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of Living Zebrafish Embryos
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ABSTRACT We present an interferometric imaging technique that permits local measurement of mechanical

properties and nanomechanical motion in small living animals. Measurements of nanomechanical properties and

spatially resolved pulsations of <60 nm were recorded for the developing eye of a living zebrafish (Danio rerio)

embryo, an important model organism. We also used magnetic microreflectors to conduct contact nanomechanical

indentation measurements of the stiffness of the embryonic eye.
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e are interested in developing

nanoimaging techniques that

can be used to study living ani-
mals. As a biological research tool, higher
animals reproduce human disease etiology
much more faithfully than do cultured cell
lines. However, existing nanomeasurement
techniques, particularly nanomechanical
techniques, are much more amenable to
studying cells than to interrogating living
animals, for a variety of reasons. Existing
single-point measurement approaches,
such as AFM,'~* NOSM,® and high-
magnification particle tracking microrheol-
ogy,® are simply too slow to adequately
capture dynamics on the nanometer scale
over areas on the order of square millime-
ters. On the other hand, wide-field mag-
netic/optical bead tracking methods”®
struggle to produce sufficient accuracy
(tens of nanometers®®) at low magpnifica-
tions (<50X).

In this study, we have investigated the
biomechanical properties of the develop-
ing eye of a living zebrafish embryo (Danio
rerio). We have chosen this model system
because it is scientifically relevant but ex-
perimentally challenging: The zebrafish eye
is an important system for the study of hu-
man eye development and disease,'®” 2
and thus mechanical data are useful; how-
ever, the embryo is only millimeters in
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length and the individual tissues are
micrometer-sized, and measurements on
live specimens are ideally conducted in lig-
uid. In this study, eyes of ~200 wm in diam-
eter were studied.

Morphogenesis and tissue development
are typically investigated in live zebrafish
by conventional optical microscopy, aug-
mented by genetic manipulation to mark
specific organs, tissues, or cell types by color
or fluorescence.’®"" Mechanical measure-
ments of the eye relevant to human ocular
disease (internal pressure, structural rigidity,
tissue segmentation, etc.) are not easily ex-
tended to the embryonic zebrafish due to
methodological limitations. Previous bio-
mechanical techniques used to study ze-
brafish have required microdissection appa-
ratus, coupled with a contact probe to make
point measurements on the specimen.’®
This approach is invasive, technically com-
plex, and time-consuming.

In this article, we report direct measure-
ment of nanoscale motion of the develop-
ing eye of live zebrafish embryos immersed
in liquid. Using our recently developed in-
terferometric probe technology, whose ap-
plication thus far has been limited to thin
films and single cells,"*~'® we quantita-
tively detected nanometer amplitude pulsa-
tile movement of the eye surface in re-
sponse to pressure from the beating heart
of the live fish. We are able to construct a
spatial map of these pulsations, which re-
vealed regional variation due to differences
in tissue compliance. We used magnetic mi-
croreflectors to conduct contact indenta-
tion measurements of the stiffness of the
embryonic eye. We found that the tissue
has a Young’s modulus 1.2(%+0.2) kPa, simi-
lar to that of mammalian cells,'* and is elas-
tic within the range of forces applied. These
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Figure 1. (a) Anatomy of a 3 day old (3 dpf) embryonic
zebrafish eye,'” showing relative size and location of the
microreflector. (b) Bright field image of the 2 day old (2 dpf)
zebrafish embryo. The arrow marks the position on the eye
where a spherical microreflector was placed.

measurements were simple to conduct, rapid, and non-
damaging to the specimen. This new approach should
greatly enhance the study of biological mechanics of
living higher animals, small animal analogues of human
diseases, and other model organisms, including
zebrafish.

RESULTS AND DISCUSSION
The anatomy of a developing zebrafish eye is pre-
sented in Figure 1a. The major structures in the embry-
onic zebrafish eye, the cornea, lens, retina, and iris, are
all formed by 3 days post-fertilization (dpf). The embry-
onic eye is formed from several embryonic cell types,
and the resulting structure pro-
duced is a complex assembly of tis- @
sue lamina and substructures.'”
Our first measurements were
conducted on a 2 day old (2 dpf) ze-

brafish embryo immersed in saline ;
buffer that contained 100 um 20x
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curare to suppress skeletal muscle
motion. Prior to observing the

specimen, a 60 pm diameter nickel

son interference objective that allows for the observa-
tion of not only lateral features with typical optical reso-
lution (1.16 wm for the 20X objective) but also height
dimensions of reflective objects below the scale of 1
nm. The Michelson interferometer is composed of a
beam splitter, reference mirror, and compensating fluid
cell to adjust for optical path differences induced by
fluid surrounding the specimen (Figure 2a).

Axial movement of the microsphere was detected
from the modulation of the interference fringes during
the vertical scan. The microsphere, and thus the under-
lying eye structure, was moving sinusoidally up and
down with an amplitude of roughly 50 nm rms (200
nm peak to trough), at a frequency of 2.25 Hz (Figure
2b). This is the exact frequency of the heartbeat mea-
sured for this specimen by video microscopy prior to
the experiment. We interpret this motion as deforma-
tion of the eye structure due to intraocular pressure pul-
sations associated with cardiovascular flows. Ocular
pressure pulses of this nature have been observed in
humans using conventional tonometry techniques'®
but, to our knowledge, have never before been ob-
served in a live animal embryo due to their small ampli-
tude. The amplitude of this pulsatile motion of the eye
was recorded over 150 min, during which it increased to
a maximum of 55 nm rms over 60 min, then decreased
linearly to less than 10 nm rms by the end of the experi-
ment (Figure 2¢). This slow decline in cardiovascular dy-
namics is largely due to the toxicity of the curare
present in the buffer.

In our next experiment, we measured the mechani-
cal properties of the eye of a 5 day old (5 dpf) embryo
by nanoindentation. To accomplish this, a ferromag-
netic nickel microreflector was placed on the surface
of the eye and a series of increasing force steps were ap-
plied by an external magnetic field. Figure 3a shows a
bright field image (left) and the corresponding topo-
graphic image (right) of the eye, with the microreflec-
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microreflector was placed on the
fish’s eye using a pipet. Once in
place, the microreflector was im-
aged interferometrically by translat-

! 50 ¢« °
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ing the objective axially over a dis-
tance =30 wm from the apex of the
sphere (Figure 1b).

Our interferometric microscope
consists of a 20X, 0.28 NA Michel-
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Figure 2. (a) Schematic of the experiment. (b) Time series plot of the displacement of the microre-
flector located on the zebrafish embryo’s eye. (c) Plot of motion amplitude from serial measure-
ments taken from 0 to 150 min.
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Figure 3. (a) Bright field image of a 5 day old (5 dpf) zebrafish embryo’s eye (left) and the corresponding interferometric
image (right), showing the position of the magnetic microreflector used for indentation measurements. (b) Indentation ver-
sus applied force plot for the microreflector, showing the linear fit for the spherical Hertz model (R* = 0.98) and the calcu-
lated Young’s modulus (E). (c) Left panel shows a bright field image of a 5 day old eye, with a region of interest outlined. Right
panel depicts the amplitude map of pulsations at the heartbeat frequency (~3 Hz), taken from the region of interest. (d)
Height image of the region of interest as determined by interferometry, along with a cross-section (left).

tor in place. The circumferential reflective pigment is
clearly visible in both images, and similarly, the unpig-
mented pupil appears black.

Figure 3b shows the indentation of the magnetic
probe as a function of increasing force, over a range of
50 to 275 nN. In this case, indentation is measured as
the position of the apex of the sphere versus the reflec-
tive membrane within the eye. This ensured that inden-
tation into the eye was measured versus deflection of
the entire eyeball. The local Young’s modulus (E) was
calculated using the Hertz model for a spherical
indenter:"®
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where F is the force applied to the microsphere, R is
the sphere radius, 8 is the deflection into the surface,
and the Poisson’s ratio for the eye surface is taken to be
0.4. The indentation data fit the Hertz model well (R
> 98%), indicating a Young'’s modulus of 1.2(*0.2) kPa.
In our final experiment, we directly measured ocu-
lar pulsations in a 5 day old (5 dpf) zebrafish embryo
by interferometrically imaging tissues within the eye it-
self. This was possible because the older embryo devel-
oped patches of reflective pigmentation in the iris re-
gion of the eye. The cells in this area (box in Figure 1a)
contain gold and silver pigmented inclusions known as
irridosomes (silver in color) and pteranosomes (gold)."”
Figure 3c shows a bright field image of the specimen’s
eye (left image), where these reflective tissues are
clearly visible. We produced a map of the pulsation am-
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plitude in this area (right image), which showed a dis-
tinctly non-uniform pattern of deformation. The edge of
the tissue closer to the pupil possessed an rms ampli-
tude of 40—60 nm, while the outer regions had an am-
plitude less than half of this value. This indicates re-
gions of varying compliance within the developing eye,
quite possibly indicating boundaries of different tissue
types known to intersect in this region of the eye;'” it
could also signify the location of a developing capillary.
The lower panel of Figure 3d contains a topographical
image of the same region, taken simultaneously with
the deformation map. The overall ellipsoidal curvature
of the eye is apparent in Figures 3a,d; notably, the tis-
sue is not smooth but contains raised islands that could
be developing pigmentation speckles; the position,
size, color, and shape of the structures are consistent
with this interpretation. Interestingly, nothing in the to-
pographic structure was obviously indicative of the
more compliant regions present in the deformation
map. We note that these measurements are taken on
tissue roughly 10 wm below the transparent outer sur-
face of the eye (see Figure 1a). This type of mechanical
data cannot be collected with contact probes such as
AFM or optical tweezers.

CONCLUSIONS

Determining nanomechanical properties of the devel-
oping zebrafish eye can have great utility in the study of
the genetics of eye development and disease.'®'" For in-
stance, intraocular pressure (IOP) is used extensively in
clinical studies of human eye disease and as a screening
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tool for glaucoma.?® While we did not measure IOP di-
rectly in the zebrafish embryo, in principle, it could be de-
termined from our deformation and elasticity measure-
ments using the correct mathematical model. Further,
ocular pulsations themselves continue to be studied in
humans as a diagnostic or precursor to eye disease. A de-

METHODS

Zebrafish. Zebrafish were maintained in aquarium systems on
a 14 L:10D photoperiod at 28 °C. Fish were fed twice daily with
flake food and live brine shrimp. All procedures were carried out
in accordance with the Animal Care and Use Committees of
UCLA. Following breeding, embryos were collected and placed
in an incubator at 28 °C. Embryonic zebrafish (2—5 days post-
fertilization) were anesthetized in MS-222 (150 mg/L) and teth-
ered with viscous polymer onto the observation slide with the
eyes facing upward; 100 wM curare prepared in regular fish sa-
line (containing 134 mM NaCl, 2.9 mM KCl, 2.1 mM CaCl,, 1.2 mM
MgCly, 10 mM Hepes, with pH adjusted 7.8 with NaOH and an os-
molarity of 295 mOsm) was added to immobilize the prepara-
tion. All chemicals were purchased from Sigma-Aldrich, Inc. (St.
Louis, MO).

Mechanical Imaging Interferometry. This method has been de-
scribed in detail elsewhere;'* we will summarize it here briefly.
The system is an interferometric microscope, based on a modi-
fied Veeco NT 9300 Optical Profiler that images the specimen
through liquid and tracks the position of spherical, magnetic
microreflectors resting on the specimen surface. It is, in prin-
ciple, an optical microscope with a 20X 0.28 NA Michelson inter-
ference objective that allows for the observation of not only lat-
eral features with typical optical resolution (1.16 pwm for the 20X
objective) but also height dimensions of reflective objects be-
low the scale of 1 nm. The Michelson interferometer is composed
of a beam splitter, reference mirror, and compensating fluid cell
to adjust for optical path differences induced by fluid surround-
ing the specimen. During each measurement, the objective head
is scanned vertically down from just above the top of the mea-
sured surface so that each point in the volume passes through
focus. The interferometer is aligned so that the interference in-
tensity distribution along the vertical scanning direction has its
peak (best fringe contrast) at approximately the best focus posi-
tion. The vertical axis position of each microreflector is deter-
mined as the location of the coherence peak within the scan.
This type of measurement is known as vertical scanning interfer-
ometry (VSI).

Displacement Measurments. When working with a narrow band
LED source, the same NT9300 system creates more fringes on
both sides of the focus. A static object scanned through the fo-
cus will exhibit at each camera pixel fringes with constant spac-
ing. However, vertical motion of the object introduces variation
in the fringe spacing. This variation can be measured and then
converted to the motion/displacement of the object.* For this
type of characterization, the motion is sampled and calculated
by each pixel at the camera frame rate (i.e., 60 frames/s). For mo-
tion calculations, we applied an algorithm based on the algo-
rithms normally used in phase shifting interferometry,?® which
allow for detection of very minute motions, on the order of a few
up to roughly 100 nm (given illumination at 530 nm). Motions
on this order of amplitude and frequencies up to a few hertz can
be measured every tens of milliseconds over a period of a few
seconds at the time. The dynamic upper limit is a function of
camera frame rate and can be arbitrarily increased by use of a
high speed camera, though this was not needed in the present
study.

Microspheres. Micron-sized elemental nickel microspheres
were obtained from Duke Scientific as a dry powder. An aque-
ous suspension of microspheres was diluted 4:1 with 0.2% poly-
L-lysine aqueous solution (Sigma) to inhibit aggregation and im-
prove adhesion to the specimen. This microreflector solution
was shaken vigorously before application to suspend any sedi-
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crease in ocular pulse has been related to carotid
insufficiency,'®?" severity and progression of
glaucoma,?®?? diabetic retinopathy,?® and other disease
states. Our technique would allow a never before possible
comparison of these human studies to this important
model organism, the zebrafish.

mented particles and reduce aggregates. Ten microliters of the
suspension was pipetted onto the specimen, and the micro-
spheres were allowed to settle for 1T min.

Magnetic Force Control. Magnetic force was applied to the micro-
spheres using a cylindrical rare earth magnet, oriented axially
along the vertical direction below the sample. The force applied
to the nickel microspheres as a function of magnet position was
calibrated using a magnetized microcantilever of known spring
constant.
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