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ABSTRACT Developmental bioelectricity, electrical signaling among non-excitable cells, is now
known to regulate proliferation, apoptosis, gene expression, and patterning during development.
The extraordinary temporal and spatial resolution offered by optogenetics could revolutionize the
study of bioelectricity the same way it has revolutionized neuroscience.There is, however, no guide
to adapting optogenetics to patterning systems.To fill this gap, we used optogenetic reagents, both
proteins and photochemical switches, to vary steady-state bioelectrical properties of non-spiking
embryonic cells in Xenopus laevis. We injected mRNA for various proteins, including Channel-
rhodopsins and Archaerhodopsin, into 1-8 cell embryos, or soaked embryos in media containing
photochemical switches, then examined the effect of light and dark on membrane voltage (V__ )
using both electrodes and fluorescent membrane voltage reporters. We also scored tadpoles for
known effects of varyingV__ , including left-right asymmetry disruption, hyperpigmentation, and
craniofacial phenotypes. The majority of reagents we tested caused a significant increase in the
percentage of light-exposed tadpoles showing relevant phenotypes; however, the majority of re-
agents also induced phenotypes in controls kept in the dark. Experiments on this “dark phenotype”
yielded evidence that the direction of ion flux via common optogenetic reagents may be reversed,
or unpredictable in non-neural cells. When used in combination with rigorous controls, optoge-
netics can be a powerful tool for investigating ion-flux based signaling in non-excitable systems.
Nonetheless, it is crucial that new reagents be designed with these non-neural cell types in mind.
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Introduction

Changes in resting potential control cell migration, differentia-
tion, and proliferation (McCaig et al., 2009, Sundelacruz et al.,
2009), including the regulation of stem/progenitor cell differentia-
tion (Hinard et al., 2008, Lange et al., 2011, Sundelacruz et al.,
2008) and tumor growth (Chernet and Levin, 2013, Chernet and
Levin, 2014, Lobikin et al., 2012, Yang and Brackenbury, 2013).
Crucially, spatio-temporal gradients of resting potential (V)
act as bioelectrical signals that serve as instructive mediators of
patterning information during embryogenesis, regeneration, and
cancer (Adams, 2008, Levin, 2012). Recently-developed molecular
techniques to alter V__ have shown great promise for probing
the mechanisms of large-scale pattern formation and the control
of biological growth and form during craniofacial development
(Vandenberg et al., 2011b), appendage regeneration (Adams et
al., 2007, Reid et al., 2009, Tseng et al., 2010), eye development

(Pai et al.,, 2012), head-tail regenerative polarity (Beane et al.,
2011), and left-right axis formation (Adams et al., 2006, Levin et
al., 2002). However, these genetic and pharmacological strategies
have significant limitations (Adams and Levin, 2013b). Elucidat-
ing the bioelectric code (the mapping of physiological properties
to future tissue states) (Levin, 2014, Tseng and Levin, 2013), as

Abbreviations used in this paper: AAQ) , Acrylamide - Azobenzene - Quaternary am-
monium; Arch, Archaerhodopsin; CC2-DMPE, N-[6-chloro-7-hydroxycoumarin-
3-carbonyl] dimyristoyl phosphatidyl ethanolamine; ChR, Channelrhodopsin;
Ctrl, control, untreated; DiBAC,(3), bis-[1,3-dibutylbarbituric acid]trimethine
oxonol; Exp, experimental, treated; GHK, Goldman Hodgkin Katz; LiGluR, light-
sensitive ionotropic glutamate-receptor; A__, wavelength of maximum activation;
MAG, Maleimide-Azobenzene-Glutamate; PCS, photochemical switch; PMA1L.2,
yeast proton pump; QAQ , Quaternary ammonium — Azobenzene - Quaternary
ammonium; Vcomet, C. reinhardiit ChR1 - Volvox ChR1 — ChR2 chimera; V
membrane voltage, resting potential.
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well as developing bioengineering applications for regenerative
medicine based on this powerful set of pathways, depends on the
ability to control V__ in vivo, with tight spatio-temporal specificity.

Optogenetics technology (Miesenbock, 2011) offers exciting
prospects forflexible controlof V__ (voltage potential). Opto- refers
to the fact that these reagents can be turned on and/or off by light,
-genetic refers to the fact that the first reagents were genetically
encoded (Fenno etal., 2011, Knopfel et al., 2010, Miesenbock and
Kevrekidis, 2005). The genes encoding these first reagents were
taken from protists, for example Chlamydomonas, and encoded
light activated channels, such as rhodopsin; the function plus the
identity gave rise to the name channel rhodopsin, ChR, a cation
channel that is opened by blue light. Subsequent molecular ma-

LiGluR-tom

lincage Vcomet-HRDA-tom

ChR2-C128T-GFP

nipulations of protein sequence, discovery of new light-activated
channels, ion pumps, and enzymes, and the synthesis of photo-
chemical switches, small molecules that can act as exogenous,
light gated, channel blockers, have all increased the diversity in
the optogenetics toolbox. The great advance that these reagents
make possible is the ability to activate and de-activate proteins
with exquisitely fine control, simply by turning on and off light at
the time and place of interest. As of the time of this writing, they
have been used almost exclusively to control action potentials
in excitable cells (Akerboom et al., 2013, Bernstein et al., 2012,
Sakar et al., 2012, Yizhar et al., 2011), including both neurons and
muscle, and more and more researchers are using the phrase
“optogenetics revolution” to describe the magnitude of the impact
this new set tools has had on, for example, neuroscience.

Despite the obvious utility of gaining high-precision temporaland
spatial control over protein activity, the application of optogenetics
techniques to cells in developmental contexts has only just begun
(Adams et al., 2013). Common optogenetic reagents (Welberg,
2013) are currently optimized for extremely rapid and transient
activation or suppression of action potential firing in individual
cells. Moreover, while optogenetic reagents that stay active for
minutes or longer are available (Berndt et al., 2009), their use for
the control of steady-state potential gradients in large cell fields
is also just beginning to be studied. Our goal was to adapt the
strategies of optogenetics for studies of ion-dependent signaling
roles during patterning and morphogenesis.

The advantages of Xenopus laevis for studies of developmen-
tal, regenerative, and neoplastic processes are numerous. Large
numbers of embryos are available; moreover, the large size of
the early cells (the fertilized egg is over 1 mm in diameter) fa-
cilitates microinjection. A plethora of molecular-genetic tools are
available in this model (Koide et al., 2005). A unique situation for
Xenopus is that its oocytes are the system of choice for testing
the activity of introduced proteins, especially ion channels (Crane
and Ruderman, 2006). Finally, there is a growing collection of
data on the importance of ion-flux-dependent signaling during
development and regeneration in Xenopus, such as patterning of
the left-right axis (Adams et al., 2006), appendage regeneration
(Adams et al., 2007), and craniofacial development (Vandenberg
et al., 2011a). Moreover, we have already performed analyses of
markers that show the correspondence between expression of
developmentally important genes, bioelectrical signals, and the
resulting phenotypes (Vandenberg et al., 2011b). The ability to
target molecular reagents, such as morpholinos or mutant mRNA,
to specific organs in this organism is aided by the detailed fate

Fig. 1. Expression of optogenetic reagents in Xenopus embryos at
different ages. Embryos in A to H are 1.2 mm in diameter. (A-F) mRNA for
constructs was injected at the one or two cell stage. A to F are taken from
a time lapse movie of an embryo that had been injected with LiGIuR-tom.
By monitoring tomato fluorescence we can see that the protein begins to
accumulate at the cell surface by 85 minutes post-injection (B) and within
another 10 to 15 minutes (C,D), it's expression is quite strong. It is also
clear that the bolus does not diffuse far from the injection site, thus in this
embryo, only one cell is positive for the protein (E) until almost four hours
post injection (F). Embryos continue to express the proteins through late
gastrula stages (G,H), here illustrated by the expression of Vcomet-HRDA-
tom in all the cells that also contain lineage tracer to follow those cells
that received the mRNA. Protein is also still clearly visible in cells, over 7
days after injection (1) illustrated here by expression of ChR2-C128T-GFP
in skin cells of a tadpole.
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TABLE 1

OPTOGENETICS REAGENTS USED

Required Irradiance  Off rate constant

mRNA Details (amino acid #) Aact Ainn  [MW/mm?] On-Off Light Regimen  Ref
GFP-Arch; Arch aop3' 580 ~ 1 (assumed) 500ms (Chow et al., 2010)
500ms-2s
GFP-ChR2-C128T COP4"° (1-309); C128T 450 546 0.24 2s (Berndt et al., 2009, Kleinlogel et al., 2011)
10ms-2s
GFP-ChR2-C128T-NRB" COP4° (1-309); C128T K287S 450 546 0.24 ? (Nagel et al., 2005)
10ms-2s
GFP-ChR2-D156A COP4? (1-309); D156A 450 546 2.4 30 (Bamann et al., 2010)
10ms-30s
GFP-Melan-opsin Opn4, transcript variant 1, mouse. 540 (Melyan et al., 2005; (Koizumi et al., 2013)
Tom-PMA1.2 PMA1 H*-exporting P2-type ATPase [S. cerevisiae S288c];  N/A N/A N/A (Adams et al., 2013)
tdTomato.
Tom-Vcomet-HRDA COP3° (1-95), 630 ~ 1 (assumed) 1.6 (Lin, JY, pers comm)
VchR1¢ (151-201), VchR2® (202-233), VchR1¢(234-300); 500ms-3s
H129R, D151A
Tom-Vcomet-HRFY COP3° (1-95), 630 ~ 1 (assumed) 5 (Lin, JY pers comm)
VchR1¢ (151-201), VchR2® (202-233), VchR19(234-300); 1s-5s
H129R F222Y
Photochemical Switches Conc [uM]
AAQ Acrylamide-Azobenzene-Quaternary ammonium 500 380 3.5,0.5 400 (Polosukhina et al., 2012)
1s-60s
MAG + LiGIuR? Maleimide-Azobenzene-Glutamate 1 + 380 500 0.012 100 (Volgraf et al., 2006)
Light-sensitive lonotropic Glutamate Receptor (L439C) 1s-60s
QAQ Quaternary ammonium - Azobenzene-Quaternary 500 380 3.5,0.5 400 (Mouirot et al., 2012)
ammonium 1s-60s

achannelrhodopsin 2, C. reinhardtii, Genbank XM_001701673. ® channelrhodopsin 2 (codon optimized), C. reinhardtii, Genbank JN836743. © channelrhodopsin 1, C. reinhardtii, Genbank XM_001698969.
4 channelrhodopsin 1, V. carteri f. nagariensis, Genbank ABZ90900. ¢ channelrhodopsin 2, V. carteri f. nagariensis, Genbank ABZ90902. ' archaerhodopsin 3, H. sodomense, Genbank GU045599. ¢
glutamate receptor, ionotropic, kainate 2, R. norvegicus, Genbank NM019309. " non-retinal binding.

map that predicts future cell identity, and by the ease with which
these reagents can be microinjected into the large cells of the
early embryo, or electroporated into the cells of older embryos.
These techniques, however, lack both the spatial and temporal
resolution afforded by light activated proteins. To add optogenet-
ics to the toolkit available for this important system would greatly
accelerate important advances.

Adapting the rhodopsins, photochemical switches (PCS), etc.,
for use in models such as the developing Xenopus involves deal-
ing with the enormous differences between mammalian neurons
and the cells of these embryos, as well as the difference between
working with a single, differentiated cell and a constantly changing
multicellular organism. However, the rewards of success would
be tremendous. Identification, by stimulation or inhibition, of the
exactcelltype and physiological state responsible for bioelectrically
triggering major events of differentiation or morphogenesis, would
yield unprecedented insight into mechanisms of developmental
control, insight that could have profound effects on drug develop-
ment, our understanding of stem cell biology, evolutionary biology,
regenerative bioengineering, and prevention of birth defects.
Moreover, the ability to define and modulate the patterns of iso-
potential regions of cell populations would significantly expand the
toolkit of synthetic biology. Thus, we have begun to determine how
to deploy optogenetics for developmental research in Xenopus.

Results

Prediction of optogenetic reagent function in frog blastomeres

We report here on our experiments with in vivo expression and
manipulation of ten optogenetic reagents in developing Xenopus
embryos (listed in Table 1). Table 2 summarizes the predicted ef-

fects of those reagents based on the reported effects in neurons
and the Goldman-Hodgkin-Katz (GHK) equation. It is important
to remember that the Xenopus embryo is opaque, thus light can-
not penetrate below the outermost, or ectodermal, layer of cells.
The cells that will become placodes (which give rise to eyes, otic
capsules, and olfactory bulbs) and the cells that will become neural
crest (those that give rise to the jaws and branchial arches) are
part of the ectoderm covering the dorsal surface of the embryo
during the stages studied. These outermost cells, that contribute
so much of the face, are in contact with fresh-water-like medium,
not extracellular fluid, thus the concentration gradients of the

TABLE 2

COMPARISON OF OPTOGENETIC-REAGENTS OBSERVED
EFFECTS ON NEURONS AND PREDICTED EFFECTS
ON BLASTOMERES

Observed in neurons Predicted in blastomeres

AAQ D  V-gated K" efflux blocked D  V-gated K" efflux blocked
(in trans, in the dark)

Arch H  H"efflux H  H"efflux

H* pump

ChR2 D Net cation influx H Cation efflux

Cation channels

LiGIuR + MAG1 D Net cation influx H Cation efflux

Cation channel

Melanopsin H  NetNa'influx plus Ca®-store H  Na*and K" efflux, unknown
G-protein release via coupling to TRPC effect on Ca**

QAQ D  V-gated ion channels blocked D  Cation efflux blocked

(in trans, in the dark)

Vcomet D Net cation influx H Cation efflux

Cation Channels

The Goldman-Hodgkin-Katz equation was used to predict the direction of ion-flux for each reagent
based on published values of ion concentrations and permeability coefficients. H= hyperpolariza-
tion, D= depolarization.
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Fig. 2. Power spectra of illuminators used to activate or de-activate
channels. Two types of illumination systems were used, LED arrays and
fiberoptically delivered LED lights inside light-tight cubes. Arrays comprised
six LEDs arranged in a circle and aimed towards a central point. Irradiance
inside the cubes was measured by the manufacturer at Amax. Irradiance of
the LED arrays was measured using a USB650 spectrometer, an LS1-CAL
lamp for calibration, and SpectraSuite software. As much as possible given
the difference in thicknesses, the sensor was placed at the same distance
from the light as the embryos, as indicated in the table. To calculate irradi-
ance, each curve was integrated from A, _— 10 nm through A, + 10 nm.

ions all favor efflux. Predictions using the GHK equation are con-
sistent with that expectation; Table 2 compares these predictions
with published observations in neurons. Because the medium in
which the tadpoles develop is so dilute, almost all of the reagents
we tried are predicted to hyperpolarize, including the ChR2s. Only
the PCSs AAQ and QAQ were predicted to depolarize the cells on
the surface of the embryo.

Optogenetic reagents cloned into the pCS2+ vector are ex-
pressed

The first test of the utility of available optogenetics reagents was
to determine whether Xenopusembryonic cells would express each
protein. Every optogenetic construct we tested was indeed trans-
lated and the fused marker red fluorescent protein tdTomato was
detected at the surface of cells. Moreover, protein was expressed
within a couple of hours of mRNA injection (Fig. 1; see also Adams
etal., 2013).

Control experiments show that most light wavelengths have
no effect on Xenopus development

It was important to determine whether the relevant wavelengths
(Fig. 2) directly affected Xenopus embryos, since a number of na-
tive photo-sensitive pathways have been discovered outside of the
visual system in this and other systems (Ward et al., 2008). Except
for embryos younger than the 16 cell stage that were adversely
affected by 380 nm light, none of the lighting protocols influenced

development of untreated embryos as long as the temperature was
maintained below 24°C.

Control experiments show that fluorescent proteins conjugated
to optogenetic reagents do not affect the results

Because optogenetics involves light-activation of proteins, we
wanted to learn whether light interacting with fluorescent proteins
would confound our results. We therefor constructed two versions of
ChR2-C128T, one with tomato and one with no fluorescent protein,
and three versions of Arch, one with tomato, one with GFP, and
one with no fluorescent protein. We found no evidence indicating
that fluorescent proteins alter the results of expressing Arch or
Chr2-C128T (data not shown).

Resting potential is altered by optogenetics reagents

We confirmed activity of the reagents by measuring V__ . We
used two methods for measuring V., electrodes (on larger early
cells) and voltage reporter dyes (on smaller, tomato-expressing later
cells). First, traditional electrophysiologicalimpalement was used to
compare average membrane potentials of the large cellsinembryos
with between 1 and 4 cells. Because the tomato-fluorescence that
confirms expression of injected mRNAs is not visible until late in the
4-cell stage, and because expressionis not presentin every cell (Fig.
1 C,D), we used AAQ-exposed embryos for these measurements.
The results are shown in Figure 3. The measurements of untreated
cells match published reports, and are consistent with the gradual
increase in polarization of the early cells, a.k.a. blastomeres. We
also performed a positive control on the measuring apparatus by
monitoring the effect of depolarizing solution. However, from the
2-cell stage to at least the 8-cell stage, AAQ-treated blastomeres
were hyperpolarized relative to untreated blastomeres. This is dif-
ferent from either predicted effect of AAQ, which, under the lighting
conditions present, should be inthe trans conformation and therefore
blocking endogenous potassium-channel targets, which should
cause depolarization, or have no effect. Instead, these data suggest
that while AAQ is active and affects bioelectrical characteristics of

of one cell [mV]
&

m

1
N
(¢}

1 2 4 8 16 32 64
Total number of cells in embryo

Fig.3.V__  of early Xenopus embryo cells (blastomeres) treated with
AAQ. Resting potential of individual cells was measured using microelec-
trodes. Uncertainty bars are standard deviations. The measurement of
untreated embryos match published values, and addition of a depolarizing
solution causedthe measurementto change appropriately (data not shown).
In contrast, embryos that had been exposed to AAQ for 20 minutes prior
to measurement were hyperpolarized relative to the untreated controls at
some stages. These results are opposite our prediction of depolarization.



TABLE 3

EFFECT OF ACTIVATING WAVELENGTH ON PROPORTION
OF TADPOLES SHOWING PHENOTYPES

A Active vs NT (Predicted: p<0.01)

Active NT
mRNA or PCS n % n % x2 P
AAQ 228 36 341 15 32.6 <0.001
Arch 103 50 591 12 >50.0  <0.001
Arch + PMA 60 28 591 12 13.2 <0.001
Chr2-C128T 217 60 1031 14 >200 <0.001
Chr2-D156A 111 45 369 16 41.0 <0.001
LiGIuR + MAG1 104 28 317 14 1.3 0.001
Melanopsin 154 21 404 7 241 <0.001
Vcomet-HRDA 159 39 442 12 57.7 <0.001
Vcomet-HRFY 18 61 365 13 31.1 <0.001
B Active vs Inactive (Predicted: p<0.01)

Active Inactive
mRNA or PCS n % n % x2 P
AAQ 228 36 196 9 41.2 <0.001
LiGIuR + MAG1 104 28 54 17 2.45 0.118
Vcomet-HRFY 18 61 78 37 35 0.063
C Active vs Dark (Predicted: p<0.01)

Active Dark
mRNA or PCS n % n % %2 P
Arch GFP 103 50 168 45 4.2 0.041
Arch + PMA 60 28 50 10 57 0.017
Chr2-C128T 217 60 166 50 3.75 0.053
Chr2-D156A 111 45 149 26 10.9 0.001
Melanopsin 154 21 491 25 0.84 0.360
Vcomet-HRDA 159 39 125 19 13.0 <0.001
Vcomet-HRFY 18 61 36 25 6.71 0.010

(A) All reagents tested cause highly significant increases in the proportion of tadpoles showing
phenotypes after exposure to the activating wavelength during early stages. (B) Activating and
inactivating wavelengths should give opposite results. This was true for the PCS AAQ; however,
with the caveat that the sample size for Vcomet-HRFY is too small, both LiIGLUR + MAG1 and
Vcomet-HRFY led to the same proportion of tadpoles with phenotypes regardless of the wavelength
of illumination. (C) With the exception of AAQ and QAQ, which are active in the dark, leaving the
embryos in the dark should inactivate the reagents. This was the case for only two of the reagents,
ChR2-D156A and Vcomet-HRDA.

For tables 3-6, n is the sample size for the treatment at the top of the column and % is the percent
of the sample that developed one or more phenotypes. For example, in table 3A, of 228 AAQ
treated embryos, 36% developed phenotypes when exposed to the activating wavelength, while
of the 341 matched, untreated embryos, only 15% developed phenotypes; 2 for the comparison
was 32.6, giving a p <0.001.

cells, it does not do so solely by blocking K+ efflux from voltage
gated K*-channels as it does in neurons.

To measure V__  after the appearance of tomato fluorescence
confirmed expression of the injected MRNA, we used the voltage
reporting dye pair N-[6-chloro-7-hydroxycoumarin-3-carbonyl]
dimyristoyl phosphatidyl ethanolamine (CC2-DMPE) and bis-[1,3-
dibutylbarbituric acid]trimethine oxonol (DIBAC,[3]); at these later
stages, the cells are too small to impale. For these experiments, we
examined the effects of the two Vcomets, HRDA and HRFY. These
cation channels, chimeras of ChR1, VChR1 (Volvox Channelrho-
dopsin), and VChR2 (J. Lin, pers comm) differ from each other by
two amino acids that alter the required duration of the activating
light and the duration of open time. In cells expressing HRDA,
we found hyperpolarization, as predicted from the function of the
channels, consistent with the expressed protein being activated by
the wavelengths used to excite DIBAC,(4) (Fig. 4 A-C). In contrast,
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cells expressing HRFY were depolarized relative to non-expressing
cells. This is the opposite of the predicted effect (Fig. 4 D-F). That
these almost identical proteins have opposite effectsonthe V, _ of
cells is further proof that when expressed in other cell types, and/or
when observed for long periods, the effect of these channels and
pumps can differ in very important ways from what is predicted and
from their actions in neurons.

Activating wavelengths led to phenotypes that are known to
be caused by membrane potential changes

Animals were treated with the reagents in table 1 and the effect
of lighting on heterotaxia, craniofacial defects and hyperpigmenta-
tion (“phenotypes”; Fig. 5) was evaluated. We found that compared
to untreated controls, all of the reagents caused phenotypes when
exposedtothe activating wavelength. Results were all highly signifi-
cant (p =0.001), with effects ranging from 14% to 48% (Table 3A).
However, when compared to inactivating wavelengths (Table 3B)
or to darkness (Table 3C), we found that very few of the reagents
yielded the expected difference. This suggested to us that these
reagents do not necessarily demonstrate the same behavior in
Xenopus embryo cells as they do in neurons.

Inactivating wavelengths led to phenotypes in half of the
reagents tested

We tested the effects on craniofacial development of AAQ,
LiGIuUR+MAG1, QAQ, and Vcomet-HRFY when embryos were ex-
posed to the wavelength of light reported to inactivate that reagent.
AAQ-exposed and LiGLUR-expressing/MAG1-exposed embryos
developed as predicted, that is, no differently from control embryos.
Unexpectedly, however, QAQ injected and Vcomet-HRFY express-
ing embryos developed much higher proportions of tadpoles with
phenotypes than did controls (Table 4). This was one of many ex-
periments in which the effects of the treatment on embryos differed
from the effects of the same treatments on neurons.

The effects of leaving reagent-treated or expressing embryos
in the dark were opposite predictions for half of the reagents
tested

Except for AAQ and QAQ, all of the reagents tested were pre-
dicted to be silent in the dark. While this was true for Arch+PMA
(see below), ChR2-D156A, and the two Vcomets, the other three
reagents tested, Arch alone, ChR2-C128T, and Melanopsin, all led
to tadpoles with between 18% and 36% more phenotypes than
untreated controls (Table 5). Moreover, the probability values for
ChR2-D156A and Vcomet-HRDA were 0.017 and 0.037 respec-
tively, i.e below the usual alpha of 0.05, and therefore we cannot
accept the null hypotheses with particularly strong confidence in
those cases. Thus, we conclude that when expressed in developing
Xenopus embryos, absence of light is not sufficient to inactivate
these reagents, another difference between this system and neurons.

Embryos left in the incubator and therefore exposed to brief
periods of ambient light developed phenotypes

In addition to raising some embryos in the dark, some embryos
were raised the way we normally raise embryos, that is, inside
incubators whose doors are regularly opened letting in small
amounts of ambient light for a few seconds at a time. We predicted
that there would be no difference between these embryos and
untreated embryos as the light exposure was far below what is
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reported to be necessary to activate these reagents. We found that
every treatment led to high levels of phenotypes, even under this
low-light condition (Table 6). Of the two reagents that are expected
to be active in the dark, only QAQ had phenotypes as predicted;
AAQ was the only reagent that did not cause phenotypes, thus this
reagent, like the others, had the effect opposite to the prediction.
Of the reagents tested both in the dark and in the incubator, only
the Vcomets showed a difference between the two conditions. We
consider this further evidence that in developing Xenopus cells,
and unlike in neurons, these reagents may be constitutively active
unless exposed to the inactivating wavelength (AAQ and LiGIuR)
or kept in absolute darkness.

Other controls offer further evidence of the difference be-
tween the behavior of optogenetic reagents in neurons and
in Xenopus cells

In addition to examining the effects on control animals kept in
darkness or minimal light exposure, we did additional controls to
test our ability to predict whether optogenetic reagents would be
active or not (Table 7). For example, in neurons, ChR2 requires

HRDA

HRFY

Vmem

Pump Expression

overlay

Fig. 4. RelativeV___of Xenopus embryonic cells expressingVcomets.
We measured relative V. of cells in embryos transfected with Vcomet-
HRDA and Vcomet-HRFY. These reagents differ at two amino acids, and
both were predicted to cause depolarization. (A-C) A =128-cell embryo
expressing Vcomet-HRDA in a subset of cells. Those cells expressing
higher levels (example marked with up arrow), are hyperpolarized (labeled
with -) relative to those expressing less (marked with down arrow). (D-F) A
stage 20 embryo; cells expressing Vcomet-HRFY (marked with up arrow)
and not expressing (labeled with down arrow). In this embryo, the cells
expressing the construct are depolarized (+) relative to those expressing
less or none (-). The embryo in A-C is 1.2 mm in diameter. The embryo in
D-F is approximately 1.4 mm in length (left to right) and 1.2 mm tall (top
to bottom).

retinal to function. Xenopus is known to have endogenous retinal
thus we had to determine whether additional retinal was required,
either to prevent competition for the endogenous chemical or to
make sure at least some was available to the ChR2. We found no
difference, however, indicating that no additional retinal is needed.
We got the same result when trying Vcomet-HRDA with and without
retinal. We also created a version of ChR2-C128T that completely
lacked the retinal binding domain. We found that even when un-
able to bind the light absorbing molecule, significant numbers of
tadpoles developed phenotypes, even raised in the dark. We see

TABLE 4

EFFECT OF INACTIVATING WAVELENGTH ON THE PROPORTION
OF TADPOLES SHOWING PHENOTYPES

Inactive vs NT (Predicted: NS)

Inactive NT
mRNA or PCS n % n % x2 p
AAQ 196 9 341 15 4.04 0.044
LiGIuR + MAG1 54 17 317 14 0.2 0.693
QAQ 118 51 338 17 54.2 <0.001
Vcomet-HRFY 78 37 365 13 26.7 <0.001

Half of the reagents tested caused significant numbers of tadpoles to develop phenotypes despite
exposure to the wavelength that should inactivate the reagent.

TABLE 5

EFFECT OF DARKNESS ON THE PROPORTION
OF REAGENT-EXPOSED OR -EXPRESSING EMBRYOS

Dark vs NT (Predicted: NS)

Dark NT

mRNA or PCS n % n % %2 P

Arch GFP 168 45 591 12 >90.0  <0.001
Arch + PMA 50 10 591 12 0.13 0.722
Chr2-C128T 166 50 1031 14 >100 <0.001
Chr2-D156A 149 26 369 16 6.3 0.012
Melanopsin 491 25 404 7 51.9 <0.001
Vcomet-HRDA 125 19 442 12 4.98 0.026
Vcomet-HRFY 36 25 365 13 4.01 0.045

Allofthe reagents that we tested in the dark should have been inactive and thus shown noincrease in
the proportion of phenotypes. Four out of seven reagent tested led to the predicted results; however,
three of the reagents caused phenotypes when exposed to light only during the one to two minutes
required to move the embryos to fresh medium, which happened four times.

TABLE 6

EFFECT OF SHORT DURATION LOW ENERGY LIGHT EXPOSURE
ON THE PROPORTION OF TADPOLES SHOWING PHENOTYPES

Incubator vs NT

Incubator NT

mRNA or PCS n % n % %2 P

AAQ 303 21 341 15 >100 <0.001
Arch GFP 601 27 591 12 47 <0.001
Chr2-C128T 812 29 1031 14 59.7 <0.001
LiGIuR + MAG1 336 26 317 14 14.9 <0.001
QAQ 197 31 338 17 15.1 <0.001
Vcomet-HRDA 310 37 442 12 >70 <0.001
Vcomet-HRFY 83 67 365 13 >100 <0.001

Some embryos that were not exposed to light were kept in incubators and thus, when the doors
were opened, received brief exposures to ambient light that embryos kept in the dark did not
receive. Most of these embryos developed a significantly higher proportion of phenotypes than
untreated controls. While AAQ shows a significantly different percentage of CFAs relative to no
treatment, the difference of 6% is below the designated effect size of 10%, therefore we consider
this a negative result.



TABLE 7

RESULTS OF OTHER CONTROL EXPERIMENTS

other vs other

mRNAorPCS n % n % y2 p comparison
AAQ 196 9 303 21 124 <0.001 Inactive vs incubator (incubator is active)

228 36 303 21 14.4 <0.001 Active vs incubator (incubator is active)
Arch + PMA 50 10 168 45 2.8 <0.001 Dark; Arch+PMA vs Arch alone
Chr2-C128T 139 37 217 60 18.3 <0.001 Light; with vs without retinal

166 50 64 44 0.72 0.395 Dark; with vs without RB domain
LiGIuR + MAG1 104 28 336 26 0.22 0.642 Active vs incubator (with MAG1)

104 24 74 18 2.6 0.110 Active vs +L-Glut, endogenous activator
Melanopsin 84 26 491 25 0.05 0.824 Dark; with vs without high [Na*],

QAQ 118 51 197 31 123 <0.001 Active vs incubator (Incubator should be
higher percentage)

0.143 Active, with vs without retinal

Vcomet-HRDA 30 53 159 39 2.14

Vcomet-HRFY 36 25 78 37 1.64 0.200 Dark vsinactive

The subjects of each comparison are indicated in the last column. As with the rest of the experiments,
many of the control experiments yielded results opposite to those predicted based on published
results in neurons. In this table, columns 2 and 3 describe the first treatment listed in the comparison
description (column 8) and columns 4 and 5 describe the second.

this as strong evidence that in these cells, at least some of these
reagents are light-insensitive.

Because these constructs induced phenotypes in the dark when
standard amounts (nanograms) were injected, we explored whether
further reduction in concentration would reduce toxicity but retain
activity. We again chose ChR2-C128T to try lower dilutions. Fig.
6 shows the data for this titration experiment. We found that even
lowering the dose of this mMRNA to fractions of picograms did not
consistently prevent the appearance of phenotypes in the absence
of activating light.

Manipulating external Na* concentration did not prevent
melanopsin expressing embryos from developing phenotypes
when raised in the dark

We next attempted to prevent the dark phenotype seen in
embryos injected with melanopsin by raising the external Na*

Fig. 5. Phenotypes caused by treatment with optogenetic reagents.
These phenotypes are commonly found when bioelectrical signaling is
disrupted during Xenopus development. Images are dorsal views unless
otherwise indicated; V' = ventral, p = profile. Tadpoles are anesthetized for
imaging. (A-C) Views of normal tadpole with relevant structures outlined. E
= eye, | = jaw; ob = olfactory bulb; b = brain, oc = otocyst, ba = branchial
arches. Three categories of phenotype were counted, hyperpigmentation,
heterotaxia, and craniofacial abnormalities. (D) A tadpole with hyperpig-
mentation, which is characterized by the presence of more pigment cells,
cells in normally clear regions, and greater area covered by pigment due to
spreading of the cells in the plane of the skin. Spreading cannot be seen
because anesthesia causes the pigment to collect in the center of the
cell; however, pigmented cells can be seen covering the entire surface,
including abnormal locations such as between the brain and the eye. (E)
A tadpole that is heterotaxic. Heterotaxia is defined here as a reversal
in the left-right patterning of one, two, or three organs, specifically the
heart, gall bladder and/or gut. This example has a reversal of the loop of
the heart. (F-L). Examples of the most common abnormalities of the face.
(F) This profile shows a malformed anterior dorsal region. (G) This tadpole
has black pigment associated with the optic nerves; the pigment appears
to join the two eyes across the midline. (H) This tadpole has developed
extra brain tissue. () The olfactory pits of this tadpole appear as one large
organ. (J) The left eye of the tadpole is missing. (K) The jaw and branchial
arches of the left side of this tadpole are small and malformed. (L) The
head skeleton of this tadpole is much smaller than normal.
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concentration. In this case, the hypothesis was that the channels
remained open in the dark, allowing cations to move out of the
cells down their concentration gradients. However, raising the
Na* concentration in 0.1X MMR to 40 mM (internal Na* concen-
tration = 38mM) did not prevent the dark phenotype (Table 7).
We conclude that matching the direction of the Na* gradient to
better approximate the conditions in a neuron was not sufficient
to prevent activity of the channel in the absence of light.

The Arch-dependent dark phenotype can be prevented if a
constitutively-active H*-pump is co-expressed

We hypothesized that Arch, like ChR2, which is now believed
to be a leaky H*-pump (Feldbauer et al., 2009), might allow H*
influx when not activated by light. To test that hypothesis, we
injected mRNA for both Arch and PMA1.2, a constitutively active
H*-pump, reasoning that if Arch was importing H*, the PMA1.2-
mediated H*-efflux could counteract the effect and prevent the
dark phenotype. Indeed, we found that PMA1.2 co-expression
reduced the incidence of craniofacial phenotypes from 45% to
10%, which is the background level (Tables 5,7). These data
suggest that, at least in the case of Arch, the pump is not only
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Fig. 6.Titration of ChR2-C128T. Transfection of Xenopus blastomeres by
microinjection is normally accomplished by injecting nanograms of mRNA.
To find a dose of ChR2-C128T mRNA that did not lead to phenotypes in the
absence of light, serial dilution was used to lower the amount of mRNA
injected. Black indicates no significant difference between treated and
controls; red indicates a significant difference. Even as little as 0.5 pico-
grams of mRNA led to significant numbers of tadpoles with phenotypes.

constitutively active, it is actively running backwards.
Discussion

We have begun to explore the utility of optogenetic reagents
for use in the study of bioelectrical events during early develop-
ment in Xenopus. Preliminary observations revealed that, with
the exception of UV light at very early stages, the light regimens
requiredto activate the various reagents had no effect on Xenopus
development. We also found that the optogenetics reagents were
expressed rapidly at the surface of these cells and at a very high
rate. In this respect, embryonic, and other mitotically active cells,
may prove to be more amenable to optogenetic regulation than
fully differentiated cells such as neurons. For almost every opto-
genetic reagent tested, we observed phenotypes consistent with
manipulation of resting membrane potential during early develop-
ment, including hyperpigmentation, heterotaxia, and craniofacial
phenotypes. We are encouraged by these results; however, much
troubleshooting remains to be accomplished.

The most obvious barrier is the consistency with which we got
positive results from negative controls, that is, dark phenotypes.
There are some hypotheses that could at least partially explain
these results. It is not impossible that in these particular cells,
these exogenous channels are constitutively open or leaky due
to changes in the rate of spontaneous opening. Thus, under the
minimal light conditions of the incubator or under the activating
(opening) wavelength, we would see phenotypes, but when the
inactivating (closing) light is present, it provides the energy to
close at least some of the channels. Potentially relevant in this
context is the finding that ChR2, which depolarizes neurons due
to a net inward current, acts as a hyperpolarizing proton-pump
when expressed in other cell types (Feldbauer et al., 2009). Thus,
bidirectional currents are clearly possible. Also relevant to this

hypothesis is the probabilistic nature of channel opening. Even in
the dark, a certain percentage of channels will be open. It is pos-
sible that a small change in cation permeability due to stochastic
opening of introduced channels is amplified by the response of
endogenous channels responding to a change in membrane
potential. This could explain the phenotypes we observed when
QAQand Vcomet-HRDAwere exposed to wavelengths that should
have inactivated the reagents, but we nonetheless found high
rates of phenotypes; if either of these were present in sufficiently
high amounts, baseline activity could cause an effect even if
the wavelength was largely inhibitory. The temperature at which
Xenopus embryos develop, 14°C to 23°C could also have an ef-
fect on the stochastic behavior of the introduced ion translocators.
Our success at preventing the dark phenotype associated with
expression of the H*-pump Arch is consistent with the hypothesis
that the pump is somehow facilitating H* influx when the activating
wavelength is absent. Whether it is simply leaky, like ChR2, or if
it is actively running in reverse, is yet to be determined.

Very encouraging in this context was the finding that we could
counteract the effect of unwanted ion flux using a co-injected pump.
Specifically, co-injection of the constitutively active yeast proton
pump pmai.2erasedthe dark phenotype of Archinjected embryos.
Thisillustrates a useful approach to addressing unexpected effects
due to differences in reagent activity in different cell types. Indeed
there are many well-characterized ion channels and pumps that
could be used to modulate the net effect of optogenetic reagents.
Xenopus is uniquely practical in this case because many of these
ion translocators were originally characterized by expression in
Xenopus oocytes.

Another important aspect of using optogenetics in new sys-
tems that is illustrated by our data relates to the vastly different
external ion concentrations faced by transmembrane proteins in
a mammalian neuron and transmembrane proteins in external
Xenopus blastomeres that can be reached by light. The medium
in which Xenopus embryos are maintained is very different from
that of mammalian neurons, with a sodium concentration of less
than 9.9 mM and a chloride concentration of 11 mM. Thus, unlike
in neurons, the electrochemical gradients of both sodium and
chloride favor efflux. In fact, the Goldman-Hodgkin-Katz equation
predicts that a change in sodium permeability will hyperpolarize, not
depolarize, a Xenopus cell membrane, while a change to chloride
permeability would depolarize. This idea that the differences in
ionic environment could lead to dramatic changes in the activity of
optogenetic reagents could explain many of our results. Indeed, it
has been shown for ChR2, and two derivatives, ChEF and ChIEF
(Chlamydomonas reinhardtiichannelrhodopsin 1 —channelrhodop-
sin 2 chimeras), that changing the external cation concentration
causes large shifts in the reversal potentials; for example, Lin et
al., measured a change from 8 mV to -22 mV for ChR2 caused
by changing the external sodium concentration from 145 mMto 5
mM, a change comparable to the difference between extracellular
fluid and 0.1X modified Marcs ringers (MMR) (Lin et al., 2009).

Despite the differential activity of these reagents in different cell
types, the many positive results we obtained are important evidence
that the utility of these powerful tools will extend beyond excitable
cells and cells of the nervous system. Whatis clear fromthe results
presented here is that it is not possible to conclude a priori that
these reagents will work in the same way in different cell types.
While light-induced effects of some reagents we tried matched



predictions based on published descriptions of the mechanisms, the
absence of light was not sufficient to prevent the development of
phenotypesknowntobe causedbyV changesofearlyembryonic
cells. Our evidence that, in the dark, Arch mediates influx of H* is
particularly noteworthy in this respect. We therefore recommend
the following to researchers attempting to use these reagents in
new systems: calculation of GHK predictions of the direction of
ion flow; rescue of phenotypes by co-expression of ion channels
that should block activity; negative controls with wavelengths that
should not affect activity; expression of optogenetic reagents in
which the fluorescent protein reporter has been replaced by a tag
that does not emit light.

The excellent spatial and temporal control afforded by the careful
control of expression patterns and light will be a boon to count-
less studies in Cell and Developmental Biology wherein control
of cell behavior is paramount. In particular, the use of models like
Xenopus, in which developmental roles of ion currents have been
well-established (Adams and Levin, 2013a, Levin, 2012, Levin
and Stevenson, 2012, Pai et al., 2012, Tseng and Levin, 2012),
offers exciting opportunities for the extension of the optogenetic
toolkit to the control of physiological determinants of growth and
form. Thus, future progress in optical control of resting potential
in somatic cells in vivo is sure to open new vistas for regenerative
biomedicine, bioengineering, and cancer.

Materials and Methods

Xenopus laevis husbandry

Xenopusembryos were collected and maintained according to standard
protocols (Sive et al., 2000), maintained in 0.1X MMR pH 7.8, and staged
according to (Nieuwkoop and Faber, 1994). At stage 45-46, after phenotypes
became clearly visible, control and treated tadpoles were anesthetized with
1.5% MS-222 (tricaine) then scored for phenotypes known to be induced
by either depolarization or hyperpolarization of cells, specifically hyperpig-
mentation, heterotaxia, and craniofacial phenotypes (Fig. 5).

Constructs

Table 1 lists the constructs discussed here. Plasmids containing optoge-
netic cDNAs, with and without fluorescent tags, were moved to the pCS2+
vector (Rupp et al., 1994), or its derivatives, which are designed for in vitro
synthesis of capped mMRNAs from linearized plasmid DNA. The expression
cassette of pCS2+ contains: a 5° SP6 promoter; Xenopus beta-globin 5’
untranslated sequences; polylinker 1 for insertion of the cDNA of interest;
the SV40 polyadenylation signal; and finally polylinker 2, a site to linear-
ize the plasmid (and thus terminate transcription from the SP6 promoter).
7-methyl guanosine-capped RNAfor injection was generated from linearized
plasmid DNA using the SP6 mMessage Machine kit (Ambion), purified by
DNAse treatment precipitated with LiCl, washed with 70 % ethanol and
resuspended in RNAse-free water.

Modification of pCS2+, for some constructs, included insertion of an
Ncol restriction site in polylinker 1, to provide an optimal sequence for
translation (CCACC) adjacent to an initiator methionine codon (Kozak,
1987), and modification of polylinker 2 to provide additional restriction
sites for linearizing: Xmal and EcoNI. Mutagenesis was performed with
oligonucleotides containing the desired mutation(s), using a QuikChange
Lightning Mutagenesis Kit and QuikChange Primer Design Software from
Agilent. This method was also used to mutate the putative retinol-binding
site of VComet (K297S) and of ChR2 C128T (K257S). In some cases the
vectorwas also modified for producing chimeric proteins with the fluorescent
protein tomato at the carboxy terminus, replacing the original fluorescent
protein tag (if one was present).

Some clones were produced by ligation of restriction-digested fragments
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into polylinker 1 of the vector. For insertion of cDNAs where the reading frame
must be maintained (to use the Ncol site or to form a chimeric protein), the
desired sequence was amplified (Platinum PFX polymerase, Life Technolo-
gies) by PCR primers (Life Technologies) that were extended with sequence
matching the desired site of insertion into pCS2+. The PCR product was
combined with the linearized vector by recombination of the overlapping
ends by recombination, using the In-Fusion Advantage PCR Cloning Kit
from Clontech. Following site directed mutagenesis the reaction mix was
used to transform E.coli strain XL10-Gold, provided with the mutagenesis
kit. For other constructs, E.coli strains Top10F, Stbl3, or DH5alpha (Life
Technologies) were used. Correct clones were identified by sequencing
(Genewiz), and the sequence was analyzed with Geneious Pro Software
(Drummond AJ, 2011). Plasmid DNA was isolated using kits from Qiagen.

AAQ and MAGT1 treatment

100 mM aliquots of Acrylamide-Azobenzene-Quaternary ammonium
(AAQ) in DMSO were stored desiccated at -80°C. Stocks were thawed
and diluted to 400 uM in 0.1X MMR immediately prior to each experiment
(Fortin et al., 2008); at this concentration, DMSO has no discernable ef-
fect on development. Dishes of embryos were exposed to AAQ for 15 to
20 minutes just prior to light exposure. Diluted AAQ was found to retain
activity for atleast 48 hours atroom temperature. Maleimide-Azobenzene-
Glutamate 1 (MAG1) (Volgraf etal., 2006) was stored desiccated as 30 mM
aliquots at -20°C. Embryos that had been injected with the light-sensitive
ionotropic glutamate receptor (LiGIuR) construct (see above) were soaked
in 400 uM MAG1 for 15 minutes immediately before exposure to light.

Microinjection

Xenopus embryos were injected with capped, synthetic mRNAs in
the animal hemisphere of early cleavage stage embryos. Many years
experience has shown that injection of heterologous mRNA per se does
not induce phenotypes such as those reported here. For examination of
craniofacial phenotypes, 1-cell embryos, or 1 blastomere of 2- or 4-cell
embryos were injected. Alexa647-labeled dextran was used as a lineage
tracer for all injections. Nanograms per injection were calculated from the
concentration of the mRNA (determined using a NanoDrop microspec-
trophotometer); the minimum amount of mRNA needed to induce the
phenotype was used. However, it is important to note that the intracellular
fate of mMRNA cannot be controlled, thus the amount of active protein pro-
duced cannot be determined in advance. Embryos were sorted based on
expression levels prior to scoring of phenotypes, and only embryos with
strong expression were used.

Aliquots of the photochemical switch QAQ were stored desiccated at
-20°C and thawed immediately prior to use. The stock was diluted to 400
uM in 18 MQ water then injected into early blastomeres.

Lighting

Light was delivered in one of two ways. Circular arrays of six LEDs
(HPLS-90R from Lightspeed Technologies) were used to illuminate
embryos in petri dishes with most ambient light excluded. These arrays
were controlled by an ELC-1000 External Laser Controller (Lightspeed
Technologies), which allowed us to control the duration and frequency of
the illumination. The spectra of these LEDs, measured using a USB650
Spectrometer (Ocean Optics) are given in Fig. 2. 35 mm or 60 mm plas-
tic petri dishes of embryos rested on cooling stages that maintained the
temperature between 18° and 22° C. Alternatively, embryos were placed
under green light (1.5mW/mm?2, 523 + 15 nm) or blue light (0.77 mW/
mm?, 463 = 15 nm) delivered via fiber optic cable to the inside of a light-
tight box. A cooling stage also kept these embryos at or near 18° C. To
minimize phototoxicity, channel desensitization, and overheating of the
medium (discovered to be a problem during preliminary experiments), the
lights were blinked at frequencies appropriate to the optogenetic reagent
being tested (Table 1). Embryos were left under the lights (except for daily
changing of the medium and cleaning of the dishes under ambient light
conditions) for up to three days.
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Electrophysiology

Predictions of the effects on V__ and the direction of ion flux through
introduced channels were based on the Goldman-Hodgkin-Katz equation
using the following published values for Xenopus blastomeres and 0.1X
MMR: [K*] ,=0.2 mM, [K*], =51 mM, [Na*] , =9.9 mM, [Na*], =38 mM,
[CI],,,=11.1mM,[CI], =30 mM;and pK=38.72x 10°m/s, pNa=1.5x 10%
m/s, pCl=3.9x10°m/s. The online calculator at http://www.physiologyweb.
com was used to calculate V__ and the direction of ion flux. Our a priori
predictions of the effects of activating various reagents were as follows:
Arch, all ChR2s, LiGIuR+MAG1, Melanopsin, and the Vcomets were all
expected to hyperpolarize while melanopsin was expected to depolarize.
AAQ and QAQ block action potentials in neurons, but in embryos their
effects would depend largely on the presence and activity of endogenous
channels, characteristics that are unknown.

Resting membrane-voltage recordings were made using a Warner In-
struments Oocyte Clamp Amplifier model OC-725C with oocyte bathclamp
model 7251.1 (Harvard Apparatus Company, Hampden, CT). Borosilicate
microelectrodes (O.D. 1.0 mm, I.D. 0.50 mm) were filled with 2M KCI and
the embryos were bathed in 0.1X MMR. The amplifier was connected, via
an iworx 118 analog to USB converter, to a computer running LabScribe
2 (iworx, Dover, NH). The “two cursor” mode of LabScribe was used to
measure the change in potential after impaling.

Because important electrophysiological events take place in the embryo
long after the cells are too small to impale, we also used voltage reporting
dyes. The fluorescentbioelectricity reporter pair CC2-DMPE and DiBAC,(3)
was used to measure relative resting potential in embryos with cells too
smallto be impaled (Adams and Levin, 2012). Briefly, embryos were soaked
in 5 uM CC2-DMPE (5mM stock in DMSO was diluted 1:1000 into 0.1X
MMR) for 1 to 2 hours, rinsed, then soaked in 0.95 uM DiBAC,(3) (1.9mM
stock in DMSO diluted 1:2000 in 0.1X MMR) for at least 20 minutes before
imaging. Images of CC2-DMPE and DiBAC,(3) fluorescence, as well as
fluorescence of a lineage tracer (AlexaFluor 647-dextran) and expression
of the fluorescent protein tomato that was conjugated to each mRNA, were
collected using an Olympus BX-61 with epifluorescence optics. Images
were processed to remove dark noise and unevenillumination, and the ratio
of the corrected CC2-DMPE image over the corrected DIBAC,(3) image
was used to determine relative V__ in cells expressing vs. not expressing
tomato; the higherthe pixelintensity (brightness), the more polarized the cell.

Statistical Analysis

Tadpoles with one or more abnormality (hyperpigmentation, heterotaxia,
and/or craniofacial phenotypes) were considered to be affected; numbers
of normal and abnormal experimental embryos were compared to numbers
of normal and abnormal controls using a y?test (a=0.01). Next, a %2 test
of heterogeneity was run to determine if experiments could be pooled. If
justified (o < 0.01equivalent experiments were pooled and compared to
controls by %2 (a=0.01, effect size = 10%).

Figure preparation

Photoshop™ was used to orient, scale, and improve clarity of images;
images of CC2-DMPE/DIBAC,(3) ratios were not manipulated for clarity.
Data were neither added nor subtracted; original images are available on
request. Graphs were produced with Microsoft Excel 2004 ™.
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