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SUMMARY

There has never been a wholesale way of identi-
fying neurons that are monosynaptically con-
nected either to some other cell group or, espe-
cially, to a single cell. The best available tools,
transsynaptic tracers, are unable to distinguish
weak direct connections from strong indirect
ones. Furthermore, no tracer has proven potent
enough to label any connected neurons whatso-
ever when starting from a single cell. Here we
present a transsynaptic tracer that crosses
only one synaptic step, unambiguously identify-
ing cells directly presynaptic to the starting pop-
ulation. Based on rabies virus, it is genetically
targetable, allows high-level expression of any
gene of interest in the synaptically coupled neu-
rons, and robustly labels connections made to
single cells. This technology should enable
a far more detailed understanding of neural con-
nectivity than has previously been possible.

INTRODUCTION

Recent advances in our knowledge of the complexity and

specificity of neural circuits suggest that understanding

how neural circuits generate perception and behavior

will be nearly impossible with presently available tech-

niques. Because different neuron types involved in distinct

subcircuits are intermingled, and even neighboring neu-

rons of the same type differ in their connectivity and func-

tion (DeAngelis et al., 1999; Ohki et al., 2005; Song et al.,

2005; Yoshimura et al., 2005), methods are required that

can reveal the connections both of specific cell types

and of single neurons (Crick, 1979). Existing techniques

(Callaway and Katz, 1993; Douglas and Martin, 2004; Gil-

bert, 1983; Gray, 1959; Mercer et al., 2005; Shepherd and

Svoboda, 2005; Timofeeva et al., 2005; Zarrinpar and Call-

away, 2006) have been extremely valuable but all are lim-
ited in various ways. None has been capable of identifying

en masse the cells that are directly connected to either

a cell type of interest or a single cell.

Transsynaptic tracers, out of all the available tech-

niques, might appear to offer a solution to this problem.

By introducing a tracer into a particular cell or cell type,

synaptically connected cells should be labeled by the

tracer and therefore be identifiable as those in synaptic

contact with the starting cell(s) in question. Several ap-

proaches to selectively introducing either conventional

or viral tracers into particular genetically identified popula-

tions have been taken (Braz et al., 2002; DeFalco et al.,

2001; Maskos et al., 2002; Zou et al., 2001).

However, due to their dependence on cellular machin-

ery for transport to and across synapses (Vercelli et al.,

2000), transsynaptic tracers cross different synapses at

different rates: the more hardware servicing a given con-

nection, the more efficiently it will be traversed by the

tracer. Tracer that accrues in transsynaptically labeled

cells will begin spreading in turn to the cells that are con-

nected to them and in fact can label the most strongly con-

nected of these even before weakly connected synaptic

partners of the starting population are labeled (Ugolini,

1995a; Ugolini et al., 1987). The result is an inescapable

ambiguity in the number of synapses crossed: transsy-

naptic tracers are incapable of distinguishing strong indi-

rect connections from weak direct ones. They therefore

cannot be used in their current form to determine mono-

synaptic connections in any kind of comprehensive way.

We have overcome this obstacle by constructing a viral

tracer that crosses only one synaptic step to cells directly

connected to the starting population. Monosynaptically

connected cells are therefore labeled unambiguously. In

addition, the system is genetically targetable, and, unlike

all previous methods, it is powerful enough to label neu-

rons that connect to a single starting cell.

Background and Theory

The core idea of the system is to infect the cell population

of interest with a deletion-mutant tracing virus that is miss-

ing one or more genes that are required for transsynaptic
Neuron 53, 639–647, March 1, 2007 ª2007 Elsevier Inc. 639

mailto:iwickersham@salk.edu


Neuron

Monosynaptic Restriction of Transsynaptic Tracing
Figure 1. Transcomplemented Transsy-

naptic Tracing

(A) A deletion mutant tracing virus missing one

or more genes required for transsynaptic

spread, as well as the separate missing viral

gene(s), are introduced into a cell or cell type

of interest. Both the initial infection and the

complementing viral genes must be restricted

to the neuronal population of interest.

(B) Because all viral genes are present in the ini-

tially infected population, the virus can spread

transsynaptically to cells in direct synaptic con-

tact with them. Since the missing viral genes

are not present in these cells, however, the

virus cannot spread further.

(C) The rabies virion. The viral core consists of

the RNA genome and associated proteins and

is surrounded by a host-cell-derived mem-

brane in which is embedded the rabies virus

glycoprotein (G). The EGFP gene was sub-

stituted for that of the glycoprotein within the

viral genome (center). Versions of this virus

can be made that incorporate either its native

glycoprotein (designated SADDG-EGFP, right,

top) or the glycoprotein of some other virus.

In this study the rabies virus was pseudotyped

with the glycoprotein from ASLV-A, termed

EnvA, and this virus is designated SADDG-

EGFP(EnvA) (right, bottom).

(D) Targeting infection. ASLV-A-pseudotyped

rabies virus [SADDG-EGFP(EnvA)] can’t infect

mammalian neurons unless the gene for

ASLV-A’s receptor, TVA, has been introduced

into them. This causes the receptor to be ex-

pressed on the cells’ surface, allowing infection

by the pseudotyped virus. Therefore, the basic

requirements of the system are as follows. First

insert two genes into the cell or cell type of in-

terest: the gene for TVA, so the virus can enter, and the gene for the rabies virus glycoprotein, so the virus can spread to synaptically coupled cells.

Then apply the ASLV-A-pseudotyped virus.

(E) Following these steps, there is specific infection of the TVA-expressing cell; complementation with the rabies virus glycoprotein allows the virus to

spread to directly presynaptic neurons. These cells all express the EGFP encoded in the viral genome, but the virus cannot spread beyond these

directly connected cells because they do not express the viral glycoprotein.
spread, and to complement this deletion by providing the

missing viral genes in trans in the initially infected neurons

only (Figure 1A). With all the viral genes present in the

starting cells, the virus can spread from them to cells in

monosynaptic contact (Figure 1B). Because those genes

are not in the secondarily infected cells, however, the virus

can’t spread beyond them.

We have implemented this idea using rabies virus

(Figure 1C, left) because of its significantly lower cytopa-

thicity and far greater infection efficiency than the other

widely used family of tracing viruses, the a-herpesviruses

(Card et al., 1999; Ito et al., 2001; Lafay et al., 1991; Norg-

ren and Lehman, 1998; Ugolini, 1995a; Ugolini et al.,

1987). It has been used with great success in its intact

form as a transsynaptic tracer, crossing synapses exclu-

sively in the retrograde direction (Hoshi et al., 2005; Kelly

and Strick, 2000; Nassi et al., 2006; Ugolini, 1995a; Ugolini

et al., 1989). Furthermore, the transsynaptic spread of

rabies virus has been observed to be specific to con-
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nected neurons, and not to adjoining neurons that are

not connected (Ugolini, 1995b). The system presented

here is therefore a means of identifying cells presynaptic

to a cell or cell type of interest.

Because intact rabies virus will infect nonspecifically

and replicate and spread across multiple synapses, our

strategy required the use of modified rabies virus. Two

key changes were required to implement our strategy.

The first was to modify the viral genome by deletion of

a gene required for the production of infectious viral parti-

cles. This would allow viral spread to be monosynaptically

restricted using the transcomplementation approach de-

scribed above. The second modification was to alter the

tropism of the virus so that it could only infect a genetically

specified neuronal population.

We implemented the transcomplementation strategy by

deletion of the rabies virus glycoprotein gene. The glyco-

protein, embedded in the membrane that surrounds the

viral core (Figure 1C, left), is not required for transcription
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of the viral genes or for replication of the genome within in-

fected cells, but is required for transsynaptic spread (Etes-

sami et al., 2000; Mebatsion et al., 1996; Wickersham

et al., 2007). We have recently described a recombinant

rabies virus with its glycoprotein gene replaced with the

coding sequence for enhanced green fluorescent protein

(EGFP) (termed SADDG-EGFP, Figure 1C, middle and

top right) that cannot spread beyond initially infected neu-

rons but, because the deletion of its glycoprotein gene

leaves intact its ability to replicate the viral core, produces

levels of EGFP sufficient to brightly label even fine den-

dritic and axonal details (Wickersham et al., 2007). We rea-

soned that this virus would be ideal for our transcomple-

mentation approach because viral spread would be

monosynaptically restricted, yet the virus would still be

able to replicate and express abundant EGFP in infected

cells. This would have the potential to greatly amplify the

signal from the small number of viral particles that might

spread across a small number of synapses.

To target the initial SADDG-EGFP rabies virus infection

to a genetically defined target neuronal cell population, we

have taken advantage of the exquisite specificity of sub-

group A avian sarcoma and leukosis virus (ASLV-A)-

receptor interactions. The envelope protein of this virus

(EnvA) can direct virus infection specifically into cells

that express the cognate TVA viral receptor, a protein

which is found in birds but not mammals (Barnard et al.,

2006; Bates et al., 1993; Federspiel et al., 1994; Young

et al., 1993). Thus, by pseudotyping the rabies virus with

EnvA (Figure 1C, right, bottom), we can restrict infection

of the resulting virus—termed SADDG-EGFP(EnvA)—to

only a small subpopulation of neuronal cells engineered

to express TVA (Figure 1D).

By also supplying the rabies virus glycoprotein gene in

trans within these initially infected cells, we permit rabies

virus assembly and spread to monosynaptically con-

nected cells. Because the viral glycoprotein gene is not

present in the transsynaptically infected cells, the virus

cannot spread beyond them (Figure 1E). Monosynapti-

cally connected cells will therefore be identified

unambiguously.

Here we demonstrate the validity of our inferences. We

show the following. (1) Our strategy for targeting the initial

infection with rabies virus works, with SADDG-EGFP-

(EnvA) specifically infecting mammalian neurons that ex-

press TVA. (2) Transcomplementation with rabies virus

glycoprotein is necessary and sufficient for the spread of

SADDG-EGFP beyond the initially infected neuron(s).

When the glycoprotein is not expressed, infection is re-

stricted to TVA-expressing neurons, but when the glyco-

protein is expressed, the infection spreads transsynapti-

cally. (3) These same data also demonstrate that the

spread of rabies virus is monosynaptically restricted.

Since glycoprotein expression is required for viral spread,

it cannot spread transsynaptically from secondarily in-

fected cells that do not express the glycoprotein. (4) This

system is sufficiently sensitive to label neurons that are

presynaptic to a single starting cell.
RESULTS

We have tested the system in cultured slices of neonatal

rat brain, using the ‘‘gene gun’’ (Bio-Rad, Hercules, CA)

to transfect small numbers of relatively isolated neurons

within each slice with plasmid DNA encoding TVA, rabies

virus glycoprotein, and DsRed2 to label the transfected

cell population. A day after transfection, SADDG-EGFP-

(EnvA) was added to the culture wells, and virus infection

was subsequently monitored using fluorescence micros-

copy to score EGFP expression.

In six slices quantitatively examined 6 days postinfec-

tion, 242 cells were identified that expressed DsRed2,

62 of which also expressed EGFP, indicating infection

with the rabies virus. Spectacularly, the double-labeled

cells were surrounded by large clusters of virus-infected

neurons—totaling 5424—expressing only EGFP (Figures

2E–2H and Figure 3). None of the green cells, upon closer

examination, had the appearance of glia. Qualitatively

similar results were obtained with dozens of other brain sli-

ces tested. These observations suggested that the red

TVA-expressing cells at the centers of these clusters were

initially infected by the EnvA-pseudotyped rabies virus

and that the additional thousands of green cells were con-

nected directly to the initially infected ones. To evaluate

the validity of these inferences, we further tested the spec-

ificity of infection with EnvA-pseudotyped virus, the re-

quirement of G expression for viral spread, and the exis-

tence of functional connections between labeled neurons.

For these purposes, SADDG-EGFP(EnvA) was also

used to infect slices that either had not been transfected

or were transfected with plasmid DNA encoding TVA

and DsRed2, but not rabies virus glycoprotein. Consistent

with the low-level tropism of ASLV-A for mammalian cells,

examination of 20 independent untransfected brain slices

led to the identification of only a single EGFP-expressing

cell. Another set of 12 slice cultures was transfected

with plasmid DNA encoding TVA and DsRed2, but not

rabies virus glycoprotein. A day after transfection, SADDG-

EGFP(EnvA) was added to the culture wells, and virus

infection was again monitored using fluorescence micros-

copy to score EGFP expression. In 12 slices, 43 cells

expressed DsRed2; 23 of these red cells, and again only

one untransfected cell, also expressed EGFP. Thus, in

the absence of the rabies virus glycoprotein gene, virus in-

fection was restricted almost entirely to the TVA-express-

ing cells and did not spread beyond the initially infected

cells (Figures 2A–2D).

These experiments indicate that in situ complementa-

tion of the deletion mutant rabies virus worked extremely

effectively. The initial virus infection was restricted to

TVA-positive cells, transcomplementation with rabies vi-

rus glycoprotein was necessary for spread beyond these

cells, and this transcomplementation was sufficient to un-

leash a viral infection from these cells to thousands of

others surrounding them in the slices.

These results also indicated that the complemented vi-

rus was quite capable of spreading from a single starting
Neuron 53, 639–647, March 1, 2007 ª2007 Elsevier Inc. 641
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Figure 2. Selective Infection and In Situ Complementation in Slice Culture

(A–D) Initial infection is restricted to cells expressing the ASLV-A receptor, TVA. In these control experiments to test infection selectivity, isolated neu-

rons in cultured brain slices were transfected using the gene gun with two genes, one encoding TVA, and the other, DsRed2. ASLV-A-pseudotyped

rabies virus [SADDG-EGFP(EnvA)] was applied the next day and images were taken 6 days following. (A and C) DsRed2 expression marking trans-

fection with TVA and (B and D) EGFP expression indicating subsequent selective infection of the same TVA-expressing cells with pseudotyped virus.

(E–H) In situ complementation permits transsynaptic spread from a single initially infected cell to a cluster of monosynaptically connected cells. Iso-

lated neurons were transfected with three genes encoding TVA to permit viral infection, DsRed2 to mark transfected cells, and the rabies virus

glycoprotein gene to complement the deletion in the viral genome. (E) DsRed2 fluorescence indicating a transfected cell, marked with a dotted

line, at the center of the cluster shown in (F). (G and H) Two more examples of clusters surrounding a single transfected cell. The initially infected cells

expressing both EGFP and DsRed2 appear yellow. Scale bars: 200 mm.
cell to a vast number of neighboring neurons. Due to the

limitations of the gene gun technique, cells are generally

shot in clumps when they are shot at all, typically resulting

in multiple red cells per slice; we were not able to adjust

parameters so as to transfect one neuron or fewer per

slice. Despite this limitation, in many cases, clusters of

secondarily infected neurons were clearly centered on

a single DsRed2-expressing cell, as seen in Figures 2E–

2H) as well as the striking example shown in Figures 3A–

3C). Cells expressing both DsRed2 and EGFP, which

were at the center of EGFP-positive cell clusters, included

those with morphologies of both inhibitory and excitatory

neurons, indicating that the transcomplemented rabies vi-

rus can efficiently spread from either cell type (see also

paired recording data below).

Testing Synaptic Specificity by Paired Recording

The observed clusters of green neurons with transfected

neurons at their centers (Figure 2 and Figure 3) strongly

suggested that virus was spreading transsynaptically

from single cells to cells presynaptic to them. To test the

synaptic specificity of viral spread, we conducted paired

whole-cell recordings from putatively pre- and postsynap-

tic cells (Figure 4). Cells fluorescent in both the red channel

(indicating transfection with TVA and rabies virus glyco-
642 Neuron 53, 639–647, March 1, 2007 ª2007 Elsevier Inc.
protein) and the green channel (indicating infection with

SADDG-EGFP(EnvA) (red/green cells) were recorded un-

der voltage clamp while nearby green-only cells (infected

by viral spread), held in current clamp, were depolarized to

fire action potentials. Synaptic currents in the voltage-

clamped red/green cell that were simultaneous with the

green cell’s action potentials indicated a monosynaptic

connection, as seen in the example traces in Figures 4E

and 4J. Nonfluorescent cells at similar distances from the

red/green cells were also stimulated as controls. Because

the gene gun typically transfects large numbers of cells

within a slice, there were no ideal cases of only a single

transfected cell per slice (see above). We therefore estab-

lished a criterion of only recording from red/green cells

with no other red/green cells present within 250 mm. Of 11

green cells stimulated, synaptic currents were detected in

the nearby red/green, putatively postsynaptic partners, in

9 cases (2 failures). Of these nine connected pairs, five

elicited excitatory currents (e.g., Figure 4J), while four

elicited inhibitory currents (e.g., Figure 4E). In striking con-

trast, nine control pairs, each consisting of a nonfluores-

cent neuron near a red/green cell, were recorded, and

none was found to be connected. For comparison, ran-

domly sampled adjacent neurons in acute brain slices

from rat cortex are connected about 10%–20% of the
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Figure 3. More Examples of Transcomplemented Tracing

(A–C) Long-range viral spread from a single initially infected cell. (A) A huge cluster of green cells surrounds a single red/green deep-layer cortical

neuron (dotted line) at 8 days postinfection. Another dense cluster of cells is also infected in the superficial cortical layers immediately above it, con-

sistent with known projections of superficial layers to deeper ones; distant deep-layer pyramidal cells are also infected, again consistent with known

patterns of long-range intralaminar connectivity. To the left of the putatively initially infected cell is a second yellow (double-labeled) cell, apparently

secondarily—and recently—infected because of the lack of green cells surrounding it. (B–C) Closeup of central cluster from (A). (D–F) More examples

of in situ complementation: clusters of infected cells surrounding isolated putatively postsynaptic ones. Scale bars: 200 mm.
time or less (Thomson et al., 2002; Yoshimura et al., 2005);

there are not comparable data available for slice cultures

matched to our experimental conditions.

An ideal test of synaptic specificity in our slice culture

system would involve transfection of only a single neuron

per slice and unambiguous physiological testing for func-

tional connections between large numbers of EGFP-
positive, putatively presynaptic neurons. Several technical

limitations prevented such a test based on available

methods and resources. First, as noted above, we were

not able to restrict transfection to single neurons using

the gene gun. As a result, EGFP-positive neurons could

not be unambiguously linked to a particular, putative post-

synaptic partner. This problem was compounded by the
Neuron 53, 639–647, March 1, 2007 ª2007 Elsevier Inc. 643
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Figure 4. Viral Spread Is Specific to Cells

Presynaptic to the Initially Infected Cell

(A) DIC image of slice and recording pipettes

targeting putatively pre- and postsynaptic neu-

rons, (B) combined fluorescent image, and (C–

D) single-channel fluorescence images. (E) In-

hibitory postsynaptic currents in the putatively

postsynaptic cell are coincident with action po-

tentials in a nearby infected one, demonstrat-

ing a monosynaptic connection. (F–J) Similar

demonstration of spread to an excitatory pre-

synaptic cell. Scale bar: 100 mm, applies to all

panels.
fact that there is considerable cell death in slice cultures,

leaving open the possibility that, even when there ap-

peared to be an isolated transfected cell, there might

have previously been a second postsynaptic neuron that

died before observation. Finally, the fact that synaptic

contacts can be formed transiently and then eliminated

(De Paola et al., 2006) raises the possibility of labeling cells

that are not connected at the time of the functional assay.

The results described above must, therefore, be viewed

as a preliminary assessment and represent a lower limit

on the specificity of this system. Future studies using sin-

gle-cell electroporation and high-throughput stimulation

of hundreds of presynaptic neurons will likely provide

a more definitive measure.

DISCUSSION

There has never before been a method of identifying cells

that are monosynaptically connected to a population of

interest, and there has never been a method of transsy-

naptically labeling cells connected—by any number of

synapses—to a single starting cell. The system we have

introduced here does both. We expect it to be rapidly ap-

plicable in vivo, as outlined briefly below, to answer major

outstanding questions of connectivity and function and to

open entirely new avenues of investigation.

These in vitro results demonstrate proof of concept: the

viral spread resulting from in situ complementation is ex-

tremely effective, with the virus reliably proceeding from

initially infected neurons to hundreds of their peers sur-

rounding them in the slice. We also demonstrate that

EnvA-pseudotyped rabies virus specifically infects TVA-
644 Neuron 53, 639–647, March 1, 2007 ª2007 Elsevier Inc.
expressing neurons so that it is possible to restrict initial

infection to a genetically defined population. Furthermore,

we demonstrate that it is possible to label presynaptic

neurons from a single postsynaptic parent cell. Although

we were not able to routinely restrict biolistic transfection

to a single neuron, there are cases in which EGFP-

expressing cells were found in slices with only one

DsRed2-expressing neuron (e.g., Figure 3). In addition,

because of the known sparse connectivity in cortex,

even in cases where there are several possible postsynap-

tic (DsRed2- plus EGFP-expressing) cells, the great ma-

jority of presynaptic (EGFP-only) cells must have been

connected to only one of the postsynaptic cells. Our

paired recordings also provide important insight. They in-

dicate, first, that the virus can spread effectively from indi-

vidual cells, and second, that this spread is to cells directly

presynaptic in the strong majority of cases. At this point

we cannot answer the question of whether the virus would

eventually label every cell connected to a given starting

neuron, except to point to our limited paired recording

data finding that none of the cells that were not green

were connected to nearby red/green cells. The answers

to this question will depend on further testing and experi-

ence with the system.

The most begrudging interpretation of the data pre-

sented here, given that 2 out of 11 recorded green cells

were not found to be connected to the nearest transfected

cell, might be that viral spread in this system is to directly

connected presynaptic cells most of the time. However,

there is reason to have more confidence in the technique

than that, because of the limitations of the strategy used

here for testing it. As stated above, the gene gun typically
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transfects large numbers of cells within a slice rather than

the single cell that would be required to ideally test the

system. Because, as seen in Figure 3A, a single postsyn-

aptic cell can label cells across hundreds of microns, we

suspect that the two infected cells that were not found

to be connected to the recorded transfected cells were

connected to some other transfected cell elsewhere in

the slice. Death of some of the transfected cells is also

a possibility. A better way to test the system would be to

transfect only one cell per slice using microinjection or sin-

gle-cell electroporation (Haas et al., 2001; Rathenberg

et al., 2003). A further improvement would be to use opti-

cal stimulation of putatively presynaptic cells, as well as

controls, for a much higher throughput than we have man-

aged here. Such rigorous testing is needed and would be

welcomed.

Fundamentally, though, we have no reason to believe

that the spread of the transcomplemented deletion mutant

virus used here would be any less synaptically specific

than that of intact rabies virus, which has been found to

be significantly more specific in its transsynaptic spread

than the much more commonly used, but much more cy-

totoxic, a-herpesviruses (Ugolini, 1995b; Ugolini et al.,

1987).

The system presented here uses a virus that travels ret-

rogradely and therefore labels presynaptic neurons; since

postsynaptic cells are as interesting as presynaptic ones,

it would also be desirable to have a similar system based

on a virus that travels anterogradely. Unfortunately, there

are no known strains or mutants of rabies virus that do

so. The a-herpesviruses, by contrast, travel bidirectionally

in their wild forms, and the HSV-1 tracing strain H129

appears to travel solely anterogradely (Rinaman and

Schwartz, 2004; Zemanick et al., 1991). Although our at-

tempts to implement the transcomplementation idea us-

ing a widely used a-herpesvirus, pseudorabies virus,

met with little success (data not shown)—a failure we at-

tributed to the high cytopathicity and low efficiency of

the herpesviruses relative to rabies virus (Card et al.,

1999; Ito et al., 2001; Lafay et al., 1991; Norgren and Leh-

man, 1998; Ugolini, 1995a; Ugolini et al., 1987)—it may be

worth revisiting these efforts.

Implementation In Vivo

The requirements of our system are simply to introduce

the genes for TVA and the rabies virus glycoprotein into

the cell or cells of interest, then to apply the pseudotyped

virus after TVA has been expressed. There are many op-

tions for introducing the two genes into a particular cell

type in vivo, such as genetically modifying mice or using

a helper virus with a cell-type-specific promoter (Davis

et al., 2001; Gou et al., 2004; van den Pol et al., 2004). Sin-

gle-cell electroporation (Haas et al., 2001; Rathenberg

et al., 2003) offers the promise of identifying the cells pre-

synaptic to a single identified neuron whose activity and

response properties have been characterized. In combi-

nation with brain slice preparation or in vivo optical

methods, labeling of inputs to single neurons should also
facilitate studies of the functional properties and interac-

tions between connections that are presently not possible

based on random sampling. For example, labeled pre-

synaptic cells could be stimulated while recording intra-

cellularly from the postsynaptic cell. This would overcome

the difficulty in finding presynaptic cells in sparsely con-

nected structures such as the cerebral cortex.

Finally, the recombinant rabies virus could of course

contain genes for any proteins of interest besides EGFP,

raising an endless variety of possibilities. A genetically en-

coded sensor of neural activity (Chanda et al., 2005; Reiff

et al., 2005), for example, combined with two-photon im-

aging in vivo (Helmchen and Denk, 2005), should allow

identification of the functional properties of cells directly

connected to an originally identified, functionally charac-

terized, and electroporated postsynaptic neuron. Con-

versely, inclusion of a gene encoding a photosensitive

ion channel (Boyden et al., 2005; Li et al., 2005) should al-

low patterned stimulation of presynaptic cells while re-

cording from the cell they converge on. A transactivator

or recombinase gene could be used to further direct

gene expression in synaptically coupled neurons, and in-

deed, since there is ample room in the rabies virus ge-

nome for additional genes (McGettigan et al., 2003), any

of these approaches could be combined. In our view this

technology and those that derive from it are likely to

have a significant impact on neuroscience.

EXPERIMENTAL PROCEDURES

Production of Packaging Cell Line

The extracellular and transmembrane domains of the ASLV-A enve-

lope protein from the plasmid pAB6 (Boerger et al., 1999) and the

cytoplasmic domain region of the SAD B19 glycoprotein gene from

pHCMV-RabiesG (Sena-Esteves et al., 2004) were combined by

PCR and cloned into the murine leukemia virus (MLV) transfer vector

pCMMP-IRES-GFP (Melikyan et al., 2004). Vesicular stomatitis virus

(VSV)-pseudotyped MLV was then produced as described (Melikyan

et al., 2004) and applied to BHK-21 cells (ATCC) at a multiplicity of

infection (MOI) of �4 overnight. After four passages, cells were sorted

for high EGFP fluorescence with a FACSDiva (BD Biosciences, San

Jose, CA). The resulting cell line was termed BHK-EnvARGCD.

Production of Pseudotyped Rabies Virus

BHK-EnvARGCD cells were plated in 12-well plates at 2E5 cells/well.

The following day, the glycoprotein-deleted rabies virus SADDG-EGFP

(Wickersham et al., 2007) was added at an MOI of 1.5. One day later,

the cells in each well were trypsinized and replated into a 10 cm plate.

Virus-containing supernatants were harvested 2 days later, filter ster-

ilized, and frozen at �80�C in 1 ml aliquots. Virus titers were deter-

mined by serial dilution and overnight infection of 293T-TVA800 cells

(Narayan et al., 2003) and 293T cells followed by determination of

fluorescent fraction on a FACscan (BD Biosciences) 3 days later.

Biolistics and Virus Application

Brain slices were prepared from the cortex of 3- to 7-day-old rats as

described previously for ferrets (Dantzker and Callaway, 1998; McAllis-

ter et al., 1995). One day following, slices were transfected using the

Helios Gene Gun (Bio-Rad, Hercules, CA) according to the manufac-

turer’s instructions. The following plasmids were used per 12.5 mg of

gold microcarriers. Controls: pCAG-DsRed2, 5 mg; pCMMP-TVA800

(Narayan et al., 2003), 30 mg. Experimental: pCAG-DsRed2, 5 mg;
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pCMMP-TVA800, 30 mg, pHCMV-RabiesG (Sena-Esteves et al., 2004),

15 mg. All transgenes were expressed under the control of the human

cytomegalovirus (CMV) immediate-early promoter except for DsRed2,

which was driven by the CAG hybrid promoter (Borrell et al., 2005; Niwa

et al., 1991). One day following transfection, 20 ml of virus stock solution

(7.8E4 pfu/ml) was applied to the surface of each slice.

Electrophysiological Recordings

Three to nine days following application of virus, slices were trans-

ferred to recording chambers perfused with room temperature artificial

cerebral spinal fluid (ACSF), composed of 124 mM NaCl, 5 mM KCl,

1.25 mM KH2PO4, 1.3 mM MgSO4, 3.2 mM CaCl2, 26 mM NaHCO3,

and 10 mM glucose. Glass recording electrodes (7–10 MU resistance),

filled with an intracellular solution consisting of 130 mM potassium glu-

conate, 6 mM KCl, 2 mM MgCl2, 0.2 mM EGTA, 10 mM HEPES, 2.5

mM Na2ATP, 0.5 mM Na2GTP, 10 mM potassium phosphocreatine,

and 0.3% biocytin, adjusted to 7.25 pH with KOH, were used for

whole-cell current-clamp recordings. Cells were targeted using fluo-

rescence and DIC optics.

During paired recordings used to test functional connectivity be-

tween cell pairs, the potential presynaptic cell was recorded in current

clamp and the potential postsynaptic cell in voltage clamp. Action po-

tentials were generated in the presynaptic cell by current injection. The

postsynaptic cell was routinely tested from both negative holding po-

tentials to detect excitatory postsynaptic currents and depolarized po-

tentials to detect inhibitory currents and/or ‘‘silent’’ synapses. When

postsynaptic currents were not detected following generation of single

spikes in the presynaptic cell, trains were generated using current in-

jected for longer durations.
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