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Purpose: To establish optical coherence tomography (OCT) as an in vivo imagingmodal-
ity for investigating the process of newt lens regeneration.

Methods: Spectral-domain OCT was employed for in vivo imaging of the newt lens
regeneration process. A total of 37 newts were lentectomized and followed by OCT
imaging over the course of 60 to 80 days. Histological images were obtained at several
time points to compare with the corresponding OCT images. Volume measurements
were also acquired.

Results: OCT can identify the key features observed in corresponding histological
images based on the scattering differences from various eye tissues, such as the cornea,
intact and regenerated lens, and the iris. Lens volume measurements from three-
dimensional OCT images showed that the regenerating lens size increased linearly until
60 days post-lentectomy.

Conclusions: Using OCT imaging, we were able to track the entire process of newt lens
regeneration in vivo for the first time. Three-dimensional OCT images allowed us to
volumetrically quantify and visualize the dynamic spatial relationships between tissues
during the regeneration process. Our results establish OCT as an in vivo imagingmodal-
ity to track/analyze the entire lens regeneration process from the same animal.

Translational Relevance: Lens regeneration in newts represents a unique example of
vertebrate tissue plasticity. Investigating the cellular and morphological events that
govern this extraordinary process in vivowill advance our understanding and shed light
on developing new therapies to treat blinding disorders in higher vertebrates.

Introduction

Regenerative medicine provides great hope for treat-
ing ocular pathologies and overcoming irreversible
vision loss. Amphibians such as frogs, axolotls, and
newts are the closest relatives to humans that can regen-
erate a full lens after injury or complete lens removal
including the lens capsule. Frogs lose this ability after
metamorphosis and axolotls after embryonic devel-

opment.1–5 Newts, however, retain full lens regenera-
tive capabilities throughout their entire lifespan.5 Even
more astonishing, lens regeneration in newts is not
altered by age or repetitive damage,6,7 thereby provid-
ing a model to study preventative or treatment strate-
gies for age-related ophthalmic disorders in higher
vertebrates.

Our current understanding of the cellular mecha-
nisms during lens regeneration in newts mainly comes
from studies employing acquisition techniques such as
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transmission and scanning electron microscopy, light
microscopy with hematoxylin–eosin (H&E) staining
and in situ hybridization, transmission scatter measur-
ing system analysis, and immunofluorescence.8–15
Although the use of these technologies has expanded
our understanding of the process of newt lens regen-
eration in the past decades, these are all ex vivo
imaging technologies, and most of them require exten-
sive tissue processing. These technologies can only
assess morphological or cellular changes at a fixed
point in time. Therefore, tracking the entire process of
lens regeneration requires the sacrifice of many animals
at different time points. This results in lost continuity
of the lens regeneration process and a failure to capture
the complex and dynamic spatiotemporal tissue remod-
eling that occurs during lens regeneration. Here, we
describe an in vivo imaging modality that eliminates the
need to sacrifice large cohorts of animals and provides
new insights into the dynamic cellular mechanisms
that have remained undetected or masked by ex vivo
technologies.

Optical coherence tomography (OCT) is a real-time
non-invasive tissue imaging modality that can acquire
cross-sectional images, similar to histology, by measur-
ing the backscattered light echoes from tissues.16 Since
its introduction in 1991, OCT has been established
as an imaging technology routinely used in ophthal-
mology.17–19 OCT has also been widely adopted in
ophthalmologic research in small animals.20–23 Several
regenerative studies in zebrafish, rat, and planaria have
taken advantage of OCT to examine dynamic changes
during the regeneration process.24–27 Here, we estab-
lish OCT as an in vivo imaging modality to track the
entire process of newt lens regeneration, using histo-
logical images as a reference, and to obtain volumetric
measurements of the regenerating lens as a function of
time.

Methods

Animal Procedures and Ethics Statement

Red spotted newts,Notophthalmus viridescens, were
obtained from BaldMountain Gardens (Boston,MA).
All procedures were performed according to the guide-
lines approved by the Institutional Animal Care and
Use Committee at Miami University and the ARVO
Statement for the Use of Animals in Ophthalmic
and Vision Research. Before any surgery or imaging,
animals were anesthetized by immersion in 0.1%
ethyl 3-aminobenzoate-methane sulfonic acid solution
(MS222) prepared in amphibian phosphate-buffered

saline. Lens removal (lentectomy) was achieved by
making an incision through the cornea with a scalpel
and then carefully removing the entire lens with tweez-
ers.28 Lentectomies were performed in both eyes of the
animals. All animals were monitored until they recov-
ered from anesthesia and were then returned to their
cages. During the study, animals were monitored
and kept under the recommended husbandry
conditions.29

Spectral-Domain OCT

A spectral-domainOCT device, developed atMiami
University, was employed for all of the studies. This
device uses a supercontinuum light source (YSL
Photonics, Wuhan City, China) filtered at ∼800 nm,
with ∼150 nm full width at half maximum as a broad-
band light source for these studies. The output power
in the sample arm was ∼2.3 mW. The images were
acquired at 17 frames/s with 20,000A-scans per second.
For each newt, the OCT instrument scanned an area
1.2 mm × 1.2 mm over the anterior eye surface with
1000 A-scans per B-scan and 1000 B-scans per C-scan.
The axial resolution was ∼2 μm, and the lateral resolu-
tion was ∼7.9 μm. To resolve the complex conjugate
ambiguity associated with spectral-domain OCT, an
∼2-mmoffset was introduced relative to the pivot point
of the scanner to generate Doppler frequency shifts.30
A five-dimensional translational stage with an adapter
was used to stably hold the newts during imaging, as
shown in Figure 1.

Live Imaging and Histology

A total of 37 animals were used in two indepen-
dent experiments. The first experiment compared OCT
images with the histological images acquired at differ-
ent stages of lens regeneration. Immediately after OCT
imaging, animals were euthanized and whole eyes were
surgically removed from the orbit by cutting the optic
nerve. The eyes were subsequently fixed and processed
for histology. We chose 12 different time points to
compare OCT images with histological images. The
time points included intact eyes and eyes collected at
4, 8, 12, 16, 22, 30, 34, 40, 45, 52, and 80 days post-
lentectomy (dpl). As indicated from previous studies,
these time points represent important stages during
newt lens regeneration.10–12,31–35

The sample size per time point was three animals
(six eyes), resulting in a total of 36 animals (72 eyes).
Although only 12 time points were collected for histol-
ogy, OCT imaging was conducted for additional time
points, including 0, 2, 10, 14, 18, 20, 24, 26, 28, 32,
36, 38, 43, 48, 50, 55, 60, 65, and 75 dpl, for which
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Figure 1. Spectral-domain OCT imaging platform setup. The board band light source (BLS) has a total of 20 mW of power output and a
frequency of 200 MHz. About 20% light is coupled into the fiber-based spectral-domain OCT system. The fiber coupler (FC) splits the input
light by 50/50 into a reference arm and a sample arm. The average power rate at the sample arm is about 2.3 mW. Polarization is optimized
to maximize the imaging depth. A 2-mm offset is introduced at the first galvanometer scanning mirror from the pivot point, so that the
mirror artifact can be resolved by Hilbert transformation. A line scanning camera (LSC) captures coherence signals with 27,000 A-scans per
second, resulting in a display at 17 frames/s. The signal processing unit (SPU) includes an image and acquisition card, a digital analog card,
and a computer. These components transfer, process, and display the OCT data. PC, polarization controller; FL, focusing lens; C, collimator;
GS, galvanometer scanner; M, mirror; DG, diffractive grating.

corresponding H&E images were not performed. The
second experiment utilized OCT to continuously track
lens regeneration from the same eye of an individual
newt for 60 days, with images taken from the intact eye
and at 0, 5, 8, 11, 18, 21, 25, 28, 32, 39, 42, 49, 53, and
60 dpl.

For histology, whole eye tissues were fixed in 4%
paraformaldehyde overnight at 4°C and either cryopro-
tected in 30% sucrose prior to cryo-embedding or
processed for paraffin embedding. For cryosectioning,
eyes were cut at a 20-μm thickness, whereas for paraf-
fin embedding they were cut at 10 μm. Serial sections
were collected from the entire area of the pupillary
margin of the iris and processed for standard H&E
staining. All histological procedures were performed as
described previously.28

Image Processing and Reconstruction

The imaging processing pipeline was customized
and implemented with MATLAB (R2019a version;
MathWorks, Natick, MA). The processing sequence
included noise subtraction, wavenumber recalibra-
tion, Hilbert transformation, Fourier transforma-
tion, complex modulus calculation, and log compres-
sion for displaying. The imaging depth of B-scans

was calibrated with a 170 ± 5-μm microscopy
cover glass (Deckgläser; Waldemar Knittel Glasbear-
beitungs, Braunschweig, Germany). The tissue refrac-
tive index was assumed to be 1.38. All three-
dimensional (3D) images were reconstructed by stack-
ing B-scans in series using ImageJ (National Institutes
of Health, Bethesda,MD) into a 500× 500× 500-pixel
volume. Then, the scale of this volume was corrected
by matching the 1:1 ratio of the rectangular scanning
area (1.2 mm × 1.2mm). A B-scan closest to the histo-
logical section position was chosen at various stages to
compare with the corresponding histological images.

Segmentation and Pseudocolor

Different tissues, including the cornea, iris, and
lens, were first manually segmented on the B-scans
using the Segmentation Editor plugin from ImageJ.
Depending on the irregularity of different tissues, 10 to
50 slices were manually segmented as the baseline for
each tissue, then the rest of the interval slices were
unraveled using the interpolation function from
ImageJ. With the original C-scan data representing
the gray channel, each tissue type was labeled with a
pseudocolor and merged into a four-channel stack.
These 3D four-channel images are visualized and
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Figure 2. Lens volume quantification methodology: A(x) is shown
as the orange curve, which is the quadratic relationship between the
lens cross-sectional area A and its corresponding location at x. This
quadratic curve is obtained by fitting a series of lens cross-section
areas measured from B-scans. An example of a 30-dpl lens cross-
section areameasurement at location xn–6 is shown. The roots of this
quadratic equation were assigned as xi to xf, which represent the
initial and final positions, respectively. The volume is the integral of
A(x) from xi to xf, and it is also the area under the quadratic curve,
which is shown as the yellow area.

animated using ICY software (Institut Pasteur, Paris,
France; France BioImaging, Montpellier, France), and
Imaris Viewer (Oxford Instruments, Abingdon, UK).

Quantitative Analysis of Lens Size

As OCT can acquire 3D images of the regenerated
lens, the volume of the lens was quantified at differ-
ent days post-lentectomy. Fifty to 150 B-scans contain-
ing the lens were chosen and then manually segmented
from each B-scan to calculate the cross-sectional area,
defined as A(x1), A(x2), …, A(xn). The analytical form
of A(x) can be obtained by fitting A(x1), A(x2), …,
A(xn), with a quadratic equation. The volume of a
lens was calculated by integrating A(x) from xi to xf ,
which are the initial and final positions, respectively,
of a lens along the C-scan direction and were calcu-
lated as the roots of A(x). In addition, the relation-
ship between the volume of the lens and the time after
lentectomy, defined as V(t), was fitted with a quadratic
equation. Figure 2 depicts the methodology for quanti-
fying each lens volume from OCT images.

Results

Comparing OCT Images With Histological
Images at Different Days Post-Lentectomy

To explore the capability of in vivo OCT imaging in
live newts, we compared OCT images with the corre-
sponding H&E stained histological images at repre-
sentative days post-lentectomy, as shown in Figure 3.
A graphical illustration (Fig. 3, right column) is used
to aid visualization of morphological changes during
regeneration. OCT images are depicted in grayscale
(Fig. 3, left column), where different tissues can be
recognized based on backscattering properties (higher
backscattering = brighter signal). The H&E stained
sections are shown in conventional RGB color images
(Fig. 3, center column). Figures 3A and A’ shows OCT
and H&E images of the intact anterior chamber of a
newt eye. The cornea, a multilayer tissue that consists
of stratified epithelial cell layers at the anterior surface,
a collagen-filled stroma in the middle, and an endothe-
lial layer at the posterior surface, is clearly visible.36
The brightest signal observed in the OCT images of
the newt eyes comes from the pigmented epithelial cells
(PECs) of the dorsal and ventral iris (Di and Vi, respec-
tively). These cells are heavily packed with melanin
pigments whose function is to absorb light, resulting
in high light backscattering, shown as the bright signal
in the OCT images.36–38 A thin stroma layer composed
of collagen fibrils, blood vessels, contractile muscles,
and melanocytes can be visualized on top of the iris
PECs (iPECs).39 In the pupil area, between the Di and
the Vi, the fully developed adult intact lens can be
seen with weak scattering in the OCT images. The lens
consists of an anterior layer of lens epithelium (LE)
and lens fibers (LFs).36 Differences in organelle compo-
sition between primary lens fibers (1°LFs) in the lens
nucleus and secondary lens fibers (2°LFs) in the lens
cortex can be seen in the inset image in Figure 3A with
enhanced contrast.40–42 Tissue fixation and histolog-
ical processing often result in damage to the fragile
lens fibers (Fig. 3A’), but these are well represented
in the OCT image (Fig. 3A). Tissues below the iris,
including the zonule fibers and the ciliary body, are not
visible in the OCT image, as the light is blocked by the
iris.

Figures 3B to F show representative OCT images,
histological images, and graphical illustrations of the
lens regeneration process at 8, 16, 22, 34, and 80 dpl.
Additional time points are shown in Supplementary
Figure S1. At 8 dpl, the cornea incision caused by the
lentectomy was partially healed, which was evident in
the OCT image (Fig. 3B), as well as the H&E image
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Figure 3. Medial sagittal sections of the anterior segment of the intact and regenerated adult newt eye as depicted by OCT (left column),
H&E (middle column), and graphical illustration (right column). The eye orientation is kept the same in all images with the dorsal iris (Di) on
the left and ventral iris (Vi) on the right. In the intact eye, the aqueous chamber is clear, and the iris shows strong scattering. The inset image
in A shows fine morphology, with the lens fibers arranged in a series of concentric spherical shells and a distinct nucleus (A, A’, A”). At 8 dpl
the iris becomes thicker, and the aqueous chamber is filled with extracellular matrix (ECM) (B, B’, B”). At 16 dpl, an early lens vesicle (LV) is
present at the pupillary margin of the dorsal iris (C, C’, C”). The lens vesicle grows in size and there are signs of lens fiber differentiation at
22 dpl (D, D’, D”). At 34 dpl the lens epithelium (LE) in the anterior part of the regenerating lens covers a mass of differentiating lens fibers
(LFs) (E, E’, E”). At 80 dpl, the lens appearsmoremature and compact. (F) The inset image shows the lens at highermagnification and contrast
to facilitate visualization of 1° and 2°LFs; the corresponding H&E and graphical illustration of this time point can be seen in F’ and F”. Scale
bars: 100 μm in A, which applies to all OCT images; 25 μm in inset images in A and F; 100 μm in A’, which applies to all H&E images. C, cornea;
Ci, cornea incision; S, stroma; 1°LF, primary lens fiber; 2°LF, secondary lens fiber; MC, migrating cell; ZF, zonule fiber; CB, ciliary body; R, retina.
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Figure 4. OCT images of an individual newt eye undergoing lens regeneration. OCT imaging series start with the intact eye (A) followed
by lentectomized eyes from 0–60 (B–O) dpl. The eye orientation is kept the same in all images with dorsal iris (Di) on the left and ventral iris
(Vi) on the right. Scale bars: 100 μm in A, which applies to all images. The contrast in the 60-dpl image was enhanced to visualize the entire
lens.

(Fig. 3B’). In an intact eye, the aqueous chamber is
clear, allowing light to pass through the lens (Fig. 3A).
However, after lentectomy, the aqueous chamber fills
with extracellular matrix (ECM).32 Accumulation of
the ECM in the aqueous chamber can be observed in
the H&E image (Fig. 3B’) and with weak scattering via
OCT (Fig. 3B). Aggregation of migrating cells can be
detected along with the ECM in the H&E image and
appears as bright spots in the OCT image (Figs. 3B,
B’). The dilation of the blood vessels in the stroma is
also visible in the OCT image (Fig. 3B). The increase
in iris thickness can be observed by comparing the
iris epithelium in both OCT and H&E images between
intact and 8 dpl (Figs. 3A, B). At 16 dpl (Fig. 3C), the
cornea is almost healed, and a lens vesicle is observed
at the pupillary margin of the Di in both the OCT and
the H&E images (Figs. 3C, C’). Compared with the
iPECs, the transdifferentiated cells in the lens vesicle
show less scattering contrast in theOCT image, indicat-
ing that iPECs have undergone depigmentation. By
22 dpl (Fig. 3D), the regenerated lens on the Di can
be observed. The cells at the posterior surface of the
lens vesicle elongate and differentiate into LFs, giving
rise to an early regenerated lens (Fig. 3D’). The LE
becomes visible in the OCT image as a thin layer with
relatively stronger scattering contrast compared with
that from the LFs (Fig. 3D). At this point, the cornea
has fully healed. From this stage forward, the growth
pattern of the regenerated lens mimics normal verte-
brate lens development in terms of sequential morpho-

logical events and crystallin accumulation.43 At 34 dpl,
the regenerating lens increases in size and LF content
(Figs. 3E, E’). By 80 dpl, the lens appears substantially
larger and occupies its original position in the middle
anterior portion of the eye (Fig. 3F). At this point,
2°LFs are located on the periphery of the lens and
assume a position surrounding the 1°LFs (Fig. 3F).
It is known that as lens development takes place, LFs
undergo autophagy and degrade their organelles to
acquire transparency.42–44 The difference in organelle
composition between 1°LFs and 2°LFs gives the cells
different scattering contrast, which can be differenti-
ated in the enhanced-contrast inset OCT image (Fig.
3F). Although the regenerated lens has not reached the
size of the original intact lens by 80 dpl, it has a mature
and compact structure, with a thin anterior layer of LE,
a defined nucleus filled with 1°LFs, and a developed
cortex filled with 2°LFs.

In VivoMonitoring of Lens Regeneration
From the Same Animal

With the in vivo imaging capability of OCT, we can
observe the process of lens regeneration by tracking
the same eye in an individual newt. To avoid stressing
the animal with constant anesthesia, we took images
sporadically for a period of 60 dpl. The sequence
of morphological changes during lens regeneration
recorded by OCT are shown in Figure 4. Although

Downloaded from tvst.arvojournals.org on 08/12/2021



In Vivo Imaging of Newt Lens Regeneration TVST | Special Issue | Vol. 10 | No. 10 | Article 4 | 7

some of the observations have been discussed in the last
section, this approach demonstrates the feasibility of
monitoring the morphological changes during regener-
ation from the same eye, thus producing more consis-
tent results.

Immediately after lens removal, the incision made
in the cornea was visible, and the iris was stretched
toward the cornea as a result of the surgery (Fig.
4B). One of the most noticeable observations at 0 dpl
was the dilation of blood vessels in the stroma of the
iris (Fig. 4B). After taking a closer look at the blood
vessels in the stroma of the dorsal iris at 0 dpl, we were
able to capture the migration of cells inside the blood
vessels (Supplementary Fig. S2 and Supplementary
Movie S1). At 0 dpl, the space in the anterior chamber
between the iris and the cornea was reduced compared
with that of the intact eye (Fig. 4A, B). This was due to
the corneal incision, which leads to leakage of aqueous
humor, reducing the pressure in the anterior chamber
of the eye and resulting in a partial collapse. At 5 dpl,
the corneal wound is in the process of healing while
ECM accumulates in the anterior chamber. Bright
spots were observed within the ECM, suggesting that
these are migrating cells recruited to the site of injury
(Figs. 4C–H). These migrating cells were also seen
in H&E images, indicating that they are not imaging
artifacts (Figs. 3B’–D’). At 18 dpl, a lens vesicle (LV)
was present at the pupillary margin of the Di, and the
ECM levels were reduced (Fig. 4F). As the LE at the
anterior surface of the lens continued to proliferate
and differentiate into LFs, the lens volume increased
(Figs. 4H–O). At this stage, the visible migrating cells
in the anterior chamber started to gradually decrease
in number and continued to decrease during the late
stages of lens regeneration (Figs. 4I–O). By 25 dpl,
the regenerating lens assumed a spherical shape, with
the lens fibers arranged in concentric spherical shells
(Figs. 4H–O). The distance between the cornea and the
iris in the anterior chamber was increased to a similar
level to the intact eye by 60 dpl as the newly developed
aqueous chamber covered the anterior part of the eye
(Figs. 4A, O).

3D View of the Lens Regeneration

To gain a more detailed, multi-angle view of lens
regeneration, we reconstructed 3D images from the
OCTB-scans.We performed 3D reconstructions of the
intact eye and at different stages during lens regener-
ation (Fig. 5, Supplementary Fig. S3, Supplementary
Movie S2). These 3D images were reconstructed from
B-scans collected from both studies and are, there-
fore, not from the same animal. Different tissues were
marked with independent pseudo-color channels, with

the iris in blue, the cornea in green, and the lens in red.
In the uninjured eye, the intact lens covered the entire
pupillary margin (Fig. 5A, Supplementary Fig. S3A).
After lentectomy, the area between the iris and cornea
collapsed due to leakage of the aqueous chamber (Figs.
5B, C; Supplementary Fig. S3B, C). During the early
stages of lens regeneration, the lens initiated from the
Di and appeared as an irregular elliptical vesicle (Figs.
5D–F; Supplementary Figures S3D–F, Fig. S4), which
gradually grew to amore spherical shape as it increased
in size (Figs. 5G–I, Supplementary Fig. S3G–I).

Acquisition of 3D images allowed us to quantify
the change in lens volume during regeneration. Lens
volume was quantified by measuring lens growth from
the same eye of an individual newt (Fig. 4) from 18
dpl until 60 dpl. The regenerated lens volume displayed
a quadratic correlation with days post-lentectomy,
defined as V(t). The regenerating lens growth rate, R(t),
was estimated by calculating the derivative of the V(t),
which showed an increasing linear relationship with
days post-lentectomy, and it increased continually until
60 dpl (Fig. 6).

Discussion

In the present study, we describe the use of OCT
to track the process of newt lens regeneration in vivo
for the first time, to the best of our knowledge, since
Colucci and Wolff originally described this process in
the 1890s.45,46 We compared OCT-acquired images of
newt lens regeneration to corresponding H&E images
using a total of 36 animals. We also demonstrated that
OCT can be used to capture images of the lens regener-
ation process from the same eye of an individual newt
continuously for 60 dpl. Using OCT 3D volumetric
imaging, we were able to quantify the change in lens
volume during regeneration and view the 3D spatial
relationship among the lens, iris, and peripheral struc-
tures.

By comparing OCT images of newt lens regenera-
tion obtained from live animals to the corresponding
H&E images of collected eyes, we demonstrated that
OCT is able to capture the most important morpho-
logical features shown in the H&E images. The cornea,
iris, and regenerated lens (including LE and the LFs)
can be identified byOCT and confirmed byH&E stain-
ing. Because the OCT images were obtained in vivo, the
native architecture of the eye was preserved, whereas
with H&E processing unwanted artifacts including
tissue tearing, shrinking, and flattening can be intro-
duced.47
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Figure 5. C-scan 3D reconstruction of newt eyes during lens regeneration (anterior view). The intact lens occupies the entire pupillary area
(A). After lens removal at 0 and 8 dpl, the fluid of the aqueous chamber leaks out of the open cornea, and the space between the iris and
cornea collapses (B, C). A LV is visible at 14 dpl at the pupillary margin of the mid-Di and with an irregular elliptical shape (D). At 16 and 22
dpl, the LV grows and occupies more space at the pupillary margin (E, F). At 30 dpl, the regenerating lens assumes a spherical shape (G).
At later stages, the regenerating lens keeps growing in size as lens fibers differentiate and eventually occupy the entire pupillary area (G–I).
The eye orientation is kept the same in all images, with Di on the left and Vi on the right. The multi-channels stack consist of four single-
color channels with 8-bit intensity (255 intensity levels for each channel). The opacity levels (0–1) of the green, blue, and red channels are
adjusted between 0.4 and 0.9 so that the OCT image grayscale signal can still be visible through color channels. The gray channel intensity
was sharpened to increase the contrast, and the range is between 40 and 250. C-scan volume: 1.2 × 1.2 × 1.35 mm3. mm3 3D visualization
is available in Supplementary Movie S2. Blue, iPECs; red, regenerating lens; green: cornea.

The non-invasive aspect of OCT also allows
minimizing animal usage.Mechanistic studies of regen-
eration often rely on the administration of chemicals
to impact the overall regenerative process.48–53 Unlike
the case with limb or tail regeneration, lens regenera-
tion takes place inside the eye, hidden from view. In
the past, large numbers of animals were required to
observe the impact of chemicals in the entire process
of lens regeneration. OCT provides a way to circum-
vent this issue and validate large numbers of agents
capable of inducing or inhibiting regeneration with a
minimal number of animals per treatment. One of the
most spectacular aspects of newt lens regeneration is
the fact that, in contrast to the Di, the morphologically
identical PECs of the Vi are incapable of regenerating
a lens in vivo. OCT provides an excellent opportunity
to perform comparative studies to investigate signaling

pathways between regeneration-competent and incom-
petent tissues. We have shown that OCT can detect
LVs from the Di as early as 14 dpl. It is feasible
to employ OCT to conduct future studies to identify
agents capable of inducing lens regeneration from the
ventral iris with a smaller cohort of animals than those
required in traditional studies.

OCT can acquire thousands of in vivo 3D images
in a few seconds, whereas H&E images require exten-
sive work for a few sectional images. With 3D images,
we are able to view the spatial relationship between the
lens and the iris and quantify the volumetric changes
during lens regeneration. It has been known for a long
time that the regenerated lens is initiated from transdif-
ferentiated iPECs. However, from the OCT 3D images
we are now able to show that the initial regenerating
lens vesicle and lens do not develop as a sphere from
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Figure 6. Quantification of lens growth during regeneration. The volume of the regenerating lens from a single animal was quantified by
calculating the lens volume, V(t), using the methods described in Figure 2. The regenerating lens volume was measured at 11 different time
points over the course of 60 days. The regenerating rate, R(t), represents the derivative of V(t) with respect to days post-lentectomy (dpl),
measuring the lens growth rate at each dpl. V(t) shows that the regenerating lens volume has a quadratic relationship with dpl, whereas the
R(t) indicates the regenerating growth rate of the lens has a linear relationship with dpl.

the pupillary mid-Di margin but instead extends along
the Di as an elliptical structure, which likely supports
the involvement of more PECs in the regeneration
process (Supplementary Fig. S4). By quantifying the
volume of the regenerated lens, we were able to deter-
mine that the lens volume increased linearly with days
post-lentectomy. Although we do not have data beyond
60 dpl, it can be expected that the growth rate of the
lens will eventually decrease as the regenerating lens
approaches the size of the lens prior to removal.

With OCT imaging, we can not only identify the
blood vessels in the stroma but also monitor the
movement of circulating cells within these vessels. Our
observations suggest that these blood vessels become
dilated (vasodilation) immediately after injury and
during the early stages of lens regeneration. The signif-
icance of blood vessel dilation during the lens regener-
ation process is not known. However, it was recently
shown that circulating erythrocytes play an impor-
tant role in limb regeneration by providing secretory
molecules such as growth factors and matrix metallo-
proteases at the site of injury.54 Whether circulating
erythrocytes play a similar role during lens regener-
ation remains to be explored. Even though previous
whole-mount fluorescent imaging demonstrated that
the distribution of blood vessels between dorsal and
ventral iris is similar,55 OCT may allow us to quantify
the dilation of the blood vessels and blood flow rates
or oxygen saturation levels to uncover the function and
contribution of these biological processes during dorsal
iPEC transdifferentiation.

Additionally, we have shown that OCT can capture
the accumulation and clearance of ECM in the
aqueous chamber during regeneration. Previous
studies have demonstrated the importance of ECM
during limb regeneration in newts.56 ECM accumula-
tion seems concurrent with the appearance of migrat-
ing cells, especially before and during LV formation
(0–14 dpl). Several studies in axolotls, a closely related
species, suggest a potential interplay between immune
cells and ECMremodeling to promote scar-free healing
in these regeneration-competent animals.57–59 There-
fore, our observations lead us to speculate that ECM
might serve as a scaffold for immune cells and other cell
types to migrate to the injury site. It will be interesting
in the future to use OCT to explore in real time the
potential crosstalk between ECM and immune cells.
Indeed, several reports document the ability of OCT
technology to image and quantify ECM remodeling
and immune cell activity.60,61

There are several limitations to the present study.
The OCT system at ∼850 nm used here has a limited
coherent length of ∼4 mm which prevents us from
capturing the entire regenerated lens after ∼49 dpl. By
employing swept-source OCT at ∼1000 nm, which has
a much longer coherence length and deeper imaging
depth, we may be able to capture the regenerated lens
at later stages.62,63 At the early stages of lens regen-
eration, our current OCT setup can capture the LV
and ECM, but the scattering contrast from them is
low. To better visualize them, it is possible to image
the lens regeneration process at the early stages with
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OCT in the visible light range, which can provide better
contrast and resolution.64 Mapping blood flow rates
during regeneration may provide new dynamic insight
into lens regeneration. We have noticed our current
frame rate of 17 frames/s is insufficient to quantify
the blood flow rate in the iris stroma. We expect to
significantly improve the imaging speed to above ∼100
frames/s for future studies. Finally, we only tracked
a single eye for quantifying the volumetric and lens
growth rate relationship with days post-lentectomy.We
expect to track a larger sample size with an improved
OCT system in the future.

Conclusions

We have established OCT as a powerful and reliable
imaging modality for monitoring in vivo the process
of newt lens regeneration. Compared with traditional
ex vivo imaging technologies, OCT opens the door
to track lens regeneration dynamics on the same eye
repeatedly, making our observations more consistent,
and free from tissue processing artifacts. Additionally,
3D OCT images give us a new perspective by captur-
ing the spatial relationships during the process of lens
regeneration, which may shed newmechanistic insights
into this process. Elucidating the mechanisms of lens
regeneration will provide clues for unlocking the regen-
erative potential of higher vertebrates and for develop-
ing therapies to treat or prevent blinding disorders in
humans.
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Supplementary Material

Supplementary Movie S1. Migration of cells
within blood vessels of the iris recorded at 0 dpl.

Supplementary Movie S2. 3D visualization of
newt intact eye and at 0,8,14,16,22,30,60, 70 and 80 dpl
Blue: iPECs; Red: Regenerating lens; Green: Cornea.
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