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In Vivo Comparative Study of RNAi Methodologies
by In Ovo Electroporation in the Chick Embryo

M. Rao, J.H. Baraban, F. Rajaii, and S. Sockanathan®

The combination of emergent RNA interference (RNAI) technology with in ovo electroporation in the chick embryo has
the potential to provide a powerful and rapid means for functional analyses of novel genes in vivo. In this study, we
show that electroporation of short 21-bp RNA duplexes (siRNAs) is a quick and simple method for silencing
exogenous and endogenous gene expression in vivo. Quantitative comparisons with two other RNAi protocols that
use long double-stranded RNA duplexes and endonuclease-digested duplexes (esiRNAs) demonstrate that siRNAs
are significantly more effective at reducing gene expression. Furthermore, we also find that much higher amounts of
siRNA are required for silencing of endogenous gene expression relative to plasmid-borne reporter constructs. In
short, these results demonstrate that siRNAs are the most effective type of double-stranded RNA duplex for silencing
gene expression and suggest that there might be important differences between silencing endogenous and
exogenous genes. Finally, we review the parameters for each of these RNA-based methods of RNAi and the controls
required to analyze RNAi data in the context of the developing vertebrate embryo. Developmental Dynamics 231:
592-600, 2004. © 2004 Wiley-Liss, Inc.
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INTRODUCTION

Recent advances in genomic tech-
nology and high-throughput screens
have resulted in the identification of
an increasing number of novel genes
implicated in a myriad of biological
processes. The major challenge now is
to define the functions of these genes
to assemble the available information
info coherent networks. Two ap-
proaches commonly used to assess
gene function in vivo are gain- and
loss-of-function analyses. However,
technical constraints offen limit cer-
tain methodologies to subsets of ani-
mal model systems. For example, in
Caenorhabdifis elegans the genera-

fion of fransgenic animals for gain-of-
function experiments in addition to
the application of RNA interference
for loss-of-function studies has allowed
significant progress in the understand-
ing of gene function (reviewed by
Grishok and Mello, 2002). In vertebrates,
however, while gain-of-function strate-
gies such as in ovo electroporation in
the chick (Nakamura and Funahashi,
200T) and transgenesis in the mouse
have become routine in assessing
gene function, loss-of-function ap-
proaches have remained problematic.

To date, the zebrafish model sys-
tem has proved the most amena-
ble to high-throughput loss-of-

function screens due to the
availability of morpholinos and anti-
sense DNA oligos. However, both of
these antisense technologies are of-
fen plagued by nonspecific side ef-
fects as well as variable penetrance
and phenotype (reviewed by Heos-
man, 2002; Kos et al., 2003). While
morpholinos are less toxic and more
nuclease-resistant than standard DNA
oligos, their use demands reliable se-
quence information for a specific
30-bp stretch of nucleotides spanning
the start codon. Furthermore, both of
these approaches target franslation,
meaning that antibodies specific to
the protein of inferest would be nec-
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essary to confirm loss of the gene
product. Thus, there is a clear need for
a rapid and reliable means of evalu-
ating loss of gene function in the ver-
tebrate embryo, using methodologies
that require minimal sequence infor-
mation or immunohistochemical re-
agents.

One of the principal vertebrate
model systems used in developmen-
tal biology is the chick embryo. The
main advantages of the chick sys-
tem are first, the generation of large
numbers of embryos is relatively
economical; second, embryos at all
stages of development are accessi-
ble for experimental manipulation,
and third, in ovo electroporation has
provided a simple and effective
means of introducing nucleic acid
molecules info chick embryos in vivo
(reviewed by Itasaki et al., 1999;
Swartz et al., 2001; Krull, 2004). These
properties make it an ideal model sys-
tem for rapid and high-throughput
analysis of gene function in the devel-
oping vertebrate embryo. One po-
tfential technology that could be
combined with chick in ovo electro-
poration to enable loss-of-function ex-
periments is RNA interference (RNA).

RNAI is the biological phenome-
non whereby double-stranded RNA
(dsRNA) duplexes target homolo-
gous mRNAs in the cell for degrada-
fion (reviewed by McManus and
Sharp, 2002). Advantages of this
method include that very little se-
quence information is required for
effective “knockdown” to occur,
loss of target gene expression can
be judged at the level of the mRNA,
and exogenously infroduced dsRNA
duplexes appear to be relatively sta-
ble in vitro and in vivo (Elbashir et al.,
2002). Several variations of this tech-
nique have been used fo varying
degrees of success in vertebrate
embryos. In ovo electroporation of
long (400 bp-2 kb) dskRNA duplexes
in the chick spinal cord resulted in
the transient loss of gene function
(Pekarik et al., 2003), whereas similar
results were obtained in mouse em-
bryos electroporated with long
dsRNA duplexes that had been di-
gested into 15- to 40-bp dsRNA frag-
ments with an endonuclease (esiRk-
NAs; Calegari et al., 2002). A third
method of gene silencing using
small, chemically synthesized 21-bp

dsRNA (siRNA) has been shown fo
be effective in mammalian cells (El-
bashir et al., 2001); however, there
have been few reports of the use of
these RNA oligonucleotides in vivo.
Finally, in yet one more variation of
RNAi fechnology, cells can be trans-
fected with DNA plasmids encoding
small hairpin RNA (shRNA; Sui et al.,
2002). These shRNAs are transcribed
by RNA polymerase Il and proceed
fo target their cognate mRNAs for
destruction. Vector-based RNAi has
also been demonstrated to have
some efficacy in the chick model sys-
tem (Katahira and Nakamura, 2003;
Chestnutt and Niswander, 2004).
Here, we have focused on deter-
mining which of the emerging RNA-
based RNAI methodologies in com-
bination with in ovo electroporation,
has the best potential to be a simple
and effective means of carrying out
in vivo loss-of-function analyses in
the chick embryo. We have con-
ducted a quantitative comparison
of the efficacy of silencing the exog-
enous reporter gene DsRed, as well
as that of an endogenous gene,
Raldh2, using three different meth-
ods of RNAI (siRNA, esiRNA, and long
dsRNA duplexes). Based on the
data, we conclude that siRNAs are
highly effective at silencing gene ex-
pression in vivo. Second, relatfive 1o
esiRNAs and long dsRNA duplexes,
siRNAs are the most efficient means
of producing gene-specific RNA in-
terference in the chick. Third, signifi-
cantly higher concentrations of
siRNA are required to silence endog-
enous gene expression as opposed
fo expression of exogenous reporter
genes. Fourth, electroporation of
any of these three dsRNA substrates
info the developing neural tube is
relatively nontoxic. In summary, in
ovo electroporatfion of chemically
synthesized siRNAs is a fast, simple,
and powerful method for conduct-
ing femporally and spatially specific
loss-of-function analyses in vivo.

RESULTS

Short 21-bp RNA Duplexes
Efficiently Silence Reporier
Gene Expression

Electroporation of long RNA du-
plexes (450 bp-2.2 kb) and endonu-

clease-digested RNA duplexes has
been shown previously to reduce
target gene expression in chick and
mouse embryos, respectively (Cale-
gari et al., 2002; Pekarik et al., 2003).
However, there had been no reports
that siRNA is similarly effective in
vivo. To determine whether short du-
plexes would silence gene expres-
sion in the chick, we obtained com-
mercially synthesized 21-bp siRNA
duplexes corresponding to two dif-
ferent target sequences in the open
reading frame (ORF) of the DsRed
reporter gene, located 125 bp and
362 bp from the start codon. The spi-
nal cords of control embryos were
coinjected with a plasmid express-
ing enhanced green fluorescent
protein (eGFP) to control for electro-
poration efficiency and a plasmid
expressing the fluorescent reporter
gene DsRed (Fig. 1A,B,G). A parallel
set of embryos was injected with
both of these plasmids as well as
equal amounts of each of the two
DsRed siRNAs (Fig. 1C-F). Embryos
were allowed to develop for 2 days
before scoring the number of eGFP
and DsRed-expressing cells. Control
embryos had many cells expressing
eGFP and DsRed; however, coelec-
tfroporation of 5 ng/ul of sikNA cor-
responding to DsRed was sufficient
to reduce DsRed expression by 40%
without affecting the number of
eGFP-expressing cells (Fig. 1A-D,H).
Titration of siRNA concentration re-
vealed that 200 ng/ul was sufficient
to consistently achieve specific
knockdown of DsRed expression by
85-90% (Fig. 1E,F.H). Gene silencing
was found to saturate at this level as
further increases in sSIRNA concentra-
tion up to 1.75 ng/pl did not lead to
further reductions in DsRed expres-
sion (Fig. 1H). Coelectroporation of
siRNAs of unrelated sequences to
the eGFP and DsRed reporters did
not affect DsRed expression (data
not shown).

siRNAs Are the Most Effective
Form of dsRNA for Reducing
Reporter Expression

We next wanted to determine which
of the three RNA-based methods
described to date, namely siRNA,
long dsRNA duplexes, and esiRNA
(Fig. 2E), would be the most effec-
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five in abrogafing target gene ex-
pression in the chick using in ovo
electroporation. Embryos were co-
electroporated as described above
with plasmids expressing DsRed and
eGFP, as well as 200 ng/pl of a
706-bp RNA duplex corresponding
to the DsRed ORF (dsRNA), or a 200
ng/wl mixture of shorter RNAs result-
ing from RNAse Il digestion of the
same long duplex (esiRNA). In all
cases where RNA duplexes were
electroporated, expression of eGFP
was seen to be similar to that of con-
trol embryos electroporated with
plasmid alone (compare Figs. 1A,
2A, and 2C); however, specific loss
of DsRed expression was observed
to varying degrees. Electropora-
tion of the long dsRNA duplexes led
to 53% knock-down of DsRed ex-
pression (Fig. 2B,F), whereas elec-
tfroporation of esiRNAs resulted in a
29% loss of DsRed expression (Fig.
2D.F). When compared with the
90% efficiency of knockdown ob-
tained with the same concentra-
tion of siRNAs (Figs. 1F, 2F), neither
long dsRNA duplexes nor esiRNAs
were as effective at producing
RNAI in chick.

siRNAs Can Silence
Endogenous Gene Expression

While electroporation of various
dsRNA substrates has proven to be
powerful at reducing reporter gene
expression, the more critical ques-
tion for developing an in vivo loss-of-
function assay is whether they can
similarly silence endogenous gene
expression. To address this issue, we
decided to test the efficacy of these
three RNAi methodologies at limiting
the expression of the retinoid-synthe-
sizing enzyme Raldh2 (Zhao et dl.,
1996). Raldh2 is first expressed very
early in chick development and
then later expressed within the limb-
level population of spinal motor neu-
rons, which constitute the lateral
motor column (Sockanathan and
Jessell, 1998). Embryos were coelec-
froporated as before with a reporter
plasmid expressing eGFP or nuclear
LacZ (nLac?), as well as either 200
ng/pl of a 700-bp RNA duplex corre-
sponding to a portion of the Raldh2
ORF, or a 200 ng/pl mixture of esiRNAs
resulting from RNAse Il digestion of this
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Titration of electroporated short 21-bp RNA duplexes (siRNAs) results in effective

gene silencing. In all images, the right side of the embryo is electroporated. All images
shown are of Hamburger-Hamilton stage 21-23 embryos. A,B: Fluorescence photomicro-
graphs of a spinal cord section from a representative control embryo coelectroporated
with reporter plasmids expressing enhanced green fluorescent protein (eGFP) and DsRed.
C,D: Images of a representative embryo coelectroporated with the same amounts of eGFP
and DsRed as previously, together with 5 ng/ul siRNA against DsRed. E,F: Images of a
representative embryo coelectroporated with eGFP and DsRed plasmids, as well as 200
ng/pl siRNA against DsRed. G: Schematic showing electroporation (EP) of constructs and
RNA duplexes into the chick spinal cord. H: Histogram showing the percentage of DsRed™
cells to eGFP* cells in control and siRNA coelectroporations. Data were obtained from
three to six embryos for each condition (*P < 0.001).

duplex. Embryos were harvested at 72
hr postelectroporation, sectioned,
and subjected fo in situ hybridization
for Raldh2 mRNA to assess the effi-
ciency of Raldh2 knockdown. The
numbers of Raldh2™ cells in the con-
trol and electroporated halves of the
spinal cord were compared. Surpris-
ingly. neither dsRNA nor esiRNA was
able to reduce endogenous Raldh2
MRNA or protein expression to any sig-
nificant degree at a concentration
previously shown to reduce reporter
expression (Fig. 3A-C,E-G,P). We also
obtained siRNAs corresponding to
two different sequences in the ORF of
Raldh2, located 125 bp and 1,042 bp
from the start codon. When a 200
ng/ul equimolar mixture of these du-
plexes was coelectroporated into

chick spinal cords along with a re-
porter plasmid, the number of Raldh2-
expressing cells was found to de-
crease by 30% on the electroporated
side (Fig. 3I-K,P). Electroporation with
almost ninefold more siRNA (1.75 ng/
p) was able to boost the efficiency of
Raldh2 silencing to 50% (Fig. 3L-N.P).
At this higher concentration of siRNA,
there was a significant amount of vari-
ability in gene silencing from one em-
bryo to another with some embryos
exhibiting close to 100% knockdown
of Raldh2 expression; however, more
typical examples are shown here with
a 50% reduction. Immunohistochemi-
cal staining using an RALDH2-specific
polyclonal antibody showed analo-
gous levels of protein loss under all of
these conditions (Fig. 3C.G.K.N). In
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Fig. 2. Comparison of DsRed silencing by short 21-bp RNA duplexes (siRNAs), double-stranded RNA duplexes (dsRNAs), and endonu-
clease-digested short RNA duplexes (esiRNAs). A,B: Images of a representative embryo coelectroporated with enhanced green fluores-
cent protein (eGFP) and DsRed plasmids, as well as 200 ng/ul of dsRNA targeting DsRed. C,D: Images of a representative embryos
coelectroporated with eGFP and DsRed plasmids, along with 200 ng/ .l of esiRNA targeting DsRed. E: Schematic showing siRNA, dsRNA,
and generation of esiRNA. F: Histogram showing loss of DsRed-expressing cells when embryos were independently coelectroporated with
DsRed and eGFP reporter plasmids (control, Ctrl), or both plasmids with 200 ng/ul each of siRNAs, dsRNAs, or esiRNAs against DsRed target
sequences. Data were obtained from three to six embryos for each condition (*P < 0.001; §P < 0.02).

these experiments, siRNAs are signifi-
cantly more capable of silencing en-
dogenous gene expression than long
dsRNA duplexes or esiRNAs. However,
there appears to be a sizable disparity
between the siRNA concentrations re-
quired for targeting endogenous
genes versus exogenous genes.

siRNA-Mediated Gene
Silencing Is Nontoxic and
Target-Specific

One reservation with regard to the
use of RNAI for analysis of gene
function is the observed potential
for dsRNA substrates to induce an
inferferon response and subse-
quent cell death in mammalian
cells (Sledz et al., 2003). To assess
the tfoxicity of long dsRNA du-
plexes, esiRNAs, and siRNAs in the
developing neural tube, embryos
were electroporated with each of
the above dsRNA substrates tar-
geting Raldh2 and assayed for cell
death by terminal deoxynucleoti-
dyl transferase-mediated deoxyuri-
dine triphosphate nick end-label-

ing (TUNEL) staining (Fig. 3D.H,O).
There was no detectable cell
death in either the conftrol or elec-
froporated halves of the spinal
cord under any of these condi-
fions, suggesting that in ovo elec-
tfroporation of dsRNA of any type is
not toxic to the developing chick
neural tube. Thus, the relative levels
of gene silencing observed by RNAI
in these experiments reflect loss of
gene product rather than loss of
cell number.

A critical criterion for the interpre-
tation of RNAi-based loss of function
analyses is the specificity of target
gene silencing. While all of the siRNA
target sequences chosen in this
study were screened by BLAST
searches to minimize cross-reactiv-
ity, we wanted to further confirm the
specificity of silencing for the far-
geted endogenous gene Raldh2.
First, we evaluated expression of a
nontargeted gene, NeuroM, in em-
bryos electroporated with 1.75 pg/pl
of siRNAs corresponding to Raldh2.
NeuroM is a transcription factor tran-
siently expressed by immature neu-

rons in the ventricular zone just after
they withdraow from the cell cycle
(Roztocil et al., 1997). If SiRNA elec-
froporation leads to a global or non-
specific decline in gene expression,
then we would expect to observe
fewer NeuroM+ cells on the electro-
porated side of the neural tube.
However, we observed no differ-
ence in the levels of NeuroM expres-
sion between control and electro-
porated sides, confiiming that
Raldh2 mRNA and protein loss were
not due to global transcriptional si-
lencing (Fig. 3T). Next, to determine
whether Raldh2 silencing was in-
deed dependent on SsIRNA se-
quence or could be induced by any
siRNAs, embryos were electropo-
rated with 1.75 ug/pl of siRNAs tar-
getfing the fluorescent reporter
DsRed. While loss of DsRed fluores-
cence confirmed that the RNAI
mechanism had been engaged
(data not shown), silencing proved
to be target-specific because there
was no change in levels of Raldh2
mMRNA or protein (Fig. 3R.S). Taken
tfogether, these experiments demon-
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Fig. 3. Comparison of Raldh2 silencing by
double-stranded RNA duplexes (dsRNAs), en-
donuclease-digested short RNA duplexes (es-
iRNAs), and short 21-bp RNA duplexes (siR-
NAs). A-D: Images from a representative
embryo coelectroporated with a nuclear LacZ
(nLacZ) plasmid and 200 ng/pl of dsRNA tar-
geting Raldh2. E-H: Images from a represen-
tative embryo coelectroporated with an
nLacZ plasmid and 200 ng/ .l of esiRNA target-
ing Raldh2. I-K: Images from a representative
embryo coelectroporated with an enhanced
green fluorescent protein (eGFP) plasmid and
200 ng/pl of siRNA targeting Raldh2. L-O: Im-
ages from a representative embryo coelectro-
porated with an nLacZ plasmid and 1.75 pg/pl
of siRNA targeting Raldh2. -S: Images from a
representative embryo coelectroporated with
nLacZ and DsRed plasmids as well as 1.75
g/l of siRNA targeting DsRed. AE,,L,Q: eGFP
fluorescence or nLacZ immunostaining identi-
fies the electroporated side of the spinal cord.
B,F,J,M,R: In situ hybridization of Hamburger
-Hamilton stage 25-27 chick embryonic spinal
cord sections showing Raldh2 mRNA expres-
sion in motor neurons. C,G,KN,S: Immuno-
staining for Raldh2 shows Raldh2 protein ex-
pression in motor neurons. D,H,O: Terminal
deoxynucleotidyl transferase-mediated de-
oxyuridine triphosphate nick end-labeling
(TUNEL) cell death detection assay. P: Quanti-
tation of Raldh2 expressing cells on electropo-
rated (EP) and contralateral (CL) sides of the
embryo using 200 ng/pl of dsRNA, 200 ng/pl
esiRNA, 200 ng/pl siRNA, and 1.75 pg/pl siRNAs
against Raldh2. Data were obtained from
three to five embryos for each condition (*P <
0.001). T: In situ hybridization of an embryo
electroporated with 1.75 png/ul of siRNA target-
ing Raldh2 shows no loss of NeuroM expres-
sion on the electroporated side of the spinal
cord (asterisk).

strate that in ovo electroporation of
siRNAs is a simple, nontoxic means of
achieving target-specific gene si-
lencing in the developing verte-
brate neural tube.

DISCUSSION

The developing chick embryo pro-
vides an excellent system for the
study of many aspects of develop-
mental biology. Recent advances in
gene fransfer using in ovo electropo-
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ration have raised the possibility that
the chick model system may be
used for functional high-throughput
screens based on loss-of-function
approaches in vivo. To determine
whether RNAI may constitute such
an approach in the developing
chick embryo, we conducted a sys-
tfematic and quantitative frial of the
available RNA-based RNAiI method-
ologies on an exogenous as well as
an endogenous gene. Our resulfs

demonstrate  that  microinjection
and electroporation of siRNAs into
the developing chick spinal cord
can specifically silence target gene
expression. Moreover, siRNAs are sig-
nificantly more effective at gene si-
lencing than long dsRNA duplexes or
esiRNAs.

RNA interference using siRNAs of-
fers several advantages over other
existing oligonucleotide-based loss-
of-function approaches including
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morpholinos (Heasman, 2002) and
standard antisense DNA methods
(Kos et al., 2003). We have not ob-
served any toxicity upon siRNA ad-
ministration in ovo and their use
requires minimal sequence infor-
mation as siRNA targets can be de-
rived from almost any portion of
the coding region of a gene, as
opposed to a single defined region
spanning the start codon. More-
over, preliminary results suggest
that efficient knockdown of gene
expression can also be obtained
from siRNA sequences designed
against unfranslated regions of the
franscript (M. Rao and S. Socka-
nathan, unpublished observa-
tions). Furthermore, whereas anti-
sense DNA technologies function
by limiting the translation of spe-
cific mRNAs into protein, RNA inter-
ference targets the mRNAs them-
selves for destruction (reviewed by
Scherer and Rossi, 2003). This dis-
tfinction allows one to monitor loss
of a gene product by in situ hybrid-
ization rather than by immunohisto-
chemical methods, which require
the generation of antibodies
against proteins of interest.

While RNAI represents a powerful
tool for studying vertebrate devel-
opment in vivo, there are several
critical issues that need to be ad-
dressed before drawing conclusions
about gene function based on loss-
of-function phenotypes. The fore-
most issue is the specificity of target
gene silencing. Several groups have
reported that infroducing exoge-
nous dsRNA into cells can frigger
global franscriptional silencing or
deregulation of the expression of
genes other than the desired target
(Persengiev et al., 2004). Alterna-
fively, siRNAs could also silence
genes with significant homology to
their target sequences (Jackson et
al., 2003). In this study, we minimized
the possibility of cross-reactive si-
lencing by using BLAST to screen alll
of our siRNA targefs against ex-
pressed sequence tag (EST) data-
bases. To verify the actual specificity
of the silencing in vivo, we con-
firmed that expression of untargeted
genes was unaffected and that si-
lencing of the target gene was de-
pendent on siRNA sequence (i.e., a
siRNA of unrelated sequence was

not able fo reduce target gene ex-
pression). When RNAI is used to ana-
lyze gene function, the most com-
pelling demonstration of specificity
would be to show rescue of a par-
ficular loss-of-function phenotype
upon target gene expression. Al-
though this strategy was not ad-
dressed in this study, sIRNA se-
quences targeting the untranslated
regions of a gene’s tfranscript can be
coelectroporated along with an ex-
pression plasmid encoding the ORF
of the gene. Silencing of the endog-
enous gene with simultaneous res-
cue of the loss-of-function pheno-
type by gene expression from the
plasmid, thus, can be obtained.
Another phenomenon that can
bolster the argument for specificity is
the dose-response of RNA interfer-
ence. Our results show that the level
of knockdown observed upon elec-
froporation of siRNAs targeting the
reporter gene DsRed was depen-
dent upon the concentration of du-
plexes injected. As litfle as 5 ng/pl of
SIRNA was found to result in a 40%
loss of DsRed expression, whereas in-
creasing the dose to 200 ng/ul con-
sistently resulted in 85-90% knock-
down. The dose-responsive nature
of this effect, taken together with
the unchanged expression of the
coelectroporated eGFP reporter
highlights the specificity of this silenc-
ing. Curiously, DsRed silencing
seemed fo reach a peak of 85-90%
that was impervious to further in-
creases in siRNA concentration. It is
not clear what determines this ceil-
ing. but it may represent the limit of
siRNA electroporation efficiency or
the difference in the kinetics be-
tween reporter gene expression and
the RNAI silencing machinery. Modi-
fying this protocol to use fluores-
cently fagged siRNAs would allow
one to address the issue of electro-
poration efficiency and draw firmer
conclusions about cell-autonomous
effects of loss of gene function.
Silencing of endogenous gene ex-
pression, in this case of Raldh2, was
also dose-responsive but the abso-
lute dose required was much higher
than for the reporter DsRed. It is im-
portant to note that the pattern of
Raldh2 expression in the spinal cord
required analysis of knockdown at
72 hr postelectroporation rather

than at 48 hr, as was done for the
reporter. It is possible that the prolifer-
ation of cells during this 24-hr time
frame led to further dilution and de-
creased efficacy of the Raldh2
siRNAs. However, experience with
other endogenous genes (M. Rao, B.
Zhuang, and S. Sockanathan, unpub-
lished observations) suggests that it is
not simply dilution but that there is truly
a greater requirement of sikNA for ef-
ficient silencing of endogenous genes
relative to reporters. This disparity may
have to do with inherent structural dif-
ferences between plasmid and chro-
mosomal gene tfranscription. Interest-
ingly, at higher doses of siRNA, such as
1.75 ng/pl, we began to note signifi-
cant variation in the extent of Raldh2
knockdown from one embryo to an-
other as well as across the rostral-
caudal axis of the neural tube, sug-
gesting that small variations in local
concentration may affect the extent
of slencing. Whereas the average loss
of target gene expression in our assay
with these two particular siRNA se-
qguences was only 50%, we were able
to generate a small number of em-
bryos with significantly higher loss, up
to 100%. Although 50% silencing may
be sufficient fo do some functional
analyses, the yield of embryos with
more dramatic loss can probably be
improved by further optimization of
target sequence choice and further
increases in sSiRNA concentration. Our
findings, thus, highlight the impor-
tance of assaying the amount of tar-
get gene knockdown in each em-
bryo to be analyzed, as well as
fitrating RNAI conditions with respect
to endogenous genes when design-
ing RNAI protocols.

While siRNA proved to be the most
effective substrate for RNAI in our
system, it has been argued that
dsRNA and esiRNA are more useful
for initial screens of gene function
because they preclude the variable
of siRNA target sequence choice
(Calegari et al.,, 2002). However, in
our experience, all of the siRNAs that
we designed based on a set of min-
imal criteria (outlined in the Experi-
mental Procedures section) have
been effective at RNA interference.
Indeed, when any of the experi-
ments in this study were repeated
with a given concentration of one
siRNA alone rather than a mixture of
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two, the same levels of knockdown
were observed (data not shown).
Thus, we propose that the require-
ment for target sequence choice
serves as an asset rather than a
handicap, because potential siRNA
sequences can be screened
against EST databases to minimize
cross-reactivity  with  unwanted
genes. Recently, several groups
have determined empirical guide-
lines for siRNA target selection,
which should further minimize the
likelihood of selecting an ineffective
SiIRNA (Reynolds et al., 2004; Ui-Tei et
al., 2004).

In summary, we have demon-
strated the potential use of RNA in-
terference in combination with in
ovo electroporation as a rapid,
functional assay for novel gene
function in the developing chick
embryo. We have shown that siRNA-
based methodology is significantly
more effective at silencing gene ex-
pression than protocols that use long
dsRNA duplexes or esiRNAs. This sup-
pression of gene expression is non-
toxic and specific to the target
gene. Our studies have proven the
ufility of this technique for the study
of genes expressed in the nervous
system; however, it is also applicable
to any other structures that are ac-
cessible to electroporation. The ad-
aptation of emerging plasmid or vi-
ral-encoded shRNA fechnology will
very likely allow for further extension
of RNAI to the study of all organ sys-
tems in the developing chick em-
bryo. It is possible that these tech-
niues could be even more
powerful at silencing gene expres-
sion in the chick embryo as shRNA
more closely resembles the double-
stranded, hairpin structure of MiRNAs
known to be involved in endoge-
nous gene regulation (Bartel, 2004).

EXPERIMENTAL PROCEDURES
siRNA Design

Candidate target sequences were
first identified in the cDNA of interest
by screening the ORF for 21-bp se-
guences beginning with the dinucle-
otide "AA.” Candidates with three
or more same-letter strings or those
located in the first 100 bp of the ORF
were excluded to prevent potential
inferference by secondary structure

or franscriptional complexes. Remain-
ing candidates were further screened
for GC content (45-60% was deemed
acceptable) and subjected to BLAST
searches against GenBank’s nonredun-
dant (nr) and EST databases to identify
the siRNAs most likely to be specific for
the gene in question. Finally, RNA du-
plexes corresponding to two of these
final targets were ordered in 2" depro-
tfected, anneadled, and desalted form
(Option A4, www.dharmacon.com).
Lyophilized RNA duplexes were dis-
solved in the provided 1X Universal
Buffer at a concentration of 5 pg/pl
and stored at —20°C. The RNA duplexes
used in this study are as follows:
DsRed-1: sense 5'-CACCGUGAAG-
CUGAAGGUGIdT-3', antisense 3'-dT-
dTGUGGCACUUCGACUUCCAC-5";
DsRed-2: sense b&5-GGUGAAGUU-
CAUCGGCGUGTT-3’, antisense 3'-
dTdTCCACUUCAAGUAGCCGCAC-S';
Raldh2-1: sense 5'-CAGGAGAGC-
AGAUCUGUGAdTdT-3’, antisense 3'-
dTdTGUCCUCUCGUCUAGACACU-5';
Raldh2-2, sense 5'-UACAACAAGAU-
CUUGGAACTAT-3’, antisense, 3'-dTdT-
AUGUUGUUCUAGAACCUUG-5'.

dsRNA and esiRNA Preparation

For dsRNA and esiRNA preparation,
the methods described in Pekarik et
al. (2003) and Calegari et al. (2002)
were followed as closely as possible
to facilitate comparison of the vari-
ous methods of RNAI. The DsRed ORF
was subcloned into pBS Il SK+ before
franscription of sense and antisense
sSRNA from the T3 and T7 RNA
polymerase promoters (Ambion
MEGAscript kit (Cat no. 1334, 1338))
Transcription reactions were incu-
bated with DNAse | fo degrade the
template and a small aliquot of the
reaction was gel electrophoresed 1o
ensure that there was no remaining
DNA contamination. The ssRNA was
then subject to acid phenol-chloro-
form extraction, resuspended in wa-
ter and quantified by ethidium bro-
mide staining and comparison to
standards. Next, the ssRNAs were an-
nealed into duplexes by combining
approximately 4 nwg each of the
sense and antisense ssRNAs in a total
volume of 56 wl before denaturation
at 95°C for 5 min to remove second-
ary structure and incubation at 37°C
for 30 min. Annealed duplexes were

immediately incubated on ice and
a 6-pl aliquot was saved for later
analysis. The remaining 50 wl of RNA
duplex was digested with 33 ng of
RNAse A and 10 pl of 1M NaCl at
37°C for 30 min. Another 6-pl aliquot
was saved for later analysis, and
the remainder ethanol-precipitated
and resuspended in 14 pl of ddH,O.
Before electroporation, the aliquots
saved from each of the preceding
steps were electrophoresed on a 1%
agarose gel to confirm the size of the
anneadled duplex and ensure that
the RNAse step had eliminated ss-
RNA but not the dsRNA duplex. To
test the efficacy of dsRNA-mediated
RNAIi, the annealed duplex was in-
jected and electroporated at a
concentration of 200 ng/ul as de-
scribed below. To generate esiRNAS,
7 wl (~2 ng) of dsRNA was digested
for 15 min at 20°C in a 20-ul reaction
with 7 U of RNAse ONE ribonuclease
(Promega Cat No. M4261). Finally,
the digestion reaction was ethanol-
precipitated, verified by electro-
phoresis, and then injected and
electroporated as esiRNA. For
Raldh2 dsRNA and esiRNA, a 700-bp
portion of the Raldh2 cDNA was sub-
cloned into pBS Il SK+ and RNA was
prepared as described above for
DsRed.

In Ovo Electroporation

Fertiized chicken eggs (Charles
River) were incubated until embryos
reached Hamburger-Hamilton (HH)
stage 11-13, and the embryos were
visualized as previously described
(Nakamura and Funahashi, 2001).
RNA solutions for injection were pre-
pared with the relevant amount of
SIRNA, dsRNA, or esiRNA along with
0.2% Fast Green dye, to allow detec-
tion of the solution during injection.
One of the reporter plasmids
PCAGGS-eGFP or pCAGGS-Ires-
nLacZ was included in the solution at
200 ng/pl to monitor efficiency of
RNA/DNA incorporation into the
neural fube. For reporter gene ex-
periments, 200 ng/ml of pPcDNA3-
DsRed was added along with the
eGFP plasmid to the injection solu-
tion. This cocktail was injected with a
drawn-out glass capillary info the
neural tube at the caudomedullary
junction and electroporated into
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half of the neural tube with a BTX
Electro Square Porator ECM 830
(Genetronics) configured to deliver
5 X 50 msec pulses of 30 V across the
embryo through a pair of gold-
plated electrodes 5 mm in length,
0.5 mm diameter (Genetrodes
Model 512, Genetronics, Inc.). Similar
results were obtained using elec-
tfrodes constructed from tungsten. A
drop of antibiotic solution contain-
ing penicillin (1,000 IU/ml) and strep-
tomycin (1,000 pg/ml) in 1x CMF
was then placed on the embryo at
the site of electroporation. The win-
dow was covered with Parafilm, and
the egg replaced in the incubator
for 2-3 days until analysis at HH stage
21-27.

Loss of Function Analysis

Electroporated embryos were dis-
sected, fixed for 1.5-2 hr in 4% para-
formaldehyde/0.1 M phosphate
buffer (PB) at 4°C, rinsed once with
phosphate-buffered saline  (PBS),
and subjected to two 10-min washes
in PBS. Embryos were allowed to
equilibrate overnight in 30% sucrose/
0.1 M PB and then embedded in Tis-
sueTek O.C.T. Compound (catalog
no. 4583). Sections (12.5-pm) were
cut on a cryostat, collected onto
slides, air-dried for 20 min, and stored
at —80°C. eGFP and DsRed fluores-
cence was visualized directly after
slides were rinsed in PBS for 5 min and
then mounted with a few drops of
Vectashield (Vector Laboratories
catalog no. H-1000). In situ hybridiza-
tion for Raldh2 and NeuroM was car-
ried out as previously described
(Sockanathan and Jessell, 1998) ac-
cording to standard protocols
(Schaeren-Wiemers and  Gerfin-
Moser, 1993). Immunostaining for
Raldh2 was done by incubation of
slides overnight at 4°C with a rabbit
anti-chick Raldh2 antibody diluted
1:500 in PBS containing 0.1% Triton
X-100 and 1% bovine serum albumin.
For TUNEL staining, slides were immu-
nostained as described above, fixed
for 5 min in 4% paraformaldehyde/
0.1 M PB at room temperature,
rinsed three times in PBS for 5 min per
wash, and then subjected to the
TUNEL reaction according to the
manufacturer’s instructions (Roche
catalog no. 1684795). Fluorescence

and differential interference con-
frast microscopy images were cap-
tured with a X20 objective on a
Nikon Eclipse E800 microscope
equipped with a Q Imaging Retiga
EX camera.

Quantitative Analysis

At least five sections from each of
three to seven embryos were ano-
lyzed per experimental condition.
Images were scored for DsRed,
eGFP, or Raldh2-expressing cells. For
the reporter gene experiments, a ra-
tio of DsRed™ to eGFP™ cells was cal-
culated for each section. eGFP*
cells were used in the denominator
to rule out embryo stage and elec-
tfroporation efficiency as variables in
the analysis of DsRed silencing. The
average DsRed/eGFP ratio was de-
fermined for each embryo and
these ratios were then compiled into
a mean ratio for each condition with
an error bar corresponding to the
standard error of the mean (SEM).
The mean ratios for each condition
were then compared with the
DsRed/eGFP ratio found in the con-
frol embryos, which was normalized
to represent 100% to determine the
efficiency of reporter gene silencing.
The t-tests were then done to calcu-
late the significance of these results,
and P values were noted where ap-
plicable. Similarly, in the endoge-
nous gene experiments, three to five
embryos were sectioned per condi-
tfion and subject to in situ hybridizo-
fion for Raldh2. At least five sections
from each embryo were imaged
and scored for Raldh2™ cells on the
electroporated (EP) and nonelec-
tfroporated (control, CL) sides of the
spinal cord. The average ratio of
EP/CL Raldh2™ cells was determined
for each embryo and then com-
bined to calculate the mean ratio
for the condition as well as the SEM.
The difference between the number
of Raldh2* cells in the EP and CL
sides of the neural tube reflects the
extent of knockdown achieved by
the siRNA. The ftests were done,
and P values calculated to establish
statistical significance.
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