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ABBREVIATIONS

a2-Chn: a2-isoform of a-chimaerin

-gal: B-galactosidase

AAV: adeno-associated virus

CST: corticospinal tract

DAPI: 4',6-diamidino-2-phenylindole

DG: dentate gyrus

Dil: 1,1’-dioctadecyl-3,3,3”,3’-tetramethylindocarbocyanine perchorate

DIO: double-floxed inverse open reading frame

E: embryonic day

FSF: FRT-STOP-FRT

GAP43: growth associated protein 43

IUE: in utero electroporation

KD: knockdown

KI: knock-in

KO: knockout

L: layer

LSL: loxP-STOP-loxP

MADM: mosaic analysis with double markers

mir30: mircroRNA30



nls: nuclear localization signal

NGS: normal goat serum

NMDAR: N-methyl-D-aspartate receptor

NS: non-significant

OE: overexpression

P: postnatal day

PASME: promoter-assisted sparse-neuron multiple-gene labeling using in utero electroporation

PB: phosphate buffer

PBS: phosphate buffered saline

PCR: polymerase chain reaction

PFA: paraformaldehyde

PSD-95: postsynaptic density protein 95

RNAI: RNA inference

RNZ: Rosa26-loxP-STOP-loxP-nlsLacZ

RSR: Rox-STOP-Rox

SEM: standard error of the mean

shRNA: small hairpin RNA

SLICK: single neuron labeling with inducible Cre-mediated knockout

SnRFP: Supernova RFP

SnAmcyan: Supernova Amcyan



SnGFP: Supernova GFP

TRE: tetracycline response element

TALENS: target transcription activator-like effector nucleases

tTA: tetracycline transactivator

XFP: red, green, yellow, or cyan fluorescent proteins



SUMMARY

The assembly of neural circuits that is responsible for higher brain function relies on tightly interconnected

neurons, which are diverse in molecular, morphological, physiological and functional properties.

Approaches for imaging isolated single neurons would help researchers to characterize the complex

organization of neural circuits in the mammalian brain. For this purpose, the Supernova system was

developed (Mizuno, Luo et al., 2014). This system consists of two vectors: tetracycline response element

(TRE)-Cre and CAG-loxP-STOP-loxP-RFP-ires-tTA. In the cells transfected with the Supernova vector

set, leakage of TRE drives the weak expression of Cre and, subsequently, RFP and tTA in a very small

population of cells. Then only in these cells, the expression of RFP was facilitated by the positive feedback

of the tTA-TRE cycles. | evaluated sparseness and brightness of the Supernova-mediated labeling. |

quantitatively examined the sparseness of the Supernova labeling and showed that Supernova vectors

introduced by in utero electroporation at embryonic day (E) 14.5 labeled less than 10% of transfected

neurons in the cortex at postnatal day 16. | also revealed that more than half of Supernova-labeled neurons

exhibited high intensity of neuronal labeling, by which I could clearly observe the whole dendritic

morphologies.

In the subsequent studies, | refined and expanded the Supernova system in several aspects. First,

| developed the Flpe/FRT-based Supernova system, which consists of TRE-FIpe and CAG-FRT-STOP-

FRT-RFP-ires-tTA. By comparing the Flpe/FRT-based and original Cre/loxP-based Supernova systems in

cortical neurons transfected, | found that the FIpe/FRT-based system shows much more excellent properties

in sparseness and brightness than the Cre/loxP-based one. Importantly, the Flpe/FRT-based system



achieved neuronal labeling with essentially no background (few darkly labeled neurons). By taking

advantage of these features, | was able to image the whole cellular morphology of a single callosal

projection neuron in the intact young adult mouse brain. In addition to the Flpe/FRT-based Supernova

system, | constructed a Dre/Rox-based Supernova system. | showed that both of these two systems could

be used for neuronal labeling even in Cre expressing transgenic mice. Second, | developed an adeno-

associated virus (AAV)-based Supernova system and successfully used it to visualize isolated single

hippocampal CA1 pyramidal neurons. This system makes the Supernova labeling even more flexible to use

than the in utero electroporation-based system, because the AAV-based system has no brain region

limitation and is suitable for labeling in cells in elder mice.

The original Cre/loxP-based Supernova system was designed to enable labeled-cell-specific gene

knockout when it is combined with a floxed mouse line, in which the essential region of the target gene was

flanked by two loxP sites. To evaluate the efficiency, I transfected the Cre/loxP-based Supernova vectors

into hippocampal CA1 neurons in a2-Chimaerin (a.2-Chn) flox/flox mice by in utero electroporation. |

found that almost all of Supernova-labeled neurons showed a deletion of a2-Chn protein expression and

this deletion was observed only in Supernova-labeled neurons. These results indicate the high-efficiency of

the Supernova system for labeled-cell-specific knockout of endogenous genes.

In order to save time and efforts for generating floxed mice, methods that can manipulate target

gene expression in individual cells in wild-type mice would be required. For the purpose, | combined the

RNA inference technique with the Supernova system. By electroporation of constructed Supernova-

mediated expression vectors carrying small hairpin RNA against target genes, | efficiently reduced the



expression level of reporter genes in sparsely labeled cortical neurons in two lines of Cre-reporter mice.

Moreover, | also adapted target transcription activator-like effector nuclease (TALEN)-based genome

editing technology to Supernova system and successfully inhibited the expression of an endogenous gene,

a2-Chn, in wild-type hippocampal CAL pyramidal neurons. To my knowledge, this is the first report for

manipulation of an endogenous gene in identified individual cells in wild-type individuals.

In summary, the original and improved Supernova systems are general methods to label a sparse

population of cells with high fluorescent intensity and essentially little background, and enables

simultaneous gene manipulation in these labeled cells. Thus, Supernova systems are promising tools to

elucidate the cellular and molecular mechanisms underlying neural circuit development and function at

single cell levels.



INTRODUCTION

The neural circuits in the mammalian central nervous system possess an intricate pattern. Each neural circuit

is composed of densely packed neurons, which are diverse in molecular, morphological, physiological and

functional properties. During development, these varieties of neurons are interconnected with each other to

form neural circuits that are responsible for higher brain function in adulthood. These processes are

sophisticated and are considered to be results from the interplay between intrinsic genetic programs and

extracellular signals (Parrish et al., 2007; Scott and Luo, 2001; Wong and Ghosh, 2002).

For understanding the cellular mechanisms underlying the neural circuit formation, approaches

for imaging neurons at a single cell level are imperative. Historically, many approaches for observing the

cellular morphologies of individual neurons have been used. Golgi staining, a sliver staining method that

proceeds on fixed tissue, enables the first systematic analysis of the organization of nervous system at a

single cell level (Golgi, 1873). Methods for observing the cellular morphologies of single neurons can also

be achieved by intracellular injection of tracers, such as horseradish peroxidase (HRP), neurobiotin or

biocytin and fluorescent dyes (Dacey and Lee, 1994; David and Aguayo, 1981; Honig and Hume, 1989;

Horikawa and Armstrong, 1988). Later, taking advantage of the transgenic mouse technology, genetically

directed neural labeling was developed based on selectively expression of a fluorescent protein under the

control of a cell-type specific promoter which restricts the labeling in a defined small subset of neurons

(Feng et al., 2000). Another general strategy for sparse labeling relies on selective transfection of genes

encoding for fluorescent proteins into a sparse population of neurons by in utero electroporation (IUE) or

viral infection (Ako et al., 2011; Dhande et al., 2011; Kim et al., 2013; Kim et al., 2012). Either of these



approaches is suffered by its own limitations (see discussions) and a more flexible tool, which enables

sparse and bright neuron labeling, is required.

To understand the molecular mechanisms underlying the development, maintenance and

plasticity of neural circuits, genetic manipulation in mice, such as generating global knockout mice and

conditional knockout mice, has become the most popular way (lwasato et al., 2000; Iwasato et al., 1997).

However, these approaches usually accompany with disruption of neural circuits in a large scale. Genetic

analysis on single neurons that are surrounded by the masses of wild-type cells would help researchers to

identify the cell-autonomous function of a target gene. The observation of the competition between mutant

and wild-type cells in dynamic biological processes, such as dendritic refinement of cortical neurons during

the postnatal development (Mizuno et al., 2014), would further facilitate elucidation of the cellular and

molecular mechanisms that underlie neural circuit formation. Recently, two systems were reported that

allow the generation of single isolated mutant cells, which are simultaneously labeled by fluorescent

proteins for investigating their morphology and physiological properties among the mass of wild-type cells

(Young et al., 2008; Zong et al., 2005). Both of these two systems are based on generation of transgenic

mice, which is time-consuming and inflexible for using (e.g. one cannot change the color of fluorescent

protein easily) and has limitation of utilization.

Here, | report a novel system, termed “Supernova”, which enables 1) single-cell labeling with

high fluorescent intensity, little background, no cell-type specificity and no area limitation, and 2) labeled

cell-specific gene knockout in floxed transgenic mouse as well as labeled cell-specific gene knock-down

or genome editing in wild-type mice.



RESULTS

The Supernova system enables high intensity single-cell labeling

One of my primary goals is to develop a system which enables visualization of the detailed cellular

morphology of an isolated single neuron in the mammalian brain during postnatal development. With this

goal, the Supernova system was developed (Mizuno et al., 2014). This system consists of two vectors:

tetracycline response element (TRE)-Cre (TRE-Cre) and CAG-loxP-STOP-loxP-RFP-ires-tTA-WPRE

(LSL-RFP-tTA) (Figure 1A, upper panel). The Supernova system relies on stochastic leaky gene expression

of TRE in the absence of tetracycline transactivator (tTA) stimulation. The strategy is that, in the cells

transfected with these vector set, leakage of TRE drives the weak expression of Cre and, subsequently, tTA

in a very small population of cells. Thus, only in these cells, the expression of RFP is facilitated by the

positive feedback of the tTA-TRE cycles (Figure 1B).

To examine the efficiency of tTA-TRE positive feedback, | compared the sparseness and

brightness of cells labeled by Supernova RFP (SnRFP) and those of cells labeled by SnRFPALITA (Figure

2), in which the CAG-loxP-STOP-loxP-RFP-WPRE (LSL-RFP) vector was used instead of the LSL-RFP-

tTA vector. | introduced either of SNnRFP and SnRFPALTA vectors into layer 4 (L4) cortical neurons by IUE

at E14.5 (Figure 2B). The CAG-GFP vector was co-transfected to label the transfected cells. | made coronal

sections from postnatal day 16 (P16) brains and took the images of the sections using confocal microscope

with low laser power to avoid the saturation of both RFP and GFP signals of labeled cell bodies (Figure

2B). First, | counted numbers of RFP-positive and GFP-positive neurons, and found that only 8.18% + 0.92%

(n=4 mice) and 8.60% =+ 1.21% (n=4 mice) of GFP-labeled neurons (transfected neurons) expressed RFP



in SNRFP and SnRFPAtTA labeling, respectively (Figure 2C). These results showed that both SnRFP and

SNRFPALTA labeling achieved similar sparse labeling. Thus, the sparseness of Supernova labeling was

primarily determined by the efficacy of initial TRE leakage-induced Cre expression. Transfection of the

LSL-GFP-tTA vector with the CAG-GFP vector produced only GFP positive neurons (data not shown),

confirming that the RFP expression by LSL-RFP-tTA is Cre-dependent. | next compared the brightness of

RFP labeling. | quantified the RFP intensity of cell bodies of SnRFP and SnRFPAtTA labeled neurons. The

intensity of GFP signals in the same neurons was used to normalize the electroporation efficiency (Figure

2B). | found that the average brightness of cell bodies of RFP positive neurons labeled by the SnRFP (n =

86 cells, 4 mice) was significantly higher than that of RFP positive neurons labeled by SnRFPALTA (n =

124 cells, 4 mice; p = 0.041) (Figure 2D). In addition, | also evaluated the brightness of RFP labeled neurons

based on how much their dendrites would be visible. | took the images of the same sections again using

relatively high laser power to visualize the dendritic morphology of SnRFP and SnRFPALTA labeled

neurons (Figure 3A). | quantified the ratio of RFP"9" neurons, in which whole dendritic morphology can

be clearly identified by RFP (Figure 3A arrows). | found that 53.69% * 4.47% (n= 3 mice, 65 cells in total)

of the SnRFP-labeled neurons was RFP"" neurons. By contrast, in the neurons labeled by SnRFPALTA,

the percentage of RFP"" cells was significantly lower (24.87% + 1.33%, p<0.01, n=3 mice, 79 cells in

total). These results indicated that the tTA-TRE cycles amplified the expression of RFP (Figure 2D, 3B).

I examined the developmental time course of Supernova-mediated fluorescent neural labeling. I co-

transfected SnRFP and CAG-GFP vectors into cortical neurons by IUE at E14.5 and the brains were fixed

at E16.5, PO, P4 and P8 (Figure 4). The expression of SnRFP was already observed two days after
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transfection (at E16.5). The leading processes of the migrating neurons in the developing cortex could be

observed (Figure 4A, arrow). | quantified the ratio of SnRFP-positive neurons to GFP positive neurons at

PO, P4 and P8. The ratios were similar, with 4.50% + 0.40% (n=3 mice) at P0, 4.73% = 0.33% (n=4 mice)

at P4 and 5.63% £ 0.75% (n=5 mice) at P8 (Figure 4B, 4C).

In order to increase the color variation of Supernova labeling, genes encoding other fluorescent

proteins such as Amcyan and GFP (together termed XFPs) were cloned into Supernova vector sets (Figure

5A). The cortical neurons labeled by different fluorescent proteins are shown in Figure 5B, 6, 7. Briefly, |

delivered Supernova XFPs into neurons in distinct cortical layers through IUE at different embryonic stages.

For the transfection control, CAG-RFP or CAG-GFP vector, which was widely used for regular labeling,

was co-transfected (Figure 5B, 6, 7). Figure 5B showed the images of coronal sections made from P8 brains

that were electroporated with SnXFP and CAG-RFP or CAG-GFP, confirmed the sparse labeling. Higher

magnification images were shown in Figure 6. The high intensity of fluorescent labeling by Supernova

system was confirmed by clear visualization of the complete dendritic branching of labeled neurons (Figure

6, 7 upper panel), dendritic spines (Figure 7, lower panel), and axons crossing long distance (Figure 8).

Figure 7 showed the dendritic spines of SnAmcyan-labeled L5 pyramidal, SnGFP-labeled L4 spiny stellate,

and SnRFP-labeled L2/3 pyramidal neurons, in 1 month-old mice. For the axon labeling, | examined the

corticospinal tract (CST), the longest axonal trajectory in the mammalian central nervous system. CST

axons are originated in L5 of the motor cortex, cross into the contralateral side of the medulla and down

through the entire length of the spinal cord (Gianino et al., 1999; Liang et al., 1991) (Figure 8A). To

visualize individual CST axons, | electroporated SnRFP vectors into the right motor cortex at E13.5. The
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CAG-GFP vector was co-expressed to label CST axons from transfected neurons (Figure 8B). | analyzed

the projections of the CST axons in the spinal cord. In the coronal sections of the cervical enlargement of

P5 mouse spinal cord, individual SnRFP-labeled axons were clearly identified (Figure 8C).

The Flpe/FRT-based Supernova system achieves extremely low background of neuron labeling

Supernova system based on another recombination system, Flpe/FRT, was also constructed (Figure 9A

upper panel). To confirm the efficiency of tTA-TRE feedback of Flpe/FRT-based Supernova system, |

electroporated Flpe/FRT-based Supernova RFP (Flpe/FRT-SnRFP) and Flpe/FRT-SnRFPALTA vector sets

into L4 cortical neurons by IUE at E14.5. The CAG-GFP vector was co-transfected to label the transfected

neurons (Figure 9B). Figure 10 showed higher magnification images taken by confocal microscope with

low laser power. | quantified the number of RFP-labeled cells and GFP-labeled cells. At P16, 1.67% £ 0.17%

(n=5 mice) of GFP positive neurons were labeled by Flpe/FRT-SnRFP, while only 0.48% + 0.10% (n=5

mice) of GFP positive neurons were labeled by Flpe/FRT-SnRFPALTA (Figure 10B). Without tTA-TRE

enhancement, the weak expression of RFP was almost invisible (Figure 10A lower panel, arrowhead). Next,

| quantified the RFP signal intensity of FIpe/FRT-SnRFP and Flpe/FRT-SnRFPALTA labeled neurons. |

found that the average brightness of cell bodies of RFP positive neurons labeled by the FIpe/FRT-SnRFP

(n= 155 cells, 4 mice) was about 8 times higher than that of FIpe/FRT-SnRFPAtTA labeled neurons (n=81

cells, 4 mice, p<0.001) (Figure 10C). These data indicated that, as the Cre/loxP-based Supernova system,

the tTA-TRE cycles effectively facilitated the RFP expression in FIpe/FRT-SnRFP labeled neurons.

To achieve sparse labeling, a DNA solution containing a Supernova vector set with 5ng/ul
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TRE-Flpe vector was usually used (Figure 9B upper panel, 10A upper panel). Based on the design of

Supernova system, the number of labeled cells is supposed to be adjusted by the concentration of TRE-Flpe

vector. | prepared the Flpe/FRT-SnGFP vector set containing 5ng/ul and 500ng/ul TRE-Flpe vector and

electroporated into L2/3 cortical neurons by IUE at E15.5. The CAG-RFP was co-transfected to label

transfected neurons (Figure 11A). | quantified the GFP-positive cells and RFP-positive cells at P8. | found

that, when 5ng/ul was used as the final concentration of TRE-Flpe vector, 1.43% + 0.09% (n=5 mice) of

RFP positive neurons were labeled by FIpe/FRT-SnGFP, while the final concentration of TRE-Flpe vector

increased to 500ng/ul, almost all of RFP positive neurons (98.71% + 2.46% , n=5 mice, P<0.001) were

labeled by Flpe/FRT-SnGFP (Figure 11B). These data indicated the sparseness of Supernova labeling can

be adjusted by changing the amount of the TRE-FIpe vector in the DNA solution for electroporation.

Next | compared the Flpe/FRT-based Supernova labeling with Cre/loxP based Supernova

labeling. | introduced Flpe/FRT-SnRFP and Cre/loxP-SnRFP vector sets into L2/3 cortical neurons,

separately, by performing IUE at E15.5. | co-transfected the CAG-GFP vector to label the transfected cells

(Figure 12). | quantified the sparseness as the ratio of RFP-labeled neurons to GFP-labeled neurons. At P6,

14.84% + 3.27% (n=4 mice) of GFP positive neurons were labeled by Cre/loxP-SnRFP, while only 1.95%

+ 0.23% (n=4 mice) of GFP positive neurons expressed Flpe/FRT-SnRFP, indicating that Flpe/FRT-based

Supernova labeling reveals excellent property in sparseness (Figure 12C). | evaluated the brightness of RFP

labeled neurons based on visibility of their dendrites. Strikingly, most Flpe/FRT-SnRFP labeled neurons

(90.00% + 7.93%, n=4 mice) were RFP"9" neurons, while only half of the Cre/loxP-SnRFP labeled cells

(55.99% + 3.60%, n=4 mice) showed high fluorescent intensity (Figure 12D). In other words, differing
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from Cre/loxP-based Supernova labeling, an extremely high level of RFP was expressed in most of

Flpe/FRT-SnRFP labeled neurons. Indeed, | showed that FIpe/FRT-SnRFP-mediated neuronal labeling is

suitable for the visualization of detailed cellular morphology including dendritic spines of hippocampal

CA1 pyramidal neurons (Figure 13) and interhemispheric (callosal) connections of L2/3 pyramidal neurons

(Figure 14, See also next section). These data indicated that Flpe/FRT Supernova system achieved high

intensities of fluorescent neural labeling with little background. These features of Flpe/FRT-based

Supernova system are most useful for neural imaging in living animals, in which the outstanding sparseness

and brightness are required.

The Flpe/FRT-based Supernova labeling is bright enough to visualize intact neural connectivity at

single cell resolution in whole brain

For understanding the organization of complex nervous system, mapping the architecture of neural circuits

is the basis and has been one of the most challenging projects for neuroscientists. A common way for

quantitative reconstruction of neuronal circuits has been to slice brains into thin sections, followed by

confocal imaging to gain a high resolution images and 3D reconstruction within a limited volume. The

advent of the two-photon microscope broke the limits, which increased the accessible imaging depth into

hundreds of micrometers in the intact brain. By combination of newly developed optical clearing

technologies (e.g. Scale, SeeDB and CLARITY), the imaging depth of transparent tissues further increases

into more than 2 millimeter (Chung et al., 2013; Hama et al., 2011; Ke et al., 2013; Tomer et al., 2014).

Here, I successfully visualized and reconstructed the whole cellular morphology of single L2/3
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callosal projection neurons in the intact P12 mouse brain by combination of Supernova labeling and SeeDB

technique (Ke et al., 2013) (Figure 14). Briefly, | labeled L2/3 cortical neurons with Flpe/FRT-SnRFP via

IUE at E15.5. After the perfusion and fixation, | cleared the brains by proceeding SeeDB (Figure 14A).

Two-photon microscopy was used to capture the images from the dorsal surface of the brain (Figure 14B,

right panel). To reconstruct the whole cellular morphology of single L2/3 callosal projection neuron, totally

23 X1 blocks (1 block = 607.28um X 607.28 um, Zmax = 1.5mm from the surface) images were taken from

the electroplated side to contralateral side where the axons projected. Figure 14C shows the Z-stacked

images of labeled neuron. A frontal view of dendrites and callosal axon termini of a SnRFP labeled cortical

neuron is shown on the bottom (Figure 14D). Using a three-dimensional software, | successfully

reconstructed the dendritic and axonal morphology of a labeled neuron (Figure 14D).

The Flpe/FRT and Dre/Rox-based Supernova systems enable single cell labeling in Cre expressing

mice

Our original Supernova vector, which is designed based on Cre/loxP recombination, cannot be used for

sparse labeling in Cre expressing transgenic mice, while FIpe/FRT-based Supernova should be used (Figure

15A). To confirm that, | introduced the vectors of FIpe/FRT-based SnGFP (Flpe/FRT-SnGFP) into cortical

neurons of Emx1Cre knock-in mouse, which shows Cre-mediated recombination in all excitatory neurons

of the cerebral cortex (Figure 15A, C upper panel, D left panel, E) (Iwasato et al., 2000; Iwasato et al., 2008;

Iwasato et al., 2004). As a recombination indicator, | co-expressed CAG-LSL-RFP-WPRE. As Figurel5C

upper panel showed, the complete dendritic morphology can be clearly observed by Flpe/FRT-SnGFP
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labeling. On the other hand, it cannot be observed by Cre-induced neural labeling with CAG-LSL-RFP-

WPRE, because too many neurons were labeled.

Moreover, | also constructed Supernova vector sets using another site-directed recombination

system, Dre/Rox (Anastassiadis et al., 2009) (Figure 15B, C lower panel). Furthermore, | increased the

color variation of Flpe/FRT-based Supernova labeling and Dre/Rox—based Supernova labeling with both

GFP and RFP version (Figure 15C-D). | also showed that the fluorescent intensity expressed by Flpe/FRT-

based SnRFP and Dre/Rox-SnRFP was maintained to be high even in the adult mouse brain (3-month-old),

which was sufficient to visualize the dendritic spines (Figure 15D).

Expression of multiple proteins simultaneously in the same individual neuron

Co-expression of multiple genes simultaneously in the same individual neuron would provide effective

ways to characterize the mechanisms underlying neural circuit formation. One example is co-expression of

a fluorescent protein and a calcium indicator into individual neurons and in vivo imaging of neuronal

morphology and neural activity by two photon microscope. The correlation analysis between morphological

variety of labeled neuron and its neural activity changes would supply valuable information for

understanding the neural circuit development and function.

The Supernova systems can achieve co-expression of multiple genes in the same cell by simply

increasing the number of LSL-GeneX-tTA vectors in Cre/loxP-based or FSF-GeneX-tTA vectors in

Flpe/FRT-based Supernova vector sets (Figure 16A, 16C). To test the co-expression efficiency, | performed

quantification on confocal images of the P4 mouse brain, in which cortical neurons were transfected with
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Cre/loxP-SnGFP and Cre/loxP-based Supernova nuclear localization signal (nls)-RFP (nIsSRFP) by IUE at

E15.5. | found that 93.05% + 1.01% (n=4 mice) of nIsRFP-positive cells expressed GFP signal (Figure

16B). In reverse, 80.78% * 5.10% (n=4 mice) of GFP-labeled neurons expressed nISRFP, while 96.43% =+

3.57% (n=4 mice) of GFP"9" neurons, in which all dendritic morphologies were visualized by GFP, were

nIsRFP-positive cells (Figure 16B).

For Flpe/FRT-based Supernova co-expression system, | examined the overlap of GFP and RFP

signals in cortical neurons transfected with Flpe/FRT-SnGFP and Flpe/FRT-SnRFP (Figure 16D). At P8, all

of RFP-labeled cells expressed GFP (51/51 cells, n=5 mice). In reverse, over 95% of GFP-positive cells

also expressed RFP (51/53 cells, n=5 mice).

These results demonstrate that Supernova system allows selective expression of distinct proteins

in a small subset of defined neurons.

AAV-mediated Supernova enables sparse labeling at single cell level

Viral infection is another powerful method for gene expression in targeted cells. This method is suitable for

labeling of cells in adult animals or cells in the organs that IUE-based gene expression cannot be applied

for.

I chose adeno-associated virus (AAV) for Supernova labeling, because it is the least toxic

among all viral vectors and leads to high levels of and long-lasting gene expression (Kaplitt et al., 1994;

Peel and Klein, 2000). However, due to the limitation of insert size of the AAV vector, which is only about

5000 nucleotides (Ehrengruber et al., 2001), the construct design used for IUE-based Supernova vectors
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could not be used. Instead of loxP-STOP-loxP cassette, | used the strategy of double-floxed inverse open

reading frame (D10)(Sohal et al., 2009) to reduce the size of Gene X expression vector (Figure 17). Briefly,

the AAV-mediated Supernova system consists of two vectors: aav-TRE-Cre, Cre-expression vector which

is driven by the leakage of TRE and aav-DIO-RFP-tTA, Cre-dependent expression vector that carries a

loxP/lox2722-flanked inverted inactive RFP-P2A-tTA (Figure 17A). In a very small portion of the cells that

have these two vectors, the leakage of TRE drives very weak expression of Cre, which subsequently

reorients the target gene and then excises one of two lox sites from each pair. As the result, the vector

contains only an incompatible pair of the lox sites that no longer shows response to Cre (Figure 17A). |

injected the constructed viral vectors into the hippocampus of P10 mice. The coronal sections were prepared

20 days after transfection (Figure 17B). | successfully obtained the clear image of hippocampal neurons,

which were sparsely labeled, and whose cellular morphologies were clearly visible (Figure 17C).

Cre/loxP-based Supernova system enables labeled cell-specific gene knockout in floxed mice

Besides labeling, another unique and important feature of Cre/loxP-based Supernova system is that it can

achieve simultaneous gene manipulation in the labeled cell. As described above, in Supernova system, an

extremely high level of Cre is expressed only in sparsely labeled neurons, which would be enough to induce

the excision of a floxed fragment from chromosome. To examine the efficiency and specificity of Cre-

mediated recombination, I transfected Cre/loxP-SnRFP into L2/3 cortical neurons of CAG-loxP-CAT-loxP-

GFP reporter transgenic mice, which express GFP under the Cre-dependent excision of loxP-CAT-loxP

cassette (Figure 18A). In P8 brain section, almost all of SnRFP-labeled neurons (359/397 cells, n=3 mice)
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expressed GFP. Notably, all of RFP"" neurons were labeled by GFP (291/291 cells). On the contrary, all

GFP positive neurons were labeled by SnRFP (359/359 cells; Figure 18B). These data indicate that Cre-

dependent genomic recombination was highly specific to SnRFP-labeled neurons.

Next, | characterized the efficiency of Supernova system in knocking out of an endogenous

gene using floxed mice, in which an essential region of the target gene is flanked by two loxP sites. | chose

a2-chamerin (a.2-Chn) as the target gene, because hippocampal CAL pyramidal neurons ubiquitously

express very high level of a2-Chn during early postnatal period, and its expression can be clearly visualized

by immunohistochemistry (Hall et al., 2001; Iwata et al., 2014). | introduced Cre/loxP-SnRFP into

hippocampal neurons of a2-Chn®/ o mice by IUE at E14.5 (Figure 19). The brains were dissected at P14,

when the a.2-Chn signals are strongest in CA1 region (Figure 149 left panels) (Hall et al., 2001; Iwata et

al., 2014). DAPI staining was performed to visualize the hippocampal cells. | quantified the ratio of a2-

Chn positive cells to DAPI visualized cells in RFP-negative cells (control cells) and RFP positive cells

(SnRFP labeled neurons, a2-Chn KO cells) (Figure 19B right panels, two example image sets were shown).

In hippocampal CAL1 region, 97.70% + 0.09% (n=3 mice) of RFP-negative cells expressed a2-Chn, while

only 5.93% + 3.00% (n=3 mice) of RFP-positive neurons showed a.2-Chn signals (Figure 19C). Note that,

in a.2-Chnflo¥flox mice, most of CA1 pyramidal neurons with high intensity of SnRFP labeling, in which the

shape of cell body could be clearly identified, showed deletion of a2-Chn proteins (n= 80 cells / total 86

cells, 3 individuals). These results further suggest the high recombination specificity and efficiency of the

Supernova system.

Next, | electroporated Cre/loxP-SnRFP into CA1 neurons of a2-Chnfo/ox and ¢2-Chnflo¥*
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mice (Figure 20A, B). | quantified a2-Chn intensity in both SnRFP-labeled cells and RFP-negative cells

(control cells) in a2-Chnfo¥flox and a2-Chnflo¥* mice. | found that, compared to control cells, a.2-Chn protein

level was significantly reduced in RFP-positive cells in a2-Chnf** mice (a.2-Chn heterozygous cells) and

those in 02-Chn®/ mice (a2-Chn KO cells). I also observed the significant difference of a.2-Chn protein

level between a2-Chn heterozygous and a2-Chn KO cells (Figure 20C).

All of the data shown above provided the compelling evidence that Supernova system is

suitable for conditional gene knockout in combination with floxed mouse.

RNAi-mediated Supernova system enables labeled cell-specific gene knockdown in wild type mice

To achieve sparsely labeled cell-specific manipulation of endogenous gene expression without using floxed

mouse, | modified the Supernova system. Small hairpin RNA (shRNA) can be transfected into cortical

neurons by IUE-mediated transfection of CAG promotor/microRNA30-based inducible RNAi vector

(CAG-LSL-mir30) (Matsuda and Cepko, 2007). By combining this strategy and the Supernova system, |

successfully knocked-down target genes in sparse cortical neurons in two reporter transgenic mouse lines

(Figure 21, 22).

One was the CAG-loxP-CAT-loxP-GFP reporter transgenic (GFP reporter) mice, which

express GFP when the loxP-CAT-loxP cassette was excised by Cre-dependent recombination (Kawamoto

et al., 2000) (Figure 21B). | electroporated Sn-nIsRFP together with CAG-LSL-mir30 (GFPshRNA

scramble sequence) or CAG-LSL-mir30 (GFPshRNA) into L4 cortical neurons in GFP reporter mice by

IUE at E14.5 (Figure 21A-C). | quantified the intensities of GFP signals in cortical neurons expressed with
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GFPshRNA and GFPshRNA scramble sequence. | used nIsRFP signal to normalize the electroporation

efficiency. | found that the relative GFP intensity in neurons electroporated with GFPShRNA was

significantly lower than that in neurons expressed with GFPSshRNA scramble sequence ( GFPshRNA: n =3

mice, total 14 cells; GFPshRNA scramble control: n=3 mice, total 23cells) (Figure 21D).

The efficiency of target gene knockdown was further confirmed in another reporter mouse line,

Rosa26-loxP-STOP-loxP-nlsLacZ (RNZ) mouse, which expresses nlsLacZ by Cre-mediated recombination

(Kobayashi et al., 2013) (Figure 22B). | constructed CAG-LSL-mir30 (LacZshRNA) and CAG-LSL-mir30

(LacZshRNA scramble sequence) and transfected them into RNZ reporter mouse cortex by IUE, together

with SnAmcyan (Figure 22A, C). The level of LacZ expression was visualized by p-gal

immunohistochemistry (Figure 22C). | quantified the fluorescent intensity ratio of anti-p-gal to Amcyan

and found that, as expected, the ratio in LacZshRNA expressing neuron was significantly lower than that

in LacZshRNA scramble sequence expressing neuron (n=5 mice for each group, total 148 cells) (Figure

22D).

TALEN-mediated Supernova system enables labeled cell-specific gene manipulation in wild-type

mice

As described in the previous section, knocking-down an endogenous gene in individual neurons via an

RNAi-mediated Supernova system was successful. However, its efficiency may not be sufficient for

investigating individual gene function in single cells, because, in both reporter mouse lines, the expression

levels of reporter genes with knockdown were only about half of the normal expression levels (Figure 21-
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22). In order to achieve more effective gene knockdown/knockout, | adapted target transcription activator-

like effector nucleases (TALENSs)-based genome editing technology to the Supernova system with the help

of Dr. Ryohei Iwata. | successfully inhibited the endogenous gene, a2-Chn, expression in CAl pyramidal

neurons of wild-type mouse. a.2-Chn TALEN was designed to target the exon 6 of a2-Chn gene, because

the effective disruption of a.2-Chn by deleting this region has been shown in a.2-Chn KO mice (lwata et al.,

2014) (Figure 23A). a2-Chn TALENSs consist of two constructs (Left and Right) having Fokl nuclease

domain fused to unique DNA binding domains for sites in the target genome (Figure 23).The a2-Chn

TALENSs were constructed into Flpe-induced expression vector, and cotransfected into hippocampal CA1

neurons with Flpe/FRT-SnRFP (Figure 23B).

To assess the editing efficiency of the TALEN-based Supernova gene manipulation system, |

transfected a.2-Chn TALENS together with Flpe/FRT-SnRFP into hippocampal CAL pyramidal neurons by

performing IUE at E14.5. At P14, | perfused and fixed the electroporated brain, sectioned them and stained

these slices with an anti-a.2-chimaerin antibody. | also performed DAPI-staining to visualize cell body

location (Figure 24A-B). Based on the confocal images, | divided the DAPI-visualized cells in hippocampal

CAL1 region into three groups depending on the intensity of anti-a2-Chn signals: a.2-Chn"9" ¢.2-Chn'** and

a2-Chnnegative o 2-Chnhish cells refer to cells that show high intensity of a2-Chn signals, and the intensity of

the signal are similar with that in surround RFP-negative cells (control cells). a2-Chn"%t"e refers to cells

in which the a2-Chn signals would not be detected. a2-Chn'" cells refer to cells, in which the a2-Chn

signals can be visualized, but the intensity of a2-Chn signals are weaker than that in surround RFP-negative

cells (control cells). | found that 75.96% + 5.95% (n=3 mice) of Flpe/FRT-SnRFP labeled cells were o2-
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Chn"eeative ce|ls. The rest was o.2-Chn'" cells, while there were no a2-Chn"% cells. On the other hand, o.2-

Chn"9"and a2-Chn'" cells were 95.06% * 0.52% (n=3 mice) and 3.22% + 0.15% (n=3 mice), respectively,

of RFP-negative neurons. In other words, in cells that were transfected with Supernova a2-Chn TALEN,

the protein level of a2-Chn was dramatically reduced, indicating the high efficiency of gene manipulation

of TALEN-mediated Supernova system.

For excluding the possibility that the expression of a2-Chn may be affected by high fluorescent protein

expression, | electroporated Flpe/FRT-SnRFP into hippocampal CAL neurons by IUE at E14.5. | prepared

coronal sections from the P14 brains and stained these slices with an anti-a2-chimaerin antibody (Figure

25). The expression of a2-chimaerin protein in RFP-positive cells was confirmed (Figure 25, arrowhead).
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DISCUSSION

The strategy to target a small subset of cells for exogenous gene expression (e.g.. florescent protein) or

endogenous gene manipulation is indispensable for understanding the cellular and molecular mechanisms

responsible for neural circuit development and function. For this purpose, the Supernova system was

developed (Mizuno et al., 2014). | demonstrated quantitatively that this original version of Supernova

method can label only small populations of neurons brightly in the mouse brain (Figure 2, 4, 5). Extremely

high florescent signals via Supernova labeling enabled visualization of the whole cellular morphologies of

labeled neurons, including individual dendritic spines and axons (Figure 3, 6-8).

I improved and expanded the Supernova system in several aspects. First, | developed the

Flpe/FRT-mediated-Supernova method, in which | used the Flpe/FRT recombination system instead of the

Cre/loxP system used in the original version of the Supernova. | showed that this new Supernova system

has excellent properties in sparseness and brightness, and that it achieved neural labeling with essentially

no background (Figure 12). These features were critical for imaging neural morphology in living animal

and mapping neuronal circuits in intact tissues (Figure 14). Second, | developed an AAV-based Supernova

system (Figure 17), which makes Supernova labeling even more flexible, because AAV-based transfection

has no area limitation and is convenient for labeling in cells in adulthood.

The original Cre/loxP-based Supernova system is designed to enable labeled cell-specific gene

manipulation, when it is combined with lines of floxed mice, in which the essential region of target genes

is flanked by two loxP sites. | evaluated the efficiencies of gene targeting quantitatively. | found that

Cre/loxP-mediated Supernova system shows high efficiencies for labeled-cell-specific knockout of
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endogenous genes (Figure 18-20).

For manipulating target gene expression in individual cells in wild-type mice, | utilized the

RNA interference, and found that Supernova-mediated expression of shRNA efficiently reduced the

expression level of endogenous genes (Figure21-22). | also developed TALEN-mediated Supernova gene

manipulation system. It had remarkable ability for the reduction of target protein expression in all

transfected cells (Figure 23-24).

Taken together, these results indicated that the Supernova system is a general method to label

a sparse population of cells and to manipulate a gene specifically in the labeled cells; thus, the Supernova

system is a promising tool to elucidate the cellular and molecular mechanisms of neuronal circuit

development and function at a single cell level.

Labeling single cell in vivo

The neurons in the mammalian brain are densely packed and tightly interconnected. For understanding the

complex networking structure of the brain, methods to label a limited number of cells and to clearly image

the whole structures of these cells are requisite.

Awidely used approach for sparse neural labeling is Thy1-XFP transgenic mice, in which XFP

is expressed under the control of neuron-specific elements from the thyl promoter (Feng et al., 2000). The

design strategy of Thyl-XFP mice relies on a phenomenon called ‘position effect variegation’ that the

transgene expression is varied between lines (Festenstein et al., 1996). Totally, 25 lines are reported and the

fluorescent protein’s expression in each Thy1-XFP mouse line was shown in a vested pattern. It is unable
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to observe the neurons in the region that thyl gene is not expressed. In addition, genetic methods such as

Thy1-XFP have disadvantage that it is difficult to change the color of fluorescent proteins etc for labeling

unless generating new lines.

Compared to genetic methods, IUE-based approaches make experimental design much more

flexible. To label single cells using IUE, a common approach is co-expression of a set of two plasmid such

as CAG-loxP-STOP-loxP-XFP (1 mg/ml) and CAG-Cre in a very low concentration (e.g. 0.1 ng/ml)

(Dhande et al., 2011). Using this type of method, only a small subset of cells is labeled. However,

unfortunately with it, the labeling intensity is not usually bright enough for observation of the detailed

cellular morphology such as dendritic spines and usually shows high background.

PASME is a recently reported technique that achieves sparse neural labeling by introducing the

Thy1S-XFP expression vector or ThylS-ERTCreER™ expression vector together with the CAG-floxed-

XFP expression vector into neurons by IUE (Ako et al., 2011). Due to the utilization of thyl promoter, the

target neurons are limited to the cells that express thyl gene. In addition, the dendritic and axonal

morphology could not be clearly seen in the neurons labeled by ThylS-XFP. The relative high intensity

labeling could be achieved only in the neurons transfected with Thyl1S-ER™CreER™ and CAG-floxed-XFP

under the treatment of 4-OHT in postnatal mice.

Viral infection is another delivery system for transfection of genes into internal organ that IUE-

base transient methods could not be applied for. Up to now, the sparse labeling via viral infection is usually

performed through one of following two strategies: 1) by simply reducing the copy number of viral

expression vector (Kim et al., 2013); 2) by utilizing a mutant Cre recombinase-mediated inversion system
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that sparse gene delivery are achieved by Cre-induced inversion of two mutant loxP sites (lox66 and lox71)

(Kim et al., 2012). Although these approaches achieve some level of sparseness, the low intensity of

fluorescence limits their practicability in experiments requiring brightness.

The Supernova system solved all the problems mentioned above. First and foremost is the

sparse labeling with extremely high fluorescent signals, which enabled morphological analysis on the

detailed cellular component, such as dendritic spines and axonal branches. Second, the Supernova system

can use both IUE and viral infection techniques, compared to genetic methods, which are more convenient

with no restriction on the cell-type, target region, initial time point, and the color selection of fluorescent

proteins for neural labeling. Third, using the Supernova system, the experimental turnover time is

dramatically shortened from year to several weeks by comparing with the approaches based on transgenic

animals. Therefore, a variety of experimental designs can be tested easily.

Manipulation of a target gene in sparsely labeled cells in vivo

To dissociate cell-autonomous and nonautonomous functions of a target gene in neural circuit formation

and function, approaches for generation of isolated single mutant cells in an otherwise normal tissue, and

simultaneously labeling them for morphological and physiological analysis are useful. MADM (mosaic

analysis with double markers) and SLICK (single neuron labeling with inducible Cre-mediated knockout)

are recently reported systems that are developed for such purpose.

The strategy of MADM system is generating genetically mosaic mice, in which isolated single

mutant and wild-type cells are labeled with different fluorescent proteins in the same experimental
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individual (Zong et al., 2005). A major limitation of the MADM system is that it requires two MADM

transgenic mouse lines specific to the chromosome harboring gene of interest (Zong et al., 2005). Although,

new mice that harbor MADM transgenes on different chromosomes are reported recently (Tasic et al., 2012),

the effectiveness of using MADM system on the analysis of the cell-autonomous function of target gene

is still restricted to the genes that located on mouse chromosome 6 distal to the ROSA26 locus, and mouse

chromosome 11 distal to the Hipp11 locus (Espinosa and Luo, 2008; Espinosa et al., 2009; Hippenmeyer et

al., 2010; Liu et al., 2011; Muzumdar et al., 2007). Another disadvantage of MADM system is the time-

consuming for generation mutant-MADM mice. At least, the crossing among four lines including a pair of

knockin mice carrying MADM cassettes, heterozygous mice carrying a null mutation of interested gene, a

Cre-driver line, are required. The preparation, selection and management of these mouse lines take time,

space and efforts.

The strategy of SLICK is that the expression of cDNA encoding YFP and CreER, a tamoxifen-

inducible form of Cre, are driven by separate copies of the Thyl promoter that are linked together in

opposite orientations (Young et al., 2008). The conditional knockout in sparse labeled neurons is performed

by crossing SLICK mice with the mice having floxed allele of gene of interest. The utilization of Thyl

promoter restricted the application of SLICK system to only a defined population of neurons as Thyl-XFP

mice. SLICK system is applicable in late embryonic, postnatal and adult stages, when Thyl promoter is

most active.

The Supernova system shares the same goal with MADM and SLICK systems that enable

performing genetic manipulations specifically in fluorescent labeled individual cells. Here, | present three
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ways to use the Supernova system to achieve gene manipulation at a single cell level. There are: (1) single-

cell knockout, by transfecting Cre/loxP-based Supernova vectors into the cells in floxed mice; (2) single-

cell gene knockdown, by over-expression of RNAI constructs against interested genes into the cells in wild-

type mice; (3) single-cell genome editing, by introduction of TALEN-mediated Supernova gene

manipulation vector sets into wild-type cells.

For conditional gene knockout in single-labeled cell, our Supernova system is much flexible.

By using electroporation and viral infection, Cre/loxP-based Supernova vectors can be easily introduced

into any type of cells, at any possible time point, with no restriction to species, as long as the floxed animal

is available. Enhanced Cre expression guaranteed high genomic recombination. The high efficiency of

Supernova system in deleting the floxed target gene from the chromosome is first confirmed by the

disruption of functional N-methyl-D-aspartate receptor (NMDAR) in Supernova-labeled cortical neurons

(Mizuno et al., 2014). Here, | further confirmed the consistency between Supernova-mediated single cell

labeling and gene knockout utilizing a2-Chn as a target gene (Figure19-20). These facts demonstrate that

Cre/loxP-based Supernova is a general method for labeled cell-specific gene knockout. Moreover, different

from MADM and SLICK system, in which the color of marker is determined initially when the transgenic

mice are generated, using the Supernova system, the color of fluorescent proteins could be freely selected

according to the needs of the experiments. Fusion of PSD95, GAP43, nls etc to fluorescent proteins, could

enable researchers to analyze the gene-defect-induced morphological changes via observing detailed

cellular components.

The methods for genetic screening at a single cell level in wild-type animal would dramatically
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change our way for studying the mechanism responsible for biological processes. Our RNAI- and TALEN-

mediated Supernova systems are such approaches that can achieve single cell gene manipulation in wild

type mice (Figure 19-20, 23-25). It is also applicable for investigation of gene function in single isolated

neuron in species that traditional transgenic technology has not been previously feasible. Moreover, as

known, the design of ShRNA or TALENS against target gene is simple, because a lot of well-rounded design

tools are provided on internet and so on. Followed by only one step cloning for constructing of sShRNA or

TALEN expression vectors, the constructed RNAi-mediated or TALEN-mediated Supernova system is

ready for screening and identifying the cell-autonomous role of target genes in biological processes. Further,

there are no limits of target genes, which are different from the MADM system. | need to mention that the

efficiency of RNAI- and TALEN-mediated Supernova system for gene manipulation is case by case, which

depends on the design of the sequences that for targeting the gene or genome. In the present study, | adapted

the shRNA expression vector to Cre/loxP-mediated Supernova system. According to the differences

between Cre/loxP- and Flpe/FRT-based Supernova labeling, the higher knockdown efficiency may be

acquired, by adapting shRNA expression vector to Flpe/FRT-based System. Supernova system is also

applicable for other approaches, such as regulating endogenous protein function in single cell, by over-

expression of vectors which carry genes encoding dominant negative or constitutively active form of

defined proteins.

In summary, the Supernova system was highly effective for sparse and bright cell labeling with

an extremely low background. It achieved labeled cell-specific gene manipulation in wild-type mammals

in vivo for the first time. Thus, the Supernova system is a promising tool to elucidate the cellular and
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molecular mechanisms underlying neural circuit development and function.
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EXPERIMENTAL PROCEDURES

Plasmid construction

The construction of pK031.TRE-Cre and pK029.CAG-loxP-STOP-loxP-RFP-ires-tTA-WPRE were

previously described (Mizuno et al., 2014).

pK046.CAG-loxP-STOP-loxP-RFP-WPRE: To generate the pK046 vector, loxP-STOP-loxP sequence

was amplified from the pBS302 vector (Gibco-BRL) using the primer pair HMO010.F-loxP and

HMO007.R-loxP. The RFP sequence was amplified from the pK023.TurboRFP-N (Evrogen) using the

primer pair HM026.F-RFPand HMO030.R-RFP. The WPRE sequence was amplified from the

pKO021.Lenti-Synapsin-hChR2 (H134R)-EYFP-WPRE vector (Zhang et al., 2007) (Addgene) using

the primer pair HM019.F-WPRE and HM020.R-WPRE. Obtained three products were ligated into the

EcoRlI/Sall, Sall/Notl, and Notl sites of the pCAGplay vector (Hitoshi et al., 1991; Kawaguchi and

Hirano, 2006), respectively.

pK038.CAG-loxP-STOP-loxP-EGFP-ires-tTA-WPRE: To generate the pK038 vector, EGFP and

ires-tTAwere cloned by PCR from pEGFP-N1 (Clontech) and pCAG-loxP-STOP-loxP-RFP-ires-tTA-

WPRE vector using primer sets HMO050.F-EGFP and HMO055.R-EGFP, HMO054.F-iresl and

HMO35.R-tTA, respectively. Obtained two PCR products were combined and re-amplified using

outside primers to generate EGFP-ires-tTA, which was cloned into Sall/Notl sites of the pCAG-loxP-

STOP-loxP-RFP-ires-tTA-WPRE vector.

pK039.CAG-loxP-STOP-loxP-AmCyan-ires-tTA-WPRE: To generate pK039 vector, the AmCyan

was excised with Sall and Stul from pAmCyan (Clontech) and cloned into pCAG-loxP-STOP-loxP-
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EGFP-ires-tTA-WPRE vector digested with Sall and EcoRV.

pK036.TRE-FIpe-WPRE

To generate the pKO036 vector, the coding sequences of Flpe was amplified from pK016.CAG-Flpe-

ires-Puro (GeneBridge) using the primer pair AY101.F-Flpe and AY102.R-Flpe. The resulting product

was ligated into BamHI/Notl sites of the pK026.TRE-Tight vector (Clontech). WPRE, excised with

Notl from pK029.CAG-loxP-STOP-loxP-RFP-ires-tTA-WPRE vector, was ligated into Notl site of

obtained pTRE-FIpe vector.

pK037.CAG-FRT-STOP-FRT-RFP-ires-tTA-WPRE: pK037 vector was generated by replacing loxP-

STOP-loxP sequence with the FRT-STOP-FRT sequence between EcoRI/Sall sites of pK029.CAG-

loxP-STOP-loxP-RFP-ires-tTA-WPRE. FRT-STOP-FRT sequence was amplified from the pBS302

vector (Gibco-BRL) using the primer set HM009.F-FRT and HM008.R-FRT.

pK068.CAG-FRT-STOP-FRT-EGFP-ires-tTA-WPRE: For the pK068 vector, EGFP-ires-tTA sequence

was excised with Sall and Notl from pK038.CAG-loxP-STOP-loxP-EGFP-ires-tT A-WPRE vector and

cloned into Sall /Notl sites of pK037.CAG-FRT-STOP-FRT-RFP-ires-tTA-WPRE vector.

pK073.TRE-Dre-WPRE: The Dre sequences were amplified by PCR from pKO055.CAG-Dre-ires-

puro.gcc vector (a generous gift from Dr. Morimoto, NIG) using primer set WL006.F-Dre and

WLO007.R-Dre. Resulted product was cloned into the EcoRI/Notl sites of pK036.TRE-Flpe-WPRE

vector to generate pKO73.TRE-Dre-WPRE vector.

pK129.CAG-Rox-STOP-Rox-RFP-ires-tTA-WPRE: For pK129 vector, the Rox-STOP-Rox was

excised with Bglll and Xhol from pK078.JFRC176-10XUAS-rox-dSTOP-rox-myr::GFP (Addgene)
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and ligated into BamHI/Xhol sites of pCAGplay vector (Hitoshi et al., 1991; Kawaguchi and Hirano,

2006). Obtained vector was then digested with EcoRI and Xhol and ligated into EcoRI/Sall sites of

pK037.CAG-FRT-STOP-FRT-RFP-ires-tTA-WPRE vector by replacing FRT-STOP-FRT with Rox-

stop-Rox.

pK224.CAG-Rox-STOP-Rox-EGFP-ires-tTA-WPRE: For pK224, the Rox-STOP-Rox was excised

with Bglll and Xhol from pKO078.JFRC176-10XUAS-rox-dSTOP-rox-myr::GFP (Addgene) and

ligated into BamHI/Xhol sites of pPCAGplay vector (Hitoshi et al., 1991; Kawaguchi and Hirano, 2006).

EGFP-ires-tTA form the pK068.CAG-FRT-STOP-FRT-EGFP-ires-tTA-WPRE vector was excised

with Sall and Notl and ligated into the Xhol/Notl sites of above obtained vector. WPRE, excised with

Notl from pK046.CAG-loxP-STOP-loxP-RFP-WPRE, was ligated into Notl site of obtained pCAG-

Rox-STOP-Rox-EGFP-ires-tTA vector.

pK168.AAV-EF 1a-DIO-tTA-P2A-tRFP-WPRE: The tTA sequence was amplified from the pTet-Off-

Advanced vector (Gossen and Bujard, 1992) using primers: 5’-

TGCTAGCGCCACCATGTCTAGACTGGA-3’/ 5°-TGGATCCCCCGGGGAGCATGTCAAGGT-3".

The P2A-tRFP sequence was amplified from TurboRFP (Evrogen, Moscow, Russia) using the primer

pair: 5

AGGATCCGGAAGCGGAGCTACTAACTTCAGCCTGCTGAAGCAGGCTGGAGACGTGGAG

GAGAACCCTGGACCTATGAGCGAGCTGATCA-3’ / 5’-

AGGCGCGCCTCATCTGTGCCCCAGTTTG-3’. The pK168.AAV-EF1a-DIO-tTA-P2A-tRFP-

WPRE was generated by ligation of tTA and P2A-tRFP into the Nhel/BamHI and BamHI/Ascl sites
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of the pAAV-EF1a-DIO-EYFP vector (Addgene: 27056, Cambridge, MA, USA).

pK170.AAV-TRE-Cre-WPRE: The Cre sequence was amplified from the pK067.CAG-nlsCre-WPRE.

The pK170 was generated by ligation of Cre into the EcoRI/BgllI sites of the pK169.AAV-TRE-MCS-

WPRE vector (a generous gift from Dr. Yu Hayashi).

pK098.CAG-loxP-STOP-loxP-nlstagRFP-ires-tTA-WPRE: The encoding sequences of the nuclear

localization signal (nls)-tagRFP were cloned by PCR from pK022.TagRFP-N (Evrogen) with the

primer sets HMO079.F-NLStagRFP and HMO75.R-tagRFP. The PCR products were ligated into

Sall/EcoRV sites of pK038.pCAG-LSL-EGFP-ires-tTA-WPRE vector by replacing EGFP.

pK177.CAG-loxP-STOP-loxP-mir30 (GFP RNAI) and pK178.CAG-loxP-STOP-loxP-mir30 (GFP

RNAIi Scramble control): The shRNA against the coding region of GFP (441-461) and its scramble

control were generated by PCR with the template oligonucleotide for GFP shRNA HMO084: 5'-

TGCTGTTGACAGTGAGCGAAGCCACAACGTCTATATCATGTAGTGAAGCCACAGATGTAC

ATGATATAGACGTTGTGGCTGTGCCTACTGCCTCGGA-3' and the template oligonucleotide for

GFP shRNA scramble control HMO085: 5'-

TGCTGTTGACAGTGAGCGAGCTCATAGAAGCTCTACAATCTAGTGAAGCCACAGATGTAG

ATTGTAGAGCTTCTATGAGCGTGCCTACTGCCTCGGA-3' respectively, using the primers

HMO082.F-mir and HMO083.R-mir. The amplified products were ligated into Xhol/EcoRI sites of

pCAG-loxP-STOP-loxP-mir30 vector (Matsuda and Cepko, 2007; Addgene). The shRNA sense and

antisense target sequences appear in underline. The insert sequences in the construct were verified by

nucleotide sequencing using primers: HM088 and HMO089.
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pK225.CAG-loxP-STOP-loxP-mir30 (LacZ RNAI) and pK226.CAG-loxP-STOP-loxP-mir30 (LacZ

RNAIi Scramble control): For single cell LacZ knockdown, the sShRNA against the coding region of

LacZ (651-671) and its scramble control were generated by PCR with the template oligonucleotide for

LacZ SshRNA WL090 5'-

TGCTGTTGACAGTGAGCGAAAATCGCTGATTTGTGTAGTCTAGTGAAGCCACAGATGTAG

ACTACACAAATCAGCGATTTGTGCCTACTGCCTCGGA-3' and the template oligonucleotide for

LacZ shRNA scramble control WL091: 5'-

TGCTGTTGACAGTGAGCGAGGCAACTTCGGTTAGTATTTATAGTGAAGCCACAGATGTA

TAAATACTAACCGAAGTTGCCGTGCCTACTGCCTCGGA-3' respectively, using the primers

HMO082.F-mir and HMO083.R-mir. The sequence for LacZ shRNA scramble control are designed using

internet tool termed siRNA Wizard-Generation of scrambled siRNA sequence. The amplified products

were ligated into Xhol/EcoRI sites of pCAG-loxP-STOP-loxP-mir30 vector (Matsuda and Cepko,

2007; Addgene). The shRNA sense and antisense target sequences appear in underline. The insert

sequences in the construct were verified by nucleotide sequencing using primers: HM088 and HMO089.

pK217.CAG-FRT-STOP-FRT-a2Chn TALEN Left and pK218.CAG-FRT-STOP-FRT-a2Chn TALEN

Right: The a2Chn TALENS were constructed based on a two-step Golden Gate assembly method using

the Platinum Gate TALEN Kit (Addgene, cat#1000000043). The design of a2Chn TALEN Left RvD

iS NI HD NI NI NI HD NI NN HD NI HD NI NG NN NN HD NI NN NG HD. The design of a2Chn

TALEN Right RVD is NN NN HD HD NG NN NG NI NN HD HD NG HD NG NG NG HD NG HD

NI. The predict cut site is at 237 of mouse a2-Chn exon6. The FRT-STOP-FRT was excised with
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Spel/Sall from pK037.CAG-FRT-STOP-FRT-RFP-ires-tTA-WPRE and ligated to the Spel/Xhol sites

in obtained pK209.CMV- a2Chn TALEN Left and pK210.CMV- a2Chn TALEN Right.

All coding sequences in each construct were verified by nucleotide sequencing. The constructed plasmid

and used primers are summarized in Table 1 and Table 2.

Table 1
Vector # Vector Name
pKO016 CAG-Flpe-ires-Puro (GeneBridge)
pKO021 Lenti-Synapsin-hChR2 (H134R)-EYFP-WPRE
pKO023 TurboRFP-N (Evrogen)
pK026 TRE-Tight vector (Clontech)
pKO029 CAG-loxP-STOP-loxP-RFP-ires-tTA-WPRE
pKO031 TRE-Cre
pK036 TRE-FIpe-WPRE
pKO037 CAG-FRT-STOP-FRT-RFP-ires-tTA-WPRE
pKO038 CAG-loxP-STOP-loxP-EGFP-ires-tTA-WPRE
pKO039 CAG-loxP-STOP-loxP-AmCyan-ires-tTA-WPRE
pKO046 CAG-loxP-STOP-loxP-RFP-WPRE
pKO055 CAG-Dre-ires-puro.gcc vector
pKO067 CAG-nIsCre-WPRE
pKO068 CAG-FRT-STOP-FRT-EGFP-ires-tTA-WPRE
pKO073 TRE-Dre-WPRE
pKO078 JFRC176-10XUAS-rox-dSTOP-rox-myr::GFP (Addgene)
pKO098 CAG-loxP-STOP-loxP-nlstagRFP-ires-tTA-WPRE
pK129 CAG-R0ox-STOP-Rox-RFP-ires-tTA-WPRE
pK168 AAV-EF10-DIO-tTA-P2A-tRFP-WPRE
pK169 AAV-TRE-MCS-WPRE
pK170 AAV-TRE-Cre-WPRE
pK177 CAG-loxP-STOP-loxP-mir30 (GFP RNAI)
pK178 CAG-loxP-STOP-loxP-mir30 (GFP RNAIi Scramble control)
pK217 CAG-FRT-STOP-FRT-a2Chn TALEN Left
pK218 CAG-FRT-STOP-FRT-a2Chn TALEN Right
pK224 CAG-Rox-STOP-Rox-EGFP-ires-tTA-WPRE
pK225 CAG-loxP-STOP-loxP-mir30 (LacZ RNAI)
pK226 CAG-loxP-STOP-loxP-mir30 (LacZ RNAI Scramble control)
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Table 2

Primer # Primer Sequence (from 5' to 3)

HM010  GGGAATTCTAATAACTTCGTATAGCATACATTATACGAAGTTATATTAAGGGTTCCGGATCCTCGGGGACACC

HM007  CCGTCGACATATAACTTCGTATAATGTATGCTATACGAAGTTATTAGGTCCCTCGACCTGCAGCCCAAGCTTA

HM026  CGAATTCTGCAGTCGACGGTACCGAGGGCC

HM030 GTCGCGGCCGCATCATCTGTGCCCCAGTTT

HM019  GCGGCCGCTCAACCTCTGGATTACAAAATT

HM020 GCGGCCGCTGCGGGGAGGCGGCCCAAAGGG

HM050 CGGTCGACGCCACCATGGTGAGCAAGGGCGAGGAGC

HM055  GGAATCCTTAATTAACTCGATCTAGGATATCTTACTTGTACAGCTCGTCCATGCCGAGA

HM054  TCTCGGCATGGACGAGCTGTACAAGTAAGATATCCTAGATCGAGTTAATTAAGGATTCC

HM035 GGGCGGCCGCTTACTTAGTTACCCGGGGAGCATGTCAAG

AY101  GGAAGGATCCTTGTGCTGTCTCATCATTTTGG

AY102 TTGCGGCCGCGGGCGGAATTCTTAATTAACTC

HM008  GGGAATTCTAGAAGTTCCTATACTTTCTAGAGAATAGGAACTTCATTAAGGGTTCCGGATCCTCGGGGACACCA

HM009 CCGTCGACATGAAGTTCCTATTCTCTAGAAAGTATAGGAACTTCTAGGTCCCTCGACCTGCAGCCCAAGCTTA

WL006  CGAATTCGCC ACCATGGGTG CT

WL007  TGCGGCCGCT CACACTTTCC TCTT

HM079  CCGTCGACCATGGGCCCAAAGAAGAAGAGAAAGGTTTCGGTGTCTAAGGGCGAAG

HM075  CCGATATCTTCAATTAAGTTGTGCCCCAGTTTGCTAGG

HM082  CAGAAGGCTCGAGAAGGTATATTGCTGTTGACAGTGAGCG

HM083  CTAAAGTAGCCCCTTGAATTCCGAGGCAGTAGGCA

HM088  GCGGCCGCATCGATGATATC

HM089 GATAGGCAGCCTGCACCTGAG
TGCTGTTGACAGTGAGCGAAGCCACAACGTCTATATCATGTAGTGAAGCCACAGATGTACATGATATAGACGTTGTGGCTGTGCCTACT

HM084
GCCTCGGA
TGCTGTTGACAGTGAGCGAGCTCATAGAAGCTCTACAATCTAGTGAAGCCACAGATGTAGATTGTAGAGCTTCTATGAGCGTGCCTACT

HMO085
GCCTCGGA
TGCTGTTGACAGTGAGCGAAAATCGCTGATTTGTGTAGTCTAGTGAAGCCACAGATGTAGACTACACAAATCAGCGATTTGTGCCTACT

WL090
GCCTCGGA
TGCTGTTGACAGTGAGCGAGGCAACTTCGGTTAGTATTTATAGTGAAGCCACAGATGTATAAATACTAACCGAAGTTGCCGTGCCTACT

WL091
GCCTCGGA
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Animals

All experiments of animal care and use were conducted according to Guidelines for Proper Conduct of

Animal Experiments and were approved by the Institutional Animal Care and Use Committee of the

National Institute of Genetics (NIG).

Genotypes of Emx1Cre KI-ANeo mice (lwasato et al., 2000; Iwasato et al., 2008; Iwasato et

al., 2004), CAG-loxP-CAT-loxP-GFP reporter mice (a kind gift of Dr. Jun-ichi Miyazaki) (Kawamoto et

al., 2000), RNZ reporter mice (a kind gift of Dr. Shigeyoshi Itohara) (Kobayashi et al., 2013) and a2-Chn

flox mice (lwata et al., 2014) were determined by PCR as previously reported.

Embryos for IUE and viral infection were obtained by mating one male with one female

overnight, and the noon of a day, when a vaginal plug was found, was designated embryonic day (E) 0.5.

The day of birth was counted postnatal day (P) O.

In utero electroporation (IUE)

IUE was performed as described previously (Mizuno et al., 2007; Mizuno et al., 2014; Saito and Nakatsuiji,

2001; Tabata and Nakajima, 2001). Briefly, timed pregnant mice were anesthetized with sodium

pentobarbital (50 mg/kg body weight) in saline. After cleaning the abdomen with 70% ethanol, about 3 cm

midline laparotomy was performed and the uterus was taken out. For DNA microinjection, glass capillary

tubes (GC150TF-10; Harvard Apparatus) were pulled using a micropipette puller (PC-10; Narishige). A

total of 0.5 ul of DNA solution was injected into the right lateral ventricle of embryos using a mouth-

controlled pipette system (Drummond Scientific). Square electric pulses (40 V; 50 ms) were delivered 5
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times at a rate of 1 Hz by an electroporator (CUY21SC; NepaGene) to embryos through the uterus by

holding them with forceps-type electrodes (CY650P10, Unique Medical Imada, Japan). The position of the

electrodes for DNA transfection into neurons in the cortex and hippocampus was the same as previous

reported (Saito and Nakatsuji, 2001; Nakahira and Yuasa, 2005). After electroporation, the uterus was

repositioned in the abdominal cavity and the abdominal wall and skin were sutured with surgical sutures.

The plasmids for IUE were purified with NucleoBond Xtra Midi kit (Macherey-Nagel). The

composition of DNA solution for each experiment was summarized as below.

e  For Cre/loxP-based Supernova labeling, a DNA solution containing the pK031.TRE-Cre (5 ng/ul) and

pK029.CAG-loxP-STOP-loxP-RFP-ires-tTA-WPRE (1 upg/ul) or pKO038.CAG-loxP-STOP-loxP-

EGFP-ires-tTA-WPRE (1 pg/ul) or pK039.CAG-loxP-STOP-loxP-AmCyan-ires-tTA-WPRE (1 pg/ul)

was used.

e For SNRFPALTA labeling, a DNA solution containing the pK031.TRE-Cre (5 ng/ul) and pK046.CAG-

loxP-STOP-loxP-RFP-WPRE (1 pg/ul) was used.

e For Flpe/FRT-based Supernova labeling of cortical neurons, a DNA solution containing the

pK036.TRE-FIpe-WPRE (5 ng/pl) and pK037.CAG-FRT-STOP-FRT-RFP-ires-tTA-WPRE (1 ug/ul)

or pK068.CAG-FRT-STOP-FRT-EGFP-ires-tTA-WPRE (1 ug/ul) was used.

e For Flpe/FRT-based Supernova labeling of hippocampal CA1 neurons, a DNA solution containing the

pK036.TRE-FIpe-WPRE (50 ng/ul) and pK037.CAG-FRT-STOP-FRT-RFP-ires-tTA-WPRE (1 pg/ul)

was used.

e For Dre/Rox-based Supernova labeling, a DNA solution containing the pK073.TRE-Dre-WPRE (5
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ng/ul) and pK129.CAG-Rox-STOP-Rox-RFP-ires-tTA-WPRE (1 ug/ul) or pK224.CAG-Rox-STOP-

Rox-EGFP-ires-tTA-WPRE (1 ug/ul) was used.

For regular labeling experiments, a DNA solution containing the pK024.CAsalEGFP (1 pg/ul)

(Horikawa and Takeichi, 2001) (Figure 2-6, 8-10, 12), pK025.CAG-RFP vector (1 ug/ul) (Mizuno et

al., 2010) (Figure 5-6, 11, 15) was used.

For Flpe/FRT-SnGFP and Dre/Rox-SnGFP labeling of cortical neurons in Emx1-Cre KI mice,

pK046.CAG-loxP-STOP-loxP-RFP-WPRE (1 ng/ul) was co-transfected as a control.

For Supernova mediated sparse gene knockdown experiments using CAG-loxP-CAT-loxP-GFP

reporter Tg mice, a DNA solution containing the pTRE-Cre (10 ng/ul), pK098.CAG-loxP-STOP-loxP-

nistagRFP-ires-tTA-WPRE (1 ug/ul) and pK177.CAG-loxP-STOP-loxP-mir30 (GFP RNAI) (1 pg/ul)

or pK178.CAG-loxP-STOP-loxP-mir30 (GFP RNAI Scramble control) (1 pg/ul) was used.

For Supernova mediated sparse gene knockdown experiments using RNZ mice, a DNA solution

containing the pTRE-Cre (10 ng/ul), pK039: pCAG-loxP-STOP-loxP-AmCyan-ires-tTA-WPRE (1

ug/ul) and pK225: pCAG-loxP-STOP-loxP-mir30 (LacZ RNAI) (1 pg/ul) or pK226: pCAG-loxP-

STOP-loxP-mir30 (LacZ RNAI Scramble control) (1 pg/ul) was used.

For the experiment of TALEN-mediated a2-Chn gene manipulation by Supernova system, a DNA

solution containing the pK036.TRE-FIpe-WPRE (50 ng/ul), pK037.CAG-FRT-STOP-FRT-RFP-ires-

{TA-WPRE (1 pg/ul), pK217.CAG-FRT-STOP-FRT-a2Chn TALEN Left (1 pg/ul) pK218.CAG-FRT-

STOP-FRT-a2Chn TALEN Right (1 ug/ul) was used.
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Virus preparation

The preparation of AAV was prepared using AAV-DJ/8 Helper Free Packaging System (Cell Biolabs, San

Diego, CA, USA). The pAAV expression vector, together with pAAV-DJ (Agilent Technologies: 240071),

pHelper (Agilent Technologies: 240071) was cotransfected into HEK293FT cells in Complete Medium

with penicillin and streptomycin (DMEM containing 10% heat-inactivated FBS, 1 mM sodium pyruvate

solution, 0.075% sodium bicarbonate solution). At 72 h after transfection, cells were gently scraped from

the flask and centrifuged at 2,500 rpm for 30 min. The supernatant was filtered through a 0.45 pum

membrane filter (Millipore, Bedford, MA, USA) and transferred to ultracentrifuge tubes. 2 ml of 20%

sucrose/PBS was gently added to the bottom of the supernatant. Then, the supernatant was centrifuged at

22,000 rpm at 4°C for 2 hours in a Beckman ultracentrifuge. The virus pellet was resuspended in 100 pl

cold PBS and stored at -80°C. The genomic titer of each virus was determined by quantitative PCR using

the primer pair: 5’-GAGTTTCCCCACACTGAGTG-3’ / 5’-GAGGCTTGAGAATGAACCAAGA-3".

Virus injection

P10 mice were anesthetized with 2.5% isoflurane. The skin on injection point was opened. A hand drill

(MINIMO, Tokyo, Japan) was used to drill the skull. For one mouse, 250 nl of AAV-DIO-RFP-tTA (1.0 x

10" viral genomes per ml) mixed with 250 nl of AAV-TRE-Cre (1.0 x 10° viral genomes per ml) were

injected unilaterally into the right hippocampus. During the virus injection, the dose of isoflurane was then

reduced to 1.5%. The injection site for labeling neurons in hippocampal CAl regions was located

approximately 1 mm lateral to the sagittal suture, half between the lambda and bregma, and —1.5 mm from
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the dural surface. Virus delivery was performed at a rate of 100 nl per min using a programmable syringe

pump (KD Scientific) with 34-gauge beveled NanoFil needle (World Precision Instruments, Sarasota, FL,

USA).

Tissue processing and immunohistochemistry

Mice were anesthetized by an overdose of isoflurane. For immunohistochemistry and SeeDB procedure,

mice were transcardially perfused with 10-30 ml of saline, followed by 20 ml of 4% paraformaldehyde

(PFA) in 0.1M phosphate buffer (PB) pH 7.4. Brains were immersed into 4% PFA at 4°C for overnight and

then transferred into 30% sucrose in 0.1M PB and store at 4°C for 2 days.

For neural labeling experiment, brains were cut on a freezing microtome (ROM-380; Yamato)

into coronal sections at 100um. Sections were rinsed in 0.1M PB and mounted with VECTASHIELD Hard

Set Mounting Medium or 0.02% n-propy! gallate in 90% glycerol (Longin et al., 1993).

Immunohistochemistry of GFP and [-galactosidase (-gal) were done on coronal sections

sectioned frontally at 50um. Briefly, sections were first permeabilized and blocked in 0.2% Triton X-100/5%

normal goat or donkey serum (Sigma) in 0.1M PB for 1 hour at room temperature and then incubated at 4°C

for overnight with primary antibodies. Next day, sections were rinsed in 0.1M PB and incubated with

secondary antibodies in at 4°C for overnight. For GFP immunohistochemistry, anti-GFP rat antibody

(1:1000, Nacalai Tesque) and Alexa 488 Donkey anti-rat 1gG (1:1000, Invitrogen) was used. For (3-gal

immunohistochemistry, anti-B-gal mouse antibody (1:1000, Promega) and Alexa 568 goat anti-mouse 1gG

(2:1000, Invitrogen) was used. Sections were rinsed in 0.1M PB and mounted with or 0.02% n-propyl
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gallate in 90% glycerol (Longin et al., 1993).

Immunohistochemistry of a2-Chn were done on coronal sections sectioned frontally at 40um.

Tissue staining using the VECTASTAIN Elite ABC system. Briefly, sections were rinsed in 0.1% Triton

X-100 in 1 XPBS (PBT) twice and incubated in 3% H202/PBS at room temperature for 20 min. Then,

sections were treated with pepsin (0.1 mg/ul) in 0.2N HCI/0.1M PB for 7 minutes at 37°C. Next, sections

were rinsed in PBT for three times and incubated with 10% normal goat serum (NGS) in PBT at room

temperature for 1 hour. After blocking, sections were incubated with anti-a2-chimaerin antibody (1: 20,000

dilution)/3% NGS in PBT(Iwasato et al., 2007) at 4°C for overnight. Next day, sections were rinsed with

PBS for three times and incubated in biotinylated goat anti-rabbit 1gG (Vectastain Elite PK-6101)/3 % NGS

in PBS (250 pl/well) at 4°C for overnight. Then, sections were rinsed with PBS and incubated in

StrABC/HRP (250 pl/well) at room temperature for 1 hour with shaking. Before the detection, sections

were blocked in 10% NGS in PBT at room temperature for 30 min with shaking. After incubation in

Fluorophore Amplification Reagent working solution for 8 min at room temperature, sections was washed

and further stained with DAPI (Roche, USA) for nuclear staining. Sections were mounted with or 0.02%

n-propyl gallate in 90% glycerol (Longin et al., 1993).

Optical clearing using SeeDB

Perfused and fixed brain were cleared with the SeeDB according to the standard protocol reported

previously (Ke et al., 2013). In brief, the brains were serially incubated in 20ml of 20%, 40% and 60%,

(weight/volume) fructose in DW, each for 8 hours in 50 ml conical tubes with overhead tube rotator at 4
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rpm at 25°C. Samples were then incubated in 80% fructose for 12 hours, 100% fructose for 12 hours and

finally in SeeDB containing 80.2% weight/weight fructose for 24 hours with rotation at 25°C. All fructose

solutions contained 0.5% a-thioglycerol.

Two-photon imaging

For imaging, SeeDB-cleared whole brain samples were put into a Tissue-TEK Il (No.2, Sakura Finetek,

Japan) and covered by a micro cover glass (24 X 60 mm, thickness No.1 0.12-0.17mm, Matsunami, Japan).

The SeeDB solution was used for immersion (Figure 9B right panel). Imaging was performed using a LSM

7MP multiphoton microscope (Zesis) with a HighQ-2 laser, a BiG detector (Zesis), and a 20X objective

lens (1.05 numerical aperture (NA)). RFP in callosal projection neuron were excited, and emitted

fluorescence was filtered (575-620 nm). Sequential z-images consisted of optical sections (512 X512 pixels;

1.19 pum/pixels) with 1.74 um intervals. Laser power was manually adjusted to give constant fluorescent

intensities at all depths. The whole cellular morphology of single L2/3 callosal projection neuron was

reconstructed from totally 23 X 1 blocks (1 block = 607.28um X 607.28 um, Zmax = 1.5mm from the surface)

images from the electroplated side to contralateral side where the axons projected. Acquired three-

dimensional images were analyzed using the IMARIS Filament Tracer software (Bitplane).

Image analysis and quantification

Fluorescent images were acquired using a TCS SP5 confocal microscope (Leica). For quantification the

sparseness and brightness between Cre/loxP-SnRFP and Cre/loxP-SnRFPAtTA, Cre/loxP-SnRFP and
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Flpe/FRT-SnRFP mediated neural labeling (Figure 1, 2, 7), Z-stacked-images consisted of optical sections

(1024 X 1024 pixels, physical length 387.50 < 387.50 um) with 1.20 um intervals using 40 X objective lens

(0.85 NA) was used. The sparseness was quantified as the percentage of the number of RFP-positive

neurons to the number of GFP-positive neurons, which was labeled by pK024.CAG-GFP for normalizing

the transfection efficiency. For quantification of brightness, | distinguished RFP"9" neurons as neurons

labeled with RFP at high intensity, which show clear dendritic morphology from other RFP-positive

neurons. The brightness was termed as the ratio of RFP"9" neurons to RFP-positive neurons. For visualizing

dendritic spines of Supernova-labeled neurons, sequential z-images consisted of optical sections (1024 x

1024 pixels) with 0.5 pm intervals using 63x oil immersion objective (1.4 NA) with 10x zoom was imaged.

For examination of the genomic recombination efficiency of Cre/loxP-mediated Supernova

system in floxed mouse lines, Cre/loxP-SnRFP was electroporated into hippocampal CA1 region in o2-

Chnflo¥flox and q2-Chnflo* mouse. The whole view of hippocampus was imaged as z-stacked-images

consisted of optical sections (1024 X 1024 pixels) with 7 um intervals using 10 X objective lens (0.40 NA).

The images used for quantification was one-step image (no z-ztack) (2048 X 2048 pixels) that taken by 40

X objective lens (0.85 NA). | counted the percentage of cells that shows a2-Chn single to the cell visualized

by DAPI staining in both Cre/loxP-SnRFP labeled RFP positive cells and RFP-negative cells that around

these labeled cells in the same image (Figure 13). And | also quantified the a2-Chn single intensity in

Cre/loxP-SnRFP labeled cells and RFP negative cells in 02-Chnf/fox and ¢2-Chnf®™* mice. The lowest

raw intensity of a2-Chn signal in Cre/loxP-SnRFP labeled cell in a2-Chnf®/fox mice was considered as the

background. The average of raw intensity of a2-Chn signals in all RFP negative cells obtained from o2-
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Chnflo¥flox and 02-Chn* mice was considered to be 100% and was used to normalize the raw intensity of

a2-Chn signal in Cre/loxP-SnRFP labeled cells.

For quantification of the efficiency of RNAi-mediated gene knockdown in Supernova labeled

neurons, Z-stacked-images consisted of optical sections (1024 X 1024 pixels,) with 1.20 um intervals using

40 X objective lens (0.85 NA) was used. The background intensity of each channel (channel 1 for reporter

gene expression; channel 2 for Supernova labeling intensity) was quantified in an area without neural

labeling in the same image. The knockdown efficiency = (Raw intensity of reporter gene - channel 1

background)/( Raw intensity of Supernova labeling intensity- channel 2 background) X 100%. For both

knockdown group (n=5 mice) and control group (n=5 mice), three images from each individual was taken

and quantified.

Finally, for the experiment of TALEN-mediated gene manipulation using Supernova System,

one-step image (no z-stack) (2048 X 2048 pixels) that was taken by 40 X objective lens (0.85 NA) was used.

The cells in each image were divided into three groups depending on the o2-Chn signals. Because

hippocampal CA1 pyramidal neurons ubiquitously express very high level of a.2-Chn during early postnatal

period, thus a2-Chn"9" cells refer to cells that show high intensity of a2-Chn signals, and the intensity of

the signal are similar with that in surround RFP-negative cells (control cells). a2-Chn"%t"e refers to cells

in which the a2-Chn signals would not be detected. a2-Chn'" cells refer to cells, in which the a2-Chn

signals can be visualized, but the intensity of a2-Chn signals are weaker than that in surround RFP-negative

cells (control cells). The percentage of a2-Chn"9", a:2-Chn'® and a2-Chn"%"¢ jn SnRFP labeled cells and

RFP-negative cells (control cells) were counted.
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Statistics

Microsoft Excel and SPSS statistics version 19 were used to conduct the statistical analyses. For

parametrical statistics, two-tailed unpaired Student’s t-test for two independent samples or analysis of

variance (ANOVA) for multiple independent samples was used. The differing means were identified using

the Tukey-Kramer post hoc test after ANOVA. P<0.05 was considered significant. Values are given as mean

+ standard errors (SE). Asterisks in figures indicate as follows: * for p <0.05, ** for p < 0.01, *** for p <

0.001.
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FIGURE LEGENDS

Figure 1. The design of Supernova system

(A) Schematic representation of the vector sets. The Supernova RFP (SnRFP) consists of two vectors:

tetracycline response element (TRE)-Cre (TRE-Cre) and CAG-loxP-STOP-loxP-RFP-ires-tTA-WPRE

(LSL-RFP-{TA).

(B) The strategy of Supernova system. (1) Initially, the leakage of TRE occasionally drives very weak Cre

expression, only in a small portion of cells that are transfected with both two vectors. Cre subsequently

excises the LSL cassette in a few copies of the LSL-RFP-tTA vector, initiating the transcription of RFP and

tetracycline transactivator (tTA). (2)Through binding with TRE, tTA further facilitates the expression of

Cre. This positive feedback loop of tTA-TRE leads to a high expression level of both Cre and RFP.

Figure 2. Supernova system achieved sparse neural labeling with high fluorescent intensity

(A) Schematic representation of the vector sets. As a control for examining the efficacy of TRE-tTA

enhancement, the ires-tTA cassette was deleted from the LSL-RFP-tTA vector (SnRFPAtTA).

(B) TRE-tTA cycles facilitated RFP expression in SnRFP-labeled neurons. Layer 4 (L4) cortical neurons at

postnatal day 16 (P16) labeled with SnRFP (upper panel) and SnRFPALTA (lower panel) by in utero

electroporation (IUE) at embryonic day 14.5 (E14.5). The fluorescent images were acquired using a

confocal microscope under low laser power to avoid the saturation of fluorescent signals in cell bodies of

labeled neurons.

(C) The sparseness of Supernova labeling. 8.18% + 0.92% (n=4 mice) of CAG-GFP positive neurons are
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SnRFP-positive. Similarly, 8.60% = 1.21% (n=4 mice) of GFP-expressing cells expressed RFP in

SnRFPALTA labeling. All values represent mean + SEM. (NS): not significant, unpaired Student’s t-test.

(D) The brightness of Supernova labeling. The average brightness of RFP signals in the cell bodies of

SnRFP-labeled neurons (1.07 = 0.11, n = 4 mice, total 86 cells) was significantly higher than that in

SnRFPALTA labeled neurons (0.86 + 0.06, n = 4 mice, total 124 cells). The intensity of GFP signals in the

same individual RFP-positive neurons was used to normalize the electroporation efficiency. All values

represent mean + SEM. (*) P<0.05, unpaired Student’s t-test.

Figure 3. Supernova system achieved sparse neural labeling with high fluorescent intensity

(A) RFP expression enhanced by TRE-tTA cycles enabled clear visualization of dendrites in SnRFP-labeled

neurons. The same samples used in Figure 2B were re-photo using a confocal microscope under relative

high laser power to detect the dendrites of labeled neurons. Arrows: RFP"" neurons in which the whole

dendritic morphology could be clearly visualized. Arrow heads: RFP'" neurons in which only the cell body

can be identified.

(B) The high intensity of SnRFP labeling. The brightness was defined as the ratio between the number of

RFP"9" neurons and total RFP-positive neurons. 53.69% * 4.47% (n=3 mice) of SnRFP-labeled neurons

were RFP"" neurons, while only 24.87% + 1.33% (n=3 mice) of SnRFPAtTA labeled neurons were RFP""

neurons, indicating that the RFP expression was amplified by TRE-tTA cycles. All values represent mean

+ SEM.
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Figure 4. The developmental time course of Supernova labeling

(A) SnRFP could be observed two days after transfection. SnRFP and CAG-GFP was co-transfected into

cortical neurons by IUE at E14.5 and the coronal sections were made from the E16.5 mouse brain. Arrows:

the leading processes of labeled neuron.

(B) Images of SnRFP-labeled cortical neurons during early postnatal period. CAG-GFP indicated regular

labeling. At PO, SnRFP was already bright enough to visualize dendritic morphology of labeled neurons.

(C) The sparseness of Supernova system was not changed during the first postnatal week. The ratio of RFP-

positive neurons to GFP-positive neurons was quantified, with 4.50% = 0.40% (n=3 mice) at PO, 4.73% *

0.33% (n=4 mice) at P4 and 5.63% = 0.75% (n=5 mice) at P8. The ratio of RFP"9" to total RFP-positive

neurons was 59.77% % 9.29% (n=5 mice) in P8 brain, which were similar to results of previous

quantification in Figure 1D. All values represent mean + SEM, one-way ANOVA, (NS) not significant.

Figure 5. The color variation of Supernova labeling

(A) Schematic representation of the expanded “Supernova” vector sets. Restriction sites (Sall/ ECORV)

were introduced into the original LSL-RFP-tTA vector, thus the target gene X (e.g., fluorescent protein) can

be easily adapted into Supernova systems by subcloning into Sall/ EcoRV sites of the LSL-Gene X-tTA

vector.

(B) Sparsely labeled cortical neurons with various fluorescent proteins. Supernova Amcyan (SnAmcyan),

SnGFP and SnRFP were delivered into layer V, layer 1V and layer 1I/111 cortical neurons by IUE at E13.5,

E14.5 and E15.5, respectively. CAG-LSL-GFP or CAG-LSL-RFP vector was co-electroporated to indicate
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transfected neurons. The coronal sections were made from P8 brains.

Figure 6. High intensity of Supernova labeling enabled clear visualization of dendrites.

Supernova labeling (right panel) is sparse and bright enough to visualize the morphology of labeled neurons

in a single cell level. Compare to the regular labeling (middle panel) with CAG-RFP or CAG-GFP (middle

panels and merge in left panels). SnAmcyan, SnGFP and SnRFP were introduced into cortical neurons in

different cortical layers by IUE at E13.5, E14.5 and E15.5, respectively. Coronal sections of the P8 mouse

brains were made. The CAG-RFP or CAG-GFP vector was co-transfected to indicate the transfected

neurons.

Figure 7. High intensity of Supernova labeling enabled clear visualization of dendritic spines.

SnAmcyan, SnGFP, SnRFP-labeled cortical neurons. Coronal brain sections were prepared from 1 month-

old mice.

Figure 8. Visualization of individual corticospinal axons by Supernova labeling

(A) Schematic representation of the corticospinal tract, which arises in the deep layer of motor cortex,

crosses the midline at medulla, and extends to the spinal cord. Right panel, the coronal view of spinal cord.

(B) SnRFP and CAG-GFP were transfected into cortical neurons in the motor cortex by IUE at E13.5.

Sagittal sections (100 um thick) were made from the P5 mouse brain.

(C) Coronal sections at cervical enlargement of the spinal cord showed single corticospinal axons. Lower
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panel: higher magnification images of the rectangle in the upper panel.

Figure 9. The Supernova vector sets based on Flpe/FRT.

(A) Schematic representation of Flpe/FRT-based SnRFP (FIpe/FRT-SnRFP). As a control for examining the

efficacy of TRE-tTA enhancement, the ires-tTA was deleted from the FSF-RFP-tTA vector (Flpe/FRT-

SNRFPALTA).

(B) Images of L2/3 labeled by Flpe/FRT-SnRFP (upper panel) and Flpe/FRT-SnRFPALTA (lower panel).

Briefly, FIpe/FRT-SnRFP and Flpe/FRT-SnRFPAtTA were electroporated into L2/3 cortical neurons by IUE

at E15.5. CAG-GFP was co-transfected to indicate the transfected neurons. Brains were sampled at P16.

Figure 10. FIpe/FRT-based Supernova system achieved sparse and high intensity neural labeling.

(A) Higher magnification images of Figure 9B. The fluorescent images were acquired using a confocal

microscope under low laser power to avoid the saturation of fluorescent signals in cell bodies of labeled

neurons.

(B) The sparseness of Flpe/FRT-based Supernova labeling. 1.67% % 0.17% (n=5 mice) of CAG-GFP

positive neurons are Flpe/FRT-SnRFP-positive, while only 0.48% * 0.10% (n=5 mice) of GFP-expressing

cells expressed RFP in FIpe/FRT-SnRFPALTA labeling. All values represent mean + SEM. (***) p<0.001,

unpaired Student’s t-test.

(C) TRE-TA cycles facilitated RFP expression in Flpe/FRT-SnRFP-labeled neurons. The average

brightness of RFP signals in the cell bodies of Flpe/FRT-SnRFP-labeled neurons (2.035 + 0.19, n = 4 mice,
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total 155 neurons) was significantly higher than that in SnRFPAtTA labeled neurons (0.26 £ 0.02, n = 4

mice, total 81 cells). The intensity of GFP signals in the same individual RFP-positive neurons was used to

normalize the electroporation efficiency. All values represent mean + SEM. (***) P<0.001, unpaired

Student’s t-test.

Figure 11. The number of Flpe/FRT-SnGFP labeled neurons could be adjusted.

(A) Images of L2/3 cortical neurons labeled by Flpe/FRT-SnGFP. The concentration of TRE-Flpe vector in

DNA solution was 5ng/ul (upper panel) and 500ng/ul (lower panel), separately. CAG-RFP was co-

transfected to indicate the transfected cells. Coronal sections were made from P8 brains.

(B) The quantification of cell numbers that were labeled with FIpe/FRT-SnGFP. 1.43% + 0.09% (n=5 mice)

of RFP positive neurons were labeled by FIpe/FRT-SnGFP, when 5ng/ul was used as the final concentration

of TRE-FIpe vector. In contrast, almost all of RFP positive neurons (98.71% % 2.46%, n=5 mice) were

labeled by Flpe/FRT-SnGFP, when the final concentration of TRE-Flpe vector were increased to 500ng/ul.

All values represent mean = SEM. (***) P<0.001, unpaired Student’s t-test.

Figure 12. Flpe/FRT-based Supernova system shows more excellent properties in sparseness and

brightness than those of Cre/loxP-based Supernova system in neural labeling.

(A) Schematic representation of Supernova vector sets based on Cre/loxP and Flpe/FRT.

(B) L2/3 cortical neurons labeled by Cre/loxP-based Supernova RFP (Cre/loxP-SnRFP, upper panel) and

Flpe/FRT-based Supernova RFP (Flpe/FRT-SnRFP, lower panel). Electroporation was performed at E15.5
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and coronal sections were made from the P6 mouse brain. The fluorescent images were acquired using a

confocal microscope.

(C) Compared to Cre/loxP-SnRFP, Flpe/FRT-SnRFP achieved better sparseness in neural labeling. In (B)

14.84% + 3.27% (n=4 mice) of GFP positive neurons were labeled by Cre/loxP-SnRFP. This ratio was

significantly lower when Flpe/FRT-SnRFP was used for labeling, which was 1.95% + 0.23% (n=4 mice).

All values represent mean + SEM, (**) 0.001<P<0.01, unpaired Student’s t-test.

(D) Flpe/FRT-SnRFP labeling shows less background than Cre/loxP-SnRFP labeling. The percentage of

RFP"9" neurons to total RFP-positive neurons is much higher in Flpe/FRT-SnRFP labeling (90.00% =+

7.93%, n=4 mice), comparing to that in Cre/loxP-based SnRFP labeling (55.99% + 3.60%, n=4 mice). All

values represent mean + SEM, (**) 0.001<P<0.01, unpaired Student’s t-test.

Figure 13. High fluorescent intensity of Flpe/FRT-SnRFP labeling enabled visualization of single

dendritic spines.

Flpe/FRT-SnRFP was introduced into hippocampal CA1 pyramidal neurons by IUE at E14.5. The brain

was dissected at P14. Coronal sections were made, followed by DAPI-staining to reveal the hippocampal

structure. DG: dentate gyrus.

Figure 14. Imaging and reconstruction of Flpr/FRT-SnRFP labeled callosal projection neuron in

intact whole brain.

(A) Optical clearing of the P5 mouse brain using the SeeDB method ((Ke et al., 2013).

64



(B-D) Fluorescence imaging and reconstruction of individual callosal projection neuron. (B) Flpe/FRT-

SnRFP was electroporated into the right hemisphere of cerebral cortex at E15.5. At P12, the brain was

perfused, fixed and proceed with SeeDB. Fine morphological architecture and fluorescent signal is

preserved in SeeDB cleared brain. Two-photon microscopy was utilized to capture the images of a labeled

neuron (arrowhead) from the dorsal cortical surface. (C) Z-stacked two-photon images of Flpe/FRT-SnRFP

labeled callosal projection neuron. (D) 3D reconstruction of labeled callosal projection neuron (right panel)

and its collosal fibers (left panel).

Figure 15. Supernova systems based on Flpe/Frt and Dre/Rox enabled sparse neural labeling in

Emx1Cre KI mice

(A-B) Schematic representation of the Supernova vector set, in which the Cre/loxP was replaced by another

recombinase system, Flpe/FRT or Dre/Rox.

(C) Comparing to Cre-dependent neural labeling by CAG-LSL-RFP in Emx1Cre knock-in (KI) mice,

Flpe/FRT-based SnGFP (Flpe/FRT-SnGFP) and Dre/Rox-based SnGFP (Dre/Rox-SnGFP) labeled only a

small portion of cortical neurons with their dendritic morphology was clearly visible. Briefly, vectors for

Flpe/FRT-SnGFP and Dre/Rox-SnGFP, together with CAG-LSL-RFP were delivered into cortical neurons

of Emx1Cre KI mice by IUE at E14.5, separately. The brains were dissected at P8, and coronal sections

were made.

(D) The high intensity of Flpe/FRT-SnRFP and Dre/Rox-SnRFP labeling was maintained even in adult (3-

month-old) mice, and enabled clear visualization of whole cellular morphology including dendritic spines.
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Vectors for Flpe/FRT-SnRFP and Dre/Rox-SnRFP were delivered into cortical neurons of Emx1Cre KI

mice by IUE at E14.5, separately. Three-month-old mouse brains were fixed and cut into coronal sections.

(E) Schematic image shows the Cre-expression in Emx1Cre Kl mice (lwasato et al., 2000; Iwasato et al.,

2008; Iwasato et al., 2004). Cx, cortex; O, ofactory bulb; H, hippocampus; C, cerebellum; B, brainstem; S,

spinal cord.

Figure 16. Co-expression of multiple proteins in a single cell

(A) Schematic representation of a Cre/loxP-based Supernova vector set for co-expression of two genes, the

nuclear localization signal (nls)-RFP (nIsRFP) and GFP in a single cell.

(B) Utilizing the Cre/loxP-based Supernova system, nlsRFP and GFP was co-expressed in a small

population of cortical neurons by IUE at E14.5. Coronal brain sections were made at P4.

(C) Schematic representation of an Flpe/FRT-based Supernova vector set for co-expression of two genes,

the RFP and GFP, in a single cell.

(D) Using the Flpe/FRT-based Supernova system, RFP and GFP are co-expressed in isolated sparse neurons.

Coronal brain sections were made at P16.

Figure 17. AAV-mediated Supernova system enabled visualization of isolated single neuron in the

hippocampus.

(A) Schematic representation of the Supernova vector set that designed for adeno-associated virus (AAV)

infection. In the cells transfected with both vectors, leakage from TRE drives weak expression of Cre,
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which arouse Cre-dependent inversion of RFP-P2A-tTA in AAV-DIO-RFP-tTA vector. TRE-tTA cycles

further enhance the expression of both Cre and RFP.

(B) Time schedule of viral infection.

(C) Typical morphologies of sparsely labeled hippocampal CA1 pyramidal neurons (P30). AAV-based

SnRFP (AAV-SnRFP) was injected into the mouse hippocampus at P10. Twenty days after transfection, the

brain was dissected. After sectioning, DAPI-staining was performed to visualize the hippocampal structure.

Upper: low-power images of a coronal section through P30 hippocampus transfected with AAV-SnRFP.

Lower: higher-magnification of the square in the upper panel. DG: dentate gyrus.

(D) Spines of the dendrites (arrowhead in C lower panel) of AAV-SnRFP labeled hippocampal CAl

pyramidal neurons.

Figure 18. The efficacy and specificity of Cre/loxP-based Supernova system in the excision of a floxed

fragment from chromosome.

(A) Schematic image showing Cre/loxP-SnRFP induced GFP expression in CAG-loxP-CAT-loxP-GFP

reporter mouse.

(B) Genomic recombination is restricted in SnRFP-labeled neurons. Cre/loxP-SnRFP was transfected into

L2/3 cortical neurons of GFP reporter mice by IUE at E15.5. Coronal sections were made from the P8 brain,

followed by immunohistochemistry to enhance the GFP signals. In P8 brain section, almost all of SnRFP-

labeled neurons (359/397 cells, n=3 mice) expressed GFP. Notably, all of RFP"9" neurons were labeled by

GFP (291/291 cells, n=3 mice). On the contrary, all GFP positive neurons were labeled by SnRFP (359/359
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cells, n=3 mice).

Figure 19. Labeled cell-specific a2-Chn KO via Cre/loxP-based Supernova system in a2-Chn flox/flox

mice.

(A) Schematic images for Supernova-mediated knockout (KO) of a2-chimaerin (a.2-Chn) in a a2-Chn

floxed mouse line, in which the essential exon encoding a2-Chn is flanked by two loxP sites.

(B) Single cell a2-Chn KO in SnRFP-labeled hippocampal CA1l neurons. Cre/loxP-SnRFP was

electroporated into hippocampal CALl region at E14.5. Brain was sampled at P14. «2-Chn

immunohistochemistry and DAPI-staining were performed to visualize a.2-Chn expression and soma of

cells, respectively, in hippocampal CAL region. Left panel shows the hippocampus of a2-Chn floxed mouse

electroporated with SnRFP. Two sets of enlarged example images are shown in the right. DG: dentate gyrus.

(C) Quantification of Supernova-dependent a.2-Chn knockout efficiency. Almost all of CA1 hippocampal

cells (97.70% + 0.09%, n=3 mice) express a.2-Chn, while only 5.93% + 3.00% (n=3 mice) of weak SnRFP

labeled neurons were shown o2-Chn signals. All values represent mean £ SEM, (**) 0.001<P<0.01,

unpaired Student’s t-test.

Figure 20. Comparison of a2-Chn protein expression level in Cre/loxP-SnRFP labeled hippocampal

neurons in a2-Chn flox/+ mice and a-Chn flox/flox mice.

(A) Experimental protocol.

(B) Representative images of Cre/loxP-SnRFP labeled hippocampal CA1 neurons in a2Chn flox/+ mice
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and a2—Chn flox/flox mice. Cre/loxP-SnRFP was electroporated into hippocampal CAL region at E14.5.

Brain was sampled at P14. a2-Chn immunohistochemistry was performed to visualize a2-Chn expression.

(C) The a2-Chn protein expression levels in RFP-positive cells in a2-Chn flox/flox mice were significantly

lower than those in o2 flox/+ mice and o2-Chn flox/flox mice, excluding the possibility that high RFP

expression may impede the expression of a2-Chn in the experiments for Figure 14. One-way ANOVA,

(***) p < 0.001.

Figure 21. RNAi-mediated Supernova achieved labeled cell-specific gene knockdown in GFP

reporter mice

(A) Schematic representation of a Supernova vector set that is designed for single cell GFP knockdown.

SshRNA against GFP was expressed by LSL-mir30, which is a Cre-dependent shRNA expression vector

(Matsuda and Cepko, 2007).

(B) Hlustrate showing strategy for examination of Supernova-mediated GFP knockdown.

(C) CAG-LSL-mir30 (GFP RNAI) (lower panels) or CAG-LSL-mir30 (GFP RNAI scramble sequence)

(upper panels) was co-electroporated with Supernova nIsRFP (Sn-nIsRFP) into CAG-loxP-CAT-loxP-GFP

GFP reporter mouse cortex by IUE at E14.5. Brain was harvested at P8, sectioned and stained with an anti-

GFP antibody.

(D) The GFP singles in GFP RNAi-expressing neurons were significantly lower than those in cells

expressing GFP RNAI scramble sequence. GFP knockdown efficiency was determined by relative GFP

fluorescent intensity that is normalized by nIsRFP intensity. (**) 0.001<P<0.01, unpaired Student’s t-test.
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Figure 22. RNAi-mediated Supernova achieved labeled cell-specific gene knockdown in RNZ

reporter mice

(A) Schematic representation of a Supernova vector set that is designed for single cell LacZ knockdown.

(B) Hlustration showing strategy for examination of Supernova-mediated LacZ knockdown in RNZ mice.

(C) CAG-LSL-mir30 (LacZ RNAI) (lower panels) or CAG-LSL-mir30 (LacZ RNAI scramble sequence)

(upper panels) was co-transfected with SnAmcyan into the RNZ transgenic reporter mouse cortex by IUE

at E14.5. Coronal sections were made from the mouse brain at P8 and stained with an anti-pB-Gal antibody.

(D) Lacz knockdown efficiency was quantified as the fluorescent intensity ratio of an anti-B-Gal antibody

to Amcyan. The B-gal expression level was significantly reduced in SnAmcyan labeled neurons co-

expressed with LacZ RNAI, compared to that co-expressed with LacZ RNAI scramble sequence. (***) p <

0.001, unpaired Student’s t-test.

Figure 23. A design of TALEN-mediated Supernova system for genome editing of a2-Chn gene in

single wild-type cells.

(A) a2-Chn TALENSs were designed to target the exon 6 of a.2-Chn gene in mouse genome.

(B) Schematic representation of a Supernova vector set that is designed for a2-Chn gene manipulation in a

single cell level.

Figure 24. Labeled cell-specific a2-Chn gene manipulation in wild type mice by TALEN-mediated
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Supernova system.

(A) Confocal images of the hippocampus in wild-type mice that are electroporated with the Supernova a2-

Chn TALEN vector set. The vector set shown in Figure 18B was electroporated into hippocampal CAl

region at E14.5. Brains were sampled at P14. a2-Chn immnunostaining and DAPI-staining were performed

to visualize a2-Chn expression and cell body of cells, respectively, in hippocampal CALl region. DG:

dentate gyrus.

(B) Representative images of CA1 neurons transfected with the Supernova a2-Chn TALEN vector set.

Cells in hippocampal CAL region were divided into three groups depending on the intensity of anti-a2-Chn

signals: a2-Chn"9" a2-Chn'®" and a:2-Chn™%"e, Most of RFP-negative neurons are expressing high level

of a2-Chn protein (a2-Chn"9" cell). In majority of RFP-positive neurons, the a2-Chn protein expression is

undetectable (a2-Chn"%"e cell, RFP-labeled cell in upper panel of B). A small portion of RFP-positive

neurons shows reduced a.2-Chn protein expression (a2-Chn'" cell, RFP-labeled cell in lower panel of B).

(C) The percentages of a2-Chn"9" a2-Chn'" and a.2-Chn™%tve cells in RFP-negative neurons (left panel)

and RFP-positive neurons (right panel).

Figure 25. High fluorescent protein expression does not affect the expression of a2-Chn protein.

Two set of example images of Flpe/FRT-SnRFP labeled hippocampal CA1 neurons showing a2-Chn protein

expression. Briefly, Flpe/FRT-SnRFP was introduced into hippocampal CA1 neurons by IUE at E14.5. Coronal

sections from P14 brains were prepared and stained with an anti-a2-chimaerin antibody. Arrowheads: the

RFP-positive cells that labeled by Flpe/FRT-SnRFP.
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Figure 2
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Figure 3
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Figure 4
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Figure 8
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Figure 9
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Figure 12
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Figure 13

IUE E14.5, Hippocampal CA1 neuron
Flpe/FRT-SNRFP

Flpe/FRT-SnRFP

100 um

Spine

2.0 um

84



Figure 14
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Figure 15
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Figure 16
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Figure 17

A AAV-supernova system

Ascl Nhel
AAV-DIO-RFP-{TA EF1aPr> | ved [KIE | WPRE
loxP loxP
B Virus Injection Sampling . .
v v Virus Injection
| | | AAV-mediated SnRFP
I |
Birth P10 P30
(20dpi)
S AR
Hippocampus

aavSnRFP aavSnRFP

aavSnRFP aavSnRFP

88



Figure 18
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Figure 19
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Normalized anti-a2-Chn signal (%)

Figure 20
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Figure 21
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Figure 22

A Supernova vector sets for single cell LacZ knockdown
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Figure 23
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Figure 24
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Figure 25
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