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Figure 4. Tight Temporal Control of Cre/loxP-Mediated Gene
Expression Using the ER™?-cre-ER™ System

(A) Schematic diagram of the Cre driver. The CAGGs promoter is
driving the ER™-cre-ER™?-T2A-nuc-EGFP cassette.

(B) Limb of CAGGs:ER™*-Cre-ER"*-T2A-EGFP-nuc transgenic animal in
green and red channel.

(C) Schema of mating between CAGGs:loxP-EGFP-loxP-Cherry and
CAGGs:ER™-Cre-ER"*-T2A-EGFP-nuc animals.

for the robust regeneration in the salamander is its lack of
the growth inhibitor gene products p16™<*/ARE. We
therefore aimed to apply Cre/loxP-based induction to deter-
mining the effect of p16™* overexpression during regen-
eration. Temporal control of gene expression was important
because the p16™%** may be expected to strongly repress
cell division during normal development. To overexpress
p16™54  during regeneration, we fused the human
p16™5* sequences with T2A-Cherry and cloned the fusion
construct behind the floxed GFP cassette (floxed p16-
Cherry). In order to elicit induction of p16™%** expression
just prior to regeneration, this animal was crossed to
a 4-OHT-inducible CAGGs:ER"?-Cre-ER"?-T2A-nuc-EGFP
transgenic animal (Figure 6A). p16™%* gene expression
was initiated with a single intraperitoneal injection of
4-OHT. Cherry expression was observed 5 days after
4-OHT induction in double-transgenic animals (Figure 6C),
and p16™K* ectopic expression was independently
confirmed using an antibody against human pl6 (data
not shown). Tails from Cherry-expressing and -nonexpress-
ing control animals were amputated, followed, and the
length of regenerated spinal cord was measured as a discrete
indicator of regeneration (Figures 6B and 6C). At 4 days after
tail amputation, a significant inhibition of spinal cord
regeneration was observed in animals overexpressing hu-
man p16™54* (Figure 6D).

DISCUSSION

Here, we have contributed a number of tools and insights
into the use of germline transgenic animals for salamander
regeneration research by generating germline transgenic
animals for cell-type-specific control of gene expression.
By employing BACs, heterologous promoters, and axolotl
genomic sequences, we have generated a set of animals
that drives EGFP in different cell types of the nervous sys-
tem—neurons (bIll-tubulin), glia (Cnp), and neural stem
cells (Sox2). These will provide an invaluable resource for
studying brain and spinal cord, as well as peripheral nerve
regeneration in these animals. We have also generated
animals driving EGFP in muscle, cartilage, and epidermis.

Importantly, we have combined cell-type-specific expres-
sion with tight temporal control of gene expression using

(D and F) Limb and tail of a double-transgenic (CAGGs:loxP-EGFP-
loxP-Cherry; CAGGs:ER™*-Cre-ER™-T2A-EGFP-nuc) animal showing
EGFP and Cherry expression levels before tamoxifen induction.

(E and G) Robust Cherry expression is observed in limb and tail of
double-transgenic  (CAGGs:loxP-EGFP-loxP-Cherry; CAGGs:ER™*-Cre-
ER™-T2A-EGFP-nuc) animals after administration of 4-OHT.

Scale bars, 1 mm (B and D-F) and 500 pum (G). See also Figures S2,
S3, S4, and S5.
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Figure 5. Temporal Induction of Gene Expression in Co2A1*
Cells Using Col2A1:ER™-Cre-ER™-T2A-EGFP-nuc Transgenic
Axolotls

(A) Scheme of mating between loxP reporter animal (CAGGs:loxP-
EGFP-STOP-loxP-Cherry) and the driver animal (Col2A1:ER"*-Cre-ER"-
T2A-EGFP-nuc).

(B and D) Double-transgenic animal shows no Cherry fluorescence
in head (B) and tail (D) before tamoxifen induction. High-exposure
times were used for imaging so that overall tissue architecture
could be seen.

(C and E) Double-transgenic head (C) and tail (E) images after
tamoxifen induction. Clear Cherry expression is observed only in the
skeletal elements of the head and vertebral column in the tail. Half-
exposure time from control (C and E) was used.

(F-I) Cross-section of head showing colocalization of Cherry (F)
with Collagen type II antibody staining (G). DAPI delineates nuclei
in blue. (I) represents merged image.

(J) High-resolution image of inset marked in (I) showing Cherry-
positive cells associated with Col2A1 staining in head cartilage.
Scale bars, 2 mm (C, E, and I) and 100 um (J).

the Cre/loxP system. These are critical tools for the molecu-
lar analysis of regeneration because cells from several
different tissues contribute to the blastema and remain as
distinct progenitor cell pools during regeneration (Kragl
et al.,, 2009). Furthermore, the marker used to initiate
gene expression in the mature tissue may not be main-
tained during regeneration. Therefore, the Cre/loxP system
is particularly valuable for regeneration studies. A critical
aspect of the Cre/loxP or any induction system is leakiness
of the inducer. We therefore scanned a number of means
to tightly induce the CRE activity. In contrast to Whited
et al. (2012), we observe strict tamoxifen-inducible gene
expression when employing the doubly regulated ERT%-
Cre-ER™ sequences in FO and after germline transmission
to F1 in combination with ubiquitous promoters (CAGGs)
or a tissue-specific promoter (COL2A1). We can speculate
on several sources for the difference in leaky versus non-
leaky expression in the two settings. First, we have
observed that injection liquids present in the glass microin-
jection needle (such as plasmid DNAs for transgenesis or
tamoxifen for injection into the animals) are often left
behind in the micropipette holder after use, and these re-
agents can be carried over into subsequent injections
with new glass microcapillaries via aerosol. Therefore, if
several plasmids are screened in sequence, the presence of
contaminating Cre-ER™? DNA from previous injections re-
maining behind in the micropipette holder and then being
transferred to new microcapillaries could have confounded
the previous results. Similarly, use of the microinjection de-
vice for tamoxifen injection yielded “background” recom-
bination when the DMSO control sample was injected after
the tamoxifen samples without cleaning the micropipette
holder in between, but not vice versa. We therefore clean
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the micropipette holder between each round of injections.
A second potential source of apparent leakiness for ER"2-
Cre-ER™ systems could be the quality of the local water
because the animals are aquatically raised and constantly
exposed to water. The presence of estrogen mimics in the
animal water supply could confound the results, and there-
fore, the use of a carefully controlled water supply is
recommended.

Another important technical aspect for transgenesis in
this system is careful, cellular level monitoring of the germ-
line transmission. Because the transgenes integrate
randomly in the genome, position effects result in differ-
ences in expression of the same construct among different
integrants. We therefore screen the F1 progeny of germ-
line-transmitting strains by histological/immunofluores-
cence analysis to confirm the specificity and completeness
of the expression. For example, when generating con-
structs driven by the CAGGs promoter, which should be
expressed in every cell type, we observe some FO founders

following 4-OHT intraperitoneal injection
and tail amputation. No Cherry induction is
seen in single-transgenic animals (B),
whereas the double-transgenic animals
induced Cherry expression (C). Images were
taken 4 days after tail amputation. White
dotted lines indicate the amputation plane;
white arrows demarcate the extent of epen-
dymal tube outgrowth.

(D) Quantitation of the regenerate spinal
cord outgrowth in p16™ *-expressing
transgenic animals and nonexpressing con-
trols. The length of the ependymal tube is
significantly reduced in the p16™K4A-
expressing animals (paired t-test and the
Mann-Whitney U test, p <0.001).

Scale bars, 1 mm (B and C).

whose progeny show no expression in specific cell types
such as satellite cells or neuronal cells. We therefore
always drive a fluorescent reporter gene behind the trans-
gene and analyze the tissues of interest for appropriate
expression.

We have demonstrated the ability to interrogate gene
function during tail regeneration via inducible overexpres-
sion of the human p16™# gene. It has been proposed that
the p16™5#/ARF locus first arose in mammals and is not
present in animals like the salamander, a potential basis
for the restricted regeneration capacities of mammals (Paj-
cini et al., 2010). Here, we have tested if expression of the
p16™K# gene represses regeneration when induced ubiqui-
tously prior to regeneration onset. Indeed, we observed a
significant retardation of spinal cord regeneration in over-
expressing the p16™%** gene, consistent with an antirege-
nerative function for this gene. These animals could in the
future be used to understand the differing downstream re-
sponses in pl16™*expressing or -nonexpressing cells.
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These transgenic tools in combination with the growing
amount of axolotl sequence data that incorporate next-
generation sequencing results from our own and other
labs for contig assemblies of the axolotl transcriptome
and some genomic sequences (Habermann et al., 2004;
Monaghan et al.,, 2009; Putta et al., 2004; Smith et al.,
2009) open up new possibilities to parlay this classical
regeneration system into a molecular genetic system to
investigate the mechanistic basis of regeneration in a verte-
brate and its restriction in other animals.

EXPERIMENTAL PROCEDURES

Axolotl Care and Transgenesis

Animal experiments were performed after approval by the Landes-
direktion Saxony, Board of Animal Welfare. Animals were bred in
Dresden, Germany, and kept in local tap water at 18°C. The water
quality was controlled every day for temperature, pH, ammonia
levels, and water consumption. Juveniles and adult animals were
kept in continuous flow towers outfitted with particle filters, char-
coal filters, and UV filters. Larvae were kept in small plastic tubs
with change of fresh water every second day. Larvae were fed
Artemia daily, whereas juvenile and adult animals were fed fish pel-
lets. Transgenic axolotls were generated as described (Khattak
et al., 2009; Sobkow et al., 2006). Briefly, one-cell-stage embryos
were collected and manually dejellied and kept at 4°C until injec-
tions were performed. Plasmids that harbored Scel meganuclease
target sites flanking the expression cassette were coinjected with
the Scel meganuclease enzyme (New England Biolabs). Although
the Scel meganuclease increased efficiency of transgenesis as pre-
viously described, it was not absolutely necessary for generation
of transgenics. Swimming larvae were anesthetized in 0.01%
ethyl-p-aminobenzoate (benzocaine; Sigma-Aldrich) for screening
based on fluorescence and were screened on an Olympus SZX16
stereomicroscope. Selected embryos were raised for sexual matu-
rity (males 7-9 months and females 12-15 months) and mated
with nontransgenic white animals to check for germline transmis-
sion. The vectors used to generate transgenic axolotls are described
in Table 1.

Generation of AxSox2:Cre-ER"? Transgenic Animals

An Ambystoma mexicanum (axolotl) lambda genomic library
(Stratagene) was expanded in the lab using the manufacturer’s
protocol. Axolotl Sox2 gene-specific primers were designed to
screen the primary, secondary, and tertiary pools of the library as
described by Israel (1993) with minor modifications. Briefly, the
440 pools (50,000 clones each) were screened by PCR, but no col-
ony hybridization was done, rather the tertiary pools were further
diluted down to isolate a single positive plaque. The isolated
axolotl genomic DNA was recombined into a plasmid backbone,
and the resulting plasmid was subjected to a second step of recom-
bineering where the Sox2 open reading frame was replaced by the
Cre-ER™-T2A-EGFP-nls gene using a liquid-recombineering proto-
col (Sarov et al., 2006). The resulting plasmid AxSox2:Cre-ER™-
T2A-EGFP-nls was injected into one-cell-stage embryo with Scel
meganuclease and allowed to develop normally. Larvae were
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screened for EGFP expression in brain and raised to sexual
maturity.

Generation of CAGGs:1oxP-EGFP-STOP-1oxP-
p16™**A.T2A-Cherry and COL2A1:ER">-Cre-ER"%-
T2A-EGFP-nls Transgenic Animals

To generate  CAGGs:loxP-eGFP-STOP-loxP-p16™***-T2A-Cherry
and COL2A1:ER™-Cre-ER™-T2A-EGFP-nls transgenic axolotls, Tol2-
CAGGs:loxP-EGFP-STOP-loxP-p16™**.T2A-Cherry and Tol2-COL2A1:
ER™.Cre-ER™-T2A-EGFP-nls constructs were coinjected with Tol2
transposase mRNA into the fertilized one-cell-stage white axolotl
eggs and selected using the methods described above. Immuno-
staining was performed to confirm expression of human p16™*
using a mouse monoclonal antibody against p16 (Santa Cruz
Biotechnology; #sc-56330). To detect collagenlI a.1-specific expres-
sion, a mouse anti-chicken Collagen type II antibody was used
(Millipore; # MAB 8887).

Distal Limb Blastema Transplantation

Blastema donors (5-6-cm axolotls) were double transgenics of the
genotype: Car Act:EGFP; CAGGs:nucCherry. Recipients were their
nontransgenic white siblings. Donors were amputated through
the forearm wrist. Nine days later, recipients were amputated
through the proximal half of the stylopod, and protruding bones
were trimmed. Immediately, the donor’s wrist blastema was cut
off and transferred in the same proximal-distal orientation onto
the recipient’s stump. Animals were left asleep on a wet tissue
with 0.01% benzocaine for the following 1-3 hr before placing
them back into tap water to recover and regenerate lost limb
structures.

DNA Electroporation and 4-OHT Injection

Circular Cre expression plasmid DNA (0.5 mg/ml) was electropo-
rated in the limb and/or spinal cord as previously described (Eche-
verri and Tanaka, 2003; McHedlishvili et al., 2007). For 4-OHT
injections, larvae were anesthetized in 0.01% benzocaine and
weighed. 4-OHT (Sigma-Aldrich; catalog # H7904 or #H6278)
was diluted in DMSO to obtain a stock of 10 mg/ml. Stock aliquots
were stored at —80°C until use. Fast Green (Sigma-Aldrich; F7258)
was added to the thawed solution just prior to injection. A total of
50 ng/g body weight of 4-OHT was injected intraperitoneally in the
ventral trunk. After injection, larvae were covered with a blanket of
wet tissue for hydration for 20-30 min at room temperature until
returning them to tap water.

Immunohistochemical Analysis of Transgenic

Animals

Tails and limbs of transgenic axolotl larvae were cut and fixed,
cryosectioned, and kept at —20°C until immunostained. The
cryosections were stained with respective antibodies as previously
described by Kragl et al. (2009).
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