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In Brief

Luo et al. report variable rates of germline

recombination in commonly used mouse

Cre driver lines, influenced by sex of Cre-

carrying parents and target loci.
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SUMMARY

The Cre-loxP system is invaluable for spatial and
temporal control of gene knockout, knockin, and re-
porter expression in the mouse nervous system.
However, we report varying probabilities of unex-
pected germline recombination in distinct Cre driver
lines designed for nervous system-specific recombi-
nation. Selective maternal or paternal germline
recombination is showcased with sample Cre lines.
Collated data reveal germline recombination in over
half of 64 commonly used Cre driver lines, in most
cases with a parental sex bias related to Cre expres-
sion in sperm or oocytes. Slight differences among
Cre driver lines utilizing common transcriptional con-
trol elements affect germline recombination rates.
Specific target loci demonstrated differential recom-
bination; thus, reporters are not reliable proxies for
another locus of interest. Similar principles apply to
other recombinase systems and other genetically
targeted organisms. We hereby draw attention to
the prevalence of germline recombination and pro-
vide guidelines to inform future research for the
neuroscience and broader molecular genetics
communities.

INTRODUCTION

Advances in modern neuroscience research rely on genetically

targeted animal models incorporating site-specific recombinase

technology to achieve gene manipulations in a spatially and

temporally controlled manner. Among all genetic tools, the

Cre-loxP system has arguably been the most frequently used

approach since its first discovery in bacteriophage P1 (Sternberg
Neuron 106, 1–29, April 8, 2020 ª 2020 Elsevier Inc. 1
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and Hamilton, 1981) and development for genetic manipulations

in mammalian cells (Sauer and Henderson, 1988) and in trans-

genic mice (Gu et al., 1994; Tsien et al., 1996a). Cre recombinase

recognizes 34 base pair loxP sites, mediating deletion of DNA

fragments between two loxP sites of the same orientation, or flip-

ping of DNA fragments between two inverted loxP sites. Manip-

ulation of genetic material flanked by loxP sites, in floxed genes,

has been facilitated by the large-scale generation of mouse Cre

driver lines with diverse expression patterns in the nervous sys-

tem and mice with floxed target genes and reporters (Daigle

et al., 2018; Gerfen et al., 2013; Gondo, 2008; Taniguchi et al.,

2011). Thus, the Cre-loxP system has become a mainstay for

conditional gene knockout (KO), knockin (KI), and reporter

gene expression in mice, and recently in rats (B€ack et al.,

2019; Witten et al., 2011). However, several caveats have been

noted, including Cre-mediated toxicity and metabolic pheno-

types due to illegitimate recombination, mosaic and/or inconsis-

tent recombination activity, genetic background effects, and un-

expected expression of Cre in undesirable cell types (Gil-Sanz

et al., 2015; Harno et al., 2013; Heffner et al., 2012; Murray
2 Neuron 106, 1–29, April 8, 2020
et al., 2012; Schmidt et al., 2000; Tachibana et al., 2018; Wojcin-

ski et al., 2019).

A particularly under-appreciated and limiting caveat in terms

of major undesirable consequences is unintentional germline

recombination. When Cre expression and associated recombi-

nase activity occur in germline cells, the Cre-mediated excision

of the floxed allele will occur in all cells instead of in the intended

region- and cell-type-specific pattern. A recent review describes

how unexpected germline recombination could happen and how

to detect such events (Song and Palmiter, 2018), but information

about affected Cre driver lines has been scarce, with only a few

sporadic reports (Choi et al., 2014; Kobayashi and Hensch,

2013; Liput, 2018; Zhang et al., 2013). Awareness of potential

germline recombination in Cre driver lines designed to be ner-

vous system specific is essential for correct genotyping and

data interpretation. Furthermore, information about parental

sex effects on germline recombination and comparisons among

related Cre driver lines could guide optimal breeding schemes to

save researchers valuable time and resources. Yet, such ameta-

analysis has been lacking.
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In this report, we used two Cre lines, Dlx5/6-Cre and Gpr26-

Cre, expressing Cre recombinase in distinct neuronal popula-

tions, as examples to demonstrate undesirable germline recom-

bination occurring selectively in the female or male Cre-carrying

parents, respectively. To generate a more comprehensive

resource, we compiled information on germline recombination

frequencies from a total of 64 different Cre driver lines generally

used for nervous system-specific genetic manipulations. We

anticipate that our short report will serve as a collective resource

to guide the optimal usage of Cre driver lines.

RESULTS AND DISCUSSION

Maternal Germline Recombination in Dlx5/6-Cre
Driver Mice
The Dlx5/6-Cre line (Tg(dlx5a-cre)1Mekk) (Zerucha et al., 2000)

has been used in over 70 papers to specifically target forebrain

interneurons (Mouse Genome Informatics [MGI] database; Bult

et al., 2019). We combined this transgene with the Clstn3f/f

(B6-Clstn3tm1Amcr/J) allele (Pettem et al., 2013) and then crossed

Clstn3f/f; Dlx5/6-Cre withClstn3f/fmice to generate experimental

conditional KO animals. We genotyped the offspring with three

sets of primers: the first for the Clstn3 floxed and wild-type

(WT) alleles, the second for the Cre-recombinedClstn3KOallele,

and the third for Cre. We expected to observe only the Clstn3

floxed allele and no KO allele regardless of Cre. Yet, 88%

(73/83) of the offspring expressed a Clstn3 KO allele when the

female parent carried Cre, suggesting germline deletion. In

contrast, none of the 114 offspring we tested had the KO allele

when theCre recombinasewas transmitted from themale parent

(Figure 1A). Counting Cre-negative offspring to rule out any po-

tential direct effects of Cre in the offspring, all (54) offspring

from paternal Cre crosses were Clstn3f/f but 85.3% (29/34) of

the offspring frommaternal Cre crosses wereClstn3f/–. These re-

sults indicate that a high fraction of female mice carrying the

Dlx5/6-Cre and floxed genes apparently expressed Cre in the

germ cells resulting in maternal germline recombination and

that this unexpected germline deletion could be circumvented

by transmitting Cre strictly paternally.

To test whether this maternal germline recombination is floxed

locus specific, we crossed the Dlx5/6-Cre with an Ai32 reporter

line (B6;129S-Gt(ROSA)26Sor tm32(CAG-COP4*H134R/EYFP)Hze/J)

(Madisen et al., 2012). The Ai32 mouse line contains a LoxP-

stop-LoxP-EYFP-channelrhodopsin2 (ChR2) cassette at the
Figure 1. Dlx5/6-Cre Mice Show Maternal Germline Recombination

(A) Pedigree and sample genotyping results of Clstn3f/f crosses with Dlx5/6-Cre

Dlx5/6-Cre. F/F Cre– indicates Clstn3f/f without Cre. F/� Cre+ indicates Clstn3f

simplicity, but some of these mice may be F/� Cre+ and some may be F/F Cre+ g

genotyping). F/� Cre– indicates Clstn3f/– without Cre in which recombination h

numbers below genotypes indicate the total number of offspring obtained with t

(B) Representative genotyping results and numbers of offspring from Ai32Gt(ROS

indicates the CAG promoter and lox-stop-lox sequences before the transgene cha

the transgene after germline recombination by Cre resulting in global transgene ex

Cre–; 4, L-tg/+ and Cre+; 5, LSL-tg/+ and Cre+ (showing some mosaic recombin

(C–E) Tiled images of the hippocampus (C) and sample CA1 and CA3 regions (D) s

offspring from (B). (E) Higher-magnification images are shown for hippocampal CA

layer (DGm.l.), and dentate gyrus hilus regions. Note that the laser power used for

mice was only 15% of that for the rest. Scale bars, 500 mm (C), 100 mm (D), and

4 Neuron 106, 1–29, April 8, 2020
Rosa 26 locus. To distinguish the reporter allele before and after

recombination, we designed a primer set targeting the loxP-

stop-loxP-EYFP region, with the forward primer annealing to the

stop cassette that would be deleted by Cre recombinase. Thus,

PCR product with these primers is present in the tail tissue of

transgenic mice without Cre-dependent recombination

(‘‘LSL-tg’’ in Figure 1B) and absent in micewith germline recombi-

nation (‘‘L-tg’’ in Figure 1B). When femaleRosaLSL-tg/+; Dlx5/6-Cre

micewere crossed withmaleWTmice, 46.2% (18/39) of offspring

with the transgene had a recombined L-tg allele instead of the

original LSL-tg, indicatinggermlineCre-recombination (Figure1B).

In contrast, no recombined allele was detected when male

RosaLSL-tg/+; Dlx5/6-Cre mice were crossed with female WT

mice (0/33 offspringwith the transgene). This germline recombina-

tion activity in female but notmale germcells is consistentwith the

finding from theClstn3f/f crosses.However, the recombination fre-

quencies differed (33.3% for RosaLSL-tg and 85.3% for Clstn3f per

target allele for Cre-negative mice, assuming no recombination in

the zygote, which was verified as discussed below).

To support the PCR results with Dlx5/6-Cre and the Ai32 re-

porter, we assessed germline versus forebrain interneuron-spe-

cific Cre recombination by fluorescence imaging for the

Cre-dependent expression of EYFP-ChR2; Figures 1C–1E).

RosaLSL-tg/+ mice showed no EYFP signal above background

levels. RosaLSL-tg/+; Dlx5/6-Cre mice showed a pattern of EYFP-

ChR2 consistent with expression in axons and dendrites of inter-

neurons, as expected. For example, the signal was strong in the

hippocampal CA1 and CA3 stratum pyramidale regions that are

rich in inhibitory inputs but weak in the CA3 stratum lucidum that

is rich in excitatory synapses. The germline-recombined

RosaL-tg/+ ; Dlx5/6-Cre offspring showed a broad EYFP-ChR2

expression pattern spanning all brain regions, consistent with

expression in all cell types, neurons, glia cells, and blood vessels

(Figures 1C–1E). Note that the excitation laser power for the

EYFP channel used to image the germline Cre-recombined

RosaL-tg/+; Dlx5/6-Cre mouse hippocampus was only 15% of

that for the other two genotypes in Figures 1C–1E. Cre-negative

RosaL-tg/+mice showed the same phenotype as RosaL-tg/+; Dlx5/

6-Cre (data not shown).

Mosaic Cre Expression in Genotyping Tissue
Of note, the presence of Cre-recombined alleles in the tissue

used for PCR genotyping could be due to limited Cre expression

and recombination in peripheral nerve or non-neural cell types in
transmitted from either the male or female parent. F/F Cre+ indicates Clstn3f/f;
/–; Dlx5/6-Cre in which recombination has occurred (this labeling is used for

enotypes because mosaic recombination was observed in tail tissue used for

as occurred. P and N indicate controls (multiple mice were used for P). The

hat genotype.

A)26Sortm32(CAG-COP4*H134R/EYFP)Hze/J reporter and Dlx5/6-Cre crosses. LSL-tg

nnelrhodopsin-2(H134R)-EYFP (CHR2-EYFP) on theRosa locus. L-tg indicates

pression. Genotypes of the animals are 1, +/+ and Cre–; 2 and 3, LSL-tg/+ and

ation); 6, L-tg/+ and Cre–; 7, +/+ and Cre+.

howing CHR2-EYFP transgene expression and DAPI nuclear stain for selected

1 stratumpyramidale (s.p.), CA3 stratum lucidum (s.l.), dentate gyrusmolecular

the EYFP channel in the far right panel for images fromRosa26L-tg/+;Dlx5/6-Cre

20 mm (E).
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the genotyping tissue rather than germline recombination. This

phenomenon typically involves mosaic rather than ubiquitous

recombination, as indicated by the presence of both intact

floxed and recombined products from one target allele. Such

mosaic recombination occurred in the tail tissue used for PCR

genotyping of Ai32 RosaLSL-tg/+ ; Dlx5/6-Cre mice. For example,

in Figure 1B, lane 5 shows bands for both the recombinedRosaL-

tg/+and the non-recombined RosaLSL-tg/+ forms for a single

RosaLSL-tg locus, indicating a mouse genotype of RosaLSL-tg/+

with some local recombination. Such mosaic recombination

was observed in 22/26RosaLSL-tg/+; Dlx5/6-Cre offspring whereas

no RosaLSL-tg/+ Cre-negative offspring (0/20) showed any recom-

binedRosaL-tg/+ product. Formicewith two target alleles, it can be

difficult based solely on PCR genotyping of the target locus to

distinguish germline ubiquitous recombination at one allele from

somatic mosaic recombination. A definitive approach to distin-

guish germline recombination from such local mosaic recombina-

tion is the detection of the recombined allele in Cre-negative

offspring. Another definitive approach is cellular resolution imag-

ing for the expression of RNA or protein products from both the

recombined and non-recombined loci. Additionally, germline

recombination is likely to display a parental sex bias, as was the

case for most lines reported here, whereas mosaic recombination

is typically independent of sex except in some situations involving

epigenetic modification.

The use of cells that developmentally diverge considerably

from nerve cells for PCR genotyping, such as blood cells, may

help distinguish between germline versus local recombination.

For example, in offspring from crossing female Emx1-

Cre;Wwp1f/f;Wwp2f/f with maleWwp1f/f;Wwp2f/f mice, recombi-

nation at Wwp2 alleles was observed in tail tissue of most Cre-

positive (14/15) but not Cre-negative (0/16) mice. PCR from

blood revealed no recombination in any offspring (0/14), alto-

gether indicating that the recombination observed in tail

tissue was due to mosaic rather than germline recombination.

However, this approach is not universally useful, as the

RosaLSL-tg/+; Dlx5/6-Cre mice showed mosaic recombination in

blood as well as in tail tissue.

Paternal Germline Recombination in Gpr26-Cre
Driver Mice
Given the experience with Dlx5/6-Cre and the recommendations

on the Jackson Labs website—‘‘For many cre strains, but not all,

using cre-positive males for breeding avoids potential germline
Figure 2. Gpr26-Cre Mice Show Paternal Germline Recombination

(A) Pedigree and sample genotyping results ofClstn3f/f crosses with Gpr26-Cre fro

Cre– indicates Clstn3f/f without Cre. F/� Cre+ indicates Clstn3f/–;Gpr26-Cre in whi

the absence of a KO band in tail tissue from Clstn3f/f;Gpr26-Cre mice (n = 46

recombination in the tissue used for genotyping and by transmission of the KO alle

has occurred. P and N indicate controls (multiple mice were used for P).

(B) Representative genotyping results and numbers of offspring from Ai32Gt(ROS

indicates the CAG promoter and lox-stop-lox sequences before the transgene cha

the transgene after germline recombination by Cre resulting in global transgene ex

and 4, L-tg/+ and Cre–; 5, LSL-tg/+ and Cre+; 6, +/+ and Cre–.

(C–E) Tiled images of the hippocampus and cortex (C) and sample CA1 and CA3

for selected offspring from (B). Higher-magnification images are shown for hippo

that the laser power used for the EYFP channel in the far right panel for images from

(D), and 20 mm (E).
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deletion of your loxP-flanked allele.’’ (https://www.jax.org/

news-and-insights/jax-blog/2016/may/are-your-cre-lox-mice-

deleting-what-you-think-they-are)—we adopted a general

breeding strategy of transmitting Cre recombinase paternally.

However, we found that Gpr26-Cre showed selective paternal

germline recombination.

Gpr26-Cre (Tg(Gpr26-cre)KO250Gsat/Mmucd) was gener-

ated by the GENSAT project (http://gensat.org/index.html) and

displays abundant expression in the hippocampal CA1 region

and sparse expression in other brain regions, including layer V

cortex and thalamus (Gerfen et al., 2013; Harris et al., 2014).

We chose this line for its specific expression in CA1 pyramidal

neurons (Figure 2), which actually turned out to be only in the

deep sublayer (near stratum oriens) but not the superficial sub-

layer of CA1 stratum pyramidale in our characterization (data

not shown; Figure 2C). In order to deleteClstn3 in the CA1 region

conditionally, we crossed Clstn3f/f; Gpr26-Cre and Clstn3f/fmice

and genotyped offspring by PCR. As shown by the presence of

KO PCR bands in Figure 2A, we observed Cre-mediated recom-

bination in the tail tissue when male Clstn3f/f; Gpr26-Cre were

crossed with femaleClstn3f/f but not vice versa. Further germline

transmission of this KO allele and the absence of local recombi-

nation in tail tissue confirmed selective paternal germline recom-

bination of floxed Clstn3.

To test whether selective paternal germline recombination

also occurs with another target floxed locus, we crossed

Gpr26-Cre mice with the Ai32 reporter line and assessed geno-

types of F2 progeny by PCR using tail tissue and by imaging of

EYFP-ChR2 in brain sections. When male RosaLSL-tg/+; Gpr26-

Cre mice were crossed with WT females, 27.6% (8/29) of the

offspring with the transgene had only a recombined allele

regardless of the presence of Cre, indicating germline recombi-

nation. In contrast, when Crewas transmitted through the female

parent, the loxP-stop-loxP sequences remained largely intact

(Figure 2B; no ubiquitous germline recombination was observed

but 2/17 RosaLSL-tg/+; Gpr26-Cre mice showed mosaic recombi-

nation in tail tissue). As expected, RosaLSL-tg/+mice showed no

EYFP signal above background levels and RosaLSL-tg/+; Gpr26-

Cre mice expressed EYFP-ChR2 prominently in the hippocam-

pal CA1 region with weak expression in the cortex (Figures

2C–2E). In contrast, for animals with germline recombination,

i.e., RosaL-tg/+ mice, EYFP-ChR2 was expressed globally. In

the hippocampus, RosaLSL-tg/+; Gpr26-Cre mice had strong

EYFP-ChR2 expression in the CA1 stratum radiatum and oriens
m either the male or female parent. F/F Cre+ indicates Clstn3f/f;Gpr26-Cre. F/F

ch recombination has occurred. This was confirmed to be germline deletion by

mice generated from maternal Cre crosses) indicating the absence of local

le to offspring. F/�Cre– indicates Clstn3f/– without Cre in which recombination

A)26Sortm32(CAG-COP4*H134R/EYFP)Hze/J reporter and Gpr26-Cre crosses. LSL-tg

nnelrhodopsin-2(H134R)-EYFP (CHR2-EYFP) on theRosa locus. L-tg indicates

pression. Genotypes of the animals are 1, LSL-tg/+ andCre–; 2, +/+ and Cre+; 3

regions (D) showing CHR2-EYFP transgene expression and DAPI nuclear stain

campal CA1 stratum pyramidale (s.p.) and CA3 stratum lucidum (s.l.) (E). Note

Rosatg/+micewas only 15%of that for the rest. Scale bars, 500 mm (C), 100 mm

https://www.jax.org/news-and-insights/jax-blog/2016/may/are-your-cre-lox-mice-deleting-what-you-think-they-are
https://www.jax.org/news-and-insights/jax-blog/2016/may/are-your-cre-lox-mice-deleting-what-you-think-they-are
https://www.jax.org/news-and-insights/jax-blog/2016/may/are-your-cre-lox-mice-deleting-what-you-think-they-are
http://gensat.org/index.html
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layers but not in CA3, while RosaL-tg/+ mice showed EYFP-ChR2

expression in both regions in a pattern consistent with expres-

sion in all cell types (Figures 2C–2E).

Germline Recombination in Mouse Cre Driver Lines
Designed for Cell-Type-Specific Expression
As significant germline recombination happened in both Dlx5/6-

Cre and Gpr26-Cre lines designed for recombination in specific

neuron types, we wondered about the prevalence of this phe-

nomenon in other Cre lines. To the best of our knowledge, there

are only a handful of papers focused on germline recombination

in Cre driver lines intended for nervous system-specific recombi-

nation (Kobayashi and Hensch, 2013; Liput, 2018; Weng et al.,

2008; Zhang et al., 2013) and several other papers that mention

this issue, typically in the methods (Table 1). Lines reported to

undergo significant germline recombination include the widely

used Nestin-Cre, GFAP-Cre, CaMKIIa-Cre, and Synapsin1-Cre

lines (Choi et al., 2014; Rempe et al., 2006; Zhang et al., 2013),

which collectively have been used in over 1,500 published pa-

pers according to the MGI database (Bult et al., 2019). Further-

more, in these data collected from the literature, most (9/10) of

the Cre driver lines tested showed a parental sex effect. We sus-

pect that these data represent the tip of an iceberg, as for the

majority of Cre driver lines information has not been readily avail-

able on either the extent of germline recombination or parental

sex bias.

A comprehensive resource of relevant information on Cre

driver lines could be invaluable to mitigate undesired germline

recombination by serving as a guide for choosing among similar

Cre lines and for designing optimal breeding schemes. We thus

pooled information to present new combined data on germline

recombination rates and parental sex effects for Cre driver lines

for neuroscience research. The collective data from all previously

published and unpublished sources are reported in Table 1.

Of the 64 Cre driver lines analyzed, over half (64.1%) exhibited

some germline recombination. The mosaic nature of germline

deletion for most of the Cre driver lines renders the genotype

of individual offspring to be unpredictable. Furthermore, of the

29 Cre driver lines for which sufficient information is available

on parental sex effects, the majority (82.8%) showed a sex

bias, with 62.1% demonstrating germline recombination solely

or selectively through themale parent and 20.1% solely or selec-

tively through the female parent. Only 17.2% showed nearly

equal rates of germline recombination in male and female

parents. These findings highlight the importance of assessing

potential germline recombination for every mouse and the value

of tracking parental sex bias toward optimizing breeding

schemes to minimize unwanted germline recombination.

Recombination in Germline Cells
As discussed in the introduction, Cre activity in the germline cells

of the ovary or testes mediates germline recombination. Rele-

vant to the Cre driver lines chosen as examples here, native

Gpr26 is expressed in the testes (Jones et al., 2007), consistent

with the selective paternal germline recombination of Gpr26-Cre.

However, native Dlx5 and Dlx6 are expressed in both the ovary

and testes (Bouhali et al., 2011; Nishida et al., 2008); yet, only

maternal germline recombination was observed for Dlx5/6-Cre.
Moreover, expression in the ovary or testes may not reflect

expression by germline cells, and the Cre driver lines may not

reproduce native expression patterns. Recent scRNA-seq data

frommale germline cells (Lukassen et al., 2018a, 2018b) circum-

vents the former limitation. Yet, even restricting analyses to KI

Cre driver lines, expression levels of the native driver genes at

these KI loci in male germline cells showed no apparent relation

to whether the Cre driver linemediated paternal germline recom-

bination (Figure S1). Circumventing the second limitation, that

Cre expression may not be adequately reflected by the native

driver gene expression, the Cre portal of the MGI database

(Bult et al., 2019; Heffner et al., 2012) reports Cre recombinase

activity patterns for many lines. For the majority (75%) of the

16 Cre driver lines with information about reproductive system

germline cell activity in the MGI database, the data were consis-

tent with our findings on germline recombination in Table 1. For 3

cases, germline cell Cre activity was reported but recombination

was not observed; for example, ChAT-Cre was positive for Cre

recombinase activity in oocytes (MGI) yet did not exhibit

maternal germline recombination at any of several target loci

(Table 1). Tg(Grik4-cre)G32-4Stl and Sst-IRES-Cre were listed

as negative for Cre recombinase activity in germline cells yet

showed some germline recombination, although for Sst-IRES-

Cre only at one of six target loci, thus consistent with the MGI

data for most target loci. Among the 30 other lines that showed

germline recombination in Table 1, the MGI database did not list

any as negative for Cre recombinase activity in germline cells,

although several were listed as negative either in the testes or

ovary. Thus, a conservative interpretation of the MGI database

Cre recombinase activity may be helpful to predict the occur-

rence of germline recombination. Basing predictions for germ-

line recombination at the majority of target loci on Cre activity

in germ cells yields good measures with precision 0.700, recall

0.875, accuracy 0.750, diagnostic odds ratio 11.67, and F1 score

0.778 (from 16 lines: 7 true positive, 5 true negative, 3 false pos-

itive, and 1 false negative).

In principle, one would expect mice expressing Cre recombi-

nase fused with the estrogen receptor (CreER) to lack germline

recombination unless they are exposed to tamoxifen to activate

the CreER. Indeed, of the 7 driver lines studied here that express

CreER or the improved version CreERT2 (Feil et al., 1997), 85.7%

did not show germline recombination. However, Tg(hs799-cre/

ERT2,-GFP)405Jlr showed maternal germline recombination in

the absence of tamoxifen administration (Table 1). This mouse

line exhibits some tamoxifen-independent activity of CreERT2,

possibly associated with high expression of the CreERT2 allele

(Silberberg et al., 2016). Such tamoxifen-independent activity

can also lead to an age-dependent increase in cell-specific

recombination; for example, untreated Tg(Plp1-cre/ERT)3Pop

mice showed increasing recombination in oligodendrocytes

with age (Traka et al., 2016). Thus, it is not safe to assume that

CreER driver lines lack germline recombination.

Recombination in Zygotes
Our data in Table 1 focus on germline recombination occurring

when the Cre driver and the target locus are together in the

male or female germline cells of F1 mice, resulting in the trans-

mission of a recombined allele to F2 mice. It is also possible
Neuron 106, 1–29, April 8, 2020 7



Table 1. Prevalence of Germline Recombination in Mouse Cre Driver Lines Designed for Nervous System-Specific Recombination

Cre line

Common

Name

Full Cre

Line Name/

Source

Target Gene/

Reporter

Breeding

Strategya

Germline

Recombination

Efficiency, Cre

from Fatherb

Germline

Recombination

Efficiency, Cre

from Motherb

Germline

Recombindation

Efficiency,

Parental

Sex Effects

Unknownb

Reference/

Associated

Publicationc Contributorsd

799-CreER-

IRES-GFP

Tg(hs799-cre/ERT2,-

GFP)405Jlr

Mafbtm1.1Good H 0 (from >20

litters)

observed

(from >20

litters)

– Pai et al., 2019;

Silberberg et al.,

2016

Emily Ling-Lin Pai,

John L.R. Rubenstein

Tg(hs799-cre/ERT2,-

GFP)405Jlr

Maftm2.1Cbm H 0 (from >20

litters)

observed

(from >20

litters)

– Pai et al., 2019;

Silberberg et al.,

2016

Emily Ling-Lin Pai,

John L.R. Rubenstein

Tg(hs799-cre/ERT2,-

GFP)405Jlr

Ai14e H 0 (from >20

litters)

observed

(from >20

litters)

– Pai et al., 2019;

Silberberg et al.,

2016

Emily Ling-Lin Pai,

John L.R. Rubenstein

A2a-Cre B6-Tg(Adora2a-Cre)

KG139GSat

Ai14e E or G 0 (from >3

years

breeding)

0 (from >3

years

breeding)

– – Kevin T. Beier

B6.FVB(Cg)-Tg

(Adora2a-cre)

KG139Gsat/

Mmucd/GENSAT

Gt(ROSA)

26Sortm2(CAG-tdTomato)Fawa

F 0 (0/15) ND – – Hisashi Umemori

Bhlhb5-Cre Bhlhe22tm3.1(cre)Meg Ai9e B 0 (from >10

litters)

0 (from >10

litters)

– – Wenjia You,

Constance L. Cepko

CaMKIIa-Cre Tg(Camk2a-cre)

159Kln

Fdft1tm1Kan C 16.2% (12/74) 6.3% (3/48) – F€unfschilling et al.,

2012; Minichiello

et al., 1999

Gesine Saher,

Klaus A. Nave

CaMKIIa-Cre Tg(Camk2a-cre)93Kln Gnao1 B 72.1% (31/43) ND – Choi et al., 2014 –

Tg(Camk2a-cre)93Kln B6;129S4-Gt(ROSA)

26Sortm1Sor/J

B 98.5% (64/65) ND – Choi et al., 2014 –

CaMKIIa-Cre B6.Cg-Tg(Camk2a-

cre)2Szi/J

Leprtm1.1Chua A observed 0 – McMinn et al.,

2005

–

B6.Cg-Tg(Camk2a-

cre)2Szi/J

Chat/Slc18a3tm1.2Vpra A or C observed ND – de Castro et al.,

2009

–

CaMKIIa-Cre

(T29-1)

Tg(Camk2a-cre)

T29-1Stl

Khdrbs3tm1.1Schei/J C 31.3% (5/16) 0% (0/7) – – Elisabetta Furlanis,

Lisa Traunm€uller,

Peter Scheiffele

Tg(Camk2a-cre)

T29-1Stl

Rpl22tm1.1Psam/J C 21.4% (6/28) 0% (0/21) – – Elisabetta Furlanis,

Lisa Traunm€uller,

Peter Scheiffele

Tg(Camk2a-cre)

T29-1Stl

Trpm7tm1Clph C 25.0% (33/132) ND – Liu et al., 2018b Cui Chen, Wei Li,

Nashat Abumaria

(Continued on next page)
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Table 1. Continued

Cre line

Common

Name

Full Cre

Line Name/

Source

Target Gene/

Reporter

Breeding

Strategya

Germline

Recombination

Efficiency, Cre

from Fatherb

Germline

Recombination

Efficiency, Cre

from Motherb

Germline

Recombindation

Efficiency,

Parental

Sex Effects

Unknownb

Reference/

Associated

Publicationc Contributorsd

Chat-Cre B6;129S6-

Chattm2(cre)Lowl/J

Megf10tm1c(KOMP)Jrs A or C 0 (from 16

litters)

0 (from 15

litters)

– Ray et al., 2018 Ariane Pereira,

Jeremy N. Kay

B6;129S6-

Chattm2(cre)Lowl/J

Tgfb3tm1Moaz A or C 0 (from 33

litters)

0 (from 35

litters)

– Ray et al., 2018 Ariane Pereira,

Jeremy N. Kay

B6;129S6-

Chattm2(cre)Lowl/J

ROSAmT/mG5 A or C 0 (from 17

litters)

0 (from 19

litters)

– Ray et al., 2018 Ariane Pereira,

Jeremy N. Kay

B6;129S6-

Chattm2(cre)Lowl/J

Ai14e A or C 0 (from 15

litters)

0 (from 9

litters)

– Ray et al., 2018 Ariane Pereira,

Jeremy N. Kay

Cux2-Cre B6.Cg-

Cux2tm2.1(cre)Mull

Ai9e B – – observed Gil-Sanz et al.,

2015

–

B6.Cg-

Cux2tm2.1(cre)Mull

Gt(ROSA)

26Sortm1(CAG-lacZ,-EGFP)Glh/J

B – – observed Gil-Sanz et al.,

2015

–

Cux2-CreERT2 B6.Cg-

Cux2tm3.1(cre/ERT2)Mull/

Mmmh

Rpl22tm1.1Psam/J B ND 0 (0/15) – – Susanne Falkner,

Peter Scheiffele

B6.Cg-

Cux2tm3.1(cre/ERT2)Mull/

Mmmh

Rpl22tm1.1Psam/J E 0 (0/23) 0 (0/23) – – Susanne Falkner,

Peter Scheiffele

CX3CR1-CreER Cx3cr1tm2.1(cre/ERT2)Litt/

WganJ

Syktm1.2Tara E 0 (from 32

litters)

0 (from 26 litters) – Puñal et al.,

2019

Ariane Pereira,

Jeremy N. Kay

Cx3cr1tm2.1(cre/ERT2)Litt/

WganJ

Gt(ROSA)

26Sortm1(HBEGF)Awai/J

A or C 0 (from 8

litters)

0 (from 6 litters) – Puñal et al.,

2019

Ariane Pereira,

Jeremy N. Kay

Cx3cr1tm2.1(cre/ERT2)Litt/

WganJ

Csf1rtm1.2Jwp/J A or C 0 (from 10

litters)

0 (from 8 litters) – Puñal et al.,

2019

Ariane Pereira,

Jeremy N. Kay

D2-Cre Tg(Drd2-cre)

ER44Gsat/

Mmucd

Chat/Slc18a3tm1.2Vpra C 0 (0/55) 0 (0/44) – Guzman et al.,

2011

Marco A.M. Prado,

Vania F. Prado

DAT-Cre Slc6a3tm1.1(cre)Bkmn/J Gria1tm2Rsp A or C 0 (from >3

years breeding)

ND – Hutchison

et al., 2018

Mary Anne

Hutchison, Wei Lu

Slc6a3tm1.1(cre)Bkmn/J Gria2tm3Rsp A or C 0 (from >3

years breeding)

ND – Hutchison

et al., 2018

Mary Anne

Hutchison, Wei Lu

Slc6a3tm1.1(cre)Bkmn/J Gria3tm1Rsp A or C 0 (from >3

years breeding)

ND – Hutchison

et al., 2018

Mary Anne

Hutchison, Wei Lu

Slc6a3tm1.1(cre)Bkmn/J Grin1tm2Stl A or C 0 (from >3

years breeding)

ND – Hutchison

et al., 2018

Mary Anne

Hutchison, Wei Lu

(Continued on next page)
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Table 1. Continued

Cre line

Common

Name

Full Cre

Line Name/

Source

Target Gene/

Reporter

Breeding

Strategya

Germline

Recombination

Efficiency, Cre

from Fatherb

Germline

Recombination

Efficiency, Cre

from Motherb

Germline

Recombindation

Efficiency,

Parental

Sex Effects

Unknownb

Reference/

Associated

Publicationc Contributorsd

Slc6a3tm1.1(cre)Bkmn/J Ai14e A or C 0 (from >3

years breeding)

ND – Hutchison et al.,

2018

Mary Anne

Hutchison, Wei Lu

B6.SJL-

SLc6a3tm1.1(cre)Bkmn/J

Ai14e E or G 0 (from >6 years

breeding)

0 (from >6 years

breeding)

– – Kevin T. Beier

B6.SJL-

SLc6a3tm1.1(cre)Bkmn/J

Gt(ROSA)

26Sortm2(CAG-tdTomato)Fawa

E, F 0 (0/26) 0 (0/15) – – Hisashi Umemori

B6.SJL-

SLc6a3tm1.1(cre)Bkmn/J

Rims1tm3Sud/J A or C 0 (from >1 year

of breeding)

0 (from >1 year

of breeding)

– Liu et al., 2018a Jiexin Wang,

Pascal S. Kaeser

B6.SJL-

SLc6a3tm1.1(cre)Bkmn/J

Rims2tm1.1Sud/J A or C 0 (from >1 year

of breeding)

0 (from >1 year

of breeding)

– Liu et al., 2018a Jiexin Wang,

Pascal S. Kaeser

B6.SJL-

SLc6a3tm1.1(cre)Bkmn/J

Ai34e A or C 0 (from >19

litters)

0 (from >14

litters)

– Liu et al., 2018a Jiexin Wang,

Pascal S. Kaeser

Dlx5/6-Cre B6-Tg(dlx5a-cre)

1Mekk/J

Prox1tm2Gco B 0 or less than

female

observed – Miyoshi et al.,

2015

–

B6-Tg(dlx5a-cre)

1Mekk/J

Clstn3tm1Amcr/J C 0 (0/52) 85.3% (29/34)

of Cre negative

offspring

– – Lin Luo, Ann

Marie Craig

B6-Tg(dlx5a-cre)

1Mekk/J

Ai32e B 0 (0/33) 33.3% (6/18)

of Cre negative

offspring

– – Lin Luo, Ann

Marie Craig

DlxI12B-Cre Tg(I12b–cre)1Jlr Mafbtm1.1Good H observed

(from >10

litters)

ND – Potter et al.,

2009

Emily Ling-Lin Pai,

John L.R. Rubenstein

Tg(I12b–cre)1Jlr Maftm2.1Cbm H observed

(from >10

litters)

ND – Potter et al.,

2009

Emily Ling-Lin Pai,

John L.R. Rubenstein

Tg(I12b–cre)1Jlr Ai14e H observed

(from >10

litters)

ND – Potter et al.,

2009

Emily Ling-Lin Pai,

John L.R. Rubenstein

Drd1-Cre B6-Tg(Drd1-Cre)

EY262GSat

Ai14e E or G 0 (from >3

years

breeding)

0 (from >3 years

breeding)

– – Kevin T. Beier

B6.FVB(Cg)-Tg(Drd1-

cre)EY262Gsat/Mmucd/

GENSAT

Gt(ROSA)

26Sortm2(CAG-tdTomato)Fawa

F 0 (0/20) ND – – Hisashi Umemori

(Continued on next page)
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Table 1. Continued

Cre line

Common

Name

Full Cre

Line Name/

Source

Target Gene/

Reporter

Breeding

Strategya

Germline

Recombination

Efficiency, Cre

from Fatherb

Germline

Recombination

Efficiency, Cre

from Motherb

Germline

Recombindation

Efficiency,

Parental

Sex Effects

Unknownb

Reference/

Associated

Publicationc Contributorsd

E3-CreN Grin2ctm2(icre)Mwa Cacna1atm1Kano C 41.2% (7/17)

of Cre negative

offspring

0 (0/20) – – Junko Motohashi,

Michisuke Yuzaki

Emx1-Cre Emx1tm1(cre)Ito B6.129(FVB)–

Gabra1tm1Geh/J

A 36% 36% – Zeller et al.,

2008

–

Emx1-Cre B6.129S2-

Emx1tm1(cre)Krj/J

Syngap1tm1.1Geno Not specified observed 0 or less than

male

– Ozkan et al.,

2014

–

B6.129S2-

Emx1tm1(cre)Krj/J

Ai93e Not specified – – observed Steinmetz et al.,

2017

–

B6.129S2-

Emx1tm1(cre)Krj/J

Wwp2tm1.1Hkb C 33.3% (4/12)

of Cre negative

offspring

0 (0/20) – Ambrozkiewicz

et al., 2018

Mateusz C.

Ambrozkiewicz,

Fritz Benseler, Nils

Brose, Hiroshi

Kawabe

B6.129S2-

Emx1tm1(cre)Krj/J

Rai1tm2.1Luo/J A 40.5% (64/158) ND – – Wei-Hsiang

Huang, Liqun Luo

En1-Cre En1tm2(cre)Wrst/J Chat/Slc18a3tm1.2Vpra A or C 54.6% (95/174

including 17 Cre

negative offspring)

36.2% (54/149

including 3 Cre

negative offspring)

– Janickova et al.,

2017

Marco A.M. Prado,

Vania F. Prado

Foxd1-Cre B6;129S4-

Foxd1tm1(GFP/cre)Amc/J

Ai9e B 0 (from >7 litters) 0 (from >7 litters) – – Wenjia You,

Constance L. Cepko

Foxg1-Cre 129(Cg)-

Foxg1tm1(cre)Skm/J

Gt(ROSA)26Sortm1Sor B 68.8% (11/16) ND – Weng et al.,

2008

–

Gad2-IRES-Cre B6.Cg-

Gad2tm2(cre)Zjh/J

stxbp1tm1Mver E or G – – �50% (from

>17 litters)

Kovacevic et al.,

2018

Matthijs Verhage

B6N.Cg-

Gad2tm2(cre)Zjh/J

Rai1tm2.1Luo/J A 0 (0/26) ND – – Wei-Hsiang Huang,

Liqun Luo

B6-Gad2tm2(cre)Zjh/J Ai14e E or G 0 (from >6 years

breeding)

0 (from >6 years

breeding)

– – Kevin T. Beier

GFAP-Cre Tg(GFAP-cre)25Mes Gja1tm1Kwi C 16.7% (7/42)

of Cre negative

offspring

50% (8/16) of Cre

negative offspring

– Zhang et al.,

2013

–

Tg(GFAP-cre)25Mes Epas1tm1Mcs/J A or C 50% (9/18) 42.9% (6/14) – – Ariane Pereira,

Jeremy N. Kay

GFAP-Cre B6.Cg-Tg(Gfap-cre)

77.6Mvs/2J

Slc16a1lox/lox C observed (100%

from a few litters)

<1% (from >35

litters)

– – Thomas Phillips,

Jeffrey Rothstein

(Continued on next page)
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Table 1. Continued

Cre line

Common

Name

Full Cre

Line Name/

Source

Target Gene/

Reporter

Breeding

Strategya

Germline

Recombination

Efficiency, Cre

from Fatherb

Germline

Recombination

Efficiency, Cre

from Motherb

Germline

Recombindation

Efficiency,

Parental

Sex Effects

Unknownb

Reference/

Associated

Publicationc Contributorsd

GLAST-CreERT2 Tg(Slc1a3-cre/ERT)

1Nat/J

Nlgn2tm1.1Sud/J A – – 0 (0/160) Stogsdill et al.,

2017

Jeff Stogsdill,

Cagla Eroglu

Tg(Slc1a3-cre/ERT)

1Nat/J

Gt(ROSA)

26Sortm14(CAG-tdTomato)Hze/J

A – – 0 (0/160) Stogsdill et al.,

2017

Jeff Stogsdill,

Cagla Eroglu

Gpr26-Cre B6-Tg(Gpr26-cre)

KO250Gsat/

Mmucd

Clstn3tm1Amcr/J C observed 0 (0/92) – – Lin Luo, Ann

Marie Craig

B6-Tg(Gpr26-cre)

KO250Gsat/

Mmucd

Ai32e B 27.6% (8/29

including 5

Cre negative

offspring)

0 (0/23) – – Lin Luo, Ann

Marie Craig

Grik4-Cre B6-Tg(Grik4-cre)

G32-4Stl/J

Khdrbs3tm1.1Schei/J E – – 37.5% (12/32) – Lisa Traunm€uller,

Andrea Gomez,

Peter Scheiffele

B6-Tg(Grik4-cre)

G32-4Stl/J

Khdrbs3tm1.1Schei/J C 0% (0/42) ND – – Lisa Traunm€uller,

Andrea Gomez,

Peter Scheiffele

B6-Tg(Grik4-cre)

G32-4Stl/J

Rpl22tm1.1Psam/J C 0% (0/10) ND – – Lisa Traunm€uller,

Andrea Gomez,

Peter Scheiffele

B6-Tg(Grik4-cre)

G32-4Stl/J

Fgf22tm1a(EUCOMM)Hmgu A, B, C, F, G – – 0 (0/16) Terauchi et al.,

2017

Hisashi Umemori

Grik4-Cre Grik4tm1(cre)Ksak Grin2btm1Ksak Not specified – – observed Akashi et al.,

2009

–

Grik4tm1(cre)Ksak Ai9e D 71.4% (5/7) of

Cre negative

offspring

48.3% (14/29)

of Cre negative

offspring

– – Yu Itoh-Maruoka,

Tomohiko Maruo,

Kenji Sakimura,

Kenji Mandai,

Yoshimi Takai

Grik4tm1(cre)Ksak Grik2tm1.1 Ksak C 95% (38/40) of

Cre negative

offspring

0 (0/31) – – Junko Motohashi,

Michisuke Yuzaki

Htr3a-Cre Tg(Htr3a-cre)

NO152Gsat/

Mmucd

Ai14e multiple – – �20%–50%

(from >60 litters)

– Kenneth Pelkey,

Chris J. McBain

Isl1-Cre Isl1tm1(cre)Sev/J Ptf1atm3Cvw A 0 (from 2 litters) 0 (from 2 litters) – – Ariane Pereira,

Jeremy N. Kay
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Table 1. Continued

Cre line

Common

Name

Full Cre

Line Name/

Source

Target Gene/

Reporter

Breeding

Strategya

Germline

Recombination

Efficiency, Cre

from Fatherb

Germline

Recombination

Efficiency, Cre

from Motherb

Germline

Recombindation

Efficiency,

Parental

Sex Effects

Unknownb

Reference/

Associated

Publicationc Contributorsd

Klf3-CreERT2 B6;129P-

Klf3tm1(cre/ERT2)Pzg/J

Ai9e B 0 (from >15

litters)

0 (from >15

litters)

– – Wenjia You,

Constance L. Cepko

Nestin-Cre Tg(Nes-cre)1Kln/J Gja1tm8Kwi Not specified – – 28.6% (4/14) of

Cre negative

offspring

Zhang et al.,

2013

–

Tg(Nes-cre)1Kln/J Ai34e B 12.5% (1/8) 20% (2/10) – – Jiexin Wang,

Pascal S. Kaeser

Tg(Nes-cre)1Kln/J Rai1tm2.1Luo/J A 79.1% (117/148) ND – Huang et al.,

2016, 2018

Wei-Hsiang

Huang, Liqun Luo

Nestin-Cre Tg(Nes-cre)1Atp Runx1tm1Buch D – – observed in

Cre negative

offspring

Buchholz et al.,

2000

–

Tg(Nes-cre)1Atp Fgf8tm1.3Mrt A �100% observed – Dubois et al.,

2006; Trumpp

et al., 1999

–

Tg(Nes-cre)1Atp Ntf3tm2Jae F �100% ND – Bates et al., 1999 –

Tg(Nes-cre)1Atp Smad4tm2.1Cxd A �100% 0 or less than

male

– Zhou et al., 2003 –

Tg(Nes-cre)1Atp Rb1tm3Tyj A �100% ND – MacPherson et al.,

2003

v

NEX-Cre Neurod6tm1(cre)Kan Wwp1tm1.1Hkb C 0 (0/30) 0 (0/30) – – Hiroshi Kawabe

Neurod6tm1(cre)Kan Wwp2tm1.1Hkb C 0 (0/30) 0 (0/30) – – Hiroshi Kawabe

Neurod6tm1(cre)Kan Gt(ROSA)26Sortm1Sor multiple 0 (from >5

litters)

0 (from >5

litters)

– Goebbels et al.,

2006

Sandra Goebbels,

Klaus A. Nave

Ngn2-CreER Neurog2tm1(cre/Esr1*)And Ai9e B 0 (from >25

litters)

0 (from >25

litters)

– – Wenjia You,

Constance L. Cepko

Nkx2.1-Cre C57BL/6J-Tg(Nkx2-

1-cre)2Sand/J

RCE:loxpe multiple – – �10%–30%

(from >60 litters)

– Kenneth Pelkey,

Chris J. McBain

C57BL/6J-Tg(Nkx2-1-

cre)2Sand/J

Ai14e multiple – – �10%–30%

(from >60 litters)

– Kenneth Pelkey,

Chris J. McBain

C57BL/6J-Tg(Nkx2-1-

cre)2Sand/J

Chat/Slc18a3tm1.2Vpra C 5.4% (12/224) 12.5% (24/192

including 5

Cre negative

offspring)

– Kolisnyk et al.,

2017

Marco A.M. Prado,

Vania F. Prado

B6.CD1-Tg(Nkx2-1-

cre)2Sand

Mafbtm1.1Good H observed

(from >100

litters)

observed

(from >100

litters)

– Pai et al., 2019 Emily Ling-Lin Pai,

John L.R. Rubenstein

(Continued on next page)
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Table 1. Continued

Cre line

Common

Name

Full Cre

Line Name/

Source

Target Gene/

Reporter

Breeding

Strategya

Germline

Recombination

Efficiency, Cre

from Fatherb

Germline

Recombination

Efficiency, Cre

from Motherb

Germline

Recombindation

Efficiency,

Parental

Sex Effects

Unknownb

Reference/

Associated

Publicationc Contributorsd

B6.CD1-Tg(Nkx2-1-

cre)2Sand

Maftm2.1Cbm H observed

(from >100

litters)

observed

(from >100

litters)

– Pai et al., 2019 Emily Ling-Lin Pai,

John L.R. Rubenstein

B6.CD1-Tg(Nkx2-1-

cre)2Sand

Ai14e H observed

(from >100

litters)

observed

(from >100

litters)

– Pai et al., 2019 Emily Ling-Lin Pai,

John L.R. Rubenstein

Ntsr1-Cre B6.FVB(Cg)-

Tg(Ntsr1-cre)

GN220Gsat/Mmucd

Ai93e Not specified – – observed Steinmetz et al.,

2017

–

B6.Cg-Tg(Ntsr1-cre)

GN220Gsat/Mmucd

Rpl22tm1.1Psam/J C ND 0 (0/21) – – Susanne Falkner,

Peter Scheiffele

B6.Cg-Tg(Ntsr1-cre)

GN220Gsat/Mmucd

Rpl22tm1.1Psam/J E – – 8.1% (3/37) – Susanne Falkner,

Peter Scheiffele

Nos1-Cre Nos1tm1(cre)Mgmj Leprtm1.1Chua C ND observed – Rupp et al.,

2018

–

Pcp2/L7-Cre B6.129-Tg(Pcp2-cre)

2Mpin/J

Tsc1tm1.1Djk A or E – – �5% Tsai et al.,

2012

–

B6.129-Tg(Pcp2-cre)

2Mpin/J

Adgrb3tm1Ksak C 84% (63/75) of

Cre negative

offspring

0 (0/90) – Kakegawa

et al., 2015

Junko Motohashi,

Michisuke Yuzaki

B6.129-Tg(Pcp2-cre)

2Mpin/J

Atgtm1Myok C 14.3% (3/21) of

Cre negative

offspring

0 (0/50) – Nishiyama

et al., 2007

Junko Motohashi,

Michisuke Yuzaki

B6.129-Tg(Pcp2-cre)

2Mpin/J

PhotonSABER-LSL C 69% (58/84) of

Cre negative

offspring

0 (0/256) – Kakegawa

et al., 2018

Junko Motohashi,

Michisuke Yuzaki

Pcp2/L7-Cre B6.129-Pcp2tm1(cre)Nobs Rpl22tm1.1Psam/J C 0 (0/11) ND – – Elisabetta Furlanis,

Peter Scheiffele

B6.129-Pcp2tm1(cre)Nobs Rpl22tm1.1Psam/J G 0 (0/4) 0 (0/4) – – Elisabetta Furlanis,

Peter Scheiffele

Pou4f2-Cre Pou4f2tm1(cre)Bnt/J Ai9e B �100% 0 – Simmons

et al., 2016

–

Pvalb-2A-Cre B6.Cg-

Pvalbtm1.1(cre)Aibs/J

B6.129S4-

Clocktm1Rep/J

F 50% (24/48) <5% – Kobayashi and

Hensch, 2013

–

Pvalb-IRES-Cre B6.129P2-

Pvalbtm1(cre)Arbr/J

Khdrbs3tm1.1Schei/J D ND 0 (0/23) – – Elisabetta Furlanis,

Lisa Traunm€uller,

Peter Scheiffele

(Continued on next page)
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Table 1. Continued

Cre line

Common

Name

Full Cre

Line Name/

Source

Target Gene/

Reporter

Breeding

Strategya

Germline

Recombination

Efficiency, Cre

from Fatherb

Germline

Recombination

Efficiency, Cre

from Motherb

Germline

Recombindation

Efficiency,

Parental

Sex Effects

Unknownb

Reference/

Associated

Publicationc Contributorsd

B6.129P2-

Pvalbtm1(cre)Arbr/J

Rpl22tm1.1Psam/J A ND 0 (0/19) – – Elisabetta Furlanis,

Lisa Traunm€uller,

Peter Scheiffele

B6.129P2-

Pvalbtm1(cre)Arbr/J

Rpl22tm1.1Psam/J B 0 (0/24) ND – – Elisabetta Furlanis,

Lisa Traunm€uller,

Peter Scheiffele

B6.129P2-

Pvalbtm1(cre)Arbr/J

Rpl22tm1.1Psam/J F 0 (0/11) ND – – Elisabetta Furlanis,

Lisa Traunm€uller,

Peter Scheiffele

B6.129P2-

Pvalbtm1(cre)Arbr/J

Rpl22tm1.1Psam/J E 0 (0/16) 0 (0/16) – – Elisabetta Furlanis,

Lisa Traunm€uller,

Peter Scheiffele

B6.129P2-

Pvalbtm1(cre)Arbr/J

Rpl22tm1.1Psam/J G 0 (0/3) 0 (0/3) – – Elisabetta Furlanis,

Lisa Traunm€uller,

Peter Scheiffele

B6.129P2-

Pvalbtm1(cre)Arbr/J

Trpm7tm1Clph C 0 (0/57) ND – – Cui Chen, Wei Li,

Nashat Abumaria

Rbp4-Cre Tg(Rbp4-cre)

KL100Gsat/

Mmucd

Ai93e Not specified – – observed Steinmetz

et al., 2017

–

B6.Cg-Tg(Rbp4-cre)

KL100Gsat/Mmucd

Rpl22tm1.1Psam/J E 0 (0/14) 0 (0/14) – – Susanne Falkner,

Peter Scheiffele

B6.Cg-Tg(Rbp4-cre)

KL100Gsat/Mmucd

Rpl22tm1.1Psam/J B ND 0 (0/16) – – Susanne Falkner,

Peter Scheiffele

B6.FVB(Cg)-Tg(Rbp4-

cre)KL100Gsat/Mmucd/

GENSAT

Gt(ROSA)

26Sortm2(CAG-tdTomato)Fawa

F 26.7% (4/15) ND – – Naosuke Hoshina,

Hisashi Umemori

Rgs9-Cre Rgs9tm1(cre)Yql Cnr1tm1.2Ltz Not specified – – observed Davis et al.,

2018

–

Rgs9tm1(cre)Yql B6.Cg-

Rem2tm3551(T2A-mkate2)Arte

A 7.6% 55.1% – Liput, 2018 –

Rorb-Cre B6.129S-

Rorbtm1.1(cre)Hze/J

Ai93e Not specified – – observed Steinmetz

et al., 2017

–

B6.129S-

Rorbtm1.1(cre)Hze/J

Rpl22tm1.1Psam/J E 0 (0/17) 0 (0/17) – – Susanne Falkner,

Peter Scheiffele

B6.129S-

Rorbtm1.1(cre)Hze/J

Rpl22tm1.1Psam/J G 0 (0/22) 0 (0/22) – – Susanne Falkner,

Peter Scheiffele

(Continued on next page)
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Table 1. Continued

Cre line

Common

Name

Full Cre

Line Name/

Source

Target Gene/

Reporter

Breeding

Strategya

Germline

Recombination

Efficiency, Cre

from Fatherb

Germline

Recombination

Efficiency, Cre

from Motherb

Germline

Recombindation

Efficiency,

Parental

Sex Effects

Unknownb

Reference/

Associated

Publicationc Contributorsd

B6.129S-

Rorbtm1.1(cre)Hze/J

Rpl22tm1.1Psam/J C ND 0 (0/20) – – Susanne Falkner,

Peter Scheiffele

Scnn1a-Cre B6;C3-Tg(Scnn1a-

cre)2Aibs/J

Rpl22tm1.1Psam/J A 0 (0/17) ND – – Elisabetta Furlanis,

Peter Scheiffele

B6;C3-Tg(Scnn1a-

cre)2Aibs/J

Rpl22tm1.1Psam/J C 0 (0/17) ND – – Elisabetta Furlanis,

Peter Scheiffele

Scx-Cre Tg(Scx-GFP/cre)1Stzr Ai9e B 0 (from >10

litters)

0 (from >10

litters)

– – Wenjia You,

Constance

L. Cepko

SERT-Cre B6.129(Cg)-

Slc6a4tm1(cre)Xz/J

Leprtm1.1Chua C – – �100% Lam et al., 2011 –

B6.129(Cg)-

Slc6a4tm1(cre)Xz/J

Stxbp1tm1Mver A observed

(from >20

litters)

observed

(from >20

litters)

– Dudok et al.,

2011

Matthijs Verhage

Sim1-Cre Tg(Sim1-cre)1Lowl/J Rai1tm2.1Luo/J A 0 (0/95) ND – – Wei-Hsiang Huang,

Liqun Luo

Six3-Cre Tg(Six3-cre)69Frty/

GcoJ

Isl1tm1.1Whk A 1/1 2/3 – Ray et al., 2018 Ariane Pereira,

Jeremy N. Kay

Tg(Six3-cre)69Frty/

GcoJ

Syktm1.2Tara A 1/1 1/2 – Ray et al., 2018 Ariane Pereira,

Jeremy N. Kay

Tg(Six3-cre)69Frty/

GcoJ

Tgfb3tm1Moaz A 1/2 3/4 – Ray et al., 2018 Ariane Pereira,

Jeremy N. Kay

Tg(Six3-cre)69Frty/

GcoJ

Flrt2tm1c(EUCOMM)Wtsi A 3/3 4/4 – Ray et al., 2018 Ariane Pereira,

Jeremy N. Kay

Tg(Six3-cre)69Frty/

GcoJ

Ptf1atm3Cvw A 1/1 1/1 – Ray et al., 2018 Ariane Pereira,

Jeremy N. Kay

Tg(Six3-cre)69Frty/

GcoJ

Pcdhgtm2Xzw multiple observed observed – Ing-Esteves

et al., 2018

Joshua R. Sanes

Tg(Six3-cre)69Frty/

GcoJ

Pcdhaem1Jrs multiple observed observed – Ing-Esteves

et al., 2018

Joshua R. Sanes

Tg(Six3-cre)69Frty/

GcoJ

Chat/Slc18a3tm1.2Vpra A or C 51.9.% (177/341

including 58 Cre

negative offspring)

100% (12/12

including 4 Cre

negative

offspring)

– Martyn et al.,

2012

Marco A.M. Prado,

Vania F. Prado

Sox10-Cre Tg(Sox10-cre)1Wdr Gria2tm3Rsp F observed 0 – Kougioumtzidou

et al., 2017

–

(Continued on next page)
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Table 1. Continued

Cre line

Common

Name

Full Cre

Line Name/

Source

Target Gene/

Reporter

Breeding

Strategya

Germline

Recombination

Efficiency, Cre

from Fatherb

Germline

Recombination

Efficiency, Cre

from Motherb

Germline

Recombindation

Efficiency,

Parental

Sex Effects

Unknownb

Reference/

Associated

Publicationc Contributorsd

Tg(Sox10-cre)1Wdr Gjb2tm1Ugds Not specified observed 0 or less than

male

– Crispino et al.,

2011; Takada

et al., 2014

–

B6;CBA-Tg(Sox10-cre)

1Wdr/J

Slc16a1lox/lox C ND 0 (from >35

litters)

– – Thomas Phillips,

Jeffrey Rothstein

Sst-IRES-Cre B6-Ssttm2.1(cre)Zjh Ai9e multiple – – <5% – Elisabetta Furlanis,

Lisa Traunm€uller,

Peter Scheiffele

B6-Ssttm2.1(cre)Zjh Khdrbs3tm1.1Schei/J E 0 (0/5) 0 (0/5) – – Elisabetta Furlanis,

Lisa Traunm€uller,

Peter Scheiffele

B6-Ssttm2.1(cre)Zjh Khdrbs3tm1.1Schei/J C 0 (0/16) 0 (0/10) – – Elisabetta Furlanis,

Lisa Traunm€uller,

Peter Scheiffele

B6-Ssttm2.1(cre)Zjh Rpl22tm1.1Psam/J E 0 (0/26) 0 (0/26) – – Elisabetta Furlanis,

Lisa Traunm€uller,

Peter Scheiffele

B6-Ssttm2.1(cre)Zjh Rpl22tm1.1Psam/J C 0 (0/12) 0 (0/2) – – Elisabetta Furlanis,

Lisa Traunm€uller,

Peter Scheiffele

B6;129S4;CD1-

Ssttm2.1(cre)Zjh

Mafbtm1.1Good H 0 (from >60

litters)

0 (from >60

litters)

– Pai et al., 2019 Emily Ling-Lin Pai,

John L.R. Rubenstein

B6;129S4;CD1-

Ssttm2.1(cre)Zjh

Maftm2.1Cbm H 0 (from >60

litters)

0 (from >60

litters)

– Pai et al., 2019 Emily Ling-Lin Pai,

John L.R. Rubenstein

B6;129S4;CD1-

Ssttm2.1(cre)Zjh

Ai14e H 0 (from >60

litters)

0 (from >60

litters)

– Pai et al., 2019 Emily Ling-Lin Pai,

John L.R. Rubenstein

Synapsin1-Cre B6.Cg-Tg(Syn1-

cre)671Jxm/J

Prkar2btm3Gsm F observed 0 or less

than male

– Zheng et al.,

2013

–

B6.Cg-Tg(Syn1-

cre)671Jxm/J

Hif1atm1Rsjo C 63% 0 – Zheng et al.,

2013

–

B6.Cg-Tg(Syn1-

cre)671Jxm/J

Erc2tm1.1Sud/J A ND 0 (0/39) – – Jiexin Wang, Pascal

S. Kaeser

Thy1-CreER Tg(Thy1-cre/ERT2,-

EYFP)

HGfng/PyngJ

Fgf22tm1a(EUCOMM)Hmgu A, B, C, D, E, F – – 0 (0/27) – Hisashi Umemori

VAChT.Cre.Fast B6;129– Tg(SLC18A3-

cre)KMisa/0

Chat/Slc18a3tm1.2Vpra A or C 6.1% (7/115) 1.3% (1/76) – – Marco A.M. Prado,

Vania F. Prado

(Continued on next page)
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Table 1. Continued

Cre line

Common

Name

Full Cre

Line Name/

Source

Target Gene/

Reporter

Breeding

Strategya

Germline

Recombination

Efficiency, Cre

from Fatherb

Germline

Recombination

Efficiency, Cre

from Motherb

Germline

Recombindation

Efficiency,

Parental

Sex Effects

Unknownb

Reference/

Associated

Publicationc Contributorsd

VGAT/VIAAT-Cre Slc32a1tm2(cre)Lowl/J Rai1tm2.1Luo/J A 0 (0/103) ND – – Wei-Hsiang Huang,

Liqun Luo

VGAT/VIAAT-Cre B6.FVB-Tg(Slc32a1-cre)

2.1Hzo/FrkJ/

Dnmt3atm3.1Enl A or F 60.9% (14/23) 0.7% (from >100

mice)

– – Laura Lavery,

Huda Y. Zoghbi

VGluT1-IRES2-

Cre-D

Slc17a7tm1.1(cre)Hze/J Ai34e A, F, H 33.3% (10/30) 38.5% (5/13) – – Jiexin Wang,

Pascal S. Kaeser

B6;129S-

Slc17a7tm1.1(cre)Hze/J

Rai1tm2.1Luo/J A 0 (0/20) ND – – Wei-Hsiang Huang,

Liqun Luo

VGluT2-IRES-cre Slc17a6tm2(cre)Lowl/J Rai1tm2.1Luo/J A 0 (0/142) ND – – Wei-Hsiang Huang,

Liqun Luo

Slc17a6tm2(cre)Lowl/J Ai14e E or G 0 (from >3 years

breeding)

0 (from >3 years

breeding)

– – Kevin T. Beier

VGluT3-Cre Tg(Slc17a8-icre)

1Edw/SealJ

Chat/Slc18a3tm1.2Vpra C 1.9% (5/265

including

2 Cre negative

offspring)

1.9% (1/52) – – Marco A.M. Prado,

Vania F. Prado

Tg(Slc17a8-icre)

1Edw/SealJ

Ai14e multiple – – �30% (from

>60 litters)

– Kenneth Pelkey,

Chris J. McBain

VIP-Cre B6-Viptm1(cre)Zjh/J Khdrbs3tm1.1Schei/J C 0 (0/22) ND – – Lisa Traunm€uller,

Peter Scheiffele

B6-Viptm1(cre)Zjh/J Khdrbs3tm1.1Schei/J E 0 (0/7) 0 (0/7) – – Lisa Traunm€uller,

Peter Scheiffele

B6-Viptm1(cre)Zjh/J Rpl22tm1.1Psam/J E 0 (0/31) 0 (0/31) – – Lisa Traunm€uller,

Peter Scheiffele

B6-Viptm1(cre)Zjh/J Ai9e multiple – – <10% – Lisa Traunm€uller,

Peter Scheiffele

Wnt1-Cre B6.Cg-

H2afvTg(Wnt1-cre)11Rth

Gt(ROSA)26Sortm1Sor B 0 (0/8) 0 (0/6) – Weng et al.,

2008

–

B6.Cg-

H2afvTg(Wnt1-cre)11Rth

Neo1tm1.1Jfcl F 0 (0/37) ND – – Emilie Dumontier,

Jean-François

Cloutier

ND, not determined. See also Figure S1 and Table S1.
aBreeding strategy: A: Targetf/+; Cre driver X Targetf/f; B: Targetf/+; Cre driver X Target+/+; C: Targetf/f; Cre driver X Targetf/f; D: Targetf/f; Cre driver X Target+/+; E: Targetf/+; Cre driver5; F: Targetf/+;

Cre driver X Targetf/+; G: Targetf/f; Cre driver 5; H: Targetf/f; Cre driver X Targetf/+.
bThe numbers (x/y) indicate that x offspring with germline recombination were found from y offspring with the target locus in cumulative data from multiple litters. ND indicates not determined.
cWhere no contributors are listed, the information is from the reference. Where contributors are listed, the associated publication reported findings from the crosses, but not information about

germline recombination.
dContributors providing information on germline recombination. Please contact the Lead Contact for the electronic addresses of principal investigators.
eAi9: B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J; Ai14: B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J; Ai32: B6;129S-Gt(ROSA)26Sortm32(CAG-COP4*H134R/EYFP)Hze/J; Ai93: B6;129S6-

Igs7tm93.1(tetO-GCaMP6f)Hze/J; ROSAmT/mG: Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J; RCE:loxp: Gt(ROSA)26Sortm1.1(CAG-EGFP)Fsh/Mmjax; Ai34: 129S-Gt(ROSA)26Sortm34.1(CAG-Syp/tdTomato)Hze/J.
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Figure 3. Differential Recombination at Two Target Loci

Breeding scheme and genotyping result from tail tissue for a litter from

crossing female Clstn3f/+;RosaLSL-tg/+; Dlx5/6-Cre with male WT mice. In one

offspring (*), ubiquitous recombination happened at the Clstn3f/+ locus but not

at the Ai32 RosaLSL-tg/+ locus implying differential activity of Cre at these target

loci in the female germ cells. This mouse exhibitedmosaic deletion in tail tissue

at the Rosa locus as indicated by the presence of WT, LSL, and Rec PCR

bands (see Figure 1B for a diagram).

Please cite this article in press as: Luo et al., Optimizing Nervous System-Specific Gene Targeting with Cre Driver Lines: Prevalence of Germline
Recombination and Influencing Factors, Neuron (2020), https://doi.org/10.1016/j.neuron.2020.01.008
for recombination to occur directly in the F1 zygote when the Cre

driver is inherited from one parent and the target locus from the

other parent, resulting in global recombination and also germline

transmission of the recombined allele. Indeed, this occurs

with deleter (Tg(CMV-cre)1Cgn) and EIIa-Cre (Tg(EIIa-cre)
C5379Lmgd) mouse lines commonly used in crosses with floxed

mice to generate lines with global recombination (Lakso et al.,

1996; Schwenk et al., 1995). In F1 mice crossing EIIa-Cre with

a floxed target, half of the mice showed global recombination re-

sulting from Cre activity in the one-cell zygote and half showed

mosaic recombination (Lakso et al., 1996). Furthermore, virtually

all floxed loci undergo global recombination in F1 offspring of

females carrying Vasa-Cre (Tg(Ddx4-cre)1Dcas), even in

offspring lacking Cre, due to apparent perdurance of Cre protein

in the zygote (Gallardo et al., 2007). However, global recombina-

tion was not commonly observed in our F1 mice combining Cre

drivers and target loci. For example, we observed no recombina-

tion in tail tissue of F1 mice from Dlx5/6-Cre X Ai32 crosses (0/9

with maternal Cre) or Gpr26-Cre X Ai32 crosses (0/19 with

paternal Cre) despite global recombination in some F2mice (Fig-

ures 1 and 2). Furthermore, in the crosses described in Figures

1A and 2A, recombination in the F2 zygote would likely affect

both Clstn3f/f alleles, yet recombination was only observed for

one of the two alleles, suggesting that recombination occurred

in germline cells of F1 mice but not in F2 zygotes. Similarly, in

the publications discussed here reporting global recombination

in F2 mice resulting from germline recombination in F1 mice,

global recombination was not observed in F1 mice where

analyzed (Simmons et al., 2016;Weng et al., 2008). Thus, recom-

bination can occur in zygotes combining a Cre driver and a target

locus but the prevalence appears to be considerably lower than

in germline cells carrying both the Cre driver and the target locus.

Comparisons among Related Cre Driver Lines
Different Cre driver lines with some common transcriptional reg-

ulatory elements frequently behaved differently regarding germ-

line recombination. Perhaps the most interesting comparison is

for the pairs of Cre driver lines targeting common transcriptional

regulatory elements by both random transgenic insertion and KI

approaches. For one such pair, Grik4-Cre, germline recombina-

tion was observed with both approaches. For the other two such

pairs, Pcp2/L7-Cre and VGAT/VIAAT-Cre, germline recombina-

tion was observed for the transgenic line but not the KI line.While

we cannot rule out differences related to target locus selectivity

(see below), intrinsic differences between these related Cre

driver lines seems likely. Potential factors contributing to germ-

line recombination in the transgenic lines include ectopic expres-

sion due to a limited regulatory region, genetic and epigenetic

effects of the transgene insertion site, and high expression due

to multi-copy integration (although the latter would not apply to

the Pcp2/L7-Cre transgenic line, which was generated through

embryonic stem cells to avoid multi-copy integration (Barski

et al., 2000).

Differences in germline recombination were observed even

among Cre driver lines generated using similar strategies. Both

Nestin-Cre transgenic lines showed germline recombination but

with some differences in frequencies. The four CaMKII-Cre trans-

genic lines were generated with similar targeting strategies (Dra-

gatsis and Zeitlin, 2000; Minichiello et al., 1999; Rios et al.,

2001; Tsien et al., 1996a). While all four CaMKII-Cre lines showed

paternal germline recombination, two lacked maternal germline

recombination, one had a low rate, and the last was not tested

maternally. Comparing the two lines generated with exactly
Neuron 106, 1–29, April 8, 2020 19



Table 2. Prevalence of Germline Recombination in Zebrafish Cre Driver Lines that Show Nervous System Recombination

Cre Line

Common

Name

Full Cre

Line Name/

Source

Target Gene/

Reporter

Breeding

Strategya

Germline

Recombination

Efficiency,

Cre from Fatherb

Germline

Recombination

Efficiency,

Cre from Motherb

Reference/

Associated

Publicationc Contributorsd

y492-Cre Et(REX2-SCP1-

Ocu.Hbb2:Cre-

2A-Cerulean)y492

Tg(actb2:LOXP-EGFP-

LOXP-LY-TagRFPT)y272

A 4.8% (3/63) 0% (0/134) Tabor et al.,

2019

Jennifer Sinclair,

Harold Burgess

y547-Cre Et(REX2-SCP1-

Ocu.Hbb2:Cre)y547

Tg(actb2:LOXP-EGFP-

LOXP-LY-TagRFPT)y272

B 82.3% (51/62) 38.1% (8/21) Tabor et al.,

2019

Jennifer Sinclair,

Harold Burgess

y549-Cre Et(REX2-SCP1-

Ocu.Hbb2:Cre)y549

Tg(actb2:LOXP-EGFP-

LOXP-LY-TagRFPT)y272

B 0% (0/58) 6.7% (2/30) Tabor et al.,

2019

Jennifer Sinclair,

Harold Burgess

y559-Cre Et(REX2-SCP1-

Ocu.Hbb2:Cre)y559

Tg(actb2:LOXP-EGFP-

LOXP-LY-TagRFPT)y272

B 3.4% (3/89) 2.4% (1/42) Tabor et al.,

2019

Jennifer Sinclair,

Harold Burgess

y546-Cre Et(REX2-SCP1-

Ocu.Hbb2:Cre-

2A-Cerulean)y546

Tg(actb2:LOXP-EGFP-

LOXP-LY-TagRFPT)y272

B 51.1% (23/45) 6.2% (4/64) Tabor et al.,

2019

Jennifer Sinclair,

Harold Burgess

y555-Cre Et(REX2-SCP1-

Ocu.Hbb2:Cre)y555

Tg(actb2:LOXP-EGFP-

LOXP-LY-TagRFPT)y272

A 3.2% (3/95) 0% (0/64) Tabor et al.,

2019

Jennifer Sinclair,

Harold Burgess
aBreeding strategy: A: Targetf/f; Cre driver X Target+/+; B: Targetf/+; Cre driver X Target+/+.
bThe numbers (x/y) indicate that x offspring with germline recombination were found from y offspring with the target locus in cumulative data frommul-

tiple clutches.
cThe associated publication reported the generation and characterization of the Cre driver lines but not detailed information about germline recom-

bination.
dContributors providing information on germline recombination. Please contact the Lead Contact for electronic addresses of principal investigators.

Please cite this article in press as: Luo et al., Optimizing Nervous System-Specific Gene Targeting with Cre Driver Lines: Prevalence of Germline
Recombination and Influencing Factors, Neuron (2020), https://doi.org/10.1016/j.neuron.2020.01.008
the same strategy (Minichiello et al., 1999; Rios et al., 2001),

Tg(Camk2a-cre)93Kln showed stronger overall Cre expression

than Tg(Camk2a-cre)159Kln (Tolson et al., 2010) and a higher

rate of paternal germline recombination. Differences were also

observed between the two Emx1-Cre KI lines and between the

twoGFAP-Cre lines. In both cases, one line showed roughly equal

paternal and maternal germline recombination and the other only

paternal germline recombination. In comparing the two Pvalb-Cre

KI lines, Pvalb-IRES-Cre did not exhibit germline recombination in

multiple crosses from different labs, while Pvalb-2A-Cre showed

germline recombination through both parents. These findings

are consistent with the stronger overall Cre activity in Pvalb-2A-

Cre mice than in Pvalb-IRES-Cre mice (Madisen et al., 2010)

and detection of Cre activity in spermatids of Pvalb-2A-Cre but

not Pvalb-IRES-Cre mice (Kobayashi and Hensch, 2013). Using

tools such as an IRES to attenuate Cre expression may be bene-

ficial to reduce germline recombination for KI driver lines where

Cre expression in germ cells is lower than that in the nervous sys-

tem. Song and Palmiter (2018) reported success in reducing

germline recombination by generating a new Cre driver line with

attenuated Cre expression by altering the codons, removing a

nuclear localization signal, or adding destabilizing signals.

Target Locus Selectivity
The germline recombination prevalence could also depend on

the specific target locus. Among the Cre driver lines crossed

with multiple target loci, 81.6% (31/38) showed consistent re-

sults for all target loci in terms of occurrence of germline recom-

bination and parental sex bias where known. Quantitative data

for multiple targets were available for nine of these lines, of which

the majority (six) showed target-specific differences. In addition
20 Neuron 106, 1–29, April 8, 2020
to Dlx5/6-Cre as mentioned above, Tg(Camk2a-cre)93Kln,

Tg(Nes-cre)1Kln, Tg(Pcp2-cre)2Mpin, Tg(Six3-cre)69Frty, and

Tg(Slc17a8-icre)1Edw showed substantial locus-dependent

differences in germline recombination rates. For example,

Tg(Pcp2-cre)2Mpin generated Cre-negative germline-recom-

bined offspring at rates of 14.3%, 69.0%, or 84.0% at different

floxed loci. Furthermore, 15.8% (6/38) of the Cre driver lines

showed germline recombination at some target loci but not

others. In most (5/6) cases, recombination occurred for reporter

genes at the Rosa26 locus but not for other floxed target genes.

Another line showed target-consistent germline recombination

with paternal Cre but recombined only at the Rosa26 locus

with maternal Cre. Thus, overall, the majority of Cre driver lines

behaved consistently in terms of the presence of germline

recombination events and parental sex effects at different target

loci, but the target loci influenced recombination rates over a

wide range. Target locus-specific differences in recombination

could be due to differences in the length of loxP-flanked se-

quences, chromosomal location, epigenetic modification, and

accessibility reflected by transcriptional activity in germ cells

(Liu et al., 2013; Long and Rossi, 2009; Zheng et al., 2000).

Indeed, the Rosa26 locus, which we found particularly prone to

germline recombination, is widely used for gene targeting

because it supports strong ubiquitous expression and appears

to lack gene silencing effects (Soriano, 1999).

These findings dispel the common belief that a reporter can be

used as a readout of recombination at another target locus. For

example, using the Ai32RosaLSL-tg locus as a reporter for Dlx5/6-

Cre-mediated recombination would have missed nearly half the

instances of germline recombination seen at the Clstn3f locus.

Conversely, the Ai9 RosaLSL-tg reporter locus showed germline



Figure 4. Breeding and Genotyping Strategies for Conditional KO/KI Mice

(A) A recommended breeding scheme is outlined. TargetD indicates a target allele that has undergone recombination inmale or female germline cells (red) or more

rarely in zygotes (brown); thus, Target– or TargetKI. Targetf/+ instead of Targetf/f mice can be used for the F0 cross, reducing the frequency of generating Cre+;

Targetf/+ mice for the F1 cross. Routine use of F2 crosses to generate experimental mice is recommended to minimize required animal numbers, but F1 crosses

can also be used. It is recommended that F1 crosses using both male and female Cre+; Targetf/+ mice be established and the resultant germline recombination

rates be tracked in offspring. Then male or female Cre+; Targetf/f mice can be used for the F2 crosses, depending on which sex gave the lowest germline

recombination rate in the F1 crosses. It is important that Cre+; Targetf/f mice (green experimental mice) be validated by immunostaining or in situ hybridization for

the target protein/RNA in the region of interest to confirm consistent recombination in the expected cell type. Cre–; Targetf/f mice can be used as controls;

separate breeding of congenic Cre+; Target+/+ and WT controls is also recommended. ‘‘Cre+’’ refers to mice with one allele of the Cre transgene. In these

recommended breeding schemes, Cre+ mice are not bred to Cre+ mice as this would result in a subset of offspring have 2 alleles of the Cre driver gene. This

scenario can be problematic. For random insertion transgenic Cre drivers, it is typically not possible to differentiate among mice with one or two Cre driver alleles

by PCR genotyping, leading to unknown variation in Cre expression levels upon subsequent breeding of these mice (which could result in further variability in

germline recombination rates). For KI Cre driver lines, it is generally possible to differentiate amongmice with one or two Cre driver alleles. However, homozygous

insertion of the Cre driver may result in deleterious effects not seen with heterozygous Cre drivers, due to possible disruption of the native gene at the random or

(legend continued on next page)
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recombination by Sst-IRES-Cre and VIP-Cre not seen at multiple

other target loci. While we focus here on undesirable germline

recombination, this caveat likely applies more generally, that

cell-type-specific recombination at one locus cannot be inferred

from recombination at a different locus. Indeed, in the example

discussed above crossing female Emx1-Cre;Wwp1f/f;Wwp2f/f

with male Wwp1f/f;Wwp2f/f mice, mosaic recombination in tail

tissue occurred frequently at the Wwp2 locus with little or none

at the Wwp1 locus. Strategies to amplify Cre expression may

help to achieve recombination at all floxed target loci in Cre pos-

itive cells. For example, in mice intercrossed with the Tg(iSuRe-

Cre) line, which both amplifies Cre expression and uses MbTo-

mato as a reporter of recombination, MbTomato-positive cells

were recombined at other floxed loci with high confidence (Fer-

nández-Chacón et al., 2019).

To demonstrate directly the differential sensitivity of target

loci to Cre-mediated germline recombination, we assayed

offspring from female Dlx5/6-Cre; Ai32 RosaLSL-tg/+; Clstn3f/+

mice crossed with WT. In this small sample, germline recombi-

nation occurred more frequently at the Clstn3f/+ locus than at

the Ai32 RosaLSL-tg/+ locus, as expected from the difference in

frequencies reported in Table 1. Importantly, one mouse

showed germline recombination at the Clstn3f locus but not at

the Ai32 RosaLSL-tg locus (Figure 3, lane 2), implying differential

recombination in the maternal germ cells. In this case, using

Ai32 as a reporter to assess whether recombination occurred

at the locus of interest (Clstn3f) would be misleading.

Broader Implications—Other Recombinase Systems
and Organisms
The principles discussed here apply to all genetically targeted

recombinase systems, including lox variants, Flp-frt, and Dre-

rox systems. For example, the En1-Dre KI mouse line shows var-

iable paternal germline recombination (Nouri and Awatramani,

2017). Moreover, the problem of unwanted recombination may

be compounded by intersectional strategies involving multiple

recombinases. For example, if the desired gene expression

requires the cell-specific expression of both Cre and Flp intro-

duced from different driver lines, then germline recombination

by Cre will result in gene expression regulated only by Flp, and

vice versa. Such intersectional strategies constitute a powerful

tool for achieving exquisite cellular specificity in gene targeting

(Huang and Zeng, 2013) but require vigilant monitoring to ensure

the desired cell-specific expression.

Furthermore, while we focus here on mousemodels, the same

issues apply to all genetically targeted organisms using site-spe-
targeted insertion site. An exception may apply to targeted insertion Cre driver

maximize Cre expression level, one might breed Cre+ with Cre+ mice and select

(B and C) Recommended genotyping strategies are diagrammed for condition

KI. Genotyping should also be done for the presence of the Cre driver gene (a

and the gray bands are additional heteroduplexes that may appear. Potential P

not diagrammed here, but these may be generated under some conditions (B

allele). For mice with one target allele, the presence of Flox, WT, and KO/KI b

genotyping rather than ubiquitous germline recombination (Targetf/+*). For mi

either germline recombination (Targetf/– or Targetf/KI) or local recombination in

driver identifies such mice to be Targetf/– or Targetf/KI, but such Cre+ mice wou

out, to determine whether the recombination is germline.
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cific recombinase systems. Similar unwanted germline recombi-

nation with a parental sex bias was observed in the rat tyrosine

hydroxylase-Cre line (Liu et al., 2016). In this case, recombination

occurred in F2 offspring when the Cre driver and the target locus

were together in the female germline cells (18/18, including Cre-

negative offspring) but not in the male germline cells (0/19) and

not in F1 zygotes. Similar unwanted germline recombination

was also observed in zebrafish Cre enhancer trap driver lines

with differential expression patterns in the brain (Table 2; Tabor

et al., 2019). Among the 6 lines surveyed here, 2 showed only

paternal germline deletion, 1 only maternal, and 2 with a strong

paternal bias. Thus, zebrafish Cre driver lines show varied rates

of germline recombination with a parental sex bias, similar to

mouse Cre driver lines.

Alternatives to complement genetic strategies to achieve

spatially and temporally controlled recombination exist, notably

viral vectors to deliver recombinase-dependent expression

cassettes to Cre driver lines or to deliver recombinases to floxed

target lines. This is a powerful and commonly used approach that

circumvents any potential for germline recombination but has

other limitations. Perhaps the most serious limitation is animal

to animal variability in recombination efficiency and targeted

brain regions due to differences in viral vector injection sites. In

addition, the small capacity of adeno-associated viral vectors,

which are mostly commonly used in the nervous system, limits

the potential for cell-type specificity. Despite ongoing improve-

ments through engineering transcriptional control elements

and capsids (Bedbrook et al., 2018), viral vectors are unlikely

to achieve the highest specificity and reproducibility possible

with genetic methods.
Guidelines
We recommend researchers to consider the following sugges-

tions when using Cre driver lines:

1. Always genotype every animal for the WT, floxed, and re-

combined alleles at the target locus of interest. This is the

only way to ensure all the animals have their expected ge-

notypes. If recombined alleles are observed, concerns of

leakyCre expression in tail or ear tissue could be addressed

by testing Cre-negative animals. Beyond the focus here on

reducing unwanted germline recombination, the differential

sensitivity of distinct target loci to Cre recombinase implies

that cell-type-specific recombination patternsmust also be

confirmed at the locus of interest and not just at a separate

reporter locus. Thus, validation by in situ hybridization and/
lines shown to have normal native gene expression; then, if one wanted to

those with 2 Cre alleles for further breeding.

al KO and KI mice, assuming a mini-gene strategy was used for conditional

s in Figures 1 and 2, not shown here). The black PCR bands are diagnostic,

CR products that are too large to be generated under typical conditions are

with a+c primers for WT and Flox alleles, and C with a+b primers for Flox

ands indicates the occurrence of local recombination in the tissue used for

ce with two target alleles, the presence of Flox and KO/KI bands indicates

the tissue used for genotyping (Targetf/f*). The additional absence of a Cre

ld have to be bred further, or local recombination in genotyping tissue ruled



Figure 5. Breeding and Genotyping Strategy for Conditional Reporter Mice

(A) For conditional reporter mice, it is simplest to breed F0 mice and study F1 Cre+;LocusLSL-tg/+ mice. Thus, the Cre driver gene and target locus are not together

in the germline so unwanted global recombination could only occur by recombination in the zygote, which is not as common as in germline cells. It is important

that Cre+;LocusLSL-tg/+ mice (green, experimental mice) be validated by immunostaining or in situ hybridization for the transgene protein/RNA in the region of

interest to confirm consistent recombination in the expected cell type. The optional F1 breeding scheme could be used to increase reporter expression level in

Cre+; Locus LSL-tg/LSL-tg mice, but this also results in possible germline recombination. If F1 crosses are performed, bothmale and female Cre+; LocusLSL-tg/+ mice

should be used initially to track resultant germline recombination rates so that the sex resulting in the lowest germline recombination rate can be used in further F1

crosses. LocusLSL-tg+ indicates a lox-stop-lox-transgene cassette that expresses the transgene upon Cre-mediated recombination, but our recommendation

applies to other Cre-dependent loci such as those using a flip excision or double-inverted orientation mechanism. LocusL-tg+ indicates a globally recombined

locus resulting from recombination in male or female germline cells (red) or more rarely in the zygote (brown). ‘‘Cre+’’ refers to mice with one allele of the Cre

transgene (see Figure 4 legend).

(B) A recommended genotyping strategy is diagrammed for conditional reporter mice. Only the first four lanes depicting PCR bands are relevant to F1 mice in the

above breeding scheme. Genotyping should also be done for the presence of the Cre driver gene (as in Figures 1 and 2, not shown here). Potential PCR products

that are too large to be generated under typical conditions are not diagrammed here, but these may be generated under some conditions (with a+a0 primers for

LSL-tg and L-tg alleles, and d+b0 primers for the LSL-tg allele). For mice with one target allele, the presence of WT, LSL, Tg, and Rec bands indicates the

occurrence of local recombination in the tissue used for genotyping rather than ubiquitous germline recombination (LocusLSL-tg/+*). For mice with two

target alleles, the presence of LSL, Tg, and Rec bands indicates either germline recombination (LocusLSL-tg/L-tg) or local recombination in the tissue used for

genotyping (LocusLSL-tg/LSL-tg*). The additional absence of a Cre driver identifies suchmice to be LocusLSL-tg/L-tg, but suchCre+micewould have to be bred further

or local recombination in genotyping tissue ruled out to determine whether the recombination is germline.
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or immunostaining for the target of interest in the region of

interest is important to confirm cell-type specificity and ef-

ficiency of local recombination.

2. If there are multiple Cre driver lines that could give the

desired Cre expression pattern, check for information on

germline recombination rates. Check the MGI database

for recombinase activity in male or female germline cells,

as such activity is a good predictor of germline recombina-

tion. If such information is lacking, typically KI driver lines

tend to have lower undesirable germline recombination

than random insertion transgenic driver lines, and tools

that attenuate Cre expression such as an IRES can reduce

germline recombination.

3. Choose an optimal breeding strategy to reduce or avoid

germline recombination. If information on germline recom-

bination frequencies is not available, test breeding strate-

gies with Cre recombinase transmitted exclusively

through the male parent or the female parent. Given the

parental sex effects observed here for the majority of

Cre driver lines, there is often one better way to mitigate

or even avoid undesired germline recombination alto-

gether. Detailed strategies for breeding and genotyping

are suggested in Figures 4 and 5.

4. In publishing a paper using Cre driver lines, clearly indicate

that all WT, floxed, and recombined alleles were assessed

by genotyping, report the frequencies of germline recombi-

nation and parental sex bias, and indicate how cell-type-

specific recombination at the target locus was assessed.

Deposit new information on frequencies of germline recom-

bination and parental sex bias in the MGI database.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
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Mouse: Adgrb3tm1Ksak A gift from Dr. Kenji Sakimura MGI:5708584

Mouse: B6-Tg(Adora2a-Cre)KG139GSat Mutant Mouse Resource & Research

Centers (MMRRC)

MMRRC_036158-UCD

Mouse: Atg5tm1Myok Riken BioResource Center MGI:3663625
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Greenberg Lab)
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MMRRC MMRRC_032779-MU

Mouse: Cx3cr1tm2.1(cre/ERT2)Litt/WganJ The Jackson Laboratory IMSR_JAX:021160

Mouse: B6-Tg(dlx5a-cre)1Mekk/J The Jackson Laboratory IMSR_JAX:008199

Mouse: Dnmt3atm3.1Enl Dr. Margaret Goodell, Baylor College of

Medicine (Can be purchased from

Riken BRC)

IMSR_RBRC03731
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Mouse: En1tm2(cre)Wrst/J The Jackson Laboratory IMSR_JAX: 007916

Mouse: Epas1tm1Mcs/J The Jackson Laboratory IMSR_JAX: 008407

Mouse: Erc2tm1.1Sud/J Generated by P.S. Kaeser and T.C. Sudhof,

available at the Jackson Laboratory

IMSR_JAX:015831

Mouse: Fdft1tm1Kan Saher lab (Saher et al., 2005) MGI:3579504

Mouse: Fgf22tm1a(EUCOMM)Hmgu European Conditional Mouse Mutagenesis

Program (EUCOMM)

IMSR_EM:06822

Mouse: Flrt2tm1c(EUCOMM)Wtsi EMMA repository MGI:6119416

Mouse: B6;129S4-Foxd1tm1(GFP/cre)Amc/J The Jackson Laboratory IMSR_JAX:012463

Mouse: 129(Cg)-Foxg1tm1(cre)Skm/J The Jackson Laboratory IMSR_JAX: 006084

Mouse: B6N.Cg-Gad2tm2(cre)Zjh/J The Jackson Laboratory IMSR _JAX:019022

Mouse: FVB-Tg(GFAP-cre)25Mes/J The Jackson Laboratory IMSR _JAX:004600

Mouse: B6.Cg-Tg(Gfap-cre)77.6Mvs/2J The Jackson Laboratory IMSR _JAX:024098

Mouse: B6-Tg(Gpr26-cre)

KO250Gsat/Mmucd

MMRRC MMRRC_036915-UCD

Mouse: Gria1tm2Rsp A gift from Dr. Rolf Sprengel IMRS_JAX: 019012

Mouse: Gria2tm3Rsp A gift from Dr. Rolf Sprengel MGI:3611335

Mouse: Gria3tm1Rsp A gift from Dr. Rolf Sprengel MGI:3611328

Mouse: Grik2tm1.1Ksak A gift from Dr. Kenji Sakimura MGI:6117330

Mouse: B6-Tg(Grik4-cre)G32-4Stl/J The Jackson Laboratory IMSR_JAX:006474
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Continued
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Mouse: Grik4tm1(cre)Ksak Sakimura lab (Akashi et al., 2009) MGI: 4360478

Mouse: Grin1tm2Stl The Jackson Laboratory IMRS_JAX:005246

Mouse: Grin2ctm2(icre)Mwa A gift from Dr. Masahiko Matanabe MGI:5306941

Mouse: CBy.B6-Gt(ROSA)

26Sortm1(HBEGF)Awai/J

The Jackson Laboratory IMRS_JAX: 007900

Mouse: Gt(ROSA)

26Sortm1.1(CAG-EGFP)Fsh/Mmjax

The Jackson Laboratory MMRRC_ 32037-JAX

Mouse: Gt(ROSA)26Sortm2(CAG-tdTomato)Fawa Dr. Fan Wang (Duke) MGI:5305341

Mouse: Gt(ROSA)

26Sortm4(ACTB-tdTomato,-EGFP)Luo/J

The Jackson Laboratory IMRS_JAX:007676

Mouse: B6.Cg-Gt(ROSA)

26Sortm9(CAG-tdTomato)Hze/J

The Jackson Laboratory IMSR_JAX: 007909

Mouse: Ai14: B6.Cg-Gt(ROSA)

26Sortm14(CAG-tdTomato)Hze/J

The Jackson Laboratory IMSR_JAX:007914

Mouse: Ai32: B6;129S-Gt(ROSA)

26Sortm32(CAG-COP4*H134R/EYFP)Hze/J

A gift from Dr. Timothy Murphy,

originally from The Jackson

Laboratory

IMSR_JAX:012569

Mouse: Gt(ROSA)26Sortm32(CAG-tdTomato)Hze The Jackson Laboratory IMSR_JAX:007908

Mouse: Ai34: 129S-Gt(ROSA)

26Sortm34.1(CAG-Syp/tdTomato)Hze/J

Gift from Dr. David Ginty,

available at the Jackson

Laboratory

IMSR_JAX:012570

Mouse: B6.Cg-H2afvTg(Wnt1-cre)11Rth The Jackson Laboratory IMSR_JAX:009107

Mouse: Tg(hs799-cre/ERT2,-GFP)405Jlr N/A MMRRC: 037574-UCD

Mouse: Tg(Htr3a-cre)NO152Gsat/Mmucd MMRRC MMRRC_036680

Mouse: Tg(I12b–cre)1Jlr N/A MMRRC_031698-UCD

Mouse: B6;129S6-

Igs7tm93.1(tetO-GCaMP6f)Hze/J

The Jackson Laboratory IMSR_JAX:024103

Mouse: Isl1tm1(cre)Sev/J The Jackson Laboratory IMSR_Jax:024242

Mouse: Isl1tm1.1Whk Xiuqian Mu MGI:3837972

Mouse: Khdrbs3tm1.1Schei/J Generated in the Scheiffele

Laboratory (deposited at Jackson)

IMSR_JAX:029273

Mouse: B6;129P-Klf3tm1(cre/ERT2)Pzg/J The Jackson Laboratory IMSR_JAX:010985

Mouse: Maftm2.1Cbm Gift from Dr. Carmen Birchmeier MGI:5316895

Mouse: Mafbtm1.1Good Gift from Dr. Lisa Goodrich MGI:5581684

Mouse: Megf10tm1c(KOMP)Jrs Josh Sanes lab MGI:6194031

Mouse: Neo1tm1.1Jfcl Cloutier lab (Kam et al., 2016) MGI:6285614

Mouse: B6.Cg-Tg(Nes-cre)1Kln/J The Jackson Laboratory IMSR_JAX: 003771

Mouse: Neurod6tm1(cre)Kan Goebbels lab

(Goebbels et al., 2006)

MGI:2668659

Mouse: Neurog2tm1(cre/Esr1)And MMRRC MGI:2652037

Mouse: Tg(Nkx2-1-cre)2Sand Gift from Dr. Stewart Anderson IMSR_JAX:008661

Mouse: B6;SJL-Nlgn2tm1.1Sud/J The Jackson Laboratory IMSR_JAX:025544

Mouse: B6.Cg-Tg(Ntsr1-cre)

GN220Gsat/Mmucd

MMRRC MMRRC_030648-UCD

Mouse: B6.129-Pcp2tm1(cre)Nobs A gift from Dr. Noboru Suzuki MGI:3578623

Mouse: B6.129-Tg(Pcp2-cre)2Mpin/J The Jackson Laboratory IMSR_JAX:004146

Mouse: PhotonSABER-LSL Generated by S. Matsuda

and M. Yuzaki

N/A

Mouse: Ptf1atm3Cvw Christopher Wright MGI:5788429

Mouse: B6.129P2-Pvalbtm1(cre)Arbr/J The Jackson Laboratory IMSR_JAX:017320

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse: B6.129S1(Cg)-Rai1tm2.1Luo/J Luo lab (Huang et al., 2016) IMSR_JAX:029103

Mouse: B6.FVB(Cg)-Tg(Rbp4-cre)

KL100Gsat/Mmucd/GENSAT

MMRRC MMRRC_037128-UCD

Mouse: Rims1tm3Sud/J Generated by P.S. Kaeser and T.C. Sudhof,

available at the Jackson Laboratory

IMSR_JAX:015832

Mouse: Rims2tm1.1Sud/J Generated by P.S. Kaeser and T.C. Sudhof,

available at the Jackson Laboratory

IMSR_JAX:015833

Mouse: B6.129S-Rorbtm1.1(cre)Hze/J The Jackson Laboratory IMSR_JAX_023526

Mouse: Rpl22tm1.1Psam/J The Jackson Laboratory IMSR_JAX:011029

Mouse: B6;C3-Tg(Scnn1a-cre)2Aibs/J The Jackson Laboratory IMSR_JAX_009613

Mouse: Tg(Scx-GFP/cre)1Stzr A gift from Dr. Jenna Lauren Galloway

(Clifford Tabin Lab)

MGI:5317938

Mouse: Tg(Sim1-cre)1Lowl/J A gift from Dr. Bradford Lowell IMSR_JAX:006395

Mouse: Tg(Six3-cre)69Frty/GcoJ A gift from Dr. Guillermo Oliver. Available at

The Jackson Laboratory

IMSR_JAX: 019755

Mouse: Tg(Slc1a3-cre/ERT)1Nat/J The Jackson Laboratory IMSR_JAX: 012586

Mouse: Slc6a3tm1.1(cre)Bkmn/J A gift from Dr. Thomas Hnasko, originally

from The Jackson Laboratory

IMRS_JAX: 006660

Mouse: B6.129(Cg)-Slc6a4tm1(cre)Xz/J Available at the Jackson Laboratory IMRS_JAX# 014554

Mouse: Slc16a1lox/lox Rothstein lab (Jha et al., 2019) N/A

Mouse: Slc17a6tm2(cre)Lowl/J The Jackson Laboratory IMSR _JAX: 016963

Mouse: B6;129S-Slc17a7tm1.1(cre)Hze/J The Jackson Laboratory IMSR _JAX: 023527

Mouse: Tg(Slc17a8-icre)1Edw/SealJ A gift from Dr. Robert Edward.

Available at The Jackson Laboratory

IMSR_JAX: 018147

Mouse: B6;129- Tg(Slc18a3-cre)KMisa/0 Riken BioResource Center RBRC_No.RBRC01515

Mouse: B6.FVB-Tg(Slc32a1-cre)

2.1Hzo/FrkJ/

The Jackson Laboratory IMSR_JAX:017535

Mouse: B6J.129S6(FVB)-Slc32a1tm2(cre)

Lowl/MwarJ

The Jackson Laboratory IMSR _JAX: 028862

Mouse: B6;CBA-Tg(Sox10-cre)1Wdr/J The Jackson Laboratory IMSR _JAX: 025807

Mouse: Ssttm2.1(cre)Zjh The Jackson Laboratory IMSR_JAX:013044

Mouse: Stxbp1tm1Mver Verhage lab (Heeroma et al., 2004) MGI:5509149

Mouse: Syktm1.2Tara The Jackson Laboratory IMSR_JAX:017309

Mouse: B6.Cg-Tg(Syn1-cre)671Jxm/J Gift from Dr. Lisa Goodrich,

available at the Jackson Laboratory

IMSR_JAX:00396

Mouse: Tgfb3tm1Moaz The Jackson Laboratory IMSR_JAX:024931

Mouse: Tg(Thy1-cre/ERT2,-EYFP)

HGfng/PyngJ

The Jackson Laboratory IMSR_JAX:012708

Mouse: Trpm7tm1Clph/J The Jackson Laboratory IMRS_JAX:018784

Mouse: B6-Viptm1(cre)Zjh/J The Jackson Laboratory IMSR_JAX:031628

Mouse: Wwp1tm1.1Hkb/N Kawabe lab (Ambrozkiewicz et al., 2018) MGI:6281946

Mouse: Wwp2tm1.1Hkb/N Kawabe lab (Ambrozkiewicz et al., 2018) MGI:6281948

Zebrafish D. rerio: Et(REX2-SCP1-

Ocu.Hbb2:Cre-2A-Cerulean)y492

Burgess lab (Tabor et al., 2019) ZFIN:ZDB-ALT-180717–56

Zebrafish D. rerio: Et(REX2-SCP1-

Ocu.Hbb2:Cre)y547

Burgess lab (Tabor et al., 2019) ZFIN:ZDB-ALT-180717–80

Zebrafish D. rerio: Et(REX2-SCP1-

Ocu.Hbb2:Cre)y549

Burgess lab (Tabor et al., 2019) ZFIN:ZDB-ALT-180717–82

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Zebrafish D. rerio: Et(REX2-SCP1-

Ocu.Hbb2:Cre)y559

Burgess lab (Tabor et al., 2019) ZFIN:ZDB-ALT-180717–92

Zebrafish D. rerio: Et(REX2-SCP1-

Ocu.Hbb2:Cre-2A-Cerulean)y546

Burgess lab (Tabor et al., 2019) ZFIN:ZDB-ALT-180717–79

Zebrafish D. rerio: Et(REX2-SCP1-

Ocu.Hbb2:Cre)y555

Burgess lab (Tabor et al., 2019) ZFIN:ZDB-ALT-180717–88

Oligonucleotides

Primers, see Table S1
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LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Dr. Ann

Marie Craig (acraig@mail.ubc.ca). Inquiries concerning the e-mail addresses of the investigators who contributed information

regarding specified Cre driver lines in Table 1 should be directed to the Lead Contact.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All mice used and agencies approving procedures are as follows: the Canadian Council for Animal Care and the University of British

Columbia Animal Care Committee: Clstn3tm1Amcr/J (Pettem et al., 2013), Ai32 (Madisen et al., 2012), B6-Tg(dlx5a-cre)1Mekk/J (Zer-

ucha et al., 2000), B6-Tg(Gpr26-cre)KO250Gsat/Mmucd (GENSAT Project); Association for the Assessment and Accreditation of

Laboratory Animal Care and Stanford University’s Administrative Panel on Laboratory Animal Care: Tg(Sim1-cre)1Lowl/J

(Balthasar et al., 2005), B6.129S1(Cg)-Rai1tm2.1Luo/J (Huang et al., 2016), B6.129S2-Emx1tm1(cre)Krj/J (Gorski et al., 2002), B6N.Cg-

Gad2tm2(cre)Zjh/J (Taniguchi et al., 2011), B6.Cg-Tg(Nes-cre)1Kln/J (Tronche et al., 1999), B6J.129S6(FVB)-Slc32a1tm2(cre)Lowl/MwarJ

(Vong et al., 2011), B6;129S-Slc17a7tm1.1(cre)Hze/J (Harris et al., 2014), Slc17a6tm2(cre)Lowl/J (Vong et al., 2011); University of California

San Francisco Laboratory Animal Research Center: Tg(Nkx2-1-cre)2Sand (Xu et al., 2008), Tg(hs799-cre/ERT2,-GFP)405Jlr (Silber-

berg et al., 2016), Tg(I12b–cre)1Jlr (Potter et al., 2009), Mafbtm1.1Good (Yu et al., 2013), Maftm2.1Cbm (Wende et al., 2012), Gt(ROSA)

26Sortm32(CAG-tdTomato)Hze, B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J (Madisen et al., 2010), Ssttm2.1(cre)Zjh (Taniguchi et al.,

2011); The Canadian Council for Animal Care and the University Western Ontario Animal Care Committee: Tg(Drd2-cre)ER44Gsat/

Mmucd (Gong et al., 2007), En1tm2(cre)Wrst/J (Kimmel et al., 2000), 129(Cg)-Foxg1tm1(cre)Skm/J (Hébert and McConnell, 2000), C57BL/

6J-Tg(Nkx2-1-cre)2Sand/J (Xu et al., 2008), Tg(Six3-cre)69Frty/GcoJ (Furuta et al., 2000), B6;129- Tg(SLC18A3-cre)KMisa/0 (Mis-

awa et al., 2003), Tg(Slc17a8-icre)1Edw/SealJ (Divito et al., 2015), B6,129-Chat/Slc18a3tm1.2Vpra (Martins-Silva et al., 2011); Fudan

University and Tsinghua University Committees on Animal Care and Use: Trpm7tm1Clph/J (Jin et al., 2008), B6-Tg(Camk2a-cre)T29-

1Stl (Tsien et al., 1996b), B6.129P2-Pvalbtm1(cre)Arbr/J (Hippenmeyer et al., 2005); The NINDS Animal Care and Use Committee:

Gria1tm2Rsp (Engblom et al., 2008), Gria2tm3Rsp (Shimshek et al., 2006), Gria3tm1Rsp (Sanchis-Segura et al., 2006), Grin1tm2Stl (Tsien

et al., 1996b), B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J (Madisen et al., 2010), Slc6a3tm1.1(cre)Bkmn/J (B€ackman et al., 2006); Nie-

ders€achsisches Landesamt f€ur Verbraucherschutz und Lebensmittelsicherheit: Wwp1tm1.1Hkb/N (Ambrozkiewicz et al., 2018),

Wwp2tm1.1Hkb/N (Ambrozkiewicz et al., 2018), B6.129S2-Emx1tm1(cre)Krj/J (Gorski et al., 2002), Neurod6tm1(cre)Kan (Goebbels et al.,

2006), Tg(Camk2a-cre)159Kln (Minichiello et al., 1999), Fdft1tm1Kan (Saher et al., 2005); The Kobe University Animal Care

and Use Committee: Grik4tm1(cre)Ksak (Akashi et al., 2009), B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J (Madisen et al., 2010); Institu-

tional Animal Care and Use Committee of Harvard Medical School: Tg(Six3-cre)69Frty/GcoJ (Furuta et al., 2000), B6.SJL-

Slc6a3tm1.1(cre)Bkmn/J (B€ackman et al., 2006), Rims1tm3Sud/J (Kaeser et al., 2008), Rims2tm1.1Sud/J (Kaeser et al., 2011), Ai34 (MGI

Direct Data Submission, J:170755), Tg(Nes-cre)1Kln/J (Tronche et al., 1999), B6.Cg-Tg(Syn1-cre)671Jxm/J (Zhu et al., 2001),

Erc2tm1.1Sud/J (Kaeser et al., 2009), Slc17a7tm1.1(cre)Hze/J (Harris et al., 2014), B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J (Madisen

et al., 2010), B6; Bhlhe22tm3.1(cre)Meg (Ross et al., 2010), B6;129P-Klf3tm1(cre/ERT2)Pzg/J (GenitoUrinary Development Molecular Anat-

omy Project (GUDMAP)), Neurog2tm1(cre/Esr1)And (Zirlinger et al., 2002), Tg(Scx-GFP/cre)1Stzr (Blitz et al., 2009), B6;129S4-

Foxd1tm1(GFP/cre)Amc/J (Humphreys et al., 2010); The Canadian Council for Animal Care and theMontreal Neurological Institute Animal

Care Committee: Neo1tm1.1Jfcl (Kam et al., 2016), B6.Cg-H2afvTg(Wnt1-cre)11Rth (Danielian et al., 1998; Rowitch et al., 1999); Stanford

University’s Administrative Panel on Laboratory Animal Care: B6.SJL-Slc6a3tm1.1(cre)Bkmn/J (B€ackman et al., 2006), B6-Tg(Drd1-Cre)

EY262GSat (Gong et al., 2003), B6-Gad2tm2(cre)Zjh/J (Taniguchi et al., 2011), Slc17a6tm2(cre)Lowl/J (Vong et al., 2011), B6-Tg(Adora2a-

Cre)KG139GSat (Gong et al., 2007), B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J ; the National Institutes of Health: B6.Cg-Gt(ROSA)

26Sortm14(CAG-tdTomato)Hze/J (Madisen et al., 2010),Gt(ROSA)26Sortm1.1(CAG-EGFP)Fsh/Mmjax (Sousa et al., 2009), C57BL/6J-Tg(Nkx2-

1-cre)2Sand/J (Xu et al., 2008), Tg(Slc17a8-icre)1Edw/SealJ (Grimes et al., 2011), Tg(Htr3a-cre)NO152Gsat/Mmucd (Chittajallu et al.,

2013); Boston Children’s Hospital: C57BL/6-Tg(Grik4-cre)G32-4Stl/J (Nakazawa et al., 2002), B6.FVB(Cg)-Tg(Adora2a-cre)
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KG139Gsat/Mmucd/GENSAT, B6.FVB(Cg)-Tg(Drd1-cre)EY262Gsat/Mmucd/GENSAT, B6.FVB(Cg)-Tg(Rbp4-cre)KL100Gsat/

Mmucd/GENSAT (Gong et al., 2007), B6.SJL-Slc6a3tm1.1(cre)Bkmn/J/JAX (B€ackman et al., 2006), Tg(Thy1-cre/ERT2,-EYFP)HGfng/

PyngJ (Young et al., 2008), Gt(ROSA)26Sortm2(CAG-tdTomato)Fawa (Rock et al., 2011), Fgf22tm1a(EUCOMM)Hmgu (Terauchi et al., 2016);

Cantonal Veterinary Office of Basel-Stadt, Switzerland: B6-Tg(Camk2a-cre)T29-1Stl, B6.Cg-Cux2tm3.1(cre/ERT2)Mull/Mmmh

(Franco et al., 2012), B6-Tg(Grik4-cre)G32-4Stl/J (Nakazawa et al., 2002), B6.Cg-Tg(Ntsr1-cre)GN220Gsat/Mmucd (Gong et al.,

2003), B6.129-Pcp2tm1(cre)Nobs (Saito et al., 2005), B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J (Madisen et al., 2010), B6.129P2-

Pvalbtm1(cre)Arbr/J, B6.Cg-Tg(Rbp4-cre)KL100Gsat/Mmucd (Gong et al., 2003), B6.129S-Rorbtm1.1(cre)Hze/J (Harris et al., 2014),

B6;C3-Tg(Scnn1a-cre)2Aibs/J (Madisen et al., 2010), B6-Ssttm2.1(cre)Zjh, B6-Viptm1(cre)Zjh/J (Taniguchi et al., 2011),

Khdrbs3tm1.1Schei/J (Traunm€uller et al., 2014), Rpl22tm1.1Psam/J (Sanz et al., 2009); Institutional Animal Care and Use Committee

at Duke University: B6;129S6-Chattm2(cre)Lowl/J (Rossi et al., 2011), B6.Cg-Csf1rtm1.2Jwp/J (Li et al., 2006), B6.129P2

(Cg)-Cx3cr1tm2.1(cre/ERT2)Litt/WganJ (MGI Direct Data Submission MGI: J:190965), Epas1tm1Mcs/J (Gruber et al., 2007), B6;129-

Flrt2tm1c(EUCOMM)Wtsi/RobH (Del Toro et al., 2017), FVB-Tg(GFAP-cre)25Mes/J (Zhuo et al., 2001), Isl1tm1(cre)Sev/J (Yang

et al., 2006),Megf10tm1c(KOMP)Jrs (Kay et al., 2012), Tgfb3tm1Moaz (Doetschman et al., 2012), Ptf1atm3Cvw (Krah et al., 2015), Isl1tm1.1Whk

(Mu et al., 2008), Tg(Six3-cre)69Frty/GcoJ, B6.129P2-Syktm1.2Tara/J (Saijo et al., 2003), CBy.B6-Gt(ROSA)26Sortm1(HBEGF)Awai/J

(Buch et al., 2005), B6.129(Cg)-Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J (Muzumdar et al., 2007), B6.Cg-Gt(ROSA)

26Sortm14(CAG-tdTomato)Hze/J (Madisen et al., 2010); the Animal Resource Committee of Keio University: Grin2ctm2(icre)Mwa (Miya-

zaki et al., 2012), Cacna1atm1Kano (Hashimoto et al., 2011), Grik4tm1(cre)Ksak (Akashi et al., 2009), Grik2tm1.1 Ksak (Matsuda

et al., 2016), Adgrb3tm1Ksak (Kakegawa et al., 2015), Atg5tm1Myok (Hara et al., 2006), B6.129-Tg(Pcp2-cre)2Mpin/J (Barski

et al., 2000), PhotonSABER-LSL; The Institutional Animal Care and Use Committee and the Duke Division of Laboratory

Animal Resources oversight: Tg(Slc1a3-cre/ERT)1Nat/J (Wang et al., 2012), Nlgn2tm1.1Sud/J (Liang et al., 2015), Gt(ROSA)

26Sortm14(CAG-tdTomato)Hze/J (Madisen et al., 2010); the nstitutional and Dutch governmental guidelines for animal welfare:

B6.129(Cg)-Slc6a4tm1(cre)Xz/J (Zhuang et al., 2005), Stxbp1tm1Mver (Heeroma et al., 2004), B6-Gad2tm2(cre)Zjh/J (Taniguchi

et al., 2011), Baylor College of Medicine Institutional Animal Care and Use Committee: Dnmt3atm3.1Enl (Kaneda et al.,

2004), B6.FVB-Tg(Slc32a1-cre)2.1Hzo/FrkJ/ (Chao et al., 2010), the Johns Hopkins University Institutional Animal Care and

Use Committee: B6.Cg-Tg(Gfap-cre)77.6Mvs/2J (Gregorian et al., 2009), Slc16a1lox/lox (Jha et al., 2019), B6;CBA-Tg(Sox10-

cre)1Wdr/J (Matsuoka et al., 2005). Genotyping was performed using primers and tissues described in Table S1.

Procedures involving zebrafish were approved by the Eunice Kennedy Shriver National Institute of Child Health and Human

Development Animal Care and Use Committee and are described in Tabor et al. (2019).

METHOD DETAILS

Brain slice imaging
Offspring fromAi32 crosseswere euthanized at P14-16, brains extracted and sectioned in ice cold artificial cerebrospinal fluid (ACSF)

containing (in mM): 124 NaCl, 3 KCl, 1.25 NaH2PO4, 1 MgSO47H2O, 2 CaCl2, 26 NaHCO3 and 15 D-glucose which was bubbled

continuously with carbogen (95% O2/ 5% CO2) to adjust the pH to 7.3. Slices (300mm) were then recovered in 31�C ACSF for

20 min and fixed in 4% paraformaldehyde + 4% sucrose in PBS (pH 7.4) for 12 min. They were then washed in PBS containing

the nuclear counterstain DAPI (4’,6 diamidino-2- phenylindole), and mounted in elvanol (Tris-HCl, glycerol, and polyvinyl alcohol

with 2% 1,4-diazabicyclo[2,2,2]octane). Tiled and individual images were captured on a Zeiss LSM 700 confocal microscope.

DATA AND CODE AVAILABILITY

Information from Table 1 will be incorporated in the Mutation details section for each Cre line in the MGI webpage, tagged in bold as

‘‘Germline Recombination.’’ This particular Mutation details field is already exported to various resources, including mutant mouse

repositories for display on strain data pages.
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