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PURPOSE. To elucidate the collagen structure in the Descemet membrane (DM) of the
human cornea and to characterize its rearrangement in patients with endothelial corneal
dystrophies.

METHODS. Corneas from nine human donors and dystrophic DMs removed from 16
affected eyes of 13 patients by endothelial keratoplasty (DMEK) were investigated using
a correlative RT-qPCR and label-free two-channel multiphoton microscopy (MPM) setup.
Although collagen formation was visualized by second harmonic generation, the cellular
structure was determined by autofluorescence.

RESULTS. The DM of the human donor cornea was characterized by a consistent pattern
of fine hexagonal collagen structures that form a supportive scaffold for the endothelial
cells. Accordingly, network-forming collagens (8A1 and 8A2) but less fibrillar collagens
(only 1A2) were expressed. DMEK resulted in significant (P < 0.0001) improvement of
best-corrected visual acuity. In the removed dystrophic DMs, MPM analyses revealed
collagen rearrangement in addition to loss of endothelial cells and the development of
guttae. MPM analyses of the whole patient’s DM demonstrated this collagen remodeling
in its entirety and facilitated correlation to Scheimpflug corneal tomography. In most DMs
a unique honeycomb collagen network was identified, with distinct bundles surrounding
the guttae and correlating with expression of fibrillar collagens (1A1). Conversely, some
DMs showed either reduced collagen on MPM and RT-qPCR analysis or diffuse thickening
and storage of extracellular matrix.

CONCLUSIONS. The collagen structure of the DM and its adaptive remodeling in endothe-
lial corneal dystrophies has been characterized for the first time here and will facilitate
individual therapeutic approaches.

Keywords: Descemet membrane, endothelial corneal dystrophies, guttae, Descemet
membrane endothelial keratoplasty, multi-photon microscopy, second harmonic gener-
ation, autofluorescence, collagen remodeling, network-forming collagens, fibrillar colla-
gens

The corneal endothelium is a monolayer of cells that is
attached to the Descemet membrane (DM) and regu-

lates fluid and solute transport between the aqueous humor
and the corneal stroma. The collagen fiber and extracellu-
lar matrix glycoprotein composition of the DM is still not
fully understood, but fibrillar collagens (type 1 and 5),1 base-
ment membrane collagen (type 4),1 network-forming colla-
gen (type 8),2 as well as laminins and fibronectins and elas-
tic fibers3 have been proposed. Aging adversely affects DM
thickness and elasticity, as well as endothelial cell density,4–6

although the latter seems to be compensated by stretching
of remaining cells.7 Because these cells do not regenerate
naturally, their loss entails stromal fluid imbalance, eventu-
ally leading to corneal edema and progressive vision loss.

Almost always, diagnosis of such disorders by slit-lamp
examinations reveals endothelial droplet-like excrescences
(guttae). However, in the category of endothelial patholo-
gies, Fuchs endothelial corneal dystrophy (FECD) and pseu-

doexfoliation syndrome (PEX)8 both display a wide variety
in terms of clinical presentation.9–13 While the more common
FECD is limited to the endothelial layer and becomes symp-
tomatic earlier with a higher prevalence in women, patients
with PEX also have fibrillar deposits in other tissues and
suffer from reduced vision later in life.

Genetic linkage analyses and recent genome-wide asso-
ciation studies have provided strong evidence to support
a genetic predisposition for both conditions.14,15 To date,
in the rare early-onset subtype of FECD, only inherited
genetic polymorphisms in the COL8A2 gene have been
identified and phenotypically related to abnormal assem-
bly and accumulation of the encoded type 8 collagen, a
major component of the DM.15–18 In the more common late-
onset subtype of FECD, in contrast, associations have been
found with other genes in addition to COL8A2.15 Polymor-
phisms in the transcription factor 4 (TCF 4) gene, and espe-
cially an intronic Cytosine Thymine Guanine (CTG) trinu-
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cleotide repeat expansion, have been most frequently iden-
tified in Caucasian FECD patients.19–21 However, the patho-
physiology of FECD and PEX in the elderly often remains
unknown.22–26

Thus correlation of genetic analyses and of clinical
outcomes with morphologic changes in the DM represents
a major step forward in understanding the pathophysiology
of corneal endothelial dysfunction.17,27 Both scanning and
transmission electron microscopy analyses have provided
general structural information about the human cornea.28–30

However, sectioning of the posterior stroma and its differ-
entiation from the DM on the basis of observed electron
microscopy patterns remains controversial.31,32 Whereas the
outcome of electron microscopy studies is limited by rela-
tively rigid sample preparation, multi-photon microscopy
(MPM) can be applied under native conditions while main-
taining the fluid homeostasis of the cornea.33–37

Over the last decade Descemet membrane endothe-
lial keratoplasty (DMEK) has become the standard treat-
ment in many countries for patients suffering from corneal
endothelial dysfunction.38–40 The present study uses MPM
to compare DMs from corneal dystrophy patients with no
family history of FECD who have undergone DMEK with
healthy DMs from donor eyes. Full high-resolution three-
dimensional (3D) images have the potential to reveal differ-
ent stages of collagen rearrangement, extracellular matrix
formation and endothelial cell structure as a function of
aging and pathology. Finally, collagen expression in the
samples and ex vivo findings will be correlated with patient
history and diagnostic outcomes.

METHODS

This study was approved by the Rostock University Medicine
Ethics Review Board and adheres to the tenets of the Decla-
ration of Helsinki. Altogether 13 patients with endothelial
disorders who underwent DMEK surgery at the Depart-
ment of Ophthalmology, Rostock University Medicine were
included. Removed DMs were stored in corneal culture
medium (Merck K2 medium, F9017, supplemented with
2.5% fetal calf serum) and analyzed blinded with respect
to the clinical investigations. Residual human donor corneal
sections (epithelium and stroma after DM preparation, n =
7) and corneas (because of cancellation of surgery at short
notice, n = 3) with approval for research were obtained from
the German Society for Tissue Transplantation (DGFG) in
corneal culture medium.

Clinical Examinations

All patients underwent complete ophthalmological exami-
nation before and after surgery, including slit-lamp biomi-
croscopy and Scheimpflug tomography (Pentacam; Oculus,
Wetzlar, Germany). Tomographic maps of corneal thickness
were generated using Pentacam software (Version 1.21r43).
In addition, central corneal thickness (CCT) and corneal
anterior and posterior surface wave front higher-order aber-
ration (HOA) at the 6 mm optical zone were calculated.
Best-corrected visual acuity (BCVA) was determined with
reference to the logarithm of the minimum angle of resolu-
tion (LogMAR). Intraocular pressure (IOP) was measured by
Goldmann applanation tonometry. Final differential diagno-
sis of FECD and PEX, and in one case of bullous keratopa-
thy (BK), are based on appearance of corneal guttae and

endothelial decompensation.41 In addition, full patient histo-
ries were taken, and a family history of corneal diseases was
excluded.

DMEK Surgery

DMEK was performed under local parabulbar anesthesia or
general anesthesia as described previously.38 Immediately
before the operation, the donor DM was prepared. Air was
supplied to the anterior chamber. Descemetorhexis of 8 mm
diameter was performed. The DM was not discarded as
usual, but immediately transferred into a tube with corneal
culture medium and stored at room temperature. Current
bridges were removed using an I/A handpiece. The donor
DM was picked up by a glass cartridge, implanted and
unfolded. A 20% SF6 gas bubble was introduced under the
DM. Subsequently, the eye was inflated with balanced salt
solution, and the ports were sealed by hydration.

Multiphoton Microscopy

All samples were analyzed in corneal culture medium at least
24 hours after surgery using an upright dual-line FVMPE-
RS multiphoton microscope (Olympus, Hamburg, Germany)
equipped with a femtosecond laser system (InSight DS
Dual-OL; Spectra-Physics, Santa Clara, CA, USA).36,37 A
galvanometer scanner with 512 × 512 pixel was used
with scan times of two to eight seconds per pixel. Images
sized 512 × 512 to 2048 × 2048 were acquired with an
XLPLN25xWMP (NA 1.05) objective at zoom 1.0 to 4.0 and
cooled gallium arsenide phosphide photo-multiplier tubes.
The 3D images were obtained by depth serial recordings
with a step size of 0.5 to 2.0 μm. Sequential line scan
was applied for dual-channel imaging with DM 690 and
LCDM 1030-13 filters. Autofluorescence was detected with
a 740 nm excitation wavelength (tunable laser line) and
a BA460-500 emission filter; second harmonic generation
(SHG) was detected with a 1040 excitation wavelength (fixed
laser line) and a BA520-560 emission filter. Whole sample
maps were generated by multi-area time-lapse imaging. Final
images were generated by Imaris software (Oxford Instru-
ments/Bitplane, Zurich, Switzerland).

Gene Expression Analysis

DMs and corneal sections were homogenized in QIAshred-
der Mini Spin Columns (Qiagen, Hilden, Germany) by
centrifugation (2 minutes, 12,000 rpm). Thereafter RNA was
isolated and purified with the RNeasy Mini Kit (Qiagen).
The cDNA was synthesized using the Maxima First Strand
cDNA synthesis kit for RT-qPCR (Thermo Scientific, Darm-
stadt, Germany). RNA solutions containing the probes of
the cDNA synthesis kit were placed in a thermocycler
(Labcycler; SensoQuest, Göttingen, Germany) programmed
at 25°C for 10 minutes, followed by 50°C for 15 minutes
and by 85°C for five minutes. For real-time PCR, cDNA
solutions containing TaqMan Universal Master Mix (Applied
Biosystems, Darmstadt, Germany) and one of the following
TaqMan Gene Expression Assays (Col1A2 HS 01028956_m1,
Col1A1 HS 00164004_m1, Col4A1 HS 00266237_m1, Col4A2
HS 05006309_m1, Col5A1 HS 00609133_m1, Col5A3 HS
01555669_m1, Col8A1 HS 00156669_m1, Col8A2 HS
00609133_m1, CryAB Hs00157107_m1; Applied Biosystems)
of primer and gene probe were amplified and detected
using a 7900HT Fast Real-Time System (Life Technologies,
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Darmstadt, Germany). The PCR system was programmed at
50°C for two minutes, followed by 95°C for 10 minutes and
by 100 repeats of the steps 95°C for 15 seconds and 60°C for
one minute. Selection of an endogenous control for normal-
ization was done in line with the TaqMan Gene Expres-
sion (Applied Biosystems) recommendations. The coeffi-
cient of variation of the Ct values was 2.6% for GAPDH
(Hs02758991_g1), 5.2% for Actin (Hs01060665_g1), 3.8% for
PPIA (Hs04194521_s1), and 4.4% for RPL5 (Hs03044958_g1)
in the three human donor corneas. Finally, with its relatively
constant expression level, GAPDH served as a housekeeping
gene in this study. Gene expression values were calculated
with the SDS RQ Manager 1.2 software (Life Technologies).

Statistical Analysis

Results are presented as means ± SD. Statistical analyses
were performed using the Prism 8 analysis program (Graph-
Pad, San Diego, CA, USA). Differences were examined using
unpaired t test, Mann-Whitney test or one-way ANOVA with
Bonferroni’s multiple comparisons test as indicated and P
values <0.05 were considered to be statistically significant.
Correlations were evaluated using the Pearson correlation
coefficient.

RESULTS

Corneal Findings in DMEK Patients

Altogether 16 eyes of 13 patients (8 female/5 male with mean
age 66 ± 13 years) were analyzed. Twelve eyes were pseu-
dophakic, one eye was aphakic, and three eyes were phakic
before and pseudophakic after Triple-DMEK. Final diagno-
sis was FECD for 11 eyes, PEX for three eyes, BK for one
eye, and endothelial pathology for one eye (Table). Patients
with early onset FECD or a family history of FECD were not
included in this study. Mean BCVA (LogMAR) was 0.58 ±
0.09 before DMEK and improved significantly (P < 0.0001)
to 0.17 ± 0.07 at three months after surgery. Mean IOP was
12 ± 2 mm Hg preoperatively and 14 ± 3 mm Hg after
surgery; mean CCT was 647 ± 64 μm before surgery and
decreased significantly (P < 0.0001) to 514 ± 37 μm after
surgery; age dependency of CCT was absent before surgery
(Pearson’s r: −0.044) but was present after surgery (−0.41);
mean anterior HOA was 0.692 ± 0.280 before and 0.871 ±
0.327 after surgery; mean posterior HOA was 0.447 ± 0.233
before surgery and decreased significantly (P = 0.0284) to
0.291 ± 0.093 after surgery (Table; excluding patients with
BK and not detected values).

Structure and Gene Expression of Human Donor
Cornea

Residual human donor corneal sections (7.5 mm diameter)
after DMEK preparation consisted of epithelium and stroma,
as displayed by cellular autofluorescence and the collagen
SHG signal on MPM (Fig. 1A). Gene expression analyses of
seven corneal sections (mean age 73 ± 7 years) revealed
the presence of different collagen types, with the signifi-
cantly highest values found for 1A1 and 1A2 (Fig. 1B). Three
human corneas (ages 51, 66, and 76 years) were investigated
by MPM (Figs. 1C and 1D; Figs. 2 and 3) before the endothe-
lium attached to the DM was removed from the stroma
(Fig. 1H). The margin of the preparation shows the trabec-
ular meshwork (Fig. 1E). After imaging, gene expression of

the endothelium was considered in comparison to epithe-
lium and stroma (separated from residual sclera). Although
expression of collagen types 1A1 and 5A1 was absent, that
of 8A1 was significantly higher and that of 8A2 was higher
(Fig. 1G). In addition, crystallin AB was detectable in the
corneal preparations with significantly higher gene expres-
sion in the endothelium than in stroma and epithelium
(Fig. 1I).

The lateral SHG image of the 51-year-old cornea revealed
collagen texture that changed in density between the epithe-
lial and endothelial border (Fig. 1C). Dual-channel imag-
ing of SHG and autofluorescence displayed Bowman’s
membrane as the interface between epithelium and stroma
in further detail (Fig. 1D). Likewise, the DM as the inter-
face between endothelium and stroma exhibited diffuse
autofluorescence surrounding the distinctly cellular struc-
ture (Figs. 3A left and 3B). Interestingly, SHG imaging of that
precise location revealed a consistent pattern of fine hexag-
onal structures (Figs. 2A–2C; Fig. 3A middle) that differed
from the attached stroma in both collagen texture (Figs. 2D–
2F) and density (Fig. 2G). Endings of the DM collagen
appeared to anchor endothelial cells (Fig. 3A right), also
detectable in the 76-year-old cornea (Fig. 3C). However, the
hexagonal collagen structure of the DM detected in this
cornea was less consistent, with areas of thickening, discon-
tinuity and thinning (Figs. 3D, 3E). Similar findings were
observed in a 66-year-old cornea (Figs. 3F, 3G).

Structure of DMs Removed from DMEK Patients

DMs removed from DMEK patients were investigated in their
entirety by MPM (Fig. 4) or analyzed after imaging of central
and peripheral regions by MPM with RT-qPCR (Figs. 5–8).
Mapping of two DMs revealed guttae reflected by autoflu-
orescence that was distributed nasally to temporally across
the entire DM (Fig. 4C) or was localized centrally (Fig. 4G).
These findings were obtained in one patient each classified
with PEX (Fig. 4A) and FECD (Fig. 4E), respectively. Both
corneas improved to a more physiological thickness pattern
after surgery (Figs. 4B and 4F). In addition, a strong signal
was observed by SHG imaging. By contrast with the fine
hexagonal structures found in donor DMs, collagen bundles
surrounding the guttae formed a network with high (Figs. 4C
and 4D) or medium density (Figs. 4G and 4H).

In further analyses, DMs were grouped by gene expres-
sion of collagen 1A1, 1A2, and 8A1. Those membranes
that express collagen 1A1 at a significant level (unlike
donor DMs) and 0.34-fold 1A2 and 0.23-fold 8A1 expres-
sion in comparison to donor DMs (Fig. 5A) showed collagen
bundles (Fig. 6E). Collagen developed as single fibers fill-
ing the spaces between guttae (Figs. 5B and 5K) and form-
ing networks partly covering the surface in central regions
(Figs. 5L and 5M). Deposits are visible both in the interven-
ing spaces and inside the guttae which often appeared with
a central autofluorescence that differed from the dense cover
(Figs. 5J, 5K, and 5M). The periphery showed residues of the
thin hexagonal structures, seen in the donor DMs (Figs. 6A
and 6C), and some endothelial cells (Fig. 6B). In the DM of
a 48-year-old patient, early-stage guttae were detectable in
close proximity to cells and collagen dots (Fig. 6D).

DMs that express collagen 1A2 and 8A1 at low levels and
no collagen 1A1 (Fig. 7A) showed an almost dense central
autofluorescence signal (Fig. 7I) with guttae (Fig. 7B) and
no or only sparse collagen fibers (Fig. 7C). The membranes
were thinner (Figs. 7E–7G) than those with high collagen
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FIGURE 1. Collagen structure and expression in the cornea. (A) Residual epithelium and stroma after DMEK preparation. Preparation zone
is marked by asterisks. (B) Relative expression of different collagen types in residual epithelium and stroma (n = 7). Data are expressed as
mean ± SEM. *P < 0.05, **P < 0.01 compared to collagen 1A1 expression (ANOVA/Bonferroni’s test). (C) Collagen structure in the stroma
viewed from the side. (D) Bowman’s membrane between epithelium and stroma viewed from the side. (E) Junction of the endothelium
with the trabecular meshwork. Preparation zone is marked by asterisks. (F) Anchoring of stroma and trabecular meshwork. (G) Relative
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expression of different collagen types in the endothelium (white bars) normalized to expression in epithelium and stroma (black bars) in
donor corneas (n = 3). Data are expressed as mean ± SEM. *** P < 0.001 (ANOVA/Bonferroni’s test), # P < 0.05 (Mann-Whitney test). (H)
DMEK preparation was performed as marked by asterisks. (I) Relative crystallin AB expression in the endothelium (white bar) normalized
to expression in epithelium and stroma (black bar) in donor corneas (n = 3). Data are expressed as mean ± SEM. ** P < 0.01 (Student’s t
test). Fluorescence signal obtained by excitation with 740 nm is shown in green and by excitation with 1040 nm in red. Scale bars and 3D
blend projection as indicated.

FIGURE 2. Visualization of DM structure in an intact 51-year-old
donor cornea. Hexagonal collagen structure of DM shown in 3D
blend projection (A), side view reconstruction (B) and underlying
single images (C). Stromal collagen structure of the same area in 3D
blend projection (D), side view reconstruction (E) and underlying
single images (F). Fluorescence signal obtained by excitation with
1040 nm is shown in gray. Signal level (G) is significantly higher in
the stroma (black bar) in comparison to the DM (white bar). Data
are expressed as mean ± SEM. * P < 0.05 (Student’s t test). Scale
bars: 10 μm.

content (Figs. 5C–5I). Endothelial cells were detectable in the
periphery and some developing guttae can be discovered at
the margins (Fig. 7H).

DMs from two DMEK patients also showed low colla-
gen 1A2 and 8A1 expression levels, but high expression
of collagen 1A1 (Fig. 8A). They revealed differing struc-
tures on MPM analysis. The DM from a 36-year-old patient
had a very thick autofluorescence core with a fibrous colla-
gen cover (Figs. 8B, 8D, 8E). In contrast, that from a 68-
year-old patient showed guttae in the center (Fig. 8C) and
some cells in the periphery (Fig. 8G). However, a primar-
ily fibrous extracellular network was detectable (Figs. 8F
and 8G) with embedded collagen structures (Fig. 8G) also
found in the sclera (Fig. 8H). Another DM showed high crys-
tallin AB expression in particular (Fig. 8I). Together with
guttae and bundled collagen (Fig. 8M and 8N), seen in most
of the DMs from DMEK patients, loosely attached autoflu-
orescence material was present that tended to exfoliation
(Figs. 8J and 8L).

DISCUSSION

MPM of the human cornea in the present study revealed
significant changes in collagen arrangement, extracellu-
lar matrix formation and cell structure due to endothe-
lial pathologies. Thus our new label-free two-channel setup
proved to be useful for medical imaging of several diseases.
We used a higher wavelength (1040 vs. 860 nm) than that
established in the past for SHG microscopy to visualize
collagen bundles. The supramolecular assembly of collagen
fibers permits detection by this nonlinear optical method,
and because SHG is not a resonant process, the excita-
tion wavelength can be varied, with greater penetration
depths achieved at 1040 nm. The texture of stromal colla-
gen was shown more clearly than at the 860 nm excita-
tion wavelength.42 Using this approach, we have shown for
the first time that the collagen structure of the DM is char-
acterized by a consistent pattern of fine hexagonal struc-
tures. Previously such a structure has only been postulated
for the endothelial cell membrane due to the presence of
network-forming collagens.26 The fine physiological struc-
ture detected appears to provide a high degree of flexi-
bility and anchorage for the endothelial cells. In line with
the hypothesis that endothelial cell loss with aging4–6 is
compensated by cell stretching, this structure showed less
homogeneity in the older donor corneas. The collagen struc-
ture of the DM differs significantly from that in stroma with
overlying bundles. These findings are consistent with higher
expression of fibrillar collagens (types 1 and 5)1,43 in the
stroma compared with network-forming collagen (type 8)2

in the DM.
In line with previous studies, surgery led to signifi-

cant improvement with higher BCVA, and reduced CCT
and posterior surface wave front HOA.44,45 In addition,
the reported age-dependent reduction in CCT was now
detectable in the cohort after DMEK.46,47 MPM analyses of
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FIGURE 3. DM structure in intact 51-, 66-, and 76-year-old donor corneas. (A) Localization of DM is shown by a white line in the side view
reconstruction with corresponding single images of both excitation channels. Anchoring points to cells are marked by arrow heads. (B)
Transition from stroma to DM and endothelium viewed from the side in the 51-year-old cornea. (C) Endothelium and anchoring collagen
(arrow heads) in the 76-year-old donor cornea. (D, E) Collagen structure of DM in 76-year-old donor cornea. (F, G) Collagen structure of
DM in 66-year-old donor cornea. Fluorescence signal obtained by excitation with 740 nm is shown in green and by excitation with 1040 nm
in red (A–C) or gray (D–G). Scale bars and 3D blend projection as indicated.
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FIGURE 4. Tomographic maps of the cornea before and after surgery and structure of patient DMs. Pachymetry map demonstrating corneal
thickness profile of DMEK 13 before (A) and after (B) and DMEK 12 before (E) and after (F) surgery. N, nasal; T, temporal. The thinnest
point of the cornea is indicated by a small circle, and the pupil by a dashed circle with a central cross. Reconstructed map from 27,342
single images (C) and detail enlargements (insert C and D) from DMEK 13. Reconstructed map from 15,232 single images (G) and detail
enlargements (insert G and H) from DMEK 12. Fluorescence signal obtained by excitation with 740 nm is shown in green and by excitation
with 1040 nm in red. Scale bars and 3D blend projection as indicated.
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FIGURE 5. Structure and collagen expression of patient DMs. (A) Fold change in relative expression of collagen 1A1, 1A2 and 8A1 in patient
DMs (DMEK 1, 5, 8, and 10, n = 4 and 6 eyes, striped bars) in comparison to DM of donor corneas (Fig. 1). Data are expressed as mean
± SEM. # P < 0.05 (Mann-Whitney test). (B) Single view of different layers of the same position in DM of DMEK 5R showed guttae (black
arrow heads), deposits and collagen bundles (white arrow heads). Side view reconstructions of central DM of DMEK 13 (C), DMEK 12 (E),
DMEK 5L (F), DMEK 5R (G), DMEK 1R (H), DMEK 8 (I), and peripheral DM of DMEK 13 (D). (J, K) Collagen bundles and deposits in DM
of DMEK 5R. (L, M) Fibrous collagen structure in DM of DMEK 8. Fluorescence signal obtained by excitation with 740 nm is shown in green
and by excitation with 1040 nm in red. Scale bars and 3D blend projection as indicated.
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FIGURE 6. Development of guttae between endothelial cells in patient DMs. Different collagen structure in the periphery of DMs of DMEK
10 (A) and DMEK 1R (C). Raised guttae are visible between residual endothelial cells in the periphery of DMEK 5L (B). Guttae develop
between cells that are partly anchored by collagen in the periphery of DMEK 1R (D). (E) Reconstruction of a central area of DMEK 12
showed a continuous collagen bundle network and a variety of guttae. Fluorescence signal obtained by excitation with 740 nm is shown in
green and by excitation with 1040 nm in gray (A and C) or red (D and E). Scale bars and 3D blend projection as indicated.

the DMs after surgery revealed pathologic conditions not
previously described. A collagen bundle network of varying
intensity entwined around the guttae, primarily centrally in
patients diagnosed with FECD but throughout the entire DM
wherever guttae were present in patients diagnosed with
PEX. Unlike other studies focusing solely on FECD,8 we
further differentiated the patients’ DMs from our cohort in
terms of collagen expression. With MPM those membranes

expressing collagen 1A1 displayed the honeycomb colla-
gen network and were thicker, whereas lack of collagen
1A1 expression correlated with the detected presence of
marginal collagen and thinner membrane structure. Interest-
ingly, differences between the two groups were also found
in terms of patient outcome with a greater decrease in CCT
after DMEK in patient DMs with abundant collagen (131 μm
vs. 92 μm).
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FIGURE 7. Collagen expression and structure of patient DMs. (A) Fold change in relative expression of collagen 1A1, 1A2, and 8A1 in patient
DMs (DMEK 2, 3, 4, and 6, n = 4 and 5 eyes, gray striped bars) in comparison to DM of donor corneas (Fig. 1). Data are expressed as mean
± SEM. Guttae were detectable in all DMs, as illustrated in the case of DMEK 3L (B), whereas collagen was present to only a very limited
degree in DMEK 3R (C). Side view reconstructions of central DM of DMEK 2 (D), DMEK 4 (E), and DMEK 6 (F). (G) Guttae develop between
cells in the periphery of DMEK 6 (example pinpointed by a black arrow head in the detail enlargement). (H) Reconstruction of a central
area of DMEK 6 showed guttae in a high-density pattern. Fluorescence signal obtained by excitation with 740 nm is shown in green and by
excitation with 1040 nm in red. Scale bars and 3D blend projection as indicated.

We suggest that expression of fibrillar collagen and
formation of the honeycomb network around the guttae are
reactions of the cornea consequent on loss of the functional
unit comprising the hexagonal membrane structure and
endothelial cells. The pathological collagen network was
found exclusively in the presence of guttae. Slit-lamp biomi-
croscopy examinations have demonstrated an unchanged

periphery most commonly in younger patients with FECD;
our description of the physiological structure of the DM
corroborates that finding. However, some early-stage guttae
were detectable as a result of cell death between intact
cells. Second, our hypothesis is strengthened by the fact that
formation of fibrillar collagen has already been described
during cell growth under nonphysiological conditions and
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FIGURE 8. Collagen expression and structure of patient DMs. (A) Fold change in relative expression of collagen 1A1, 1A2 and 8A1 in patient
DMs (DMEK 7 and 11, n = 2, gray bars) in comparison to DM of donor corneas (Fig. 1). Data are expressed as mean ± SEM. # P < 0.05
(Mann-Whitney test). Dense membrane structure with few guttae and covered by a fibrous collagen network was detectable in DMEK 11 (B
and D). Collagen embedded in extracellular matrix in DMEK 7 (C and G) showed a similar pattern to that detectable in sclera (H). Residual
endothelial cells are marked by arrow heads (G). Side view reconstructions of central DM of DMEK 11 (E) and DMEK 7 (F). (I) Fold change
in relative crystallin AB expression in DMEK 9 (light gray bar) and in other patient DMs (n = 10, dark gray bar) in comparison to DM of
donor corneas (white bar). Data are expressed as mean ± SEM. * P < 0.05 (Student’s t test). Exfoliation of extracellular matrix in layers
(marked by white and black arrow heads) is visible in side view reconstructions (J–L) of DMEK 9 that otherwise showed guttae and collagen
bundles (M, N). Fluorescence signal obtained by excitation with 740 nm is shown in green and by excitation with 1040 nm in red. Scale
bars and 3D blend projection as indicated.
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FIGURE 9. Remodeling of DM in endothelial dystrophies. Endothelial cells (light green) and the DM consisting of extracellular matrix and a
collagen scaffold (thin red hexagons and line) form the posterior part of the cornea (left). In early disease (center left) the collagen structure
of the DM is interrupted and guttae (dark green) develop due to cell destruction. However, healthy cells can still migrate from the periphery
and DM integrity is maintained, resulting in near-normal vision. During remodeling (center right) increased guttae (dark green) initiate
nonphysiological collagen production that appears as a honeycombed network (thick red structure) that inhibits the migration of healthy
cells and results in reduced vision. In severe disease (right) numerous guttae surrounded by collagen fibers dominate the DM, rendering
healthy cell migration impossible. This stage is accompanied by vision loss.

in cancer.1,26,48–50 Although the pathological collagen rear-
rangement may restore corneal rigidity, the resultant imper-
meability and subsequent edema then become a vicious
circle.We observed higher CCT values in patients developing
the collagen network (648 μm vs. 612 μm) before surgery,
but similar values (517 μm and 520 μm) after surgery.
Interestingly, these patients showed a small but consis-
tent improvement in corneal posterior and anterior surface
wave front (HOA posterior 0.080 and anterior 0.031) after
DMEK, whereas reduced collagen formation was accompa-
nied by a greater improvement in posterior and deteriora-
tion in anterior corneal surface wave front (HOA posterior
0.267 and anterior −0.275). Our results suggest two differ-
ent patterns of endothelial corneal dystrophies in terms of
collagen expression.

The collagen remodeling observed in one group possibly
represents a migration barrier to healthy peripheral endothe-
lial cells, as shown schematically in Figure 9. This might
explain why descemetorhexis without endothelial kerato-
plasty (DWEK), also known as DM stripping only (DSO), that
is, removal of the centrally affected region without subse-
quent grafting, leads to clearing of the cornea in patients
with mild to moderate FECD.51,52 We propose that excision
of the affected region opens the possibility for endothe-
lial cells to migrate along the physiological collagen scaf-
fold. This slow process may be reflected in the reported
long recovery times in patients undergoing DWEK/DSO.
However, patients with reduced collagen expression would
not benefit from DWEK/DSO because of the absent interac-
tion between DM and endothelial cells and the lost capacity
for migration. Quarter-DMEK, that is transplantation of only
one quarter of a donor DM, might be a useful surgical strat-
egy in the early stages in such cases.53 Further studies are
clearly needed to elucidate whether formation of the honey-
comb collagen structure depends on disease progression,
individual age and corneal composition or genetic predispo-
sition, namely the intronic CTG trinucleotide repeat expan-
sion in TCF4.19–21

Three patients were differentiated from the rest on the
basis of MPM imaging, which disclosed findings that were
characteristic of other additional pathologies. BK was char-

acterized not only by high CCT (1102 μm) but also by
massive thickening of the DM due to an increase in extra-
cellular matrix and the appearance of stroma-like collagen
bundles. One patient with fibrosis and sclera-like collagen
in the DM was suffering from secondary corneal decom-
pensation due to severe glaucoma, having undergone multi-
ple surgical procedures that finally damaged the cornea
and introduced scleral material. Alongside the honeycomb
collagen structure, one DM (from an elderly patient with
occupational exposure to radiation) showed several layers
of extracellular matrix with exfoliation, as confirmed by
MPM. Membrane splitting has been previously described in
DMEK.28 We found higher expression of crystallin AB in the
DM of this patient than in all other patients and the donor
material. Crystallin AB not only plays a structural role in the
lens of the eye but also serves as an important heat shock
protein in several tissues. Expression of crystallin AB could
be a response to UV light and radiation, resulting in loos-
ening of the extracellular matrix of the DM and adversely
affecting removal during DMEK surgery.54,55

MPM and RT-PCR were used to investigate DMs success-
fully removed from patients during DMEK surgery in
comparison with healthy DMs from donor eyes. We demon-
strated a consistent pattern of fine hexagonal structures,
which acts physiologically to maintain the shape of the
endothelial cells in the DM. Furthermore, we have provided
convincing evidence that not only guttae but also collagen
remodeling are participatory factors in FECD and PEX. Our
results shed new light on endothelial corneal pathologies
and the options available for their treatment.
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