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In utero electroporation (IUE) has become a method of choice for
rapid gain and loss of function studies in embryonic cerebral cortex.
In this review we highlight some of the proven and recent advances
in IUE technology that make it applicable to an increasingly wide
array of experiments requiring spatial and temporal control of gene
expression. Recently, cell-type--specific promoters and tamoxifen-
gated cre-recombinase have been shown to work effectively with
IUE. Experiments can now be designed and carried out to test
whether and which cell-type--specific mechanisms operate within
defined periods of neuronal migration and maturation. We have
recently adapted this conditional expression approach to implement
conditional rescue experiments. In conditional rescue, expression of
an RNA interference (RNAi) target is restored by tamoxifen-induced
cre-mediated recombination. An initial disruption in migration, and
resultant malformation, caused by DCX RNAi was reversed by
delayed re-expression of Dcx. In the future, combinations of spatially
directed, cell-type--specific, and tamoxifen-gated transgene expres-
sion can be used to address the complex mechanisms likely to
operate during development of cerebral cortex.
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Introduction

In order to investigate cell and region specific properties of the

cerebral cortex it will be necessary to conduct experiments that

combine both loss and gain of function in defined cell

populations at defined times in development. For example,

different neuronal types between and within cortical lamina are

likely to migrate to their appropriate positions and form cell-

specific connections by distinct and shared mechanisms. The

only way to study these mechanisms selectively will be to alter

expression in defined cell populations at select developmental

time points. Mouse genetic approaches have advanced to the

point where such controlled gene expression is possible,

however, it can require the production and maintenance of

multiple lines of mice at an increasing expense to laboratories.

Over the past several years in utero electroporation (IUE) has

emerged as an efficient means to transfect and to manipulate

cerebral cortical precursor cells and neurons.

In 2001, 3 papers demonstrated successful transfection by

electroporation of cells in developing neocortex inmouse and rat

embryos. (Fukuchi-Shimogori andGrove 2001; Saito andNakatsuji

2001; Tabata andNakajima 2001) The advantages of this approach

became apparent in studies of mechanisms of migration (Takaha-

shi et al. 2002; Kawauchi et al. 2003) and regional patterning

(Fukuchi-Shimogori and Grove 2001). By combining IUE with

short-hairpin RNA (shRNA) plasmids to create RNA interference

(RNAi) (Bai et al. 2003) both gain and loss of function studies

becamepossible. In addition, IUE is applicable to species forwhich

genetic manipulation is not easily implemented. In the past few

years, new approaches have been applied to IUE that make it

suitable for increasingly sophisticated experiments requiring cel-

lular and temporal control of transgene expression. In this review

we discuss 5 features of IUE that make it a suitable method for

targeting select populations of cells- as defined by position,

promoter, or progenitor type- to manipulate molecular pathways

that function in different periods of development. Finally, we intro-

duce a conditional rescue approach that can be used to address

questions regarding the reversibility of developmental disruptions

and disorders that may occur during formation of cortex.

Spatially Directed IUE

The first published report using IUE in developing cortex

(Fukuchi-Shimogori and Grove 2001) made use of spatially

directed electroporation. By visually directing the position of

the positive electrode, a defined region of the cortical surface

was transfected, and a secondary patch of FGF8 expression was

localized to parietal cortex. This in turn shifted the position of

somatosensory cortex caudally and in some cases resulted in

a duplication of the barrel fields (Fukuchi-Shimogori and Grove

2001). Regionalized transfection in this study required a challeng-

ing surgery involving intrauterine insertion of 2 electrodes

in young (E11--12) embryos. Since then, several investigators have

shown that it is possible to direct transfection to different regions

of the lateral ventricles by orienting the position of extra-uterine

paddle electrodes. For example, directed electroporation of the

hippocampus is possible by positioning the positive paddle

electrode contralateral to the ventricle injected with plasmid,

and thereby drive electroporation into medial regions of the

embryonic telencephalon thatgive rise tohippocampus (Nakahira

and Yuasa 2005; Navarro-Quiroga et al. 2007). Similarly, electro-

poration can be directed to ventral progenitors that give rise to

interneurons in the mouse cortex (Borrell et al. 2005). Dorsal or

lateral pallium that gives rise to neocortical pyramidal neurons, or

to piriform cortex and amygdala (Remedios et al. 2007; Bai et al.

2008) can be transfected by placing the positive electrode at

dorsal--lateral or lateral--ventral positions respectively (Fig. 1). In

addition, although still not as spatially precise as insertion of

electrodes into the embryonic cortex, we have found that

reducing the size of the positive paddle electrode to 2--3 mm in

diameter can result in localized patches of electroporation. In the

future, more spatially restricted expression may be possible by

combining electrode position with plasmid vectors containing

promoters for genes that show regionalized expression.

Cell-Type--Specific Expression

Recent studies show the IUE can be used to preferentially

express transgenes in different subsets of progenitor cells at
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the ventricular zone (VZ) surface. One simple way for such

progenitor-specific transfection takes advantage of both the

temporal order of cell generation in cortex and the fact that

plasmids transfected by IUE appear to be lost in cells that

undergo cell division. Thus, IUE can be used similarly to mitotic

birth dating. In a systematic comparison of neuronal birth-

dating by IUE versus BrdU, Langevin et al. (2007), demonstrated

that IUE can be used to specifically label neurons occupying

different cortical lamina depending on the time of electro-

poration (Langevin et al. 2007). Hatanaka et al. (2004),

effectively used the approach of differing the time of electro-

poration to determine that Cdk5 functions more critically in

the migration of late generated upper layer neurons than in

early generated deep layer neurons (Hatanaka et al. 2004). We

have found similarly that changing the time of electroporation

can not only be used to transfect pyramidal neurons in different

layers, but also can be used to transfect astrocyte progenitors

and astrocytes. As shown in Figure 2, if IUE is administered at

E18 in the rat, then astrocytes are primarily transfected (Fig. 2).

Cell-type--specific promoters have also been used to drive

expression selectively in IUE experiments. Promoters for the

transcription factors, ER81 and NGN2, have been used to drive

expression of fluorescent proteins selectively in neocortical

neurons (Langevin et al. 2007). Similarly, Wang et al re-

capitulated doublecortin expression in immature, migratory

neurons of cortex by using a 3.7-kb genomic fragment upstream

of the doublecortin start codon as the promoter to drive

expression of green fluorescent protein (GFP) or DsRED. In

addition, the authors used electroporation of different con-

structs to quickly identify the essential regulatory sequences in

the DCX promoter. The authors showed that a 2-kb sequence

within the 3.7-kb region was critical for reporter expression in

DCX expressing cells (Wang et al. 2007). IUE can therefore be

used not only to direct cell-specific expression but also as

a relatively rapid screen to identify promoter regions.

As a clear demonstration of using promoters to label subsets

of neocortical progenitors, Gal et al. (2006), used different

promoters to drive GFP and DsRED2 in populations of

ventricular zone progenitors (Gal et al. 2006). Promoters that

are putatively active specifically in neuronal progenitors (Ta1)
and radial glia (BLBP and GLAST) were used to differentially

drive expression of fluorescent proteins in cells at the VZ

surface with distinct morphologies. The plasmid pTa1-EGFP
labeled rounded cells at the ventricular surface that lacked long

radial processes, whereas pBLBP-EGFP and pGLAST-EGFP

labeled cells that had typical radial glia-like morphologies

(Gal et al. 2006). With coelectroporation experiments, the

authors further showed a lack of overlap between cells

transfected with the different promoter constructs. Although

it remains to be determined whether these VZ promoters are

active in progenitors that give rise to different cell types, the

results suggest differences in promoter activities can be used to

label subsets of cells at the VZ surface. Overall, the use of time

of transfection and different promoters will be extremely

useful in defining potential mechanistic heterogeneity amongst

different neocortical progenitors. For example, such promoters

can be used to drive differential expression of shRNAs for RNAi

or dominant negative proteins to determine whether there are

differences amongst progenitor types in the mechanisms that

regulate migration or proliferation.

Cross Rescue and Combinatorial RNAi

In addition to cell-specific expression, IUE has been used to

identify functional interactions between genes. As up to at least

4 plasmids cotransfect at rates of over 80%, it is possible to

combine multiple RNAis and expression of multiple transgenes

in the same population of cells. By combining RNAis directed

against different targets it has been possible to test for

synergistic, antagonistic, or saturating effects of knocking

down combinations of gene targets. Similarly, cross rescue

experiments (i.e., rescuing an RNAi phenotype with expression

of a different transgene) can be used to test whether another

gene is downstream from a particular RNAi target. The results

of combinatorial RNAi and cross rescue allowed Young-Pearse

et al. (2007) to show that App functions in neuronal migration,

at least in part, though interaction with Dab1. RNAi of App and

Dab1 synergistically impaired migration, and overexpression of

Dab1 partially rescued the impairment in migration caused by

RNAi targeted against App (Young-Pearse et al. 2007). Similarly,

Tsai et al. (2007) combined RNAi against Lis1 with expression

of dynein mutants to show that that Lis1 and dynein play dual

roles in radial migration (Tsai et al. 2007). Rescue of RNAi

phenotypes can also be used to rapidly define the domains of

Figure 1. Spatial control of transfection. (A) Schematic showing how positioning the paddle electrodes during IUE can be used to direct the location of transfection. (B) Example
of a dorsal lateral transfection delivered at E13 and assessed at P21. Cells are primarily neocortical pyramidal neurons that project axons into the thalamus (red arrows). (C)
Example of a lateral ventral transfection at E13 that resulted in transfection of primarily entorhinal cortex, piriform cortex and amygdala. Note that in contrast to B axons in C (red
arrows) are found primarily in the hippocampus and not in the thalamus.
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a protein that are necessary and sufficient to neuronal

migration. For example, Wang et al. (2006) transfected shRNA

expressing plasmids targeting Dyx1c1 along with different

truncations of Dyx1c1 coding sequence (Wang et al. 2006).

The approach was used to narrow the functionally necessary

and sufficient region of Dyx1c1 in neuronal migration to 120

amino acids of the C-terminus (Wang et al. 2006).

Conditional Expression and Conditional RNAi

Conditional expression systems have been developed and applied

to IUE experiments to induce cell and time specific expression of

transgenes (Matsuda and Cepko 2007). In this approach, cre-

recombinase expressed from a transfected plasmid can be used to

gate the expression of shRNAs for RNAi or any other transgene in

a cell and time specific manner. This 2 plasmid system uses one

plasmid to drive the expression of Cre-recombinase and another

plasmid that contains loxp sequence flanking neo-stop-polyA

sequences that must be removed by recombination before the

product of a second transgene can be expressed (Matsuda and

Cepko 2007). If cre-recombinase expression is under the control

of a cell-type--specific promoter, then expression of the second

transgene is gated on in only those cells that can activate the cell-

specificpromoter. As shown inFigure2, this approachcanbeused

to effectively drive expression of fluorescent proteins in cortical

VZ progenitors. As shown in Figure 2, the system shows virtually

no leak as only when the conditional reporter plasmid (pCALNL-

GFP) is cotransfected with the Cre expression plasmid

Figure 2. Temporal and cre-recombinase induced control of gene expression by IUE. (A) (A1--A3) Coronal section of rat neocortex transfected with GFP at embryonic day (E) 16
and fixed at postnatal day (P) 21. (A1) GFP labeled neurons are present across deep and upper cortical layers. (A2) Higher magnification micrograph of layer 2/3 cortical pyramidal
neurons labeled with GFP. (A3) Micrograph of GFPþ deep layer pyramidal neuron. (B) Coronal section of rat neocortex transfected at E18 with GFP and fixed at P21. A distinct
band of labeled upper layer 2 neurons are present as are a preponderance of astrocytes spanning multiple laminae. Higher magnification image of GFPþ superficial layer 2 cortical
pyramidal neuron located at the pial surface (B2), and of GFP labeled parenchymal astrocytes (B3). (C) An E19 harvested rat embryo following electroporation at E17 with pCAG
mRFP þ pCALNL GFP shows only mRFP expression. The pCANLl-GFP plasmid contains a loxp-neostop-loxp sequence upstream from GFP sequence (see Matsuda and Cepko
2007). (D) E19 harvested rat embryo following E17 electroporation with pCAG mRFP þ pNestin-CRE (nestin enhancer element driving CRE recombinase expression) þ pCALNL
GFP shows robust GFP and mRFP expression within ventricular zone progenitors. Scale bars: A1 and B1 5 100 lm; A2, A3, B2, and B3 5 50 lm; C1--D3 5 40 lm.

i122 New Tools for IUE d LoTurco et al.



(pNestin-Cre) is the eGFP reporter expressed. This approach can

also be used to gate RNAi in subsets of progenitors or to fate map

progenitors that have promoters transiently active. Because the

recombined construct has a ubiquitous promoter, even after the

progenitor promoters are no longer active as cellsmature thecells

will continue to express reporter protein from the ubiquitous

promoter. In addition, unlike virus or genetically based fate

mapping, because IUE plasmids are episomal and lost after

successive cell division, the fate mapping with this approach

could be restricted to newly postmitotic cells and not to all

Figure 3. Conditional RNAi rescue strategy to investigate reversibility of neuronal migration disorders. (A, B) Schematic showing the strategy for conditional RNAi rescue. (A) 4-
OHT-activatable Cre recombinase composed of 2 ER binding domains is expressed under the control of the strong ubiquitous CAG promoter or a cell-specific promoter. (B) Cre-
dependent inducible expression vectors contain sequence for the neomycin resistance gene (neo-stop and polyA), flanked by 2 loxP sites. Cre-mediated recombination would
remove the neo cassette and allow expression of the transgene. (C) An example of conditional DCX-eGFP expression. Neurons were transfected with 4 plasmids encoding mRFP,
4-OHT--activatable Cre recombinase, inducible DCX-eGFP and shRNAs against DCX. In the 4-OHT-treated condition (left panels), DCX-eGFP is expressed and DCX is detected with
antibodies in transfected neurons. In the vehicle-treated condition (right panels), no signal is detected in the green channel or with DCX antibodies. Scale bar, 50 lm. (D)
Proposed experimental paradigm to investigate the possibility of reactivating migration using a conditional RNAi rescue strategy. (E) An example of conditional RNAi rescue
strategy applied to the model of subcortical band heterotopia (sbh) induced by in utero RNAi against DCX. Two groups of animals were electroporated at E14 with either
ineffective (malformation-free animals) or effective shRNA vectors against Dcx (animals with sbh), together with vectors coding mRFP. Malformation-free animals were co-
electroporated with an inducible eGFP expression vector and animals with sbh with an inducible DCX-eGFP expression vector, together with vectors coding 4-OHT--activatable Cre
recombinase. At birth, transfected neurons were normally located in upper cortical layers in malformation-free animals and were ectopically accumulated at deep positions,
forming a band heterotopia, in sbh animals. At birth, animals were injected with 4-OHT or its vehicle solution to activate Cre and induce Cre-mediated recombination. At P15, in
sbh animals in which Dcx re-expression was induced with 4-OHT at P0, previously mispositioned transfected neurons were relocated to upper cortical layers similar to
malformation-free animals that received induced GFP expression. Size of sbh (gray areas) was also greatly reduced as compared with sbh animals that received no induction.
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subsequent members of the lineage. This could be an advantage if

the goal is to track the fates of cells that undergo a final division at

nearly the same point in time.

In order to design experiments that define the role of

particular genes at arbitrarily selected times in development it

becomes necessary to be able to conditionally activate the

expression of transgenes by addition of some pharmacological

agent. One such system, extensively used in transgenic animals,

is based on a fusion protein of Cre-recombinase with

a tamoxifen-binding site. Matsuda and Cepko (2007) developed

and proved an elegant conditional expression system appro-

priate for IUE in retina and cortex that is based on a modified

version of tamoxifen receptor-Cre fusions. In their system they

show that it is important to use a version of Cre fused to

a tamoxifen receptor located at both the N and C terminus in

order to prevent leakiness from active Cre in the absence of

tamoxifen. The resulting protein ERt2-Cre-ERt2 will only be

transported to the nucleus by receptor mediated transport

when it is bound to tamoxifen. Once in the nucleus it can

induce directed recombination at loxp sites. Matsuda and

Cepko showed that in the absence of tamoxifen there was no

recombination as evidenced by expression from a reporter

plasmid. They further showed that the inducible system could

be used to gate the expression of shRNAs for RNAi experi-

ments. In a demonstration of the power and versatility of the

approach they showed that by expressing ERt2-Cre-ERt2 by

promoters active specifically in rod photoreceptor progenitors

that it was possible to create cell-type--specific, temporally

inducible expression of transgenes. Another important and

remarkable feature of the system developed is that inducible

expression is achieved by a single injection of tamoxifen, and

this allows for temporally precise expression of an shRNA or

other transgene. With the addition of this set of tools to IUE, it

now becomes theoretically possible to control the expression

of shRNAs or other transgenes specifically in virtually any

cortical neuronal cell type at nearly any time in development.

Conditional RNAi Rescue

Conditional expression systems make it possible to test new

developmental possibilities and properties. As an example, we

have recently combined conditional expression with RNAi to

ask whether there is a critical period during cortical neuronal

migration, when stalled migration, can be reactivated. More

specifically, we applied this approach to our previously

developed model of subcortical band heterotopia created by

in utero RNAi against Dcx (Bai et al. 2003). We conditionally re-

expressed Dcx using the ERt2-Cre-ERt2 system reviewed above,

to investigate whether delayed reintroduction of Dcx, follow-

ing RNAi of Dcx could re-initiate migration to normal positions

even after a cortical malformation had formed in the perinatal

cerebral cortex (Fig. 3). Our results revealed that migration can

indeed be successfully restarted even after a protracted delay,

causing previously mis-positioned neurons to settle into

appropriate upper cortical layers (Manent et al. 2009). In

addition, significant re-migration was achieved at ages up to P5

indicating that there is an extended period where develop-

mental plasticity can be manipulated to ameliorate cortical

malformations. In addition, neurons could be shifted towards

appropriate migration targets by the re-expression of Dcx even

as late as P10. Of potential clinical significance, this study also

revealed that a functional impairment, increased seizure

sensitivity, was restored to control levels following the reac-

tivation ofmigration. Theconditional rescue approach serves as a

general example for a class of experiments that canbeperformed

to define the points of developmental reversibility and vulner-

ability in developing cortex. We anticipate that future experi-

ments will be used to define classes of disruptions that show

varying degrees of reversibility, and to identify signaling path-

ways that when activated may ameliorate the functional deficits

associated with developmental malformations of cortex.

Future Prospects

One potential limitation of IUE, similar to DNA viruses such as

herpes virus, is that the transgenes introduced by IUE appear to

remain episomal and are lost from cells following successive

cell divisions. We and others have found that in postmitotic

cells the episomal transgenes remain active for months after

transfection (Ramos et al. 2006). Nevertheless it could be

desirable to deliver transgenes by IUE that would integrate into

the genome. One possible strategy for this may be piggyBac

transposase which has been shown to work efficiently in

mammalian cells to integrate transgenes (Ding et al. 2005;

Shinohara et al. 2007). Another area of potential improvement

in IUE will be to increase the number of cells that can be

transfected. Currently, many thousands of cells can be trans-

fected but there are still many cells at the VZ surface that

remain untransfected. Possibilities for increasing transfection

rates could include combining electroporation with trans-

fection reagents, ultrasound pulses, or brief laser pulses (Wells

2004). In addition, increasingly IUE is being used in combina-

tion with mouse knock out models. One particularly powerful

combination of IUE and conditional mouse knockouts is

electroporating conditionally active cre plasmids, pCAGGS-

ERt2-Cre-ERt2, into mice harboring conditional knock out

alleles. Such a mosaic analysis will be extremely useful in

distinguishing cell autonomous from noncell autonomous

mechanisms of migration and differentiation.
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