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Abstract

The eye lens displayes a variety of phenotypes in the wake of genetical modifications or environmental
influences. Therefore, a high-resolution in vivo imaging method for the lens is desirable. Optical coherence
tomography (OCT) has become a powerful imaging tool in ophthalmology, especially for retinal imaging in
small animal models such as mice. Here, we demonstrate an optimized approach specifically for anterior
eye segment imaging with spectral domain OCT (SD-OCT) on several known murine lens cataract mutants.
Scheimpflug and histological section images on the same eye were used in parallel to assess the observed
pathologies. With SD-OCT images, we obtained detailed information about the different alterations from
the anterior to the posterior pole of the lens. This capability makes OCT a valuable high-resolution imaging
modality for the anterior eye segment in mouse.

Keywords: Mouse, Eye lens, Cataracts, OCT, Scheimpflug imaging

1. Introduction in order to reach the retina. Therefore, every
structure in front of the retina can be investigated.

Optical coherence tomography (OCT) is used Anterior segment OCT (AS-OCT) was first
to produce high-resoluted, deep-reaching images demonstrated by [Izatt et al| [1994]. The earliest

of the retina and is now the standard for in vivo commercial form of OCT was limited by relatively
ophthalmological assessment [Huang et al., [1991] slow acquisition times and poor resolution. Later it
[[zatt et al) 2017]. It allows the non-invasive was used by others mostly for imaging the anterior
reconstruction of retinal tissue by light interference chamber angle in human patients [Asrani et al.
with near-histologic axial resolution. The incident 2008] [Fukuda et all, [2010] [Lavanya et al. [2008]
infrared LASER-light penetrates the cornea, the [Nolan et al., 2007] [Radhakrishnan et al., [2001].
anterior chamber, the entire lens and the vitreous, In more recent years a prototype of swept-source

optical coherence tomography (SS-OCT) was
employed to image human lenses from pole to

" ;
gf,iiffi?f,ﬁé?f author pole [de Castro et all [2018] |Grulkowski et al.

oana-veronica.amarie@helmholtz-muenchen.de (Oana 2018]' In mice, OCT was applied for biomet-

Veronica Amarie ) rical purposes [Chou et al) [2011] |Zhou et al.
;ORCID=0000-0002-6682-8738 2008], with emphasis on the anterior lens and
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3 O ROID:0000-0002.5143.2677 lens nucleus after deletion of Glut! in lenticular
§ORCID:0000-0002-6076-0111 mouse epithelia [Swarup et al., |2018| and also for
O ROID:0000-0002-7898-2555 the lens nucleus and posterior lens [Liu et al. 2013].
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Another approach for the anterior eye seg-
ment imaging is the rotating Scheimpflug camera,
a reliable tool for recording the entire human eye
lens as well as the anterior and nuclear lens parts
of common model organism as Mus musculus,
Rattus rattus and Oryctolagus cuniculus [Wegener
and Laser-Jungal [2009].

Pentacam® Scheimpflug device delivers quanti-
tative information and qualitative imaging of the
cornea and anterior chamber, as well as densitom-
etry analysis of the lens opacification or cataract,
based on reflectometry [Kim et al. [2009] [Pei
et al., [2008]. Nevertheless, in mice it is not possible
to apply Scheimpflug imaging to investigate the
posterior eye lens, because of its rounder shape in
comparison to the human lens.

Here, we demonstrate superior axial image
resolution of SD-OCT as a prefered non-invasive
mouse lens investigation method by using several
already published mouse mutants with congenital
and age-related lens alterations. SD-OCT images
were assisted by AS-OCT, Scheimpflug and his-
tology images with the aim to identify different
lenticular pathological manifestations.

2. Materials and Supplies

2.1. Mice

At least three animals of nine different estab-
lished mouse mutant lines and of one wild-type

strain were examined (Tab. [l)). The age at
Table 1: Mouse lines.

Mouse Age Reference

C57BL/6JG 10 wk.  MGI:6198736

Crybb©@377/0377 12 wk.  |Ganguly et al., [2008]

CrybePhilly/Philly 15 wk.
C,r,ybagAcaf?O/AcaS’U 6 wk.
Crybb2Aaeve/Aeyz 6 wk.

[Kador et al., |1980]
[Puk et al., 2011]
|Graw et al., |2001b]

CrygdAevd/Aevd 16 wk.  [Graw et al., 2002
Cryaa®®V”/4y7 16 wk.  |Graw et al., [2001a]
Pazx6t/Acvl! 20 wk.  |Graw et al., 2005
Ercc2t/5737F 78 wk.  |[Kunze et al.| 2015]

BErcc2S5737P/ST37P g wk. [Kunze et al.| [2015]

All mice were bred on C57BL/6JG background with
exception of  CrygdAevé/Aevd Cryaa®ev?/Aey7  and
Erec25737P/S737P (C3HeB/Fel) as well as the Ercc21/5737P
mutant (C57BL/6JG x C3HeB/FeJ)F1.

investigation of the mice was frequently higher
than in the respective publications (with exception
of Crybb24ev?/Ae¥2) o cover all degrees of cataract
severity.

All mice were housed in the animal facili-
ties of the German Mouse Clinic (GMC,
https://www.mouseclinic.de) in accordance
with the German Law of Animal Protection, the
ARVO Statement for the Use of Animals in Oph-
thalmic and Vision Research, and the tenets of the
Declaration of Helsinki. All mice were examined
with the permission of the Government of Upper
Bavaria under ROB-55.2-2532.Vet_02-16-80.

In sequence, the mice were measured first
with Scheimpflug, then with OCT and eventually
sacrificed for histology.

2.2. Scheimpflug imaging

Lens opacity was analysed using the Scheimpflug
(SP) system Pentacam® (Oculus GmbH, Wetzlar,
Germany) according to |Puk et al.|[2009, Mydriasis
was induced by 0.5% Atropin drops to allow optimal
visualization of the lens. The mice were not anaes-
thetized and therefore not prone to cold cataracts
or eye dehydration [Bermudez et al.l |2011].

2.8. Optical coherence tomography (OCT)

Optical Coherence Tomography was performed
with the Spectralis® OCT (Heidelberg Engineer-
ing, Heidelberg, Germany) as described by Puk
et al.||2013l The technical requirements in brief
were as follows: a 78-diopter double aspheric lens
(Volk Optical, Inc., Mentor, OH, USA) was directly
fixed on the optical outlet of the device. A second
plan-convex contact lens (Roland Consult, Bran-
denburg, Germany) was reversibly attached to the
eyes of the mice with contact medium (Methocel
2%, OmniVision, Puchheim, Germany). Mice were
anaesthetised with ketamine (100 mg/kg)/xylazine

(10 mg/kg).

2.4. Histology

After OCT and SP investigations, the mice
were directly sacrificed, the enucleated eyes were
fixed in Davidson and subsequently embedded in
Technovit® 8100 (Heraeus Kulzer, Wehrheim, Ger-
many). Samples were cut in 2 pm mid-sagittal sec-
tions with a glass knife ultramicrotome (OM U 3, C.
Reichert, Austria) on superfrost slides and stained
with basic fuchsin and methylene blue. Slides
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were scanned (NanoZoomer S210 Digital slide scan-
ner, Hamamatsu, Japan) and images taken with
10x, 20x and 40x objectives and processed with an
image-processing program (GIMP 2.8.2, 2017, The
GIMP team).

3. Detailed OCT method: software and de-
vice settings

For OCT image acquisition, we recorded first AS-
OCT images. The camera was positioned close to
the eye, until the pupil was in focus on the live in-
frared (IR) frame. At this point, the camera head
was fixed and by using the reference arm slider, the
cornea and the lens reflection image were moved
to the sweet spot of the AS-OCT acquisition win-
dow. The focus in all measurements was unchanged
around 0 diopters (D). Cross-sectional images and
volume scans through the anterior eye segment were
recorded.

The next module measurement required the ex-
change of the lens at the output of the detection
head for the OCT2 module lens. Additionally, a
contact lens was applied to the eye of the mouse
with a drop of Methocel. After changing to the
spectral domain mode, the region of interest in the
mouse lens could be fixed by OCT device slide read-
justments. The focus was adjustable in principle
and could be fine-tuned for different diopters, but
in our hands only a focus around 0 D ensured con-
torted images in 1:1 scale, with the exception of an
old Ercc2*/5737F mouse (10.75 D).

Automatic real-time tracking (ART) mode was
used to achieve improved signal-to-noise ratio by
averaging up to 100 image frames. Preference was
given to volume scans of the entire central lens,
when the mice were breathing calmly under anaes-
thesia. Images for this paper were displayed with
enhanced contrast (level 14).

In this configuration, OCT imaging revealed lens
matrix features that were not visible with the
Scheimpflug method or even histology images.

4. Results

With focus on lens, it was possible with OCT
measurements to detect in vivo and time-resolved
a broad spectrum of specific fine structures.

4.1. OCT of anterior lens cortex and nucleus
A good example for the imaging of the anterior
fine-structure of an altered eye lens was given

by the Paz6t/4¢¥!! mutant. As a result of the
mutation-induced developmental failure, a kera-
tolenticular adhesion occurred (Fig. C+D,).
This alteration was clearly depicted in SD-OCT
(Fig. 1} A), whereas with the Scheimpflug camera
examination, no clear statement concerning the
exaggerated corneal reflection could be made (Fig.
B). Low-signal areas in the SD-OCT-depicted
adhesion were most likely due to capsule invagi-
nation into the cornea (Fig. |1} D, red star), while
increased signal areas were possibly caused by the
locally hypertrophic lens epithelium (Fig. D,
black arrowheads). Additional scattering in the
vicinity of the adhesion (Fig. A, blue arrow)
was caused possibly by granular cytoplasm of the
fibre cells or by fibre cells with nuclei (Fig. E,
black arrowheads). AS-OCT of the eye displayed
increased scattering too (Fig. [2| A), but was less
sensitive to elucidate deeper structures of the lens,
than SD-OCT, as visible in Fig. [T} A.

The next example, the CrygdAve4/4¢¥4 mutant eye
contained a cataractous lens, which was observed
as massive light scattering in the Scheimpflug
image (Fig. G), although overall histology of
the eye revealed no obvious morphological changes
(Fig. [1} H). Magnifications disclosed fibre cells with
remnant nuclei or unknown aggregation located at
the interface of lens cortex and nucleus (Fig. |1} J,
black arrowheads). These spots were sufficiently
detected by SD-OCT as increased large scattering
zones in the lens nucleus (Fig. (1} F, blue arrows).
The AS-OCT added no further information (Fig.
B) and offered less precise images of the anterior
lens and nucleus then SD-OCT (e.g. anterior
suture).

The cataractous lenses of the Crybb2 mutants
Crybb20377/0377 and CrybePhilly/Philly (Fig.
C+H) were imaged with the Scheimpflug camera as
undifferentiated blots due to total light scattering
inside the lenses (Fig. 3| B4+G).

The SD-OCT imaged not only almost the entire
lenses, but revealed also with great accuracy the
inner texture of the lenses in both mutants (Fig.
A+F) with near histological resolution. While
in the Scheimpflug image of Crybb20377/0377
signal-free area was partially visible (Fig. [3] B, red
arrow), the SD-OCT image displayed the existing
caverns lateral and posterior in the lens (Fig.
A, red arrows; Volume scan in supplemental data).
The SD-OCT properly depicted even the thickened
capsule of Crybb29377/0377 and Crybb2Phity/Philly
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Figure 1: 20 weeks old Paxz67/4¢¥1 (A-E) and 16 weeks old CrygdAye4/Aey4(F—J) mutant: A+F. SD-OCT images of anterior
lens. B+G. Scheimpflug images with small frontal picture. C+H. Histology of entire eye lens. D+E-+I+J. Magnifications
marked in overview images. («) Iris-dependent signal cut-off of eccentric ventral lens extensions. («) Scattering areas. (<)
Nuclei of epithelial cells or fibre cells. () Lens capsule.



(Fig. A+D+E+I, red stars). Lens detection
with the anterior segment module contributed no
more information and produced less sharp lens
images (Fig. [2l C+D).

4.2. OCT of lens nucleus

The Crybb24°¥? mutant lens was characterised by
undifferentiated lens fibre cells, still carrying nuclei
(Fig. D, black arrowheads). Those nuclei of a
failed lens epithelial cell differentiation were hardly
visible in the outer cortex and not in the lens bow
in SD-OCT (Fig. [4] A, blue arrows). Additionally,
SD-OCT revealed a stratification of different light-
scattering layers in the nucleus. A high-scattering
outer nucleus was sharply distinguishable from a
low-scattering inner nucleus (Fig. A), whilst
Scheimpflug imaging displayed no differences, but
an utterly opaque appearance of the lens (Fig.
B).

In the Cryba2 mutant Aca30, waves of scattering
centres through the entire lens nucleus were de-
tected in detail with SD-OCT (Fig. F, blue
arrows; Volume scan in supplemental data). The
strong and intense OCT signal was not fully sup-
ported by the histology (Fig. H), where fibre
cells with nuclei were only discernible between the
lens bow and the anterior lens part (Fig. [4 I+J),
matching the appearance in the SD-OCT image.
The signal did not match between lens bow and
lens nucleus. In the Scheimpflug image, a slightly
increased scattering at the lens bow and a catarac-
tous alteration in the nucleus was detectable. The
revealed nuclear alteration was consistent with the
defect in the SD-OCT image (Fig. G, blue ar-

row).

4.3. OCT of posterior lens

Aside from the anterior and nuclear segment
of the lens, the SD-OCT delivered the most
detailed information about the posterior segment,
as demonstrated for the Cryaa mutant Aey7 and
the heterozygous and homozygous Ercc2 mutants.
The Cryaa mutant Aey7 was characterised by
caverns in the equatorial and moreover in the
posterior cortex (Fig. [, D+E+F). The SD-OCT
of the anterior segment revealed an increased
occurrence of scattering layers as well (Fig. A,
blue arrow) which were not clearly distinguishable
in the histology but seemed to mark the interface
of fixed and non completely fixed lens areas (Fig.
D). Those scattering layers were most likely
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Figure 2: AS-OCT images of 20 weeks old Pax61/Aey!1
(A), 16 weeks old CrygdAves/4evs (B), 12 weeks old
Crybb20377/0377 (C) and a 15 weeks old Crybb2Philly/Philly
(D).

responsible for the appearance of a total cataract in
the Scheimpflug image (Fig. |5, B). Obviously, the
Scheimpflug camera was also limited in detecting
the mainly posterior aggregated caverns. By
contrast, the SD-OCT image of the posterior lens
detected those caverns as signal-free areas (Fig. [5|
C, red arrows).

The DNA repair-deficient mutant Erce25737P/S737P
developed the well-documented nuclear cataract
that was clearly visible in the Scheimpflug image
(Fig. [p, H). In histology, the mutant displayed also
ruptures or separations of the lens fibres in the
anterior and posterior segment (Fig J+K+L,
red arrowheads). The anterior defects were fairly
visible in the Scheimpflug image (Fig. H, blue
arrow), but not the posterior alterations. The
SD-OCT images showed fibre cells with dens
material that seems to accumulate towards the
lens nucleus and displays also signal-free areas that
indicate a change in lens matrix denseness (Fig.
G+1, blue arrow).

The aged FErce2?/577" mice displayed a ho-
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Figure 3: 12 weeks old Crybb20377/0377 (A_E) and 15 weeks old Crybb2Phily/Philly(B_J) mutant: A+F. SD-OCT images
of entire lens. B—4G. Scheimpflug images with small frontal picture. C+H. Histology of entire eye lens. D+E—+I+4J.
Magnifications marked in overview images. (<) Iris-dependent signal cut-off of eccentric ventral lens extensions. («) Caverns
in the lens. () Lens capsule.



\

|
}ﬂ\l\
W

A )

Figure 4: 6 weeks old Crybb24ev2/4ev2 (A_E) and 6 weeks old Cryba24ce30/Aca30 (F_J) mutants: A+F. SD-OCT images
of entire lens. B—4G. Scheimpflug images with small frontal pictures. C—+H. Histology of entire eye lens. D+E+I+4J.
Magnifications marked in overview images. («) Iris-dependent singal cut-off. («) Puntiform scattering centre. («) Nuclei of
fibre cells. (x) Mirroring contact lens.
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Figure 5: 16 weeks old Cryaa?¢¥7/4¢¥7 (A-F) and 8 weeks old Ercc25737P/5737P (G-L) mutants: A+C+G+1I. SD-OCT images
of anterior and central lens parts (C in white on black for better contrast). B4H. Scheimpflug images with small frontal picture.
D+J. Histology of entire eye lens. E4F+K+L. Magnifications marked in overview images. («) Iris-dependent signal cut-off
of eccentric ventral lens extensions. (<) Signal-free planes in the lens. («) Area of increased scattering. («) Disruptions in
the lens.
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Figure 6: 78 weeks old Ercc2t/5737P mutant (A-E) and 10 weeks old C57BL/6JG control (F-K): A+F+H. SD-OCT images
of posterior lens. B4+G. Scheimpflug images with small frontal picture. C+I. Histology of entire eye lens. D+E+J+K.
Magnifications marked in overview images. (<) Signal-free plane in the lens. («) Cortex to nucleus interface scattering. ()
Deposits or swollen fibre cells. («) Small vacuoles.



mogenously increased opacification at the interface
of cortex and nucleus visible with Scheimpflug
imaging (Fig. [6] B, blue arrow). This feature
was age-related, as described in a previous study
[Dalke et al., 2018] and evident at the microscopic
level as a transition to the incompletely fixed and
therefore poorly stained lens area (Fig. [6] C).
However, the posterior cortex displayed a visible
alteration in the histological section with the shape
of a lesion at the posterior suture (Fig. @ D, blue
stars). The lesion was composed of large fibre cells
and deposits respectively, enclosed by relatively
regular-sized fibre cells out of typical fibre cell
arrangement. This lesion was clearly detectable
with the SD-OCT as a contrast of a signal-free area
surrounded by increased light-scattering structures
(Fig. @, A, red arrow), but definitely not possible
to image with the Scheimpflug camera.

The last example was a 10-week-old C57BL/6JG
control mouse that had neither lens opacifications
visible in the Scheimpflug image (Fig. |§|, G), nor
did the SD-OCT reveal any pathological alterations
(Fig. [6l F). Only the scattering in the inner pos-
terior cortex (blue arrow) was detectable (compare
with |Chou et al|[2011| in a later stage) but this
feature had no obvious correlate in histology (Fig.
@ I). The posterior suture was clear in SD-OCT,
which was confirmed by the histology of the specific
area (suture bifurcation, Fig. [6l J). Despite being
a control without expected lens alterations at this
stage, histology revealed the occurrence of many
vacuoles within or between fibre cells anteriorly to
the lens bow (Fig. [6] K, blue arrowheads). Those
vacuoles were not identified by SD-OCT, most
likely because of lacking scattering substrate in
and around the vacuole.

5. Potential pitfalls and troubleshooting

Undoubtedly, SD-OCT provided the high resolu-
tion for in vivo detection of mouse lens alterations
and was successful for small animal imaging. At
the same time, OCT was nonetheless confined, in
our experiments, by natural limits such as the iris
condition/opening, the lens size, the mouse age in
general and structural signal interferences. Further-
more, opacification-free corneae or corneae with a
limited opaque spot (as in Aeyl1) were obligatory
for high resolution imaging.

10

5.1. Iris condition

The melanin-containing iris, which hampered the
imaging of the whole eye lens in Scheimpflug imag-
ing, cut off also eccentric equatorial parts of the
lens in SD-OCT. Even more so for the case if the
iris was degenerated and not amenable to dila-
tion by atropine. This was most likely the case
for Crybb20377/0577 (Fig. A, blue arrow) and
Crybb2Phily/Philly (Fig, E, blue arrow), where
the iris did not dilate sufficiently.

5.2. Lens size

Another limitation for detecting the entire lens,
independent of mice age and iris condition, was sim-
ply the lens size in relation to the already dilated
pupil. Therefore, insights into the lens bow region
were limited, e.g. in Crygd®ve/Aey4 (Fig, F,
black arrows) or more critical to acquire in the lens
bow, densely populated with nuclei-containing fi-
bre cells as in the Crybb24°v?/4¢¥? mutant (Fig. |4
A blue arrows). Likewise the vacuole-rich lesions
of Cryaa®e¥7/4¢¥7 lenses were covered by the iris
(Fig. b} A, black arrow). Hence, histological anal-
ysis was necessary to garner information about the
lens bow.

5.3. Mouse age

Also mouse age was a critical parameter for
OCT imaging quality. Generally, older mice (e.g.
Erce2t/5757P 18 months old) exhibited strong head
movements due to extremely heavy breathing which
rendered it barely possible to acquire more than
5-20 frames after standardisation in OCT mode.
Therefore, OCT pictures of younger mice were
much sharper and accurate. One possibility to ac-
complish a recording for older mice, is to fix their
heads by the upper front teeth in a clamp.

5.4. Interferences

Other eye structures, e.g. the retina or the ap-
plied plan-convex contact lens could potentially in-
terfere with OCT’s of a chosen lens plane (Fig. |4
F, purple star). These overlays could be avoided
by slightly increasing or decreasing the distance of
the OCT reference arm slider and the camera focus
respectively. Also enhanced depth imaging (EDI),
adjustable in life mode, can help to cope with these
problems.



Table 2: Potential capability of used methods for abberation detection in different lens regions.

Method
Scheimpflug Histology OCT
Anterior cortex + + +
Anterior ¢/n interface + — +
Lens part Nucleus + - +
P Lens bow - + —
Posterior n/c interface + — +
Posterior cortex - + 4

Decisions, whether a method was appropriate based on inter-method comparisons.

(¢/n) Cortex to nucleus. (n/c)

Nucleus to cortex. (—) Ambigious detection. (+) Possible detection.

6. Conclusion

Altogether, the SD-OCT technique is easy to
apply for detailed examination of the lens, in addi-
ation to the analysis of the retina. SD-OCT allows
in vivo monitoring of developmental and patholog-
ical changes in the eye lens that occur from the
anterior to the posterior end (Table . Especially
the fine structure of nuclear alterations, that are
untraceable in histology (due to imperfect fixation),
were visible in SD-OCT (e.g. Crybb24cv?/Aey?,
CrygdAev4/4ev4 and Cryba24ces0/4ce30)  SD-OCT
was also optimal for imaging features of the
anterior lens which is considered as the main focus
of Scheimpflug camera (e.g. Crybb2*/4ev11)  As
a limitation, SD- and AS-OCT are not able to
detect the lens bow, for which reason histology
should be performed in addition. Also, up to now,
there are no means to quantify lens opacifications
within the Spectralis® software. On the other
hand, the Pentacam® Scheimpflug device offers
quantification tools, but is not able to detect
posterior lens alterations.

Thus, SD-OCT imaging proves to be an excellent
method for in wvivo examinations in long-term
studies with repeated measurements of the same
mice and gives more detailed insights into the lens
than other visualisation methods like Scheimpflug
camera or slitlamp.
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