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The Japanese medaka fish, Oryzias latipes, has become a powerful vertebrate model organism in develop-
mental biology and genetics. The present study explores the dielectric properties of medaka embryos
during pre-hatching development by means of the electrorotation (ROT) technique. Due to their layered
structure, medaka eggs exhibited up to three ROT peaks in the kHz–MHz frequency range. During devel-
opment from blastula to early somite stage, ROT spectra varied only slightly. But as the embryo pro-
gressed to the late-somite stage, the ROT peaks underwent significant changes in frequency and
amplitude. Using morphological data obtained by light and electron microscopy, we analyzed the ROT
spectra with a three-shell dielectric model that accounted for the major embryonic compartments. The
analysis yielded a very high value for the ionic conductivity of the egg shell (chorion), which was con-
firmed by independent osmotic experiments. A relatively low capacitance of the yolk envelope was con-
sistent with its double-membrane structure revealed by transmission electron microscopy. Yolk-free
dead eggs exhibited only one co-field ROT peak, shifted markedly to lower frequencies with respect to
the corresponding peak of live embryos. The dielectric data may be useful for monitoring the develop-
ment and changes in fish embryos’ viability/conditions in basic research and industrial aquaculture.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Fish models, such as Japanese medaka, are widely used in ge-
netic, developmental and biomedical studies as an alternative to
mammals, due to their easy availability, low maintenance cost,
external embryo development, and many other advantages [1–3].
Medaka is a small, egg-lying freshwater fish, found primarily in
Japan. Its embryogenesis and genetics have been extensively studied
during past decades [4,5]. According to [6], the pre-hatching devel-
opment of medaka embryos can be divided morphologically into
39 stages.

Transparent, medaka eggs are highly suitable for studies of fish
embryogenesis using combined morphological and biophysical ap-
proaches [7,8]. Shortly after fertilization, massive changes in the
electrical properties of medaka oocytes have been detected by
means of electrophysiological techniques [7,9]. Particularly, the
ll rights reserved.
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capacitance of the egg membrane transiently doubles and its con-
ductance increases even 10-fold within few minutes after fertiliza-
tion [9].

Taking advantage of a non-invasive, electrical impedance tech-
nique, Asami et al. succeeded in long-term and real-time monitor-
ing of the development of medaka eggs by their dielectric behavior
over the kHz–MHz frequency range [10]. In that study, the imped-
ance spectra of single medaka embryos have been measured con-
tinuously for up to 6 days of development. The impedance
spectra have exhibited a strong Debye-type dielectric dispersion
caused by a Maxwell–Wagner relaxation occurring, most likely,
at the outer interface of the yolk membrane.

A deeper insight into the dielectric structure of medaka embryos
might be gained by studying their electromechanical response to
rotating electric fields. In the last years, the electrorotation (ROT)
and related electrokinetic techniques have become the principal
means for the dielectric characterization and manipulation of bio-
logical cells [11–15]. ROT offers several advantages over impedance
measurements, such as improved frequency resolution, no influ-
ence of electrode polarization, simpler modeling, etc. [16,17].
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Fig. 1. ROT spectra of live medaka embryos in the development stages �10 (A) and
�30 (B), measured at the indicated external conductivities. Each spectrum (symbols)
is the mean (±SE) of 3–5 independent measurements. Curves in (A) are best fits of
the three-shell model (TSM, Eqs. S5 and S6). The best-fit parameters derived with
the TSM are given in Table 1. In (B), best Lorentzian fits (Eq. S7, in B) are shown. The
RHS inset in (A) shows the conductivity dependence of the characteristic frequency
fc1. For details see text.
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Although, the ROT technique poses no limitations to the cell
size, most ROT studies published so far have been restricted to rel-
atively small-sized biological cells with a diameter of up to 100 lm
[18–20]. There is only one report available on the ROT of the much
larger axolotl embryos, measuring �2 mm in diameter [21]. In fact,
electrorotation of the non-buoyant, mm-sized medaka eggs in con-
ventional ROT chambers was hardly possible, mainly because of a
high friction between the egg and the chamber floor. We overcome
this problem by rotating freely suspended fish eggs, which were
entrapped by surface tension within a hanging droplet. The inte-
gration of the ROT and hanging-droplet techniques allowed us to
conduct accurate ROT measurements on medaka eggs during
development between stages �10 and �30. Analysis of the ROT
spectra with a three-shell model yielded the dielectric parameters
of the major structural units of fish eggs.

2. Materials and methods

2.1. Fish

Populations of medaka were maintained in freshwater at 24–
26 �C under a natural (Tokyo) or artificial photoperiod of 14-h light
to 10-h darkness (Würzburg). Naturally fertilized eggs were col-
lected after natural spawning. Long attaching filaments were cut
off to facilitate ROT.

2.2. Electrorotation

The ROT chamber was arranged as an array of eight rectangular
electrodes manufactured on quartz glass (Pyrex 7740) by electro-
plating gold to a thickness of �1 lm, as described previously
[11,16]. The distance between two opposite electrodes was
1 mm. The electrodes were short-circuited in pairs and driven by
four 90� phase-shifted rectangular signals from a ROT-field gener-
ator with 15 VPP amplitude. ROT spectra were monitored by
decreasing the field frequency from 20 MHz to �100 Hz, in 4 steps
percent decade (see Supplemental videos).

ROT spectra were measured at different external conductivities,
which were adjusted by mixing appropriate amounts of deionized
water (6 lS/m) from a Milli-Q water purification system (Millipore,
Tokyo, Japan) with Tokyo tap water (�20 mS/m). Conductivity was
measured by means of a conductometer B-173 (Horiba, Kyoto,
Japan). For electrorotation, 50 lL of suspending medium was
pipetted centrally onto the ROT chamber to form a near semi-
spherical droplet. An egg was collected with forceps and dipped
into the droplet. The chamber was then gently turned upside-down
to allow the egg to slide by gravity at the air–water interface down
to the apex of the hanging droplet (Supplementary Fig. S1). Egg’s
ROT was observed using an inverted microscope (CK2, Olympus,
Tokyo, Japan) equipped with a low magnification 2� objective.
The ROT spectra were recorded using a camcorder (HDR-SR1, Sony,
Tokyo, Japan) for later analysis.

2.3. Electron microscopy

Transmission electron microscopy (TEM) served to determine
the thickness of the chorion and to examine the yolk envelope in
the early-stage medaka embryos. Sample preparation and TEM
measurements are described in detail in the Supplementary mate-
rial (Part 2).

3. Results and discussion

Embryos at the Iwamatsu stages 9–11 [6], denoted as early-
stage eggs, were the earliest available stages for these experiments.
Embryos at stages �20 and �30 are referred to as mid and late-
stage eggs, respectively.
3.1. Changes in the ROT spectra during development

Depending on the external conductivity the ROT spectra of live
embryos exhibited 2 or 3 peaks, including anti- and co-field peaks
at low- and high-frequencies (LF and HF, Fig. 1). A double or triple
Lorentzian function (Eq. S7) matched very well the ROT spectra,
yielding the values for the characteristic frequencies (fc1,2,3) and
magnitudes of the ROT peaks (see Table S1).

The ROT spectra of early-stage embryos shown in Fig. 1A re-
vealed a strong effect of external conductivity (re) on the position
and magnitude of the LF anti-field peak (fc1/A1). Upon increasing
re from 1 to 11 mS/m the fc1 peak shifted gradually from �3 to
�6.6 kHz, and its magnitude (A1) increased steadily from �0.02 to
�0.07 rps (Table S1). At the lowest conductivity of �1 mS/m, a
minor co-field peak in the sub-MHz range (fc2 � 0.35 MHz,
A2 � 0.02 rps) appeared in the spectrum, whereas at higher conduc-
tivities (5–11 mS/m) the ROT spectra did not show any appreciable
peaks in this frequency range. Frequencies above 10 MHz gave rise
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to the major co-field peak, whose characteristic frequency (fc3) was
not reached in our experiments. Nevertheless, both position and
magnitude of this peak (fc3/A3) could be estimated very accurately
from the Lorentzian fits (Table S1). Unlike the anti-field ROT peak
(fc1/A1), the major co-field showed quite constant fc3 � 30 MHz
and A3 � 0.2 rps over the whole conductivity range. The ROT spec-
tra of mid-stage embryos were similar to those of early-stage eggs
(Table S1), which corroborates the finding that the impedance spec-
tra do not change significantly between early and mid-stages of
development [10].

The ROT spectra changed markedly as the embryos progressed
from to late-stage (Fig. 2B). Hereby the major co-field peak shifted
slightly to lower frequency (fc3 � 20 MHz) and its magnitude de-
creased by 25–50%. The magnitude of the intermediate peak (fc2)
increased from 0.014–0.02 rps (early and mid-stages) to 0.05 rps
in the ROT spectrum of late-stage embryos.
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Fig. 2. Electron micrographs (TEM) of cross-sectioned early-stage medaka eggs
illustrating the chorion (A; bar = 10 lm) and the yolk envelope (B; bar = 100 nm).
The chorion is 15 lm thick and exhibits a characteristic ‘‘tree-ring’’-like structure.
Part (B) reveals the double-membrane structure of the yolk envelope. The two
parallel electron-dense layers in (B), corresponding to the inner and outer yolk
membranes, are separated by the electron lucent rim of cytoplasm with a thickness
of�15 nm. Part (C) illustrates a three-shelled dielectric sphere as a structural model
of an early-stage medaka embryo. Beginning from the outside, the concentric shells
are the chorion, perivitelline space (pvs) and yolk envelope (ye). R1, R2 and R3 are
the radii of the corresponding boundaries. The external radius of the chorion
R1 = 600 lm, its thickness R1 � R2 = 15 lm, and the thickness of pvs R2 � R3 = 50 lm
were determined from the microphotographs, such as shown in Part (A) and Fig. S2.
In the model, the embryo’s layers and the surrounding aqueous medium are viewed
as lossy dielectrics having complex permittivities e’s or capacitance Cye. Subscripts
1, 2, 3� ye and 4 denote the external medium, chorion, pvs, yolk envelope, and yolk
core, respectively. For further detail see Supplementary data and Table 1.
3.2. The three-shell dielectric model of an early-stage medaka embryo

Previous histologic and electron microscopic studies revealed a
complex multilayered structure of medaka eggs, common to tele-
ost fishes [22]. Medaka eggs and early stage embryos are nearly
perfect spheres measuring uniformly 1.2 mm in diameter [6]. Tel-
eost eggs contain at least two distinct envelopes: the outer chorion
capsule and the inner vitelline membrane (yolk envelope), which
surrounds a large yolk sphere (see Figs. S2A–2C).

The chorion forms the hard outer shell of fish eggs. The thick-
ness of the chorion during the early- and mid-stages of medaka
development remains constant at 15 lm [22], which perfectly
agrees with our TEM data (Fig. 2A).

Between the chorion and the yolk, there is a �50 lm-wide per-
ivitelline space (pvs) filled with an aqueous solution of polysaccha-
rides [6]. With a radius R3 = 0.55 mm, the membrane-bound yolk
sphere forms the largest compartment (�80% in volume) of meda-
ka eggs. The complex morphology of medaka eggs calls for a multi-
shelled dielectric model (Fig. 2C). Given that up to a stage �20 the
embryoblast occupies only a small volume fraction of the whole
egg (see Figs. S2A–S2D), a triple-shelled sphere appears to provide
a reasonable model for early- or mid-stage medaka embryos.

3.3. Derivation of dielectric properties of early-stage medaka eggs

The mathematical expression for the ROT speed of a triple-
shelled particle (Eqs. S5 and S6 in Supplementary data) contains
15 parameters, including 3 geometric (R1,2,3) and 10 dielectric
quantities, as well as the effective local field strength E0 and the
viscosity of suspending medium g. The geometric data were deter-
mined from the light and electron microphotographs or found in
the literature (Table 1). The conductivity r1 (1–11 mS/m), permit-
tivity (78e0) and viscosity g � 1 mPa s of the aqueous suspending
medium were measured independently (r1) or taken from the lit-
erature. The permittivity of the aqueous perivitelline space can also
be assumed as that of water (e3 = 78e0). Since the ROT spectra mea-
sured at kHz–MHz frequencies might be poorly sensitive to the di-
rect-current conductance Gye of the yolk envelope, we used in the
following calculations a Gye value of 0.15 S/m2, corresponding to
the mid resistance within the range 50–100 kO cm2 reported in
[10].

We are still left with seven unknown parameters, including r2,
e2, r2, Cye, r4, e4, and the scaling factor (sf, defined by Eq. S6), whose
symbols and dimensions are given in Table 1. To estimate the un-
known quantities we tried to fit the TSM (Eqs. S5 and S6) to the
experimental ROT spectra. Prior to least-square calculations, we
determined the starting values for several unknown parameters
using the experimental fc data (Table S1) and approximate equa-
tions for ROT peak frequencies available in the literature
[13,16,17].

Thin membrane-like structures, e.g. yolk envelope and chorion,
might be capacitively bridged at frequencies >1 MHz. Therefore,
the polarization of the yolk core should dominate the major co-
field peak of early-stage eggs. Using the fc3 data obtained by
Lorentzian fits (Table S1), we can roughly assess the conductivity
r4 of the yolk core by applying Eq. S9. The substitution of
fc3 = 26–32 MHz (Table S1), e4 = e1 = 78 and r1 � 11 mS/m into this
equation yields a r4 range of 0.34–0.42 S/m.

The conductivity-dependence of the anti-field peak (fc1) of
early-stage eggs (Fig. 1A) is typical for a membrane charging pro-
cess [18,20,23]. An early-stage medaka egg has two membranous
structures: the 15 lm-thin chorion capsule and the yolk envelope.
To find out whether the chorion or the yolk envelope gave rise to
the anti-field peak, we analyzed the fc1-data with Eq. S8, derived
on the basis of a single-shell model (SSM). Linear regression of
Eq. S8 to the fc1 data plotted vs r1 in the inset of Fig. 1A yielded



Table 1
Dielectric and geometric parameters used for calculations of the ROT spectra of the
early-stage medaka embryos on the basis of the three-shell model (TSM).

Parameters Symbol Known
parameters

Derived
quantities

External conductivity
(variable)

r1 1, 5, 11 mS/m

External permittivity e1e0 78e0

Scaling factor sf = e1e0E0
2/2g 0.54

The outer radius of the egg R1 600 lm
Chorion thickness R1 � R2 15 lm
Chorion conductivity r �0.5r1

Chorion permittivity e2e0 �30e0

Thickness of the perivitelline
space, pvs

R2 � R3 50 lm

pvs conductivity r3 0.3 + 30r1 S/m
pvs permittivity e3e0 78e0

Yolk radius R3 550 lm
Conductance of the yolk

envelope
Gye 0.2 S/m2

Capacitance of the yolk
envelope

Cye 4–5 mF/m2

Conductivity of the yolk core r4 0.35–0.40 S/m
Permittivity of the yolk core e4e0 �60e0
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Fig. 3. ROT spectra of dead medaka embryos at various conductivities of suspend-
ing medium. Unlike live embryos, the yolk-free dead eggs exhibited only one co-
field peak, shifted by almost one decade to lower frequencies with respect to the
corresponding fc3 peak of the early stage live embryos (Fig. 1A).
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a CSSM = 1.34 ± 0.23 mF/m2. The substitution of this CSSM value and
the chorion thickness dch = 15 lm into the relation C = erele0/d gives
a very high value of erel = 2.3 � 103 for the relative chorion permit-
tivity, unusual for most dielectric materials. Particularly, the rela-
tive dielectric constant of proteins, e.g. �20 [24], is �two orders
of magnitude lower than the calculated one. Given that the chorion
is composed of glycoproteins [6], it was definitely not responsible
for the LF antifield peak. Consequently the fc1-peak can be attrib-
uted to the yolk envelope.

To derive the unknown parameters, we fitted the TSM (Eqs. S5
and S6) to the ROT spectra using the nonlinear least-square pack-
age of Mathematica. The fitting procedure included two steps. In
the first step, involving 2D-curve fitting, individual ROT spectra
were consecutively fitted to the TSM-based function O(f) contain-
ing the field frequency as the single variable. In the second step
(3D-surface fitting), all available ROT spectra measured over the
conductivity range 1<r1<11 mS/cm were simultaneously fitted to
the TSM presented as a function of two variables O(f,r1). A two-
step procedure was necessary because of a strong dependence of
the chorion and pvs conductivities on the external conductivity
r1. Analysis of the r2 and r3 values obtained by 2D-fitting led to
the following linear relationships: r2 = 0.5r1 and r3 = 0.3 + 30r1.
Using these assumptions, the simultaneous 3D-surface fit yielded
best-fit values for the scaling factor sf, e2, Cym, r4 and e4, summa-
rized in Table 1.

3.4. Validity of the fitted parameters

The TSM-based analysis yielded a Cye value of 4–5 mF/m2 for
the area-specific capacitance of the yolk envelope, which is exactly
half of the 8–10 mF/m2 reported for the capacitance of mammalian
cells [14–16]. At the same time, the low Cye obtained here is typical
for two serially arranged membranes, such as the plasmalemma
and vacuolar membrane of plant cells [18,20]. In agreement with
our data, earlier electrophysiological studies also suggest that the
yolk envelope of fish eggs may consist of two lipid bilayers, includ-
ing the internal and external yolk membranes [7]. In medaka eggs,
the two yolk membranes might be separated by a rather thin cyto-
plasmic layer, which could not be resolved by light microscopy.

In order to prove the presence of a double yolk membrane, we
analyzed the yolk boundary by transmission electron microscopy
(TEM). In fact, electron micrographs of cross-sectioned medaka
eggs taken under a high magnification of 25,000 � clearly reveal
the double-membrane structure of the yolk envelope (Fig. 2B).
The two membranes are separated by only �10–15 nm or even at-
tached to each other. Accordingly, the equivalent electrical circuit
of the yolk envelope should strictly include two serially connected
capacitances. In view of the close vicinity of both membranes
(Fig. 2B), the three-shell model used here (Fig. 2C) treats the yolk
envelope as a single homogeneous layer, whose effective capaci-
tance Cye = 4–5 mF/m2 is composed of the internal and external
yolk membranes arranged in series. Otherwise, a five-shell model
with further six parameters would be necessary.

The TSM-based analysis also showed that the chorion and pvs
conductivities increased linearly with the external conductivity
r1 (Table 1). This finding implies a substantial permeability of
the chorion for electrolytes. To prove this result we analyzed the
permeation of various solutes through the chorion of early-stage
medaka eggs under hypertonic conditions (Supplementary data).
As suggested by their osmotic action on medaka eggs (Fig. S4),
the tested solutes can be divided into two groups. Small inorganic
ions, i.e. Na+ and Cl�, and small-sized PEG200–300 were capable of
permeating the chorion. In contrast, the chorion was fully imper-
meable for PEG400 and larger. The high osmotic permeability of
the chorion for inorganic ions corroborates its high electric conduc-
tivity derived from the ROT spectra.
3.5. Rotation of dead/undeveloped eggs

The ROT spectra of dead/undeveloped eggs (Fig. 3) were com-
pletely different from those of live embryos (Fig. 1). The difference
can be attributed to a less complex dielectric structure of the yolk-
free dead eggs, consisting only of an empty chorion capsule (inset
in Fig. 3). Given the single-shell structure of dead eggs, two peaks
can be expected in their ROT spectra, arising from the charge relax-
ations at the inner and outer boundaries of the chorion. In practice,
however, the ROT spectra of dead eggs exhibited only one co-field
peak over the whole conductivity range (Fig. 3).

Centered between �5 and �8 MHz, the cofield peak of dead
eggs was shifted by �one decade to lower frequency with respect
to the corresponding fc3 peak of live embryos �20–50 MHz. Analy-
sis with the single-shell model (not shown) revealed that the main
peak in the ROT spectra of dead eggs was due to the polarization of
the intrachorionic fluid. At the same time, the absence of the sec-
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ond peak, expected theoretically for single-shelled particles, can be
explained by a high conductivity of the chorion. The latter conclu-
sion is consistent with the data for live medaka embryos discussed
above. By applying Eq. S9 and using the fc3 data (Table S1), we also
found that the conductivity of intrachorionic fluid in dead eggs
(ri = 62–82 mS/m) was much smaller than the conductivity of
the yolk core r4 = 400 mS/m in live eggs.

3.6. Dielectric mechanisms underlying the ROT spectra of live peaks

The lack of anti-field peak in the spectra of yolk-free dead em-
bryos (Fig. 3) is clear evidence that the anti-field peak fc1 centered
at �10 kHz in the ROT spectra of live embryos was dominated by
the capacitive charging of the yolk envelope. This conclusion was
also confirmed by the numerical simulations with the TSM illus-
trated in Fig. S3 (Supplementary data). As seen in Fig. S3B, increas-
ing the conductivity of yolk envelope, e.g. via its permeabilization
or rupture by membrane-lytic agents or other mechanisms, would
lead to a progressive reduction and disappearance of the anti-field
peak. Accordingly, the anti-field ROT at frequencies below 100 kHz
may serve as a sensitive indicator for the integrity of the yolk enve-
lope in viable medaka eggs during early developmental stages.

A further useful indicator of fish embryos with an intact yolk is
the major co-field ROT peak centered at frequencies above
�10 MHz (fc3 in Fig. 1). Our analysis with the TSM showed that this
peak resulted mainly from the polarization of the yolk core. The
numerical simulations in Fig. S3C illustrate additionally the strong
dependence of the fc3 peak on the yolk core conductivity. Our ROT
experiments showed that the yolk core peak did not change much
between stages �10 and 20 (Table S1), but it decreased consider-
ably in magnitude as the embryo reached stage �30 (Fig. 1B). This
result corroborates the earlier morphological findings that the yolk
in medaka eggs remains constant in volume up to stage �25, but
after that, the yolk volume decreases steeply from the initial
0.7 lL to �0.3 lL at 7 day post-fertilization [25].

The remaining minor co-field peak centered at fc2 � 0.4 MHz
was detected in the ROT spectra of early-stage embryos only at
the lowest external conductivity (Fig. 1A). The weak contribution
of the chorion to the ROT spectrum can be explained by the very
high ionic permeability/conductivity of this porous polypeptide
shell discussed above. Computations with the TSM showed that
the fc2 peak was very sensitive to the permittivity of the chorion
e2, as illustrated in Fig. S3D. Accordingly, the strongly increased
magnitude of this peak during late pre-hatching stages (Fig. 1B)
may have been caused by a decrease in permittivity of the chorion
resulted probably from impregnation of this porous layer with oily
substances released from the yolk, such as the numerous oil drops
seen in Figs. S2A–S2C.

In conclusion, the electrorotation technique has proved a pow-
erful non-invasive tool for the analysis of dielectric properties of
fish eggs/embryos during development. Although this study fo-
cuses on the Japanese medaka, the approach presented here can
be generally applied for the analysis of other extra-large biological
cells and particles, measuring 1–2 mm in diameter. The biophysi-
cal data presented here are of interest not only for developmental
biology but also for biotechnology and aquaculture, were dielectric
techniques are widely used for monitoring the quality, conditions
and viability of fish eggs and fries during pre-hatching stages.
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