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A regulatory sequence from the retinoid X receptor y gene directs
expression to horizontal cells and photoreceptors in the embryonic

chicken retina

Maria K. E. Blixt, Finn Hallbo6k

Department of Neuroscience, Faculty of Medicine, Uppsala University, Uppsala, Sweden

Purpose: Combining techniques of episomal vector gene-specific Cre expression and genomic integration using the
piggyBac transposon system enables studies of gene expression—specific cell lineage tracing in the chicken retina. In
this work, we aimed to target the retinal horizontal cell progenitors.

Methods: A 208 bp gene regulatory sequence from the chicken retinoid X receptor y gene (RXRy208) was used to drive
Cre expression. RXRy is expressed in progenitors and photoreceptors during development. The vector was combined with
a piggyBac “donor” vector containing a floxed STOP sequence followed by enhanced green fluorescent protein (EGFP),
as well as a piggyBac helper vector for efficient integration into the host cell genome. The vectors were introduced into
the embryonic chicken retina with in ovo electroporation. Tissue electroporation targets specific developmental time
points and in specific structures.

Results: Cells that drove Cre expression from the regulatory RXRy208 sequence excised the floxed STOP-sequence
and expressed GFP. The approach generated a stable lineage with robust expression of GFP in retinal cells that have
activated transcription from the RXRy208 sequence. Furthermore, GFP was expressed in cells that express horizontal
or photoreceptor markers when electroporation was performed between developmental stages 22 and 28. Electroporation
of a stage 12 optic cup gave multiple cell types in accordance with RXRy gene expression in the early retina.
Conclusions: In this study, we describe an easy, cost-effective, and time-efficient method for testing regulatory se-
quences in general. More specifically, our results open up the possibility for further studies of the RXRy-gene regulatory
network governing the formation of photoreceptor and horizontal cells. In addition, the method presents approaches to
target the expression of effector genes, such as regulators of cell fate or cell cycle progression, to these cells and their

progenitor.

The formation of specific cell types is dependent on
interactions between various gene regulatory factors and
DNA elements, and they cooperatively produce cell type— or
tissue-specific expression of one or more key differentiation
genes [1]. Reporter genes under the control of a regulatory
gene element that is part of such a cell type—specific gene
regulator network (GRN) have been used when the relations
between specific genes and cell types are studied. Trans-
genic or knock-in mice that express LacZ or enhanced green
fluorescent protein (EGFP) under the control of specific
regulatory sequences have often been used to study cell type
[2,3] or cell lineage formation [4]. Tissue electroporation is
an effective way to introduce reporter constructs at a specific
developmental time point or in a specific structure [5-10].
Electroporation in combination with a transposon system that
integrates the reporter gene into the host cell genome enables
establishment of tissue-specific cell lineages with a defined
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initiation time [11]. Furthermore, to achieve cell-specific and
robust reporter gene expression, the transposon vector system
can be combined with the Cre-LoxP recombination technique.
Three essential components are needed for this to work: 1)
An enhancer trap vector (trap vector) that drives expression
of Cre recombinase from a gene- or cell type—specific regula-
tory element [12]. 2) A “donor” reporter gene construct with a
transposon cassette that contains a strong ubiquitously active
promoter, such as CAG [13], followed by a “floxed” STOP
sequence [14]. 3) An episomal “helper” transposase vector
that is ubiquitously expressed and catalyzes the integration
of the “donor” reporter construct into the genome of electro-
porated cells. Only cells that drive specific Cre expression
will remove the STOP sequence from the integrated reporter,
establishing a lineage with robust and stable reporter gene
expression that is defined by the gene or cell-type specificity.

In this work, we focused on chicken retinal horizontal
cells (HCs) and their immediate progenitors. We aimed to
develop a method for targeting the HCs to label them with a
reporter and study their lineage. We also aimed to develop
a method for directing gene expression to these cells. The
HCs are of interest because their regulation of the cell cycle
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deviates from that of other retinal cells [15-17], and HCs are
candidates for being the “cell of origin” for retinoblastoma
[18]. Chicken HCs express the homeodomain transcription
factors Prox1 and Pax6, whereas the LIM/homeodomain
transcription factors Liml (Lhx1) and Isll are expressed
mutually in half of the HC population [19-21]. The genera-
tion of HCs and cone photoreceptors (PRs) overlaps, and cell
lineage analysis in the zebrafish, mouse, and chicken suggests
that they are derived from the same progenitor [22-24]. Otx2
and members of the retinoid X receptor (RXR) gene family
are important for PR development and are expressed by the
suggested shared progenitor cells [25-27]. In the chicken
retina, HCs are generated between embryonic day (E) 3 and
8 in a central to peripheral wave-like manner [20,28]. The
first PRs exit the cell cycle at about the same time as the HCs
[28]; however, the opsins first appear several days later at
E14-16 [29].

RXRy expression has been identified in the retina of
several species, such as the chicken, mouse, cow, human,
frog, and zebrafish [26,27,30-33]. In the mouse, RXRy is
expressed in cones, transiently downregulated during S-opsin
onset, and then reexpressed again [31]. In the RXRy-null mice
retina, S-opsin expression is upregulated, whereas M-opsin
expression remains unchanged [31]. The signaling molecule
retinoic acid (RA), important for embryonic eye development,
acts via interactions with nuclear receptors, such as RXRy
[34]. In zebrafish, treatment with RA promotes differentiation
of rods and L-opsin cones whereas RA inhibits the differen-
tiation of S-opsin cones [32]. Rat retinal cultures treated with
RA also show an increase in rods [35].

We analyzed gene regulatory sequences for several
genes that regulate HC formation and development. Regions
were PCR amplified and inserted into a trap vector that was
electroporated into the chicken retina for reporter expression
analysis. We tested three trap vectors, HSP68-LacZ [36],
ptkEGFP [37], and Stagia3 [12], that have previously been
used for similar purposes. The Stagia3 vector was selected
based on undetectable reporter gene expression in the absence
of an enhancer element. An Otx2 regulatory sequence that
has been shown to drive cell-specific expression in a similar
system was tested [25]. Several different cell types showed
expression, and a similar pattern was achieved with a 300
bp element taken from the PAX6 gene (Pax6.300). A 208 bp
sequence from the RXRy gene (RXRy208) gave specific GFP
expression in cells located in the outer nuclear layer (ONL)
and in the outer portion of the inner nuclear layer (INL) that
expressed markers for PRs and HCs. The results support an
ontogenetic relationship and a common GRN for PRs and
HCs by identifying a regulatory sequence in the RXRy gene
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that singles out and directs expression to these cell types.
These findings highlight a new area of study of the GRN that
drives formation of these cell types. In addition, the results
present approaches to target expression of effector genes,
such as regulators of cell fate or cell cycle progression, to
these cells and their common progenitor.

METHODS

Animals: Fertilized White Leghorn chicken eggs were
obtained from Ova Production (Vittinge, Sweden). Eggs
were incubated at 37 °C in a humidified incubator (Grum-
bach, Asslar, Germany). Embryos were staged according
to Hamburger and Hamilton’s method [38]. Animal experi-
ments were performed according to the guidelines given by
the Association for Research in Vision and Ophthalmology
and were approved by the local animal ethics committee in
Uppsala, Sweden.

DNA constructs and PCR: The following trap vectors were
used: Stagia3 [12] (kindly provided by C. L. Cepko and
M. M. Emerson), Hsp68-LacZ [36] (kindly provided by A.
Visel), and ptkEGFP [37] (kindly provided by M. E. Bronner).
Stagia3 has a minimal TATA-box promoter coupled to the
EGFP reporter gene, Hsp69-LacZ has a mouse Hsp68
minimal promoter [39] coupled to the LacZ reporter gene,
and ptkEGFP has a herpes simplex virus thymidine kinase
promoter coupled to the EGFP reporter gene. The piggyBac
“helper” construct, pBase, and the “donor” construct,
pB-CAG-LoxP-STOP-LoxP-GFP-pB with a cytoplasmatic
GFP [14] (kindly provided by A. Klar), were used for the
piggyBac integration system.

To construct Stagia3-cytomegalovirus (CMV), the CMV
enhancer was amplified with PCR (95 °C 1 min, 35 cycles
of 95 °C 30 s, Tm-5 °C 30 s, 72 °C 1 min/1000 bp, followed
by 72 °C 10 min) from pCIG-DV and inserted into the Sall/
EcoRI restriction sites of Stagia3. To construct Staria3-
CMYV (Stop TAta Rfp Ires Ap version 3), red fluorescence
protein (RFP) was amplified with PCR from pRFPRNAIC
and replaced the GFP at the Agel and BsrGI restriction sites
of Stagia3-CMYV. To construct Stacia3-CMV (Stop TAta
Cre Ires Ap version 3), the Cre recombinase was amplified
with PCR from pKK 735 iCre [40] (kindly provided by K.
Kullander) and replaced GFP at the Agel and BsrGI restric-
tion sites of Stagia3-CMV. To construct Stacia3-Pax6.300, a
300 bp Pax6 sequence was amplified with PCR from chicken
gDNA and inserted into the Sall/EcoRI restriction sites of
Stacia3. To construct Stacia3-Otx2, the retina-specific Otx2
enhancer element [25] was amplified from mouse gDNA
with PCR and inserted into the Sall/EcoRI restriction sites of
Stacia3. To construct Stacia3-RXRy208, a 208 bp regulatory
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sequence from the chicken RXRy gene [41] was synthesized
by Eurofins Genomics (Eurofins Genomics, Ebergsberg,
Germany) and inserted into the Stacia3 construct at the Sall/
EcoRI restriction sites.

The following sequences were used: chicken Pax6:
5'"TGC GGG ACT TTA CGG CTC TTT TCC CGA GCG
TTT GTG TGC AAA TGA AGG GTC TCG TTA TTG CGC
GAG CGG AGA GGG AGG CTT TAA TGA CGG GAG
ATC TTT CCG CTC ATT GCC CTT TCA AAT ACA ATT
GTA GAT CGA ACT CAG CCT TGT CAC GTT GAG GAG
CAG TGC GTC CCT AAC ATC CAG GAC GTG CCT GTC
GGC TCT CGG CGG ATT GCA TCC CAT CAC CCC CGG
GGA ATG CAG CCC GCG TCG GGG CTG CGC GGG
GCG CGG GAG GCG CAC GGC CCG AGC GGG GTC
CCG AGT CGC GGT TAT-3', mouse Otx2: 5-CCG AGC
CGC CAG TCA GCG AAG TTT TGT TTC CTT TCT ATC
ATG CA GAA AAT TAA TCA GCC AGG ACG AGA AGC
AGA GCT GAG CAC GAC GGC CTG TAA TTA AGG GAC
GTG TGC CCC TCG GAT TAT CTC GTT AGT TTA TCA
AGA AAA CAT TTA TTA TAA TTA ATT CTC GGA CGA
GGT AAT TAT TAT TGA GCG AGG ACA CAG CAA CTG
GTA GAT GGG CTT CTT GGA AGA AGG GGA AAA
AAA ACC ACC AAG GAG GGG GGG CGA TCT GGA
GGG GGA AGC GAC AGA TTG CAC GAA TTG ACC
G-3', chicken RXRy: 5-TAC AAG GAC TGG AGC CTC
TCC CTA ACA CAA ACC CAC GTG TTC CCC AAA
ACG AGT TGC CTG ATG CTT GCT TAT CTT GAG GGG
GGG GGT TCT TTT GGA GGT GCT CGG TGT GCA TGT
GTT GTG CAG CAC TAA GCA CTC ACT AAC CCA GAT
CTG CTA AAA ATC AAT AAG GTA ATC CAC TTA CAG
CCT GGG ACT GTG GCC TTT CGA AGG AGC T-3". The
following PCR primers were used: RFP Fwd (5-ATG GCC
TCC TCC-3'), RFP Rev (5'-TTA GGC GCC GGT-3'), Cre
Fwd (5'-ATG GTG CCC AAG A-3"), Cre Rev (5'- CTATGC-
GGCCCCA-3"), CMV Fwd (5-ACA TAA CTT A-3'), CMV
Rev (5-GATGACTAATA-3'), Pax6 Fwd (5'-ATA ACC GCG
ACT CGG G-3), Pax6 Rev (5-TGC GGG ACT TTA CG-3'),
Otx2 Fwd (5-CGG TCA ATT CGT G-3'), Otx2 Rev (§-CCG
AGC CGC CAG T-3'). All PCR products were verified with
sequencing (Eurofins Genomics).

Electroporation:

Retinal explants—Retinal explants were prepared as
previously described [6]. Briefly, the eyes were enucleated,
and the sclera and pigment epithelium were removed using
fine forceps. Eyes were put in a cuvette containing 100 ul
DNA solution (1 pg of each construct/10 pl 1X Dulbecco’s
Phosphate Buffered Saline (DPBS) +MgCl, +CaCl,). Five
50 ms 15 V pulses were applied using an ECM 830 square
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wave evaporation system (BTX, Harvard Apparatus,
Holliston, MA). After electroporation, the retinal explants
were cultured in medium containing 1:1 DMEM:F12
Nutrient mix, 10% fetal bovine serum, 10 U/ml penicillin-
streptomycin, 5 pg/ml insulin, and 2 mM L-glutamine for 24
hat 37 °C, 5% CO, on a rotator shaker with a constant speed
of 50 rpm.

In ovo—For coelectroporation, DNA constructs with
the same concentration (5 pg/ul) were mixed at the ratio of
1:1:1 of helper:donor:Cre construct [42]. Fast Green (F7252,
Sigma-Aldrich, St. Louis, MO) was added to the mix to help
visualize the injection. Approximately 0.2 pl solution was
injected into the subretinal space (>stage 22) of the eye or
into the optic vesicle (stage 12), and five 50 ms 12 V (stage 12)
or 15V (=stage 22) pulses were applied using an ECM 830
square wave evaporation system (BTX, Harvard Apparatus).
After electroporation, the eggs were sealed with tape and put
back into the incubator to allow for further development.

DF1-cells—Chicken fibroblast DF1-cells were electro-
porated using the Gene Pulser II (BioRad, Hercules, CA),
set to 250 V and 250 pF. Ten micrograms of each construct
at a 1:1:1:1 ratio of helper construct:donor construct:Cre
recombinase construct:RFP control construct was used. The
electroporated cells were cultured on coverslips in DMEM
(D5671, Sigma-Adrich) containing 12% fetal bovine serum,
2% L-glutamine, and 100 U/ml penicillin-streptomycin at
37 °C and 5% CO,. Coverslips were put into the dish before
seeding of electroporated cells. On day 3, 7, and 14 post-elec-
troporation, coverslips from the same dish of electroporated
cells were removed and analyzed.

Tissue collection and immunohistochemistry: Retinal
explants and enucleated eyes were fixed in 4% paraformal-
dehyde (PFA) in 1X PBS (10X; 80 g NaCl, 2 g KCI, 11.5 g
Na,HPO,xH,0O, 2 g KH,PO,, pH 7.4) at 4 °C for 15 min and
cryoprotected in 30% sucrose in 1X PBS. The tissue was
embedded in optimum cutting temperature (OCT) compound
(NEG50, Richard-Allan Scientific, San Diego, CA), and
10 um sections were collected on Superfrost Plus slides
(JIBO0AMNZ, Menzel-Glaser, Braunschweig, Germany).
DF1-cells were fixed in 4% PFA at 4 °C for 15 min.

For immunohistochemistry, the retinal sections were
rehydrated in 1X PBS for 15 min and incubated in blocking
solution (1% fetal calf serum, 0.02% Thimerosal, and 0.2%
Triton X-100 in 1X PBS) for 30 min. Primary and secondary
antibodies were diluted in blocking solution and incubated on
slides in a humidified chamber overnight at 4 °C and for 2 h
at room temperature, respectively.
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TABLE 1. LIST OF PRIMARY ANTIBODIES.

Antibody Host Dilu- Company Catalog

tion number
GFP Goat 1:4,000 Abcam ab5450
GFP Rabbit  1:4,000 Abcam ab28283
Isl1 Mouse  1:200 Developmental studies hybridoma bank 40.2D6
Lim1/2 Mouse  1:20 Developmental studies hybridoma bank 4F2-s
TrkA Rabbit  1:2,000 Gift from Louis Reichardt' -
Visinin Mouse  1:1,000 Developmental studies hybridoma bank 7G4
B-galactosidase Rabbit  1:2,000 Bio-Rad Laboratories 4600-1505
GABA Rabbit  1:1,000 Sigma-Aldrich A2052
Red/green opsin Rabbit  1:2,000 Millipore ABS5405
Rhodopsin Rabbit  1:500 Cosmo Bio Co Ltd LSL-LB-5555

Lefcort F, Clary DO, Rusoff AC, Reichardt LF. Inhibition of the NT-3 receptor TrkC, early in chick em-
bryogenesis, results in severe reductions in multiple neuronal subpopulations in the dorsal root ganglia. J

Neurosci. 1996;16(11):3704-13.

Primary antibodies are listed in Table 1. A GFP antibody
was used to stain retinal sections to allow for better image
capturing; the GFP expressed from the vector was sufficient
for all other analyses. Secondary antibodies were obtained
from Invitrogen (Carlsbad, CA). ProLong Gold (P36935, Life
Technologies, Eugene, OR) with 4',6-diamidino-2-phenylin-
dole (DAPI) was used to visualize the nuclei.

Cell counting: Retinas from electroporated animals were
cryosectioned, and the GFP positive (+) cells were counted.
GFP+ cells were allocated to the ONL, INL, or ganglion cell
layer (GCL), based on their nuclear position. Four animals per
time point were analyzed and used for cell counting. Distribu-
tion is presented as mean + standard deviation (SD).

Image analysis: Images of whole retinas were captured using
a Leica M165FC (Leica Microsystems, Wetzlar, Germany)
stereomicroscope equipped with a Leica DFC495 camera.
Images of sectioned retinas were captured using a Zeiss
Axioplan 2 microscope equipped with an AxioCam C camera
or a Zeiss LSM 510 Meta confocal microscope. Confocal
images were acquired with laser line 633 nm using BP filter
505-530 and a Plan-Apochromat 20x/0.8 or 63x/1.4 oil DIC
objective lens. Figures were assembled in Adobe Photoshop
CS4 (Adobe Systems Incorporated, San Jose, CA).

RESULTS

Analysis of minimal promoter activity: We tested the HSP68-
LacZ [36], ptkEGFP [37], and Stagia3 [12] trap vectors with
electroporation of Hamburger and Hamilton stages 21-25
(E3.5-4.5; Figure 1A) [38] whole retinal explants, a technique
that allows for rapid screening of multiple vectors [6]. LacZ

expression from the HSP68-LacZ vector was detected with
immunohistochemistry for B-galactosidase, whereas GFP
expression from ptkEGFP and Stagia3 was visualized with
fluorescence microscopy (Figure 1B—E, n>4).

The HSP68-LacZ trap vector has been used to visualize
the expression pattern of human cis-regulatory elements
in mice embryos [36]. The Hsp68 basal promoter does not
have background expression in the mouse [43]; however, we
detected LacZ expression in the chicken retina without any
inserted enhancer (Figure 1B). The ptkEGFP trap vector
also gave background expression (Figure 1C). Stagia3 [12]
has been used for studies in the mouse and chicken retina
[25]. Consistent with this previous work, we did not detect
reporter gene expression in the absence of an enhancer
element (Figure 1D). To confirm that Stagia3 could drive
expression, the CMV enhancer was inserted. Stagia3-CMV
produced robust GFP expression, thus verifying the function
of Stagia3-CMYV (Figure 1E).

Evaluation of the Cre-LoxP piggyBac transposon system in
the developing chicken retina: To confirm that the reporter
gene was integrated into the genome, we electroporated
chicken fibroblast cells (DF1-cells) with the pBase “donor”
vector, pB-CAG-LoxP-STOP-LoxP-GFP-pB, and Stacia3-
CMYV, the modified Stagia3 vector with the CMV enhancer
and EGFP replaced with the Cre recombinase sequence
(Figure 2A,B). Stacia3-CMV gave strong ubiquitous Cre
expression and was used as a positive control. Staria3-CMV,
a modified Stagia3 vector with a CMV enhancer and EGFP
replaced with an RFP sequence, was coelectroporated with
the other constructs to serve as an electroporation control
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(Figure 2B"). Three days post-electroporation, strong GFP
and RFP signals were seen, but after 14 days, RFP was no
longer detectable, while GFP remained strong in clone-like
clusters of cells (Figure 2A). The result indicated that the RFP
vector that was not integrated had been lost while the GFP
vector was integrated and produced stable expression.

We confirmed the functionality of the Cre-LoxP
piggyBac transposon system in the embryonic chicken retina.
Stage 12 (E2) optic vesicles were electroporated in ovo with
the constructs (Figure 2B"") followed by analysis 6 days later
at stage 34 (ES; Figure 2C, n = 4). The intact electroporated
retinas showed a large area of GFP+ cells (Figure 2C), and
immunohistochemical analysis showed clone-like clusters of
GFP+ cells along the apicobasal axis of the retina (Figure
2C). We also electroporated retinas at stage 22, 25, or 28
(E3.5,4.5, and 5.5) and analyzed them at stage 36, to confirm
functionality (Figure 2D, n>4 for each stage).

Analysis of cis-regulatory elements of the Pax6, Otx2,
and RXRy genes: We used the ECR Browser (evolutionary
conserved genomic regions), a tool especially designed
for comparison of multiple vertebrate genomes [44] and
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the VISTA database [36] and searched the literature for
relevant regulatory elements. We searched genes known to
be expressed in HCs, such as Liml, Proxl, and Pax6 [19].
Negative results, that is, conserved regulatory elements that
did not produce detectable reporter gene expression in the
chicken retina, are not reported.

A 300 bp conserved region located in close proximity
to the transcription initiation site for the PAX6 gene was
PCR amplified and cloned into the Stacia3 vector (Stacia3-
Pax6.300; Figure 3A,B). The Pax6.300 element was analyzed
after in ovo electroporation of the stage 25 (E4.5) embryos
(GFP expression driven by a specific gene sequence,
enhancer, or promoter is referred to as gene::GFP). Analysis
at stage 34 (ES), a time point when all the different cell types
and layers in the retina have been established [28], showed
GFP expression (Figure 3B, n = 4) in several cells located
along the apicobasal axis of the stage 34 retina.

A conserved regulatory sequence of the Otx2 gene has
been shown to direct expression to immature PR, HC, and
some retinal ganglion cell progenitors [25]. We PCR ampli-
fied the 294 bp Otx2 sequence and cloned it into the Stacia3

A Embryonic day (E) 2 3% 4%
Stage (st) 12 22 25

HCs and PRs start to exit the
cell cycle and become post mitotic

5% 8 10 14 18

B DAPI LacZ C

Hsp68 pro tk pro —GFP
Hsp68-LacZ ptkEGFP

D [ DAPI GFP 1]

TATA-GFP
Stagia3 j

10um

CMV TATAGEP
[ Stagia3-CMV ]

20-21 (hatch)
34 36 40 44 46

All cells are post mitotic and the different
retinal layers have been established

[  DAPIGFP ]

[ "DAPIGFP__ ]

10um

Figure 1. Evaluation of enhancer trap vectors. To test background expression from the enhancer trap vectors Hsp68-LacZ, ptkEGFP, or
Stagia3, embryonic chicken retinas were electroporated, and reporter gene expression analyzed. A: Chicken embryonic development indi-
cated by days and stages, according to Hamburger and Hamilton [38]. Important time points in neurogenesis [28] are indicated by arrows.
B-E: Diagrams of the trap vectors and fluorescence micrographs of the retinal explants electroporated at stages 22-25 and analyzed after
24 h.
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CAG-PBase
ES’TR -CAG »STOP»-GFP-3TR j
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LCAG —Transposasej
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A
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Figure 2. Evaluation of the Cre-LoxP piggyBac transposon system. A: Fluorescence micrographs of chicken fibroblast DF1-cells electropor-
ated with the piggyBac constructs and a red fluorescence protein (RFP) control, and analyzed 3, 7, or 14 days post-treatment. B Diagram
of the RFP-expressing control construct. B”: Diagrams of the green fluorescent protein (GFP) reporter gene constructs used for integrations
into the host cell genome. C: Micrographs of the whole retina and of the section from a stage 34 retina electroporated with the Stacia3-
cytomegalovirus (CMV), CAG-PBase, and pB-R AGE-green fluorescent protein (GFP) constructs in ovo at stage 12. Asterisk (*) indicates
the optic nerve exit. D: Fluorescence micrographs of stage 36 retinas that were electroporated with the Cre-LoxP piggyBac constructs in
ovo at stages 22, 25, and 28. St = stage, ONL = outer nuclear layer, INL = inner nuclear layer, GCL = ganglion cell layer.

vector (Stacia3-0tx2.294). In ovo electroporation of the stage
25 (E4.5) embryos showed GFP expression in cells along the
apicobasal axis upon analysis of the stage 34 retina (Figure
3C, n = 4). Immunohistochemistry showed colocalization
between the Otx2.294::GFP cells and markers for all cell
types in the retina (data not shown); no evident cell speci-
ficity was seen. A 208 bp element from the RXRy gene [41],

previously shown to drive expression in the neural retina, was
PCR amplified and inserted into the Stacia3 vector (Stacia3-
RXRy208). In ovo electroporation of the stage 25 (E4.5)
embryos showed RXRy208::GFP cells that were mainly, but
not exclusively, localized to the ONL and the outer part of the
INL in the stage 34 retina (Figure 3D, n>4).
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Figure 3. Assessment of the Pax6, Otx2, and RXRy regulatory sequences in combination with the piggyBac integration system. A: An
evolutionarily conserved sequence (indicated by the arrow) from the chicken PAX6 gene, positioned upstream of the transcription start
[44]. Color-coded peaks correspond to sequences that are highly conserved between the species. The protein coding exons are blue, the
conserved intronic regions are salmon, the 5' untranslated regions (UTRs) are yellow, and the conserved upstream (intergenic) regions are
red. The numbers underneath denote distance in base pairs. B—D: Diagrams of constructs and fluorescence micrographs of sectioned retinas
electroporated at stage 25 with the Pax6.300, Otx2.294, or RXRy208 driven Cre-LoxP piggyBac constructs and analyzed at stage 34. St =
stage, ONL = outer nuclear layer, INL = inner nuclear layer, GCL = ganglion cell layer.
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Figure 4. Activity of the RXRy208 sequence produced specific reporter gene expression. A: Z-stacked confocal fluorescence micrograph
of a flatmounted retina from a stage 40 embryo electroporated with the RXRy208 Cre-LoxP piggyBac constructs in ovo at stage 25. B:
Fluorescence micrograph of a retina from a stage 40 embryo electroporated with the RXRy208 Cre-LoxP piggyBac constructs in ovo at stage
28. C: Bar graph showing the distribution of green fluorescent protein—positive (GFP+) cells in sectioned retinas from embryos electroporated
with the RXRy208 Cre-LoxP piggyBac constructs in ovo at stages 22, 25, and 28 (mean + standard deviation, SDSD, n = 4 per stage). D:
Fluorescence micrograph of a retina showing a pair of photoreceptors (PRs; arrow heads) and a pair with a horizontal cell (HC) and a PR
(arrows). St = stage, ONL = outer nuclear layer, INL = inner nuclear layer, GCL = ganglion cell layer.

The RXRy208 element directs gene expression to the PRs
and the HCs: We analyzed RXRy208::GFP cells in seven
flatmounted intact stage 40/44 (E14/18) retinas that had been
electroporated at stage 22/25/28, and the results showed a
“stars in the sky”-like pattern of GFP+ cells. A representative
image of an El14 retina electroporated at stage 25 is shown
in Figure 4A. Sections confirmed the scattered pattern with
separate GFP+ cells mainly in the ONL and the horizontal
cell layer (HCL; Figure 4B, n>4).

Next, we quantified the distribution of the RXRy208::GFP
cells in the different layers. GFP+ cells were allocated to the
ONL, INL, or GCL, based on their nuclear position [45].
Retinas were electroporated at stages 22, 25, and 28. For stage
22, 74+3.0% of the cells were localized to the ONL, 23+4.0%
were localized to the INL, and a small proportion, 1.0£1.0%,
were found in the GCL (Figure 4C, 603 cells counted, mean +
SD, n = 4). For stage 25, 79+4.0% was localized to the ONL,
20+4.0% to the INL, and 0.5+0.5% to the GCL (Figure 4C,
368 cells counted, mean + SD, n = 4). For stage 28, 83+5.0%
was localized to the ONL, 14+3.0% to the INL, and 2.0+2.0%
to the GCL (Figure 4C, 560 cells counted, mean + SD, n = 4).
The fraction of RXRy208::GFP cells located in the INL was
further subdivided into the HCL and non-HCL cells, based on
their nuclear position. For the retinas electroporated at stage
22, 914£9.0% were located at HCL (131 cells counted, mean
+ SD, n = 4). For stage 25, 89+7.0% were located at the HCL

(71 cells counted, mean + SD, n = 4). For stage 28, 94+4.0%
were located at the HCL (79 cells counted, mean = SD, n = 4).

We noted that cells appeared in pairs with one PR and
one HC or two PRs (Figure 3D and Figure 4D). This was
further quantified, and PRs were considered to be a pair
if their nuclei were located <10 um apart, and a PR and an
HC that were arranged in a line on the apicobasal axis were
considered to be a pair. In the retinas electroporated at stages
22-28 and analyzed >8 days later, 14+2.0% of all GFP+ cells
were part of a PR pair, and 8.0+2.0% of all GFP+ cells were
part of a pair consisting of a PR and an HC (513 cells counted,
mean + SD, n = 4). There was a significant difference in the
number of cells involved in a PR pair compared to those
involved in a PR and HC pair (p<0.01). The cells in a PR pair
were not part of a PR and HC pair.

Most of the RXRy208::GFP cells (about 99%) were
present either in the ONL or in the outer part of the INL,
suggesting that they were PRs and HCs. The PRs (cones and
rods) were specifically identified by the Ca?* binding protein
visinin [29,46-48] (Figure 5A). In the retinas electroporated
at stages 22-28 and analyzed >8 days later, 86+6.0% of the
GFP+ cells in the ONL were visinin+ (167 cells counted,
mean £ SD, n = 5). The chicken retina has three types of
HCs (H1, H2, H3) that are distinguished by morphology
and molecular markers [49]: axon-bearing subtype (H1)
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Figure 5. RXRy208-activated expression in PRs and all three HC subtypes. A—D: Fluorescence micrographs of embryonic day 14 (E14)
retinas showing green fluorescent protein—positive (GFP+) cells that colocalize with markers for photoreceptors (PRs), axon-bearing hori-
zontal cells (HCs; H1), and axon-less HCs (H2 and H3). E-F: Fluorescence micrographs of E18 retinas showing GFP+ cells colocalizing
with rhodopsin but no colocalizing with the red or green opsin marker. G—H: Z-stacked confocal fluorescence micrographs of flatmounted
retinas showing the presence of all three HC subtypes (H1, H2, H3) in the E14 and E18 embryos. Asterisk (*) denotes the axon terminal. I:
Z-stacked confocal fluorescence micrographs of a flatmounted E18 retina showing the presence of PRs. J: Schematic model of the roles of
RXRy and Liml in photoreceptor and horizontal cell genesis. E = embryonic day; ONL = outer nuclear layer; INL = inner nuclear layer.

expressing Liml, and two axon-less subtypes (H2 and H3)
expressing Isll and the neurotransmitter y-aminobutyric
acid (GABA) or Isll and the neurotrophin receptor TrkA,
respectively [20]. Immunohistochemistry showed colocal-
ization of the GFP and HC subtype markers (Figure SB—D).
There are 50% axon-bearing and 50% axon-less cells in the
chicken retina [20]. In the retinas electroporated at stages
22-28 and analyzed >8 days later, 70+21% of the GFP+ cells
were Lim1+ axon-bearing H1 HCs (166 cells counted, mean

+ SD, n=8). The GFP+ cells located in the ONL were further
analyzed regarding the different PR subtypes. The chicken
retina consists of five different opsin-expressing cells: those
expressing rhodopsin, red opsin, green opsin, blue opsin, or
violet opsin [29]. Immunohistochemistry showed colocaliza-
tion of GFP and rhodopsin (Figure 5E), but no colocaliza-
tion with the marker for red or green opsin (Figure 5F) in
the retinas electroporated at stage 22 and analyzed at E18.
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Figure 6. Displaced cells and electroporation of a stage 12 optic vesicle. A—B: Fluorescence micrograph of a sectioned retina from an
embryonic day 14 (E14) embryo electroporated with the RXRy208 Cre-LoxP piggyBac constructs in ovo at stage 28, showing a displaced
photoreceptor (PR; arrow) and a displaced horizontal cell (HC; arrow). C: Fluorescence micrograph of a sectioned retina from an E14 embryo

electroporated with the RXRy208 Cre-LoxP piggyBac constructs in ovo at stage 12.

Unfortunately, we were unable to find an antibody that could
detect the blue or violet opsin.

The E14 (n = 4) and E18 (n = 3) retinas were flatmounted
and analyzed with confocal microscopy. Based on previous
morphological descriptions [50], the axon-bearing (HI) and
the two axon-less subtypes, H2 with long, thin processes and
H3 with thicker dendritic terminals, were identified (Figure
5G,H). The PRs, with their distinct morphology [51], were
easily distinguished (Figure 5I). Based on these results, and
previous studies, a model of the expression and potential
roles of RXRy and Liml in PR and HC genesis is presented
in Figure 5J.

Displaced RXRy208::GFP cells in the GCL: A fraction of the
RXRy208::GFP cells (about 1%) were found in the GCL. The
displacement of HCs and PRs has been previously described
[52-55]. Retinal sections were stained with either Lim1 (which
marks the H1 subtype) or visinin (which marks the PRs).
Lim1 and visinin colocalized with the RXRy208::GFP cells
in the GCL (Figure 6A,B). Non-GFP-expressing Lim1+ cells
(Figure 6B) and visinin+ cells were also noted in the GCL,
consistent with normal development.

RXRy208::GFP cells in the El4 retina after electroporation
of the optic vesicle: Studies performed in quail [56] show
RXRy expression in the optic vesicle and neural tube during
early embryogenesis. Stage 12 (E2) chicken optic vesicles

were therefore electroporated in ovo, and the retinas were
analyzed at E14. RXRy208::GFP cells were seen in all retinal
layers along the apicobasal axis (Figure 6C).

DISCUSSION

Combining the techniques of episomal vector gene-specific
Cre expression and genomic integration using the piggyBac
transposon system opens up possibilities for studies of gene
expression—specific cell lineage tracing in the chicken [14,57].
In this work, we used an expression vector with a 208 bp gene
regulatory sequence from the chicken RXRy gene (RXRy208)
[41] to drive Cre expression. The vector was combined with a
piggyBac “donor” vector containing a floxed STOP sequence
followed by EGFP, as well as a piggyBac helper vector for
efficient integration into the host cell genome. The vectors
were introduced into the embryonic chicken retina with in
ovo electroporation. Cells that drove Cre expression from
the regulatory RXRy208 sequence excised the floxed STOP
sequence and expressed GFP. The approach generated a stable
lineage with robust expression of GFP in retinal cells that
had activated transcription from the RXRy208 element. The
results showed that GFP was expressed in cells that express
HC or PR markers when electroporation was performed
between stage 22 and stage 28. Electroporation of the stage 12
optic cup gave multiple cell types in accordance with RXRy
gene expression.
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All retinal cells share a common progenitor [58], and
through the expression or absence of specific genes, the final
identity of the retinal cells is established. Recent studies
have shown that PRs and HCs share an immediate progenitor
[22-24]. The cells also share other features, such as their final
cell number is not regulated by apoptosis [59,60] and they have
been implicated to be involved in retinoblastoma [18,61,62].
In addition, Lim1-expressing HCs are able to undergo an
S-phase and remain with a duplicated genome [16], as well
as enter mitosis in the presence of DNA damage [63]. Studies
that further address the development and behavior of these
highly interesting cells need to be performed.

In this study, we focused on genes important for PR
and HC differentiation in the chicken embryonic retina. To
identify relevant regulatory elements, we tested sequences
located close to the transcription initiation site. Although
many were highly conserved during evolution, most of the
sequences tested did not produce any detectable reporter gene
expression in the early developing retina. This is expected
as gene regulation is complex, and to drive expression, the
selected sequences have to attract transcriptional activators.
Transcriptional activation is often dependent on cooperative
interactions between several cis-regulatory elements where
a defined distance between the elements and the promoter
is important. We used an episomal vector with a minimal
promoter, and to activate expression, the introduced regu-
latory sequences must be able to recruit and activate the
transcription initiation complex. Therefore, transcriptional
activators that remodel the chromatin structure or factors
that are chromatin context-dependent are less likely to work.
Taken together, these factors highlight the difficulty of identi-
fying elements that drive cell-specific expression in episomal
expression vectors, which was reflected in our results.

We tested three enhancer trap expression vectors:
HSP68-LacZ, ptkEGFP, and Stagia3. The HSP68-LacZ vector
has previously been successfully used in transgenic mice [36].
Our results showed that the HSP68-LacZ vector produced
reporter background expression without any inserted regula-
tory sequence (Figure 1B), and therefore was not useful for
our studies. A similar result has been seen in the chicken
neural tube [64]. The leakage from the HSP68-LacZ minimal
promoter may be explained by the fact that the construct was
episomally located in the chicken but was integrated into
the genome in the mouse studies. The ptkEGFP vector has
been used for functional analysis of enhancers in the central
nervous system (CNS) of chicken embryos [37]; however, this
vector also produces background reporter gene expression in
the neural retina (Figure 1C). The Stagia3 trap vector was
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constructed and tested to work episomally [12,25], and we did
not detect any background expression (Figure 1D).

Electroporation of episomal expression vectors gives
transient expression during a few days (Figure 2A) [57,65].
However, GFP has been detected after longer periods in
post-mitotic neurons [8]. To achieve stable expression after
electroporation, a donor unit with a strong CAG promoter
was incorporated into the genome of the host cell. There
are several such systems, including the piggyBac, tol2, and
Sleeping Beauty among which the piggyBac system generates
the highest efficiency in terms of stable gene integration [66].
Our results showed that the piggyBac system worked well in
embryos of developmental stages ranging from stages 12 to
28 (E2-5.5; Figure 2C,D). Dividing retinal progenitor cells
and post-mitotic cells, such as stage 28 ganglion cells, could
be targeted. The moth-derived piggyBac system is not species
dependent, and it has been used in plants, insects, fish, birds,
and mammals [42,67-70], making it a highly versatile tool.

We observed expression in the retina with regulatory
sequences from the Pax6, Otx2, and RXRy genes (Figure
3). The transcription factor Pax6 is often considered the
master regulator of eye formation and is expressed during
early retinal development [71]. The expression remains and
increases in differentiated HCs, amacrine cells, and retinal
ganglion cells [19]. The Pax6 promoter and proximal elements
have been extensively studied in the mouse [72-74]. A
sequence upstream of the mouse PO promoter drives expres-
sion to the HCs [74]. In contrast to the mouse Pax6 gene that
has multiple transcripts, only one transcript has been found in
the chicken. A 300 bp conserved sequence located proximal
to the transcription initiation site of the chicken PAX6 gene
drove expression in the neural retina, but without cell-type
specificity (Figure 3A,B). The GFP+ cells were located all
along the apicobasal axis of the retina, stretching from the
ONL to the GCL.

The Otx2 gene is already expressed in the optic vesicle
and is important for proper eye and retinal development
[75-77]. We tested a 294 bp conserved sequence from the
retinal transcription factor Otx2 [25] in combination with the
piggyBac system, and it drove expression in retinal neurons,
but not with a clear cell-type specificity (Figure 3C). The
Otx2 gene has multiple promoters and enhancers that act at
different times and cell types in a context-dependent fashion
[78,79]. In contrast, Cre expression driven by a 208 bp
gene regulatory sequence from the chicken RXRy gene [41]
produced stable GFP expression (RXRy208::GFP) in PRs and
HCs (Figure 4 and Figure 5). RXRy is expressed in retinal
progenitor cells during development, and its expression is
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later restricted to the ONL in the chicken and cow retina
[26,27] and to the ONL, INL, and GCL in the mouse [30].

The RXRy208::GFP cells were sometimes seen in pairs
with one PR and one HC or two PRs (Figure 4D). The results
showed that the RXRy208 sequence directed Cre expression
to cells that generate PRs and HCs in a pattern that indicates
the onset of the RXRy208 element in a progenitor cell that
gives rise to HCs and PRs. This result is consistent with
previous data from chicken, zebrafish, and mouse showing
that HCs and PRs are generated from a common progenitor
cell [22-24] and that cone photoreceptors can be generated
by symmetric terminal division of dedicated precursors in
zebrafish [22]. We defined a pair of cells as two cells located
close together at a maximum distance of 10 pm. Quantifica-
tion showed that about 14% of all GFP+ cells were part of a
PR pair and about 8% of all GFP+ cells were part of a pair
consisting of a PR and an HC. However, these numbers may
not fully account for all the pairs generated because tangen-
tial movement of PRs and HCs that separate the cells has
been reported [80,81]. To study the formation of pairs, live
cell imaging may be the best option. However, this method
is difficult to carry out in chicken embryos due to the dense
pigmentation of the RPE.

The distribution of RXRy208::GFP cells was approxi-
mately 80% in the ONL, 20% in the INL, and 1% in the GCL
(Figure 4C). The numbers are in agreement with a study in
zebrafish in which dedicated retinal progenitor cells gave rise
to PRs and HCs or only PRs [22]. In addition, post-mitotic
PRs that activate RXRy208 will become GFP+ and increase
the number of GFP+ cells in the ONL. Our result strengthens
the hypothesis that some progenitors produce PRs and HCs,
and some produce only PRs.

Immunohistochemistry with subtype markers and anal-
ysis of cell morphology using confocal microscopy showed
that all three subtypes of HCs are represented among the
RXRy208::GFP cells (Figure 5), indicating that RXRy208
is activated in the progenitor for all three subtypes. This
is consistent with a previous study that showed all three
subtypes can be generated following labeling of retinal
progenitor cells at E4 [81]. The ratio of GFP+ axon-bearing
HCs was slightly higher than the normal ratio of 50% [20,81].
This could be due to the time point at which the reporter was
integrated. A similar conclusion was reached based on results
from a virus-mediated reporter transfer study in which the
ratio of HC subtypes varied depending on developmental age
[81].

Immunohistochemistry with PR subtype markers showed
colocalization between GFP+ cells and rhodopsin (Figure
5E), indicating that the RXRy208 sequence drives expression

© 2016 Molecular Vision

in cells destined to become rods. This conclusion was further
supported by the fact that the rods tend to have their nuclei
localized in the part of the ONL that is toward the INL
[82,83], and that treatment with the signaling molecule RA,
which acts via nuclear receptors such as RXRy, promotes rod
differentiation [32,35]. No colocalization was detected with
the red or green opsin marker (Figure 5F). Unfortunately,
we were unable to find an antibody that stains the blue or
violet opsin-expressing cells. However, based on the nuclear
position of the GFP+ cells that were red or green negative,
closer to the outer segments compared to the nuclei of rods
[82,83], they may be blue or violet opsin-expressing cells.
Which subtype of PR cell that is produced following activa-
tion of the RXRy208 sequence used in this study may depend
on the specific time point for the electroporation. In addi-
tion, the sequence investigated here may not fully reflect the
endogenous expression pattern as other important sequences
or factors may be needed to replicate the exact endogenous
RXRy expression. Our results showing that this RXRy208
element directs expression to the HCs and PRs opens up for
further studies of the RXRy gene and its regulation, as well
as PR subtype specification.

We have summarized our results with previous studies
in a model that displays the involvement of RXRy and Liml
in PR and HC genesis (Figure 5J). Previous studies showed
that RXRy is expressed in the neural retina [26,27,30-33].
However, neither of the publications reported any colocal-
ization between RXRy and HC markers. Therefore, our
results add new insight into the role of RXRy during retinal
development.

When we electroporated the optic cup of the stage 12 (E2)
embryos and analyzed the retinas after cell differentiation,
we found RXRy208::GFP cells spread out across the whole
apicobasal axis of the retina representing several retinal cell
types (Figure 6C). This is consistent with results showing
expression of RXRy in the optic cup neuroepithelium in quail
[56] in multipotent retinal progenitors at a time well before
cell type formation and neuronal differentiation [28].

By using the system described here, it is possible to
detect cells that at some point during development expressed
the gene of interest even if that gene is no longer actively
transcribed, an advantage that will aid in the necessary
work to characterize and better understand the expression
and function of genes involved in development. In addition,
the chicken embryo provides an easily accessible, and cost-
effective, model where regulatory sequences can be tested in
a time-efficient manner. Electroporation of piggyBac trans-
posons enables integration and stable expression of reporter
genes without the need to generate transgenic animals. It also
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allows for site- and time-specific integration or expression,
which may be important if the gene that needs to be investi-
gated causes gross malformations or is embryonically lethal.
Electroporation of DNA constructs is a method that can be,
and has been, applied to other model organisms, as well as
other cell types. However, to target the retinal cells, the avail-
ability of the embryo poses a limiting factor, and the protocol
presented here may have to be adjusted.

To conclude, it is possible to selectively target and trace
PRs and HCs in the embryonic chicken retina by using the
RXRy208 element in combination with the piggyBac integra-
tion system and in ovo electroporation. The results confirm
the hypothesis that HCs and PRs share a common progenitor.
In addition, the technique opens up the possibility of specific
expression of effector genes, such as regulators of cell fate
or cell cycle progression, which will benefit further studies
that address the behavior of the HCs, PRs, and their common
progenitor. The genetic network governing the generation of
PRs and HCs is far from fully understood, and in this study,
we have added one more component.

ACKNOWLEDGMENTS

We thank the Swedish Research Council MH521.2013.3346,
Barncancerfonden PR20150122, Ogonfonden and Stiftelsen
Kronprinsessan Margaretas Arbetsndamnd for synskadade
34:2015, for financial support. Part of the data in this manu-
script has been presented at the ARVO 2016 meeting.

REFERENCES

1. Macneil LT, Walhout AJ. Gene regulatory networks and the
role of robustness and stochasticity in the control of gene
expression. Genome Res 2011; 21:645-57. [PMID: 21324878].

2. Park S, Mullen RD, Rhodes SJ. Cell-specific actions of a
human LHX3 gene enhancer during pituitary and spinal cord
development. Mol Endocrinol 2013; 27:2013-27. [PMID:
24100213].

3. Weinberg N, Ouziel-Yahalom L, Knoller S, Efrat S, Dor Y.
Lineage tracing evidence for in vitro dedifferentiation but
rare proliferation of mouse pancreatic beta-cells. Diabetes
2007; 56:1299-304. [PMID: 17303800].

4. Alva JA, Zovein AC, Monvoisin A, Murphy T, Salazar A,
Harvey NL, Carmeliet P, Iruela-Arispe ML. VE-Cadherin-
Cre-recombinase transgenic mouse: a tool for lineage anal-
ysis and gene deletion in endothelial cells. Dev Dyn 2006;
235:759-67. [PMID: 16450386].

5. Montana CL, Myers CA, Corbo JC. Quantifying the activity of
cis-regulatory elements in the mouse retina by explant elec-
troporation. Methods Mol Biol 2013; 935:329-40. [PMID:
23150379].

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

1417

© 2016 Molecular Vision

Shirazi Fard S, Blixt M, Hallb66k F. Whole Retinal Explants
from Chicken Embryos for Electroporation and Chemical
Reagent Treatments. J Vis Exp 2015; [PMID: 26485513].

Matsuda T, Cepko CL. Electroporation and RNA interference
in the rodent retina in vivo and in vitro. Proc Natl Acad Sci
USA 2004; 101:16-22. [PMID: 14603031].

Doh ST, Hao H, Loh SC, Patel T, Tawil HY, Chen DK, Pash-
kova A, Shen A, Wang H, Cai L. Analysis of retinal cell
development in chick embryo by immunohistochemistry and
in ovo electroporation techniques. BMC Dev Biol 2010;
10:8-[PMID: 20089190].

Muramatsu T, Mizutani Y, Ohmori Y, Okumura J. Comparison
of three nonviral transfection methods for foreign gene
expression in early chicken embryos in ovo. Biochem
Biophys Res Commun 1997; 230:376-80. [PMID: 9016787].

Luz-Madrigal A, Grajales-Esquivel E, Del Rio-Tsonis K.
Electroporation of Embryonic Chick Eyes. Bio Protoc. 2015;5

Woodard LE, Wilson MH. piggyBac-ing models and new
therapeutic strategies. Trends Biotechnol 2015; 33:525-33.
[PMID: 26211958].

Billings NA, Emerson MM, Cepko CL. Analysis of thyroid
response element activity during retinal development. PLoS
ONE 2010; 5:e13739-[PMID: 21060789].

Niwa H, Yamamura K, Miyazaki J. Efficient selection for
high-expression transfectants with a novel eukaryotic vector.
Gene 1991; 108:193-9. [PMID: 1660837].

Kohl A, Hadas Y, Klar A, Sela-Donenfeld D. Axonal patterns
and targets of dA1 interneurons in the chick hindbrain. J
Neurosci 2012; 32:5757-71. [PMID: 22539838].

Shirazi Fard S, All-Ericsson C, Hallbook F. The heterogenic
final cell cycle of chicken retinal Lim1 horizontal cells is not
regulated by the DNA damage response pathway. Cell Cycle
2014; 13:408-17. [PMID: 24247150].

Shirazi Fard S, Jarrin M, Boije H, Fillon V, All-Eriksson C,
Hallbook F. Heterogenic final cell cycle by chicken retinal
Lim1 horizontal progenitor cells leads to heteroploid cells
with a remaining replicated genome. PLoS ONE 2013;
8:59133-[PMID: 23527113].

Fard SS, Blixt M, Hallb66k F. The p53 co-activator Zacl
neither induces cell cycle arrest nor apoptosis in chicken
Liml horizontal progenitor cells. Cell Death Dis 2015;
1:15023-[PMID: 27551456].

Ajioka I, Martins RA, Bayazitov [T, Donovan S, Johnson DA,
Frase S, Cicero SA, Boyd K, Zakharenko SS, Dyer MA.
Differentiated horizontal interneurons clonally expand to
form metastatic retinoblastoma in mice. Cell 2007; 131:378-
90. [PMID: 17956737].

Edqvist PH, Myers SM, Hallbook F. Early identification of
retinal subtypes in the developing, pre-laminated chick retina
using the transcription factors Prox1, Lim1, Ap2alpha, Pax6,
Isll, Is12, Lim3 and Chx10. Eur J Histochem 2006; 50:147-
54. [PMID: 16864127].

Edqvist PH, Lek M, Boije H, Lindback SM, Hallbook F.
Axon-bearing and axon-less horizontal cell subtypes are


http://www.molvis.org/molvis/v22/1405
http://www.ncbi.nlm.nih.gov/pubmed/21324878
http://www.ncbi.nlm.nih.gov/pubmed/24100213
http://www.ncbi.nlm.nih.gov/pubmed/24100213
http://www.ncbi.nlm.nih.gov/pubmed/17303800
http://www.ncbi.nlm.nih.gov/pubmed/16450386
http://www.ncbi.nlm.nih.gov/pubmed/23150379
http://www.ncbi.nlm.nih.gov/pubmed/23150379
http://www.ncbi.nlm.nih.gov/pubmed/26485513
http://www.ncbi.nlm.nih.gov/pubmed/14603031
http://www.ncbi.nlm.nih.gov/pubmed/20089190
http://www.ncbi.nlm.nih.gov/pubmed/9016787
http://www.ncbi.nlm.nih.gov/pubmed/26211958
http://www.ncbi.nlm.nih.gov/pubmed/21060789
http://www.ncbi.nlm.nih.gov/pubmed/1660837
http://www.ncbi.nlm.nih.gov/pubmed/22539838
http://www.ncbi.nlm.nih.gov/pubmed/24247150
http://www.ncbi.nlm.nih.gov/pubmed/23527113
http://www.ncbi.nlm.nih.gov/pubmed/27551456
http://www.ncbi.nlm.nih.gov/pubmed/17956737
http://www.ncbi.nlm.nih.gov/pubmed/16864127

Molecular Vision 2016; 22:1405-1420 <http://www.molvis.org/molvis/v22/1405>

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

generated consecutively during chick retinal development
from progenitors that are sensitive to follistatin. BMC Dev
Biol 2008; 8:46-[PMID: 18439241].

Fischer AJ, Stanke JJ, Aloisio G, Hoy H, Stell WK. Heteroge-
neity of horizontal cells in the chicken retina. J Comp Neurol
2007; 500:1154-71. [PMID: 17183536].

Suzuki SC, Bleckert A, Williams PR, Takechi M, Kawamura
S, Wong RO. Cone photoreceptor types in zebrafish are
generated by symmetric terminal divisions of dedicated
precursors. Proc Natl Acad Sci USA 2013; 110:15109-14.
[PMID: 23980162].

Emerson MM, Surzenko N, Goetz JJ, Trimarchi J, Cepko CL.
Otx2 and Onecutl promote the fates of cone photoreceptors
and horizontal cells and repress rod photoreceptors. Dev Cell
2013; 26:59-72. [PMID: 23867227].

Hafler BP, Surzenko N, Beier KT, Punzo C, Trimarchi JM,
Kong JH, Cepko CL. Transcription factor Olig2 defines
subpopulations of retinal progenitor cells biased toward
specific cell fates. Proc Natl Acad Sci USA 2012; 109:7882-7.
[PMID: 22543161].

Emerson MM, Cepko CL. Identification of a retina-specific
Otx2 enhancer element active in immature developing photo-
receptors. Dev Biol 2011; 360:241-55. [PMID: 21963459].

Hoover F, Seleiro EA, Kielland A, Brickell PM, Glover JC.
Retinoid X receptor gamma gene transcripts are expressed
by a subset of early generated retinal cells and eventually
restricted to photoreceptors. J Comp Neurol 1998; 391:204-
13. [PMID: 9518269].

Janssen JJ, Kuhlmann ED, van Vugt AH, Winkens HJ, Janssen
BP, Deutman AF, Driessen CA. Retinoic acid receptors and
retinoid X receptors in the mature retina: subtype determina-
tion and cellular distribution. Curr Eye Res 1999; 19:338-47.
[PMID: 10520230].

Prada C, Puga J, Perez-Mendez L. Lopez, Ramirez G. Spatial
and Temporal Patterns of Neurogenesis in the Chick Retina.
Eur J Neurosci 1991; 3:1187-[PMID: 12106248].

Bruhn SL, Cepko CL. Development of the pattern of photo-
receptors in the chick retina. J Neurosci 1996; 16:1430-9.
[PMID: 8778294].

Mori M, Ghyselinck NB, Chambon P, Mark M. Systematic
immunolocalization of retinoid receptors in developing
and adult mouse eyes. Invest Ophthalmol Vis Sci 2001;
42:1312-8. [PMID: 11328745].

Roberts MR, Hendrickson A, McGuire CR, Reh TA. Retinoid
X receptor (gamma) is necessary to establish the S-opsin
gradient in cone photoreceptors of the developing mouse
retina. Invest Ophthalmol Vis Sci 2005; 46:2897-904.
[PMID: 16043864].

Stevens CB, Cameron DA, Stenkamp DL. Plasticity of photo-
receptor-generating retinal progenitors revealed by prolonged
retinoic acid exposure. BMC Dev Biol 2011; 11:51-[PMID:
21878117].

Cossette SM, Drysdale TA. Early expression of thyroid
hormone receptor beta and retinoid X receptor gamma in the

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

1418

© 2016 Molecular Vision

Xenopus embryo. Differentiation 2004; 72:239-49. [PMID:
15270780].

Cvekl A, Wang WL. Retinoic acid signaling in mammalian
eye development. Exp Eye Res 2009; 89:280-91. [PMID:
19427305].

Kelley MW, Turner JK, Reh TA. Retinoic acid promotes differ-
entiation of photoreceptors in vitro. Development 1994;
120:2091-102. [PMID: 7925013].

Visel A, Minovitsky S, Dubchak I, Pennacchio LA. VISTA
Enhancer Browser—a database of tissue-specific human
enhancers. Nucleic Acids Res 2007; 35:Database issueD88-
92. [PMID: 17130149].

Uchikawa M, Ishida Y, Takemoto T, Kamachi Y, Kondoh H.
Functional analysis of chicken Sox2 enhancers highlights an
array of diverse regulatory elements that are conserved in
mammals. Dev Cell 2003; 4:509-19. [PMID: 12689590].

Hamburger V, Hamilton HL. A series of normal stages in
the development of the chick embryo. J Morphol 1951;
88:[PMID: 24539719].

Pennacchio LA, Ahituv N, Moses AM, Prabhakar S, Nobrega
MA, Shoukry M, Minovitsky S, Dubchak I, Holt A, Lewis
KD, Plajzer-Frick I, Akiyama J, De Val S, Afzal V, Black BL,
Couronne O, Eisen MB, Visel A, Rubin EM. In vivo enhancer
analysis of human conserved non-coding sequences. Nature
2006; 444:499-502. [PMID: 17086198].

Leao RN, Mikulovic S, Leao KE, Munguba H, Gezelius H,
Enjin A, Patra K, Eriksson A, Loew LM, Tort AB, Kullander
K. OLM interneurons differentially modulate CA3 and ento-
rhinal inputs to hippocampal CA1 neurons. Nat Neurosci
2012; 15:1524-30. [PMID: 23042082].

Ameixa C, Brickell PM. Characterization of a chicken reti-
noid X receptor-gamma gene promoter and identification of
sequences that direct expression in retinal cells. Biochem J
2000; 347:485-90. [PMID: 10749678].

Liu X, LiN, Hu X, Zhang R, Li Q, Cao D, Liu T, Zhang Y. Effi-
cient production of transgenic chickens based on piggyBac.
Transgenic Res 2013; 22:417-23. [PMID: 22918673].

Kothary R, Clapoff S, Darling S, Perry MD, Moran LA,
Rossant J. Inducible expression of an hsp68-lacZ hybrid gene
in transgenic mice. Development 1989; 105:707-14. [PMID:
2557196].

Ovcharenko I, Nobrega MA, Loots GG, Stubbs L. ECR
Browser: a tool for visualizing and accessing data from
comparisons of multiple vertebrate genomes. Nucleic Acids
Res 2004; 32:W280-6-[PMID: 15215395].

Kahn AJ. An autoradiographic analysis of the time of appear-
ance of neurons in the developing chick neural retina. Dev
Biol 1974; 38:30-40. [PMID: 4856982].

Yamagata K, Goto K, Kuo CH, Kondo H, Miki N. Visinin: a
novel calcium binding protein expressed in retinal cone cells.
Neuron 1990; 4:469-76. [PMID: 2317380].

Fischer AJ, Wang SZ, Reh TA. NeuroD induces the expression
of visinin and calretinin by proliferating cells derived from


http://www.molvis.org/molvis/v22/1405
http://www.ncbi.nlm.nih.gov/pubmed/18439241
http://www.ncbi.nlm.nih.gov/pubmed/17183536
http://www.ncbi.nlm.nih.gov/pubmed/23980162
http://www.ncbi.nlm.nih.gov/pubmed/23867227
http://www.ncbi.nlm.nih.gov/pubmed/22543161
http://www.ncbi.nlm.nih.gov/pubmed/21963459
http://www.ncbi.nlm.nih.gov/pubmed/9518269
http://www.ncbi.nlm.nih.gov/pubmed/10520230
http://www.ncbi.nlm.nih.gov/pubmed/12106248
http://www.ncbi.nlm.nih.gov/pubmed/8778294
http://www.ncbi.nlm.nih.gov/pubmed/11328745
http://www.ncbi.nlm.nih.gov/pubmed/16043864
http://www.ncbi.nlm.nih.gov/pubmed/21878117
http://www.ncbi.nlm.nih.gov/pubmed/21878117
http://www.ncbi.nlm.nih.gov/pubmed/15270780
http://www.ncbi.nlm.nih.gov/pubmed/15270780
http://www.ncbi.nlm.nih.gov/pubmed/19427305
http://www.ncbi.nlm.nih.gov/pubmed/19427305
http://www.ncbi.nlm.nih.gov/pubmed/7925013
http://www.ncbi.nlm.nih.gov/pubmed/17130149
http://www.ncbi.nlm.nih.gov/pubmed/12689590
http://www.ncbi.nlm.nih.gov/pubmed/24539719
http://www.ncbi.nlm.nih.gov/pubmed/17086198
http://www.ncbi.nlm.nih.gov/pubmed/23042082
http://www.ncbi.nlm.nih.gov/pubmed/10749678
http://www.ncbi.nlm.nih.gov/pubmed/22918673
http://www.ncbi.nlm.nih.gov/pubmed/2557196
http://www.ncbi.nlm.nih.gov/pubmed/2557196
http://www.ncbi.nlm.nih.gov/pubmed/15215395
http://www.ncbi.nlm.nih.gov/pubmed/4856982
http://www.ncbi.nlm.nih.gov/pubmed/2317380

Molecular Vision 2016; 22:1405-1420 <http://www.molvis.org/molvis/v22/1405>

48.

49.

50.

51.

52.

53.

54.

5.

56.

57.

58.

59.

60.

61.

toxin-damaged chicken retina. Dev Dyn 2004; 229:555-63.
[PMID: 14991711].

Hatakenaka S, Kiyama H, Tohyama M, Miki N. Immunohisto-
chemical localization of chick retinal 24 kDa protein (visinin)
in various vertebrate retinae. Brain Res 1985; 331:209-15.
[PMID: 3886079].

Génis-Galvez JM, Prada F, Armengol JA. Evidence of three
types of horizontal cells in the chick retina. Jpn J Ophthalmol
1979, 23:378-87. .

Tanabe K, Takahashi Y, Sato Y, Kawakami K, Takeichi M,
Nakagawa S. Cadherin is required for dendritic morphogen-
esis and synaptic terminal organization of retinal horizontal
cells. Development 2006; 133:4085-96. [PMID: 16987869].

Lopez-Lopez R, Lopez-Gallardo M, Perez-Alvarez MJ, Prada
C. Isolation of chick retina cones and study of their diversity
based on oil droplet colour and nucleus position. Cell Tissue
Res 2008; 332:13-24. [PMID: 18266011].

Prada FA, Armengol JA, Genis-Galvez JM. Displaced hori-
zontal cells in the chick retina. J Morphol 1984; 182:221-5.
[PMID: 6512861].

Silveira LC, Yamada ES, Picanco-Diniz CW. Displaced hori-
zontal cells and biplexiform horizontal cells in the mamma-
lian retina. Vis Neurosci 1989; 3:483-8. [PMID: 2487119].

Araki M, Iida Y, Taketani S, Watanabe K, Ohta T, Saito T.
Characterization of photoreceptor cell differentiation in the
rat retinal cell culture. Dev Biol 1987; 124:239-47. [PMID:
2959579].

Spira A, Hudy S, Hannah R. Ectopic photoreceptor cells and
cell death in the developing rat retina. Anat Embryol (Berl)
1984; 169:293-301. [PMID: 6476402].

Cui J, Michaille JJ, Jiang W, Zile MH. Retinoid receptors and
vitamin A deficiency: differential patterns of transcription
during early avian development and the rapid induction of
RARSs by retinoic acid. Dev Biol 2003; 260:496-511. [PMID:
12921748].

LuY, Lin C, Wang X. PiggyBac transgenic strategies in the
developing chicken spinal cord. Nucleic Acids Res 2009;
37:e141-[PMID: 19755504].

Wetts R, Fraser SE. Multipotent precursors can give rise to all
major cell types of the frog retina. Science (New York, NY)
1988; 239:1142-5. [PMID: 2449732].

Cook B, Portera-Cailliau C, Adler R. Developmental neuronal
death is not a universal phenomenon among cell types in the
chick embryo retina. J Comp Neurol 1998; 396:12-9. [PMID:
9623884].

Mayordomo R. Differentiated horizontal cells seem not to be
affected by apoptosis during development of the chick retina.
Int J Dev Biol 2001; 45:S79-80. .

Xu XL, Singh HP, Wang L, Qi DL, Poulos BK, Abramson
DH, Jhanwar SC, Cobrinik D. Rb suppresses human cone-
precursor-derived retinoblastoma tumours. Nature 2014;
514:385-8. [PMID: 25252974].

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

1419

© 2016 Molecular Vision

Blixt MK, Shirazi Fard S, All-Ericsson C, Hallb6ok F. Adding
another piece to the retinoblastoma puzzle. Cell Death Dis
2015; [PMID: 26512965].

Shirazi Fard S, Thyselius M, All-Ericsson C, Hallbook F. The
terminal basal mitosis of chicken retinal Lim1 horizontal
cells is not sensitive to cisplatin-induced cell cycle arrest.
Cell Cycle 2014; 13:3698-706. [PMID: 25483080].

Timmer J, Johnson J, Niswander L. The use of in ovo elec-
troporation for the rapid analysis of neural-specific murine
enhancers. Genesis 2001; 29:123-32. [PMID: 11252053].

Yamagata M, Sanes JR. Dscam and Sidekick proteins direct
lamina-specific synaptic connections in vertebrate retina.
Nature 2008; 451:465-9. [PMID: 18216854].

Huang X, Guo H, Tammana S, Jung YC, Mellgren E, Bassi P,
Cao Q, Tu ZJ, Kim YC, Ekker SC, Wu X, Wang SM, Zhou
X. Gene transfer efficiency and genome-wide integration
profiling of Sleeping Beauty, Tol2, and piggyBac transpo-
sons in human primary T cells. Mol Ther 2010; 18:1803-13.
[PMID: 20606646].

Bonin CP, Mann RS. A piggyBac transposon gene trap for
the analysis of gene expression and function in Drosophila.
Genetics 2004; 167:1801-11. [PMID: 15342518].

Johnson ET, Dowd PF. A non-autonomous insect piggyBac
transposable element is mobile in tobacco. Molecular genetics
and genomics MGG 2014; 289:895-902. [PMID: 24858840].

Lobo NF, Fraser TS, Adams JA, Fraser MJ Jr. Interplasmid
transposition demonstrates piggyBac mobility in vertebrate
species. Genetica 2006; 128:347-57. [PMID: 17028963].

Marh J, Stoytcheva Z, Urschitz J, Sugawara A, Yamashiro H,
Owens JB, Stoytchev I, Pelczar P, Yanagimachi R, Moisyadi
S. Hyperactive self-inactivating piggyBac for transposase-
enhanced pronuclear microinjection transgenesis. Proc Natl
Acad Sci USA 2012; 109:19184-9. [PMID: 23093669].

Klimova L, Kozmik Z. Stage-dependent requirement of neuro-
retinal Pax6 for lens and retina development. Development
2014; 141:1292-302. [PMID: 24523460].

Kammandel B, Chowdhury K, Stoykova A, Aparicio S,
Brenner S, Gruss P. Distinct cis-essential modules direct the
time-space pattern of the Pax6 gene activity. Dev Biol 1999;
205:79-97. [PMID: 9882499].

Xu PX, Zhang X, Heaney S, Yoon A, Michelson AM, Maas
RL. Regulation of Pax6 expression is conserved between
mice and flies. Development 1999; 126:383-95. [PMID:
9847251].

Zhang X, Heaney S, Maas RL. Cre-loxp fate-mapping of Pax6
enhancer active retinal and pancreatic progenitors. Genesis
2003; 35:22-30. [PMID: 12481295].

Bernard C, Kim HT, Torero Ibad R, Lee EJ, Simonutti M,
Picaud S, Acampora D, Simeone A, Di Nardo AA, Prochiantz
A, Moya KL, Kim JW. Graded Otx2 activities demonstrate
dose-sensitive eye and retina phenotypes. Hum Mol Genet
2014; 23:1742-53. [PMID: 24234651].

Martinez-Morales JR, Signore M, Acampora D, Simeone A,
Bovolenta P. Otx genes are required for tissue specification


http://www.molvis.org/molvis/v22/1405
http://www.ncbi.nlm.nih.gov/pubmed/14991711
http://www.ncbi.nlm.nih.gov/pubmed/3886079
http://www.ncbi.nlm.nih.gov/pubmed/16987869
http://www.ncbi.nlm.nih.gov/pubmed/18266011
http://www.ncbi.nlm.nih.gov/pubmed/6512861
http://www.ncbi.nlm.nih.gov/pubmed/2487119
http://www.ncbi.nlm.nih.gov/pubmed/2959579
http://www.ncbi.nlm.nih.gov/pubmed/2959579
http://www.ncbi.nlm.nih.gov/pubmed/6476402
http://www.ncbi.nlm.nih.gov/pubmed/12921748
http://www.ncbi.nlm.nih.gov/pubmed/12921748
http://www.ncbi.nlm.nih.gov/pubmed/19755504
http://www.ncbi.nlm.nih.gov/pubmed/2449732
http://www.ncbi.nlm.nih.gov/pubmed/9623884
http://www.ncbi.nlm.nih.gov/pubmed/9623884
http://www.ncbi.nlm.nih.gov/pubmed/25252974
http://www.ncbi.nlm.nih.gov/pubmed/26512965
http://www.ncbi.nlm.nih.gov/pubmed/25483080
http://www.ncbi.nlm.nih.gov/pubmed/11252053
http://www.ncbi.nlm.nih.gov/pubmed/18216854
http://www.ncbi.nlm.nih.gov/pubmed/20606646
http://www.ncbi.nlm.nih.gov/pubmed/15342518
http://www.ncbi.nlm.nih.gov/pubmed/24858840
http://www.ncbi.nlm.nih.gov/pubmed/17028963
http://www.ncbi.nlm.nih.gov/pubmed/23093669
http://www.ncbi.nlm.nih.gov/pubmed/24523460
http://www.ncbi.nlm.nih.gov/pubmed/9882499
http://www.ncbi.nlm.nih.gov/pubmed/9847251
http://www.ncbi.nlm.nih.gov/pubmed/9847251
http://www.ncbi.nlm.nih.gov/pubmed/12481295
http://www.ncbi.nlm.nih.gov/pubmed/24234651

Molecular Vision 2016; 22:1405-1420 <http://www.molvis.org/molvis/v22/1405>

in the developing eye. Development 2001; 128:2019-30.
[PMID: 11493524].

77. Nishida A, Furukawa A, Koike C, Tano Y, Aizawa S, Matsuo
I, Furukawa T. Otx2 homeobox gene controls retinal photore-
ceptor cell fate and pineal gland development. Nat Neurosci
2003; 6:1255-63. [PMID: 14625556].

78. Fossat N, Courtois V, Chatelain G, Brun G, Lamonerie T.
Alternative usage of Otx2 promoters during mouse develop-
ment. Dev Dyn 2005; 233:154-60. [PMID: 15759271].

79. Kurokawa D, Kiyonari H, Nakayama R, Kimura-Yoshida C,
Matsuo I, Aizawa S. Regulation of Otx2 expression and its
functions in mouse forebrain and midbrain. Development
2004; 131:3319-31. [PMID: 15201224].

80.

81.

82.

83.

© 2016 Molecular Vision

Reese BE, Harvey AR, Tan SS. Radial and tangential disper-
sion patterns in the mouse retina are cell-class specific. Proc
Natl Acad Sci USA 1995; 92:2494-8. [PMID: 7708672].

Rompani SB, Cepko CL. Retinal progenitor cells can produce
restricted subsets of horizontal cells. Proc Natl Acad Sci
USA 2008; 105:192-7. [PMID: 18162542].

Mustafi D, Engel AH, Palczewski K. Structure of cone photo-
receptors. Prog Retin Eye Res 2009; 28:289-302. [PMID:
19501669].

Lagman D, Callado-Perez A, Franzen IE, Larhammar D,
Abalo XM. Transducin duplicates in the zebrafish retina and
pineal complex: differential specialisation after the teleost
tetraploidisation. PLoS ONE 2015; 10:e0121330-[PMID:
25806532].

Articles are provided courtesy of Emory University and the Zhongshan Ophthalmic Center, Sun Yat-sen University, P.R. China.
The print version of this article was created on 14 December 2016. This reflects all typographical corrections and errata to the
article through that date. Details of any changes may be found in the online version of the article.

1420


http://www.molvis.org/molvis/v22/1405
http://www.ncbi.nlm.nih.gov/pubmed/11493524
http://www.ncbi.nlm.nih.gov/pubmed/14625556
http://www.ncbi.nlm.nih.gov/pubmed/15759271
http://www.ncbi.nlm.nih.gov/pubmed/15201224
http://www.ncbi.nlm.nih.gov/pubmed/7708672
http://www.ncbi.nlm.nih.gov/pubmed/18162542
http://www.ncbi.nlm.nih.gov/pubmed/19501669
http://www.ncbi.nlm.nih.gov/pubmed/19501669
http://www.ncbi.nlm.nih.gov/pubmed/25806532
http://www.ncbi.nlm.nih.gov/pubmed/25806532

	Reference r83
	Reference r82
	Reference r81
	Reference r80
	Reference r79
	Reference r78
	Reference r77
	Reference r76
	Reference r75
	Reference r74
	Reference r73
	Reference r72
	Reference r71
	Reference r70
	Reference r69
	Reference r68
	Reference r67
	Reference r66
	Reference r65
	Reference r64
	Reference r63
	Reference r62
	Reference r61
	Reference r60
	Reference r59
	Reference r58
	Reference r57
	Reference r56
	Reference r55
	Reference r54
	Reference r53
	Reference r52
	Reference r51
	Reference r50
	Reference r49
	Reference r48
	Reference r47
	Reference r46
	Reference r45
	Reference r44
	Reference r43
	Reference r42
	Reference r41
	Reference r40
	Reference r39
	Reference r38
	Reference r37
	Reference r36
	Reference r35
	Reference r34
	Reference r33
	Reference r32
	Reference r31
	Reference r30
	Reference r29
	Reference r28
	Reference r27
	Reference r26
	Reference r25
	Reference r24
	Reference r23
	Reference r22
	Reference r21
	Reference r20
	Reference r19
	Reference r18
	Reference r17
	Reference r16
	Reference r15
	Reference r14
	Reference r13
	Reference r12
	Reference r11
	Reference r10
	Reference r9
	Reference r8
	Reference r7
	Reference r6
	Reference r5
	Reference r4
	Reference r3
	Reference r2
	Reference r1
	Table t1

