marker for Langerhans 
cells and melanocytes, aimed to characterize their distribu-
tion within the corneal surface. For the second application, 
we studied the distribution of the NCAMs, a marker of the 
neuroectodermic origin of the endothelium [12]. For the third 
application, the corneas were simply labeled for cytokeratin 
3/12 [13] (the superficial layer) and CD44 [14] (the basal 
layer) and observed at several depths. For each labeling, the 

best protocol was determination using OC corneas (data not 
shown). Thereafter, fresh corneas with short post-mortem 
(or post-operative) times were used as stated above (see the 
human cornea) to avoid potential artifacts caused by storage 
in the culture medium. The staining assays were repeated at 
least twice on three corneas.

RESULTS

Influence of fixative temperature: By optimizing the fixa-
tive temperature for each of the four proteins, we obtained 
striking typical staining patterns in the ECs, in terms of the 
signal-to-noise ratio and precise subcellular localization. This 
technique gave an overall view of the endothelium (Figure 
2A) and precise subcellular staining (Figure 2B). Under high 
magnification (96X immersion objective), we observed the 
typical distribution of ZO-1, with a zigzag pattern between 
two neighboring cells and absent at the Y junction between 
three neighboring cells (Figure 2B).

Staining quality after fixation with methanol was 
particularly dependent on temperature (Figure 3 and Table 
2). The conventional temperature of −20 °C was optimal 
only for ZO-1 and failed with histone H3. Room temperature 
was optimal for hnRNPL, and 37 °C was optimal for actin. 
Interestingly, histone H3 was perfectly revealed after fixation 
at 50 °C, a temperature never before reported for methanol.

Staining quality after fixation with PFA was less 
blatantly dependent on temperature, but the conventional 
temperature of 4 °C was optimal only for ZO-1; RT and 37 °C 
were optimal for hnRNPL. None of the four temperatures 
allowed revelation of actin and histone H3. Antigen retrieval 
with 1% SDS allowed clear labeling of histone H3 following 
PFA fixation at RT and 37 °C but triggered EC detachment 
after fixation at 4 °C and completely lost its antigen retrieval 
capability after fixation at 50 °C (Figure 4 and Table 2). No 
labeling of actin was obtained with any fixative temperature, 
even after antigen retrieval with SDS.

Table 2. evaluaTion of immunosTaining aT differenT TemPera-
Tures wiTh meThanol and Paraformaldehyde fixaTion.

Target proteins
Methanol 0.5% paraformaldehyde
−20 °C RT 37 °C 50 °C 4 °C RT 37 °C 50 °C

ZO-1 ++++ +++ ++ + ++++ +++ ++ +
hnRNP L ++ +++ ++ + ++ ++++ ++++ +
actin + +++ ++++ ++ - - - -
histone H3 - ++ +++ ++++ D ++++ ++++ -

-: null; +: weak, ++: medium; +++: good; ++++: excellent; D: detachment of endothelial cells by sodium 
dodecyl sulfate; RT: room temperature.
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Figure 4. Influence of the temperature during 0.5% paraformaldehyde fixation. All corneal pieces were fixed for 30 min. Antigen retrieval 
with sodium dodecyl sulfate was efficient only for histone H3, but detached almost all endothelial cells from the Descemet membrane after 
fixation at 4 °C; the arrow indicates the single cell that remained attached. No pseudocolor for immunostaining; no counterstaining for 
nuclei. 40X objective.
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Applications: The best labeling of Ki67 within the endothe-
lium of the FECD specimens was obtained with PFA fixation 
at RT. A few proliferating Ki67 positive cells were detected 
scattered in the endothelium, with a typical staining pattern 
of the nucleus indicating entry in the S phase of the cell cycle 
[15]. They were within the endothelial layer, not foreign cells 
attached to the endothelium, and therefore likely to be ECs 
(Figure 5).

For NCAM labeling of normal ECs, the optimal protocol 
was fixation in methanol at 37 °C. Low (10X objective) and 
intermediate (40X objective) magnification showed that all 
ECs homogeneously expressed NCAMs; at high magnifica-
tion (100X objective, NA 1.4), the NCAMs were localized in 
the lateral membrane and highlighted a strong increase in 
the irregularity of membrane organization from the apical to 
the basal cell pole (Figure 6). Furthermore, lateral cell–cell 
junctions were not always continuous, delimiting some small 
spaces between neighboring cells. Epithelial cells from the 
same corneas did not express NCAMs (data not shown).

For cytokeratin 3/12 and S100, PFA fixation at RT was 
optimal, whereas for CD44, the best staining was obtained 
with methanol fixation at RT (Figure 7). The typical 
morphology of the two epithelial populations was perfectly 
highlighted: The cytoplasm of the large irregular superficial 
cells was filled by cytokeratin 3/12, and the membranes of the 

small regular basal cells contained CD44. Some non-epithe-
lial cells with typical dendritic/Langerhans-morphology were 
highlighted by S100B. They were mainly localized in and 
around the limbus and scattered in the peripheral and central 
epithelium.

DISCUSSION

In this study, we demonstrated the strong inf luence of 
temperature during fixation for immunostaining of ECs on 
flatmounted human corneas. In the case of a superficial cell 
layer such as ECs, directly accessible to fixatives, the fixation 
process is supposed to be extremely rapid whatever the fixa-
tive. Nevertheless, we found substantial temperature-related 
differences between methanol and formaldehyde.

Methanol is commonly used during ICC on in vitro–
cultured cells and sometimes during IHC on frozen tissue 
cross sections. Classified as a precipitating or agglutinating 
fixative, methanol reduces protein solubility by creating 
non-covalent bonds between them. Furthermore, metha-
nol’s hydrophilic group (-OH) disrupts the hydrogen bonds 
between amide groups in the secondary protein structure, 
and the hydrophobic group (-CH3) disrupts the intramo-
lecular hydrophobic interactions of the protein core and 
thus denatures the proteins by changing their secondary and 

Figure 5. Detection of the expres-
sion of the proliferation marker 
Ki67 in endothelial cells of corneal 
buttons with Fuchs endothelial 
corneal dystrophy. A, B: Low 
magnif ication (10X objective) 
shows a few Ki67 positive cells 
scattered at random. Note that the 
nuclei morphology and distribution 
of residual endothelial cells are 
typical of Fuchs’ corneal endo-
thelial dystrophy (FECD), with 
elongated nuclei, areas deprived 
of cells, and the rosette formation 
around Descemet excrescences 
forming the guttae. C, D: At high 
magnification (100X objective), 
the localization of Ki67 within the 
nucleolus indicates the S phase 
of the cell cycle. Ki67 labeling is 
pseudocolored in green; the nuclei, 
labeled by Hoechst 33342, are pseu-
docolored in red.
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tertiary structures [16]. The temperature −20 °C, commonly 
used for tissue fixation during immunostaining, was effi-
cient only for detecting ZO-1, whereas RT (23 °C), 37 °C, 
and 50 °C were adapted to hnRNPL, actin, and histone H3, 
respectively. This suggests that antigen retrieval by methanol 
depends on temperature, which may induce different degrees 
of protein denaturation and thus influence epitope exposure 
of the various proteins by modifying their secondary and/or 
tertiary structures. Methanol may not only ensure fixation 
and antigen retrieval of proteins but also lower the denatur-
ation temperature of DNA [17]. The good results obtained 
with methanol at 50 °C for labeling of histone H3 were thus 
probably due to the denaturation of histone H3 and DNA.

For PFA, we demonstrated that, with the 0.5% concentra-
tion, RT and 37 °C are more efficient than 4 °C, albeit the 
recommended temperature. The worst results were obtained 

at 50 °C, which may accelerate protein cross-linking, 
resulting in overfixation. However, actin and histone H3 were 
not revealed by PFA fixation alone. Contrary to methanol that 
denaturates proteins, formaldehyde cross-links amino groups 
of proteins with other nearby nitrogen atoms in proteins or 
DNA through a -CH2- covalent linkage and thus preserves 
the secondary and tertiary structures of proteins [18]. 
Recognized epitopes of actin and histone H3 may be hidden 
in their natural structure and require antigen retrieval [19]. 
For histone H3, this was achieved using SDS, which disrupts 
non-covalent bonds in the proteins, between the proteins, and 
between the proteins and the other molecules such as DNA 
[20,21]. Nevertheless, SDS was efficient only on corneas 
fixed at RT and 37 °C. At 4 °C, SDS triggered detachment 
of ECs, whereas at 50 °C overfixation prevented SDS from 
unveiling epitopes. Surprisingly, for actin, antigen retrieval 
by SDS remained inefficient. The lower performance of PFA 

Figure 6. Expression of neural 
cell adhesion molecule (NCAM) 
in endothelial cells (ECs) of a 
fresh normal cornea. A, B: Low 
magnif ication (10X objective) 
shows homogeneous expression of 
NCAMs in all ECs while medium 
magnif ication (40X objective) 
reveals irregular organization of 
the lateral membrane where the 
NCAMs are located. The NCAMs 
are pseudocolored in green. The 
nuclei, labeled by Hoechst 33342, 
are pseudocolored in red. C–F: 
High magnification (100X objec-
tive) shows continuous expres-
sion of the NCAMs at increasing 
depths from the apical pole of the 
ECs, unveiling the increasingly 
irregular organization of the lateral 
membranes from the apical to basal 
pole.
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in revealing actin compared to that of methanol fixation was 
reported previously without a clear explanation [22].

Normal ECs are arrested during the G1 phase of the cell 
cycle in human adults [23]. With immunostaining on flat-
mounted whole corneas, we did not find any proliferating 
cells expressing Ki67 on the central and peripheral endothe-
lium [5] except at the extreme periphery of the endothelium 
on fresh corneas with a death to procurement time of less 
than 6 h [6]. Fuchs’ dystrophy is a degenerative disease of 
the corneal endothelium, and the pathogenesis is still largely 
unknown. A continuous decrease in cell density due to EC 
apoptosis is suspected [11]. For the first time, we labeled some 
proliferating cells suggesting that abnormal cell proliferation 
may be a factor in slowing down EC loss.

NCAM expression in human ECs was first described by 
Foets et al. in 1992 [12]. Probably because of the non-optimal 

immunostaining protocol, NCAM expression seemed 
heterogeneous and the subcellular localization imprecise. 
Here, we showed strong and homogenous expression of 
NCAMs, exclusively on the lateral membranes of ECs of 
fresh corneas, and the absence of expression in the corneal 
epithelium, contrary to ZO-1 and Na+/K+ ATPase, currently 
used as standard EC markers [24,25], but also expressed in 
the corneal epithelium. We therefore suggest using NCAMs 
as a new marker for distinguishing endothelial and epithe-
lial cells, in particular during in vitro bioengineering of the 
corneal endothelium. Usually, ECs are seen as hexagonal 
flat cells, but this feature characterizes only the apical pole. 
The ultrastructure of their interdigitated lateral borders 
was already shown by transmission electron microscopy 
on corneal cross sections [26-28], but never before has the 
precise en face view of the lateral membrane been clearly 
described with light microscopy. Because this technique 

Figure 7. Examples of applica-
tions of immunostaining on the 
flatmounted cornea for the study 
of the corneal epithelium. A, B: 
High magnification (40X objective) 
shows the characteristic cell shape 
of the superficial epithelial cells 
stained for cytokeratin K3/12 and of 
the basal epithelial cells stained for 
CD44. C–E: Distribution of Lang-
erhans cells, stained for S100B, in 
the epithelial layer. Low magnifica-
tion (10X objective) easily reveals 
different cell locations, most next to 
the limbus (dash line; D) and a few 
clusters migrating toward the center 
(E). Characteristic cell morphology 
is perfectly outlined using higher 
magnification (40X objective). For 
all five images, the immunostaining 
is pseudocolored in green, and the 
nuclei, labeled by Hoechst 33,342, 
are pseudocolored in red.
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provides precise subcellular localization, we demonstrated 
NCAM expression restricted to the lateral membrane of ECs. 
This specific membrane labeling reveals the 3D complexity 
of EC organization, with a progressive increase in the number 
and tortuosity of intercellular digitations from the apical to 
the basal cell pole. Interestingly, this technique revealed 
that discontinuous cell junctions on lateral membranes form 
inflated pockets between neighboring cells, which had never 
previously been reported. As numerous ion transporters, such 
as Na+/K+ ATPase [29], SLC4A11 [30], and SLC12A2 [31], 
are localized in the lateral membrane, we hypothesize that 
this microanatomical organization is involved in endothelial 
pump mechanisms, particularly the creation of local ionic 
gradients between compartments.

Although the immunostaining technique on the flat-
mounted whole cornea was initially developed for the endo-
thelial monolayer, we noted that this technique also adapted 
to the multilayered epithelium. Until now, IHC using cross 
sections was almost the only immunostaining technique used. 
Here we demonstrated that the en face view can complement 
the technique, offering for each epithelial layer the same 
advantages as for the endothelium (observation of large areas 
and identification of cell subpopulations, and clear subcel-
lular localization). As an example, using S100B labeling of 
Langerhans cells [32,33], we were able to observe positive 
cells with a typical phenotype and describe their distribution 
within the corneal surface, mainly at the limbus as expected 
but also capable of migrating toward the central epithelium 
of healthy corneas.

In conclusion, immunostaining on flatmounted cornea 
differs in several respects from conventional IHC and ICC. 
An easy, fast method has been developed using fixation 
with methanol or 0.5% PFA. Room temperature is recom-
mended as the first-line temperature during fixation, instead 
of the conventional −20 °C for methanol and 4 °C for PFA, 
and further optimization may be required for certain target 
proteins. Overview and precise subcellular localization are 
the main advantages of this technique, for the endothelium 
and the epithelium, compared to IHC on cross sections of 
the cornea. The technique might also be useful for studying 
mono- and multilayered cells of other superficial tissues.
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