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Abstract
The rat is a preferred model system over the mouse for neurological studies, and cell type-

specific Cre expression in the rat enables precise ablation of gene function in neurons of

interest, which is especially valuable for neurodegenerative disease modeling and optoge-

netics. Yet, few such Cre rats are available. Here we report the characterization of two Cre

rats, tyrosine hydroxylase (TH)-Cre and dopamine active transporter (DAT or Slc6a3)-Cre,

by using a combination of immunohistochemistry (IHC) and mRNA fluorescence in situ
hybridization (FISH) as well as a fluorescent reporter for Cre activity. We detected Cre

expression in expected neurons in both Cre lines. Interestingly, we also found that in Th-

Cre rats, but not DAT-Cre rats, Cre is expressed in female germ cells, allowing germline

excision of the floxed allele and hence the generation of whole-body knockout rats. In sum-

mary, our data demonstrate that targeted integration of Cre cassette lead to faithful recapitu-

lation of expression pattern of the endogenous promoter, and mRNA FISH, in addition to

IHC, is an effective method for the analysis of the spatiotemporal gene expression patterns

in the rat brain, alleviating the dependence on high quality antibodies that are often not

available against rat proteins. The Th-Cre and the DAT-Cre rat lines express Cre in selec-

tive subsets of dopaminergic neurons and should be particularly useful for researches on

Parkinson’s disease.

Introduction
In the post-genome era, the ability to control gene expression in a spatial as well as temporal
manner is imperative to functional genomics studies and ultimately drug development. The
creation of conditional loss/gain-of-functional models is necessary when changes are detrimen-
tal to early development. Conditional knockout is generally achieved by employing the Cre-
LoxP system [1, 2], which relies on two lines of genetically modified animals: a floxed line in
which two 34-base-pair-long LoxP sites are inserted into the target gene of interested, flanking
a region critical to gene function, and a Cre line that expresses phage recombinase Cre from a
promoter that provides spatial or temporal control. In animals with both the Cre and floxed
alleles, the sequence between loxP sites is excised in Cre expressing cells, leading to loss of func-
tion of the target gene [2, 3]. In other words, the fidelity of Cre expression determines tissue/
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cell type specificity of targeted gene disruption. Most available rat Cre lines were generated via
random transgenes, with the caveats of possible positional effects as well as incomplete inclu-
sion of regulatory elements of a promoter, and are often only partially recapitulate the desired
expression patterns. On the other hand, targeted integration of the Cre coding sequence into
an endogenous locus leads to expression of Cre from the genomic context of the target gene,
potentially with the same pattern.

The mouse became the dominant model organism for biomedical research largely for being
the only species with established pluripotent embryonic stem (ES) cell lines that are genetically
malleable [4–6], until the recent development of programmable nuclease technologies, includ-
ing zinc finger nucleases (ZFNs) [7, 8], transcription activator-like effector nuclease (TALENs)
[9, 10] and clustered regularly inter-spaced short palindromic repeats (CRISPRs)-based nucle-
ases [11, 12](For review, see [13, 14]), all designed to introduce double strand breaks at specific
DNA sequences and stimulate gene editing.

The rat has many advantages over the mouse for studies related to cognitive neuroscience,
cardiovascular diseases, breast cancer, diabetes and drug metabolism [15]. Although successful
genetic manipulation of ES cells and the creation of germ line knockout rats have been reported
recently [16–18], such procedures are still technically demanding [19]. Instead, microinjection
of designer nucleases directly into fertilized eggs to manipulate the genome revolutionized the
field of gene editing. As many other species, the rat can now be used in research where it is
most biologically relevant.

We recently reported the creation of the first floxed alleles in the rat and along with a Th-
Cre rat with an IRES-Cre cassette inserted to the endogenous Th locus using ZFNs [20]. Here
we characterized the Cre expression pattern in details and using the same methodologies,
created and characterized another Cre line with more limited expression in dopaminergic neu-
rons, DAT-Cre. By using immunohistochemistry and/or RNA fluorescent in situ hybridiza-
tion, we demonstrated that in both Cre lines, the Cre expression pattern in general faithfully
recapitulates that of respective endogenous target. And functionally, Cre recombinase mediates
efficient excision of floxed alleles in expected cell populations. Interestingly, Cre-mediated exci-
sion of the floxed alleles was observed in the maternal germ cells of the Th-cre rats, which
could be employed to conveniently create germline knockout from floxed rats. We believe
these Cre lines are valuable tools for neurological research.

Results

The insertion of the IRES-Cre cassette does not alter the expression
pattern of the Th gene in the brain
In Th-Cre rat, the IRES-Cre cassette is inserted immediately after the stop codon of the Th
gene [20]. To examine whether this insertion altered the expression pattern of Th, we per-
formed immunohistochemistry with anti-Th antibody on brain sections from homozygous
Th-Cre rats. We found that like in the wild type animals, Th was strongly expressed in dopami-
nergic neurons of ventral tegmental area (VTA) and substantia nigra (SN) (Fig 1A), periglo-
merular neurons in the olfactory bulb (OB) (Fig 1B) [21] and noradrenergic neurons in the
locus coeruleus (Fig 1C) [22], suggesting that no alteration of Th expression pattern resulted
from the insertion of IRES-Cre cassette. To further confirm this at single-cell level, we exam-
ined the relative expression pattern of Th to DAT. In wild type rats, DAT co-expresses with Th
in dopaminergic neurons of VTA and SN (Fig 1D–1D”). Due to the lack of high quality anti-
rat DAT antibodies, we performed fluorescent RNA in situ hybridization (RNA-FISH) for
DAT, followed by anti-TH immunostaining (flowchart shown in S1A Fig). Exactly as in the
wild type rat brain, the TH protein in the brain of homozygous Th-Cre rats co-localized
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Fig 1. The insertion of the IRES-Cre cassette into the Th locus does not change its expression pattern in the brain. (A-C) Anti-Th antibody staining in
the brain of adult homozygous Th-Cre rats; (D-F”), anti-Th antibody (D, E, F) and DAT anti-sense probe in situ hybridization (D’, E’, F’) in the brains of wild
type adult rats (D and D’) and homozygous Th-cre rats (E, E’, F and F’). AS, anti-sense; LC, locus coeruleus; OB, olfactory bulb; SNCD, substantia nigra
compacta dorsal tier; SNL, the lateral part of substantia nigra; SNR, the reticular part of substantia nigra; VTA, ventral tegmental area.

doi:10.1371/journal.pone.0149379.g001
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precisely with the mRNA of DAT in VTA and SN, including the compacta dorsal tier (SNCD),
the reticular part (SNR) and the lateral part (SNL) (Fig 1E–1E”; 1F–1F”). These data demon-
strate that the insertion of the IRES-Cre cassette does not alter the expression pattern of the Th
gene.

The expression pattern of the Cre recombinase recapitulates that of the
endogenous Th gene
To test whether Cre expression only occurs in Th-positive cells in the adult brain, we per-
formed immunostaining of TH and RNA FISH for Cre, for the lack of a good anti-Cre anti-
body. As expected, no Cre mRNA expression is observed in the brain of wild type rats (Fig 2A–
2A”; S2A–S2A” Fig). In contrast, on Th-Cre brain sections, we observed complete co-localiza-
tion of Th mRNA and Cre mRNA in a double RNA FISH (see S1B Fig for basic experimental
procedure) in VTA and SN (Fig 2C–2C”) as well as by coupling immunostaining with an anti-
TH antibody and RNA FISH on Cre (Fig 2E–2E”). Co-localization of Th and Cre mRNA was
observed in other Th-expressing areas in the brain of Th-Cre rats, including the olfactory bulb
and LC (S2 Fig).

To simplify the detection of Cre expression, we decided to establish a fluorescent reporter
rat. We first created SageR by inserting into the Rosa26 locus a human PGK promoter-driven
turboGFP open reading frame preceded by a floxed stop cassette, where GFP expression was
expected to be activated upon Cre-mediated excision of the floxed stop cassette. Even though
we detected excision on the DNA level, we were unable to detect GFP expression upon Cre
mediated excision although excision was detected on the DNA level (not shown). We then gen-
erated another reporter line, the Rosa Tdtomato (Rosa Tom), in which the expression of Tdto-
mato is under the control of a ubiquitous CAG promoter after Cre-mediated excision of the
preceding floxed stop cassette, similar to the Ai14 reporter mice[23] (detailed description of
this line will be reported in another manuscript). With Rosa Tom line, we observed co-localiza-
tion of Th antibody signal with Tdtomato expression in the dopaminergic neurons in both
olfactory bulb, VTA and SN (Fig 3). In addition, we noticed that some Th negative neurons are
also labeled with tdtomato in the olfactory bulb, cerebral cortex and hypothalamus (S3 Fig).
Finally, we investigated the labeling pattern of Th-cre outside of brain and found a few highly
scattered Tdtomato postive cells in various adult organs, including kidney, heart, liver and thy-
mus, but not spleen (S4 Fig).

To investigate the temporal labeling pattern of Th-cre, we compared the expression of Th
and Tdtomato in the developing midbrain of 13.5 day old Th-cre, Rosa Tom embryos (Fig 4).
In the developing midbrain, neuroblast cells located near the ventricular surface divide and
give birth to immature neurons, which start differentiation when migrating away to the lateral
side. Therefore, the undifferentiated dopaminergic neurons express very low amount of Th
before it reaches the lateral side of the ventral midbrain and are barely labeled with tdTomato
expression. This delay of tdTomato labeling is an inherit properties of the Cre activity reporter
since the excision of the floxed stop cassette, the transcription and translation of tdTomato
could only start after Cre (or Th) expression[24]. In contrast, well-differentiated cells that are
located near the lateral surface express higher level of Th and are strongly labeled with tdTo-
mato (Fig 4).

The creation and characterization of another dopaminergic neuron-
specific Cre line, DAT-Cre
To complement the Th-cre line, we created a DAT-Cre line using a similar knock-in strategy
(S5 Fig) The expression of endogenous dopamine active transporter (DAT) largely co-localizes
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Fig 2. The expression of Cre recombinase recapitulates that of Th in dopaminergic neurons in the ventral tegmental area and substantia nigra. A
combination of anti-TH immunostaining and Cre fluorescence in situ hybridization (A-A”, D-E”) as well as double fluorescence in situ hybridization with both
Th and Cre riboprobes (B-C”) were employed to examine the co-localization of Cre mRNA and the Th gene in dopaminergic neurons of ventral tegmental
area and substantia nigra. SNCD, substantia nigra compacta dorsal tier; VTA, ventral tegmental area; S probe, sense probe; AS probe, anti-sense probe.

doi:10.1371/journal.pone.0149379.g002
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with Th in dopaminergic neurons of ventral tegmental area and substantia nigra in the mid-
brain [25, 26] (Fig 3A). Indeed, in both wild type and homozygous DAT-cre rats, TH immu-
nostaining and DAT in situ hybridization shows nice co-localization of the two dopaminergic
neuron marker genes, indicating that the insertion of the IRES-Cre cassette did not change the
expression pattern of endogenous DAT gene (Fig 5, compare B-B” to A-A”). Furthermore,
double in situ hybridization of DAT and Cre revealed complete co-localization in dopaminer-
gic neurons in ventral tegmental area and substantia nigra (Fig 5D–5D”). And more impor-
tantly, when this DAT-Cre line is mated with Rosa Tom, tdTomato positive cells could only be
observed in the Th positive neurons in the VTA and SN, but not any other cells in the brain or
other adult tissues examined, including heart, kidney, liver, lung, spleen and thymus (Fig 6),
confirming that the expression of the Cre recombinase faithfully recapitulates the expression
pattern of endogenous DAT.

Fig 3. Tdtomato labels Th positive cells in the substantia nigra area of Th-cre, Rosa Tom rat brain. (A-A”), anti-TH antibody staining was done on Rosa
Tom brain sections and no live tdTomato signal could be detected; In contrast, in both SN (B-B”) and OB (C-C”), co-localization of TH antibody signal and live
tdTomato signals could be observed.

doi:10.1371/journal.pone.0149379.g003
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Th-Cre is capable of excising floxed allele in dopaminergic neurons in
the brain in vivo
To demonstrate that the floxed alleles are efficiently excised in Th-positive neurons in Th-Cre
rats, we mated Th-Cre male rats with female rats that harbor floxed Crhr1 gene (Corticotro-
pin-releasing hormone receptor 1) and obtained pups with the genotype of Th-Cre/+, Crhr1
+/flox. Likely because of the extremely small fraction of neurons being Th-positive, we were
not able to detect excision in whole brain homogenate. So we prepared freshly frozen brain sec-
tions and collected VTA/SN and hippocampus areas (dentate gyrus) using laser capture micro-
dissection (LCM), respectively (Fig 7A). Excision of the floxed allele was readily detected by
using PCR amplification of the genomic DNA prepared from the Th-positive VTA/SN samples
but not samples from dentate gyrus, which is known to be Th-negative (Figs 1A and 7B). It is
worth noting that due to the contamination of Th-negative cells in the samples, we could not
assess the completeness of excision of the floxed allele. We attempted to answer this question
by other means such as immunostaining for the disappearing of Crhr1 protein and FISH for
the loss of Crhr1 mRNA in Th-cre, Crhr1 Flox/Flox rats without success due to either the lack
of good antibodies or the low abundance of Crhr1 mRNA transcripts (data not shown).

Similarly, PCR analyses following laser-assisted microdissection of DAT-cre, Crhr f/+ or
DAT-cre, Crhr1 f/f rat brains prove that DAT-Cre excises the floxed allele in specific neurons
(Fig 7B). In summary, these results show that both Cre lines are sufficient to excise floxed
alleles in specific sets of dopaminergic neurons.

Th-cre mediates complete germ line excision of the floxed allele when
maternal rat harbors both Th-Cre and floxed alleles
The expression of Th gene is known and also confirmed by our immunostaining to be largely
limited to dopaminergic and noradrenergic neurons in the central nervous system, sympathetic
neurons of the peripheral nervous system, and the medulla of adrenal gland [22, 27]. However,
in the process of crossing the Th-Cre line and floxed Crhr1 line, we observed that when female
rats harboring both Th-cre and floxed alleles (for example, Th-Cre/+, Crhr1 +/flox) were
mated with wild type males, no pups with floxed allele were obtained; instead, all pups carried
either a wild type or excised allele (Table 1). This is in stark contrast to offspring from male
rats that harbors Th-cre and a floxed allele (Table 1) or female rats that harbors DAT-cre and

Fig 4. Cre labeling pattern in the developing midbrain of 13.5 day old Th-cre, Rosa Tom embryos is consistent with expected Th expression. E13.5
Th-cre, Rosa Tom embryos were analyzed for co-localization of Th and Tdtomato in the substantia nigra neurons of the developing mid-brain. Note that
newly emerged, not fully differentiated neurons that are in the process of migrating away from ventral peri-ventricular surface have weak expression of Th
and are barely labeled with Tdtomato since the excision of the floxed stop cassette, the translation, expression and maturation of Tdtomato takes time. In
contrast, well-differentiated substantia nigra neurons located at the surface of the lateral side of the midbrain express higher levels of Th and are strongly
labeled with Tdtomato.

doi:10.1371/journal.pone.0149379.g004
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floxed alleles (data not shown), where no excision of floxed allele could be observed during
genotyping using either clipped tail or ear samples. No germ line excision was detected in off-
spring between female rats harboring only Th-Cre allele and male rats that harbored floxed

Fig 5. The Cre recombinase in DAT-Cre rats faithfully recapitulates the expression pattern of endogenous DAT. (A-A”), anti-TH antibody and DAT
RNA in situ hybridization on wild type rat brain sections; (B-B”), similar staining on DAT-cre homozygous rat brain sections. (C-D”), double in situ
hybridization of Th and DAT on DAT-cre homozygous rat brain sections. AS, anti-sense probe.

doi:10.1371/journal.pone.0149379.g005
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allele, indicating that Th-cre is not active in fertilized eggs (Table 2). We further found that
when Th-Cre, Crhr1+/floxed female rats were mated with wild type males, not all pups with
excised allele contain a Cre allele (Table 3), suggesting that Cre is expressed before the end of
meiosis I during oocyte formation, i.e., before the segregation occurs between chromosome 7

Fig 6. In DAT-cre, Rosa Tom rats, only Th-positive dopaminergic neurons in the SN and VTA, but not any other cells in the brain or other adult
organs, were labeled with tdTomato. (A-B”) shows overlapping signals between TH antibody staining and live tdTomato signal in the dopaminergic
neurons of the SN (A-A”) and VTA (B-B”) area. In contrast, no live tdTomato signal could be detected in other brains areas such as cerebral cortex (C) and
other adult organs including heart (D), kidney(E), liver (F), lung (G) and spleen (H).

doi:10.1371/journal.pone.0149379.g006
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(harboring Th-cre allele) and 17 (harboring Crhr1 allele) (S6 Fig Scenario A), but is absent in
fertilized eggs. In contrast, we did not observe any germ line Cre activity with either male or
female DAT-cre rats (Table 1).

Discussion
Tissue/cell type-specific gene disruption is essential to the dissection of gene functions. The
Cre-loxP system has been extensively used in mouse genetics, accumulating hundreds of Cre
lines (for repository of mouse Cre lines, please see http://cre.jax.org/strainlist.html; http://nagy.
mshri.on.ca/cre_new/index.php). In contrast, only a very limited number of rat Cre lines have
been created [28–32] and most of these are based on random insertion of a Cre transgene.

Fig 7. Both Th-Cre and DAT-Cre were functional and excised floxed alleles in expected cells in vivo. Tissue region that includes Cre-expressing
neurons (SN, substantia nigra area) is demarcated with green square, and red square, non-dopaminergic neurons (HC, himpcampus area) (A). Samples
from these regions were collected using laser-assisted microdisection and lysed for PCR analysis with primers that specifically detect the wild type (WT),
floxed and excised Crhr1 locus (B). Similar analyses were done on rats with three different genotype: Th-cre/+, Crhr1 +/f; DAT-cre, Crhr1 +/f and DAT-cre,
Crhr1 f/f. Note that the floxed Crhr1 PCR band in SN sample from DAT-cre, Crhr1 F/F runs a little faster due to the presence of a large amount of PCR
product.

doi:10.1371/journal.pone.0149379.g007

Th-Cre and DAT-Cre Rats

PLOS ONE | DOI:10.1371/journal.pone.0149379 February 17, 2016 10 / 19

http://cre.jax.org/strainlist.html
http://nagy.mshri.on.ca/cre_new/index.php
http://nagy.mshri.on.ca/cre_new/index.php


Although relatively simple, such transgenic approach often suffers from a number of draw-
backs: First, the promoter used for driving the expression of the Cre gene is often truncated,
even when on a BAC (bacterial artificial chromosome) or PAC (P1-derived artificial chromo-
some), and therefore may not include all essential regulatory elements to recapitulate the exact
expression pattern of the endogenous promoter. In fact, in a Th-Cre rat created by using ran-
dom transgene, only about 85% of Th-positive neurons expressed Cre and vice versa [29]. BAC
transgenes also often introduce extra copies of adjacent genes to the genome, which may com-
plicate phenotypic analysis. Second, the random nature of insertions renders the expression of
Cre transgene susceptible to the positional and epigenetic silencing effects. In contrast, site-spe-
cific insertion of a Cre cassette to be under a given promoter in its endogenous locus has been
shown in the mouse to lead to complete identical expression profile between Cre and the target
gene [33]. The development of programmable nucleases allows efficient targeted integration in
practically any species, without the use of embryonic stem cells [14, 34]. We reported previ-
ously the creation of TH-Cre rats using ZFN technology (Brown et al. 2011). Here we present
the generation of DAT-Cre rats and the characterization of Cre expression patterns in the
brains of both TH-Cre and DAT-Cre rats. We expected that in both Cre lines, the expression
of the Cre recombinase could recapitulate that of the endogenous gene to which they are placed
after, and were limited to the dopaminergic neurons in the midbrain. Indeed, we observed that
the expression of Cre in both lines mostly reflects the expression pattern of either Th or DAT
in the adult brain, although we did observe Cre expression sporadically in Th negative neurons
in the olfactory bulb, cerebral cortex and hypothalamus as well as some cells in the other adult
organs. We reason that these might be progeny of TH-positive cells earlier in the development
that no longer express TH. Temporary presence of Cre in given cells during earlier develop-
ment leads to permanent excision of floxed stop in the reporter cassette at the DNA level,
which is maintained in all progenies from those cells. In other words, the status of the reporter
in a given cell is the result of accumulation of previous Cre activity throughout the cell’s lineage
whereas Th antibody staining could only detect its expression at the time of experiment[24,
35]. On the other hand, without an extensive analysis of TH expression at every stage, we also
cannot exclude the possibility that targeted insertion of the IRES-Cre contributed to ectopic
expression earlier in development.

Interestingly, the TH-Cre rats also exhibited Cre activity in the female germ cells, as evi-
denced by the complete loss of floxed allele in the offspring when the maternal genotype has

Table 1. Germ line excision of floxed alleles in maternal, but not paternal, Th-Cre rat.

Mother Father No. of total
pups (No. of matings)

No. of pups
with floxed allele

No. of pups
with excised allele

Th-cre/+, Crhr1 +/Flox WT 51 (3) 0 18

WT Th-cre/+, Crhr1 +/flox 27 (2) 19 0

WT Th-cre/+, SageR+/flox 8 (1) 7 0

WT DAT-cre/+, Crhr1 +/Flox 39 (1) 20 0

WT DAT-cre/+, SageR+/flox 50 (2) 23 0

doi:10.1371/journal.pone.0149379.t001

Table 2. Th-cre mediated excision of floxed allele does NOT occur in fertilized oocytes.

Mother Father No. of total pups (No. of matings) No. of pups with floxed allele No. of pups with excised allele

Th-cre/+ Crhr1 +/Flox 14 (1) 8 0

Th-cre/+ SageR +/flox 11 (1) 8 0

doi:10.1371/journal.pone.0149379.t002
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both Th-cre and floxed alleles. Furthermore, the fact that when Th-cre/+ female was mated
with Crhr1+/Flox or SageR +/flox male, no complete loss of the floxed allele was detected in
any offspring indicates that Cre is not present/active in the fertilized eggs. Instead, the presence
of offspring with complete loss of the floxed allele but no Cre (Crhr1 +/-) from matings
between female Th-cre/+, Crhr1+/Flox and wild type male strongly argues that the expression
of Cre must have occurred before the segregation between the Cre allele and the floxed allele
during meiosis of the oocyte, i.e., before meiosis I. Otherwise, if the expression of Cre protein
occurs after meiosis I, then only oocytes that have both Cre and floxed Crhr1 allele could have
excised Crhr1 allele and those that only have floxed allele but not Cre will not undergo any
excision of the Crhr1 allele (S6 Fig Scenario B), which is inconsistent with our observation. As
the excision of the floxed alleles reflects the history of the Cre activity, it is challenging to deter-
mine when exactly the Cre recombinase is expressed during oocyte/embryo (of the mother)
development. It is possible that the germ line expression of Cre recombinase reflects the expres-
sion of endogenous Th gene. However, without following TH expression pattern in the process
of gamete formation in wild type female rats, we cannot exclude the possibility that the Cre
activity in oocyte development is ectopic, which has been observed with some other Cre lines
in mice [36, 37](and personal observations). Nevertheless, we do not expect that the presence
of such Cre activity in female germ cells will affect the application of the Th-cre rats. On one
hand, careful design of mating scheme could avoid such germ line excision (for example, by
mating female Crhr1 Flox/Flox with male Th-Cre/+, Crhr1 Flox/Flox); on the other hand, this
phenomenon makes Th-Cre a useful germ line deleter to derive whole body knockout rats
from the conditional ones.

We envision that in addition to drive conditional knockout of specific genes, these lines will
be highly useful in the emerging optogenetics field, especially along with Cre-dependent opsin-
expressing rats, in which the expression of excitatory or inhibitory rhodopsin will only be
expressed upon Cre-mediated excision [23]. We believe that the combination of these lines
could offer powerful optogenetics tools for effective study in rat models. More excitingly,
thanks to the rapid development of programmable nuclease technologies, in particular the
advent of the CRISPR/Cas9 technology, similar conditional and Cre knock-in rats can now be
created in a relatively short time [31, 38] (Liu and Cui, manuscript in preparation). A large rep-
ertoire of Cre rats will be invaluable and much needed for neuroscience research.

A huge challenge when working with non-popular models like rats is the lack of high quality
antibodies. Here we show that this could be circumvented most time by utilizing fluorescence
mRNA in situ hybridization, which could be combined with immunohistochemistry, if good
antibody is available for one of the antigen under the study, or another anti-sense riboprobe
labeled with different hapten or biotin (double FISH). In particular, the adoption of the TSA
PLUS system (S1 Fig) could dramatically enhance the sensitivity and make it a plausible
method to detect the expression of low abundance of mRNA. One should note that the high
hybridization temperature for riboprobes (65–70°C) may kill live fluorescent protein signal,

Table 3. The excision of floxed alleles in the oocyte occurs before Meiosis I during occyte development.

No. of total pups No. of Th-cre/+,
Crhr1 +/floxed pups

No. of Th-cre/+,
Crhr1 +/- pups

No. of Crhr1 +/- pups No. of Crhr1 +/flox pups No. of pups with other genotype

Litter 1: 11 0 5 2 0 4

Litter 2: 13 0 3 1 0 9

Litter 3: 14 0 1 3 0 10

Litter 4: 13 0 1 2 0 10

doi:10.1371/journal.pone.0149379.t003

Th-Cre and DAT-Cre Rats
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therefore anti-EGFP or anti-tdTomato antibody staining is required to visualize their signal
when combined with mRNA in situ hybridization.

Materials and Methods

Ethics statement
All rat work was performed in accordance with the approved animal protocols overseen by
SAGE’s Institutional Animal Care and Use Committee (IACUC). Sprague Dawley rats (Ntac:
SD) from Taconic Farms (Hudson, New York) were used for both microinjection and breeding
and were housed in standard cages and maintained on a 12 h light/dark cycle with ad libitum
access to food and water. Routine health monitoring of the colony was performed at IDEXX
(Columbia, MO) and revealed no evidence of infection with known serious pathogens.

Microinjection
Four to five week-old donors were injected with 20 units of PMS followed by 50 units of hCG
injection after 48 h of the PMS injection and then immediately mated with stud males after the
hCG injection. Fertilized eggs were harvested a day later for microinjection. Following microin-
jection, 25–30 eggs were transferred into each pseudopregnant female, which gave birth to the
founder generation.

ZFN and donor construction
The creation of Th-Cre and floxed Crhr1 rats were described in [20]. To create DAT-Cre rats,
a pair of ZFNs targeting close to the translational stop codon was first validated with the fol-
lowing target sequence: 5’agctgcgtcactggctgttgctgtaaagtggaaggagacagct3’. To construct the
donor, two 800 bp of sequences immediately flanking the ZFN cleavage site were PCR-ampli-
fied from genomic DNA and cloned into pBS vector into KpnI and SacII sites. The IRES-Cre
cassette was then inserted into NotI and AseI sites between homology arms. The whole con-
struct was sequence confirmed. Sprague Dawley rats were co-injected with ZFN mRNA (10 ng/
ul) and donor (1 ng/ul, supercoiled plasmid).

We have tried to create two reporter for analyzing Cre activity. In one reporter line, SageR,
we site-specifically inserted a floxed stop TurboGFP cassette to the Rosa26 locus in the rat. A
pair of ZFNs were validated to target the following sequence with high efficiency: 5’agactc-
cagttgcagatcacgagggaagaagggggaagg3’. To construct the donor, we first cloned two 800 bp
homology arms flanking the target site into the pBluescript vector between the KpnI and SacII,
and then inserted a cassette containing the human PGK promoter, loxP-3x SV40 poly A-loxP,
turbo GFP (Evrogen) and BGH poly A signal, into BamHI and NheI sites between the homol-
ogy arms. The resulting donor plasmid, named as SAGE-R (stands for SAGE reporter) was
treated with recombinant Cre protein in vitro to excise 3x pA between the loxP sites, resulting
Rosa GFP donor, which was transfected into rat C6 cells to confirm the Turbo GFP expression.
SAGE-R reporter line was created by coinjecting Rosa26 ZFN mRNA (10 ng/ul) and SAGE-R
donor (1 ng/ul, supercoiled plasmid) into single cell embryos of Sprague Dawley rats. Unfortu-
nately, although robust expression of TurboGFP could be observed in cell culture, no live Tur-
boGFP signal could be detected in SageR rat after Cre-mediated stop cassette excision due to
unknown reasons (data now shown). Another reporter line, Rosa tdTomato (Rosa Tom), was
created witih CRISPR/Cas9 technology and worked as expected. The details of its creation and
characterization will be described in details in a different manuscript.
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Immunohistostaining
Immunohistostaining was performed as described in [39] with modifications. Briefly, adult
rats were anesthetized with KAX (86.9 mg/ml Ketamine, 0.43 mg/ml Acepromazine and 5.22
mg/ml Xylazine) at a dosage of 1 μl/gram body weight through intraperitoneal injection and
then perfused with 10% neutral buffered formalin (NBF) (Sigma-Aldrich). Brains were dis-
sected and post-fixed in 10% NBF overnight, thoroughly washed and soaked in 30% sucrose in
1XPBS until they sank. They were then embedded into Optimal Cutting Temperature com-
pound (Tissue-Tek) and cut into 8μm thick frozen sections. Before incubated with primary
antibodies, brain sections were permeabilized with 0.1% Triton X-100 in 1XPBS at room tem-
perature for 20 minutes and blocked in Blocking buffer (3% BSA, 0.1% tween in 1XPBS) for 1
hour. Antibody incubation was performed at 4°C overnight. Mouse anti-tyrosine hydroxylase
(clone LNC1, Millipore) monoclonal antibody was used at 1:400. Following washing steps with
1XPBS, Alexa Fluor 488 or Cy3-conjugated anti-mouse secondary antibody (Jackson Immu-
noResearch) was used to detect the signal of the primary antibody. For Rosa Tom reporter, the
live tdTomato signal was acquired with Cy3 filter. At least three animals from each genotype
were analyzed.

In situ hybridization
In situ hybridization was essentially performed as described in [40], however, fluorescence-,
instead of chromogenic-, based signal detection method was used to ease the co-localization
study. Briefly, frozen brain sections were prepared in a similar way as those in the immunohis-
tostaining method, except that caution was taken to avoid RNase-contamination. After diges-
tion with proteinase K to facilitate probe penetration, inactivation of endogeneous peroxidase
activity with 3% H2O2 and treatment with acetylatioin solution to reduce non-specific hybrid-
ization, sections were then blocked with hybridization solution (10mM Tris, pH7.5; 0.6M
NaCl; 1mM EDTA, pH 8.0; 0.25% SDS; 1XDenhardt’s; 0.2mg/ml yeast tRNA; 50% formam-
ide), followed by hybridization with denatured probes at 65°C overnight. For single probe in
situ hybridization, including the ones that are combined with immunostaining, probes were
labeled with Digoxigenin-11-UTP (Roche Applied Science) with MaxiScript in vitro Transcrip-
tion Kit (Ambion). After stringent wash, probes were detected with horseradish peroxidase-
conjugated anti-Digoxigenin antibody followed by TSA Plus Cyanine 3 or Fluorescein System
(PerkinElmer). For experiments with a combination of in situ hybridization and immunostain-
ing, mouse anti-Th antibody was included when the sections were incubated with horseradish
peroxidase-conjugated anti-Digoxigenin antibody after probe hybridization and Cyanine 3
conjugated-anti-mouse secondary antibody was used for the signal detection (S1A Fig).

For double probe in situ hybridization, one probe is labeled with Digoxigenin-11-UTP and
the other with Fluorescein-12-UTP (Roche Applied Science) (S1B Fig). Whereas both probes
were hybridized in the same step to their targets in the sections, the signals were detected
sequentially. Since the signal from Fluorescein labeled probe is generally weaker, this was
detected first with two rounds of amplification: after stringent wash to remove extra non-
hybridized probes, sections were incubated with peroxidase-conjugated anti-fluorescein anti-
body (Roche Applied Science), which, upon incubation with TSA Plus Fluorescein substrate in
the next step, catalyzes the deposition of fluorescein; and in the second round of signal amplifi-
cation steps that follow, the newly formed fluorescein was again detected with peroxidase-con-
jugated anti-fluorescein antibody, which subsequent catalyzes the deposition of more
fluorescein when TSA Plus Fluorescein substrate is present. Before the signal from the Digoxi-
genin-labeled probe was detected, sections were treated with 3% H2O2 in 1XPBS for 30 min-
utes. Similar to the detection of the signal from Fluorescein-labeled probe, the signal from
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Digoxigenin-labeled probe was then detected by incubating sections with peroxidase-conju-
gated anti-Digoxigenin antibody and TSA Plus Cyanine 3 substrate (PerkinElmer). Impor-
tantly, control sections either without peroxidase-conjugated anti-Digoxigenin antibody or
without Digoxigenin-labeled probe were included to ensure the complete elimination of perox-
idase activity derived from anti-fluorescein antibody that was used to detect the Fluorescein-
labeled probe. At least three animals from each genotype were analyzed.

Image capture and processing
Images were captured with ApoTome Microscope (Zeiss) and processed with Image J, Adobe
Photoshop CS2 and Canvas X.

Laser-assisted microdissection
Laser-assisted microdissection was performed as described in [41]. Briefly, brains were dis-
sected from euthanized rats and freshly frozen on dry ice. 30μm sections were cut with Leica
Cryostat, treated with serial ethanol (100%, 95%, 75%, 50%), stained with Toluidine blue and
dehydrated with serial ethanol (50%, 75%, 95%, 100%) and xylene substitute. Microdissection
was performed with Leica LMD6000 Laser Microdissection System. Microdissected samples
were lysed with QuickExtract DNA Extraction Solution (Epicentre) for PCR analysis.

Genotyping and PCR excision analysis
Th-Cre, conditional Crhr1, Grin1 rats were genotyped as described in [20]. The following
primers are used for genotyping: DAT 3’F3 (5’ATACCGGAGATCATGCAAGC3’) and DAT
3’R2 (5’GAGCAGGTGTCCAGAAAGGTG3’) for DAT-Cre, expected size around 1kb;
Rosa900 5’F (5’GAGAAGGGAGCGGAAAAGTC3’) and RosaGFP 5’R (5’CGGACGTGAA
GAATGTGCGAG3’) for SageR genotyping, expected size 1030bp; To assess the excision status
of the SageR locus, the following primers were used for PCR: SageR EX-1F (5’ GTGTTCCGCA
TTCTGCAAGC3’) and SageR EX-1R (5’ gtgatgcggcactcgatctc3’). Such primer pair yields a
245bp band for excised allele and a 665bp band for non-excised allele. To assess the excision
status of the Crhr1 allele, two different PCR reactions were performed: one with primers Crhr1
int3 out-F (5’ AGACCCCTAGAGAGGTTTCTGTCTGC3’) and Crhr1 int3 out-R(5’TTCTC
TTTGGAACTACTGGGTGAGC3’) that will amplify the un-excised floxed or wild type allele;
another with primers Crhr1 ex-2F (5’ tgaaggtgtggtaggtcatc3’) and Crhr1 ex-2R (5’ catctgtggag
ctgatgctg3’) that will amplify the excised allele.

Supporting Information
S1 Fig. Flow charts for combined of FISH and IHC (A) or double probe FISH (B). Note that
two rounds of tyramide signal amplification (TSA) were employed to enhance sensitivity in B.
Ab, antibody; Cy3, Cyanine 3; DIG, Digoxigenin; FITC, fluorescein; POD, peroxidase.
(TIF)

S2 Fig. The expression pattern of Cre recombinase in the olfactory bulb and locus coeru-
leus. Double staining with Th antibody (red) and cre anti-sense probe (green) revealed their
co-localization in the olfactory bulb (C-C”) and locus coeruleus (D-D”). OB, olfactory bulb;
LC, locus coeruleus; S probe, sense probe; AS probe, anti-sense probe.
(TIF)

S3 Fig. TdTomato labels some Th negative cells in the brain of Th-cre, Rosa Tom rats. (A)
In addition to Th positive neurons, some Th negtive cells in the olfactory bulb are also labeled
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(Anterior is on the left). A few other Th negative cells were also observed in some other brain
areas, including cerebral cortex (B) and hypothalamus (C), but not in the dentate gyrus (D).
(TIF)

S4 Fig. TdTomato labels a few Th negative cells in some other organs in adult Th-cre, Rosa
Tom rats. No tdTomato labeled cells were found in any adult organs of RosaTom rat (A-E),
confirming that there is no leakage expression of tdTomato reporter in the absence of Cre
activity. In contrast, a few tdTomato labeled cells could be observed in some adult organs of
Th-Cre, RosaTom rats, including kidney (G and H), heart (I), liver (J and K) and thymus (L).
No labeled cells could be observed in the spleen (F). It is unclear whether the labeling reflects
ectopic Cre expression or historic transient expression of Th gene.
(TIF)

S5 Fig. Schematic of IRES-Cre insertion into the DAT locus. Top panel shows the wild type
DAT locus and the bottom panel, with IRES-Cre inserted immediately after the translational
stop codon of DAT gene.
(TIF)

S6 Fig. Th-cre must be expressed in female germ cells before the end of meiosis 1. Th-cre is
located on chromosome 7 whereas Crhr1 gene is on chromosome 17. And for simplicity, only
these two pairs of chromosomes are shown and different colors stand for different parental ori-
gin of each pair of homologous chromosome. Red oval on chromosome 7 represents Th-cre
allele whereas paired triangle on chromosome 17 represents floxed Crhr1 allele. Single triangle
represents single LoxP site after Cre-mediated excision. In the interphase G1, the primordial
cells have one pair of chromosome 7 and one pair of chromosome 17. After the cells enter mei-
osis I and underwent chromosome duplication, each chromosome has two chromatids and
homologous chromosomes pairs, which is followed by crossing over (which is not shown in
the diagram for simplicity). After meiosis I, each daughter cell have random combination of
chromosome 7 and 17. In another word, some cells may have both Cre and floxed Crhr1
whereas some may have only cre (and wild type Crhr1) and yet some only floxed crhr1 (and
wild type Th). If the expression of Cre does not occur before the end of meiosis I, then there is
no way for cells that have only floxed Crhr1 (and wild type Th allele) to have excise Crhr1
allele; and only cells that inherit both Cre and floxed Crhr1 could possibly have the floxed
Crhr1 excised at a later stage (Scenario B). In contrast, if the expression of Cre occurs before
the end of meiosis I, then the excision of the floxed Crhr1 allele could occur before the end of
meiosis I. Therefore the presence of excised Crhr1 allele is independent of the Th-cre allele, i.e.,
even cells without Cre could have excised Crhr1 allele (Scenario A), which is exactly what we
have observed. A possible variation to scenario A is that Cre is expressed right before the end
of meiosis I and cells that do not inherit Th-cre-bearing chromosome could still obtain Cre
protein and excision could occur after meiosis I.
(TIF)
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