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Direct Gene Transfer into Mouse Muscle in Vivo 

RNA and DNA expression vectors containing genes for chloramphenicol acetyltrans- 
ferase, luciferase, and P-galactosidase were separately injected into mouse skeletal 
muscle in vivo. Protein expression was readily detected in all cases, and n o  special 
delivery system was required for these effects. The extent of expression from both the 
RNA and DNA constructs was comparable t o  that obtained from fibroblasts transfect- 
ed in vitro under optimal conditions. I n  situ cytochemical staining for P-galactosidase 
activity was localized t o  muscle cells following injection of the P-galactosidase DNA 
vector. After injection of the DNA luciferase expression vector, luciferase activity was 
present in the muscle for a t  least 2 months. 

OST EFFORTS TOWARD POSTNA- 

tal gene therapy have relied on 
. indirect means of introducing - 

new genetic information into tissues: target 
cells are removed from the body, infected 
with viral vectors carrying the new genetic 
information, and then reimplanted into the 
body (1). For some applications, direct in- 
troduction of genes into tissues in vivo, 
without the use of viral vectors, would be 
useful. Direct in vivo gene transfer into 
postnatal animals has been achieved with 
formulations of DNA encapsulated in lipo- 
somes, DNA entrapped in proteoliposomes 
containing viral envelope receptor proteins 
( 2 ) ,  calcium phosphate-coprecipitated 
DNA (3), and DNA coupled to a polyly- - . .  
sine-glycoprotein carrier complex (4). In 
vivo infectivity of cloned viral DNA se- 
quences after direct intrahepatic injection 
with or without formation of calcium phos- 
phate coprecipitates has also been described 
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(5). With the use of cationic lipid vesicles 
( 6 ) ,  mRNA sequences containing elements 
that enhance stability can be efficiently trans- 
lated in tissue culture cells (7) and in Xeno- 
pus laevis embryos (8) .  We now show that 
injection of pure RNA or DNA directly into 
mouse skeletal muscle results in significant 
expression of reporter genes within the mus- 
cle cells. 

The quadricep muscles of mice were in- 
jected (9) with either 100 pg of pRSVCAT 
DNA plasmid (10) or 100 pg of PgCATP- 
gA,, RNA (7, 11, 12). The RNA consists of 
the chloramphenicol acetyl transferase 
(CAT) coding sequences flanked by P-glo- 
bin 5' and 3' untranslated sequences and a 
3' polyadenylate tract. CAT activity was 
readily detected in all four RNA injection 
sites 18 hours after injection and in all six 
DNA injection sites 48 hours after injection 
(Fig. 1). Extracts from two of the four RNA 
injection sites (Fig. 1, lanes 6 and 8) and 
from two of the-six DNA injection sites 
(Fig. 1, lanes 11 and 20) contained amounts 
of CAT activity comparable to those ob- 
tained from fibioblasts transiently transfect- 
ed with the corresponding constructs in 
vitro under optimal conditions (Fig. 1, lanes 

9 and 10 and 21 to 24, respectively). The 
average total amount of CAT activity ex- 
pressed in muscle was 960 pg for the RNA 
injections and 116 pg for the DNA injec- 
tions. The variability in CAT activity recov- 
ered from different muscle sites probably 
represents variability inherent in the injec- 
tion and extraction technique, because sig- 

u 

nificant variability was observed when pure 
CAT protein or pRSVCAT-transfected fi- 
broblasts were iniected into the muscle sites 
and immediately excised for measurement of 
CAT activity. CAT activity was also recov- 
ered from abdominal muscle injected with 
the RNA or DNA CAT vectors (13), indi- 
cating that other muscles can take up and 
express polynucleotides. 

The site of gene expression was deter- 
mined for the pRSVlac-Z DNA vector (14) 
expressing the Escherichia coli p-galactosidase 
gene (Fig. 2). Seven days after a single 
injection of 100 pg of pRSVlac-Z DNA 
into individual quadricep muscles, the entire 
muscles were removed, and every fifth 
15-wm cross section was histochekicallv 
stained for P-galactosidase activity. Approx- 
imately 60  (1.5%) of the -4000 muscle 
cells that comprise the entire quadriceps and 
- 10 to 30% of the cells within the injection 
area were stained blue (Fig. 2, A and B). 
Positive P-galactosidase staining within 
some individual muscle cells was at least 1.2 
mm deep on serial cross sections (Fig. 2, D 
to F), which may be the result of either 
transfection into multi~le nuclei or the abili- 
ty of cytoplasmic proteins expressed from 
one nucleus to be distributed widely within 
the muscle cell (15). Longitudinal sectioning 
also revealed P-galactosidase staining within 
muscle cells for at least 400 Fm (Fig. 2C). 
Fainter blue staining often appeared in the 
bordering areas of cells adjacent to intensely 
stained cells. This most likely represents an 
artifact of the histochemical p-galactosidase 
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stain, in which the reacted product diffuses 
before precipitating. An alternative hypoth- 
esis is that P-galactosidase can be transport- 
ed from a transfected cell to an adjacent, 
untransfected cell. 

A dose-response effect was observed when 
quadricep muscles were injected with vari- 
ous amounts of RNA (PgLucPgA,) or 

Fig. 1. Autoradiograms from two 
separate experiments showing 
CAT activity in extracts from 
quadricep muscles injected with 
pRSVCAT DNA or PgCATp- 
gA, RNA. Lane numbers are 
above and percent chlorampheni- 
col conversions are below each 
autoradiogram. Lanes 1 and 13, 
control fibroblasts; lanes 2 and 
14, muscle injected with 5% su- 
crose solution: lanes 3 and 15. 

DNA (pRSVL) constructs containing the 
firefly luciferase reporter gene (Fig. 3A). 
The injection of ten times more DNA result- 
ed in luciferase activity increasing approxi- 
mately tenfold from 33 pg of luciferase after 
the injection of 10 pg of DNA to 320 pg of 
luciferase after the injection of 100 pg of 
DNA. The injection of ten times more RNA 

Percent 

1 
conversion o:i 0.; is a1 a7 a's 02 i 4  11B is i 3  1:2 

0.005 unit of 'noninjected, puri: . . 
tied CAT standard (Sigma); lanes . . . : . . 
4 and 16, 0.05 unit of noninject- , . , - ;,- ... ., 
ed, purified CAT; lanes 5 to 8 ,,,,... ., ; . ;-- : 
muscle injected with 100 pg OF: , ' ;: '. '-::*> 
p g ~ ~ ~ p g ~ n  WA in 5% su- . .~ . -.'..-I,;;:i: ., :; 
crose; lanes 9 and 10, 20 of.. ".' Percent 
&CAT&& RNA transfected- -.'-conversion 0.1 0.1 4 2  10.4 0.5 0.3 1.3 10.1 12.5 sa 1- 11.0 
with 60 pg of lipofectin reagent (6) into a 70% confluent 60-mm plate of 3T3 cells (-106 cells) (7,8); 
lanes 11, 12, and 17 to 20, muscle injected with 100 ~g of pRSVCAT DNA in 5% sucrose; lanes 21 
and 22,20 p,g of pRSVCAT DNA transfmed with 60 ~g of lipofectin reagent into a 50% confluent 
60-mm plate of 3T3 cells (-0.8 x 106 cells); lanes 23 and 24,20 pg of pRSVCAT DNA transfected 
with calcium phosphate into a 50% confluent 60-mm plate of 3T3 cells as previously d d b c d  (25). 
CAT activity was assayed 18 hours after all in vivo and in vim, RNA transfcctions and 48 hours after all 
DNA transfections. RNA and DNA polynucleotides were prepared as described (26) and muscle 
extracts were analyzed for CAT activity (27, 28). Similar results have been obtained in five separate 

.<  . , , - -  i --7 , .Cj' , , experiments. . . - _ -  

Fig. 2. In situ cytochemical 
staining of muscle cells for 
E. roli P-galactosidase activi- 
ty. (A and B) Cross sections 
of a muscle injected with 
pRSVlarZ at ~ 2 5  and 
x 160 optical magnification, 
respectively. (C) A longitu- 
dinal section of another 
muscle injected with 
pRSVlacZ, x 160. (D to F) 
Serial cross sections of the 
same muscle that are 0.6 
mm apart. Quadriceps mus- 
cles were injected once with 
100 pg of pRSVlacZ DNA 
(14) in 20% sucrose, and the 
entire quadriceps were re- 
moved 7 days after the first 
injection. The muscle was 
frozen in liquid isopentane 
cooled with liquid Nz. Serial 
sections (15 pm) were sliced 
with a cryostat and placed 
immediately on ge la t in i i  
slides. The slices were fixed 
in 1.5% glutaraldehyde in 
phosphate-buffered saline 
for 10 rnin and stained 4 
hours for P-galactosidase ac- 
tivity as described (29). The 
muscle was counterstained 
with eosin. Similar results 
have been obtained in 16 
individual injection sites. Control muscle had no stained muscle cells. Scale bar: (A), 620 pm; (B and 
C), 100 Fm; and (D to F), 260 pm. 

also yielded approximately tenfold more lu- 
ciferase. On the basis of the amount of DNA 
delivered, the efficiency of expression from 
the DNA vectors was similar in both trans- 
f e e d  fibroblasts and injected muscles. 
Twenty micrograms of pRSVL DNA trans- 
fected into fibroblasts yielded a total of 120 
pg of luciferase (6.0 pg of luciferase per 
microgram of DNA) (16), whereas 25 pg 
injected into muscle yielded an average of 
116 pg of luciferase (4.6 pg of luciferase per 
microgram of DNA) (Fig. 3A). The expres- 
sion from the RNA vectors was approxi- 
mately sevenfold more efficient in transfect- 
ed fibroblasts than in injected muscles. 
Twenty micrograms of $gLuc$gAn RNA 
transfected into fibroblasts yielded a total of 
450 pg of luciferase (7, 16), whereas 25 pg 
injected into muscle yielded 74 pg of lucifer- 
ase (Fig. 3, A and B). 

The time course of expression was also 
investigated (Fig. 3, B and C). Luciferase 
activity was assayed at various times after 
100 pg of PgLucpgA,, RNA (7) or 100 pg 
of pRSVL DNA (17) were injected. After 
RNA injection, the average luciferase activi- 
ty reached a maximum of 74 pg at 18 hours 
and then decreased to 2 pg at 60 hours. In 
transfected fibroblasts, the luciferase activity 
was maximal at 8 hours. After DNA injec- 
tion into muscle, substantial amounts of 
luciferase were present for at least 60 days. 

The luderase protein and the in v im 
RNA transcript appear to have a half-life of 
less than 24 hours in muscle (Fig. 3B). 
Therefore, the persistence of luciferase activ- 
ity for 60 days in muscle after pRSVL DNA 
injection is not likely to be due to the 
stability of luciferase protein or the stability 
of the in vivo RNA aansuipt. Southern 
(DNA) blot analysis of muscle DNA indi- 
cates that the foreign pRSVL DNA is pres- 
ent within the musde tissue for at least 30 
days (Fig. 4, lanes 6 to 9) and that the 
amount present at this time is similar to the 
amount of DNA present in muscle 2 and 15 
days after injection (13). In muscle DNA 
digested with Bam HI (which cuts pRSVL 
once) (Fig. 4, lanes 6 to 9), the presence of 
a 5.6-kb band that corresponds to linearked 
pRSVL (Fig. 4, lane 2) suggests that the 
DNA is present either in a circular, extra- 
chromosomal form or in large tandem re- 
peats of the plasmid integrated into chromo- 
some. In musde DNA digested with Bgl II 
(which does not cut pRSVL), the presence 
of a band smaller than 10 kb (Fig. 4, lanes 
12 and 13) and of the same size as the open, 
circular form of the plasmid pRSVL (Fig. 4, 
lane 1) implies that the DNA is present 
extrachromosomdy in a circular form (1 8). 
Extrachromosomal DNA of muscle extracts 
was prepared by the method of Hirt, modi- 
fied by Pauza and Galindo ( 19). The appear- 
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Fig. 3. The Cffcrrs of dasagc of RNA and DNA and of time on total 
lucifkrase extracted. Values indicate the average total luciferase activity Fig. 1. Muxlc extracts ofthe entire quadricep were * SEM of musde extracts from fbur to ten separate quadriceps that were except that the lysii b e  was 100 mM potassium 
injected or of fibroblast extracts from two to four separate lipofdons. (A) mM ~~-dithiothrcitoh and 0.1% Triton X-100. An 87.5-pl portion of the 
Luciferase activity was measured 18 hours &r the injection of varying 20qpl extract was analyzed for lucitirax activity as dcxribcd (17) with an 
amounts of pgLucpgA,, RNA in 20% sucrose (solid bars) and 4 days after LKB 1251 luminometer. Light units were convected to picognms of 
the injection of various amounts of p R m L  in 20% sucrose (smpcd bars). luciferasc with a standard curve established by measuring the tight units 
(9) Lucifkrase activity was assayed at various times &r 20 pg of $gLuc& produced by p d e d  firefly lucifcnse (Analytical Luminescence Laboratoty) 
gA,, RNA were lipofected into 106 3T3 fibroblasts (suipcd bars) as in control muxle extract. The RNA or DNA preparations did not contain 
previously described (6, 7), and aftet 100 pg of BgLucpgA,, RNA in 20% any contaminating luciferax activity bcfore injection. Control mu& inject- 
sucrose was injected into quadriccps (solid bars). (C) Luciferase activity was ed with 20% sucrose had no detectable luciferase activity. Experiments were 
assayed at various times after 100 pg of pRSVL DNA in 20% sucrose was @med two or three times, the dme points greater than 40 days were 
injected intramuscularly. The RNA and DNA vectors were prepared as in performed three times. 

Fig. 4. Southern blot analysis of 
DNA from mu& injected 30 days 
previously with pRSVL. Lane 1, 
0.05 ng of undipted p R m L  plas- 23 
mid; lane 2, 0.05 ng of Bam HI- t 

digested pRSVL; lane 3, empty; 9.4- - 
lane 4, Bam HI digest of Hin 
supernatant from control muscle; 6.6- 
lane 5, Barn H I  digest of cellular 
DNA from control, uninjected 
muscle; lanes 6 and 7, Barn H I  4.4- 
digest of Hirt supematant from 
two diffmnt pools of pRSVL-in- 
jected muscles; lanes 8 and 9, Bam 

P 
HI digest of cellular DNA from 
two different pools of pRSVL-in- 
jected musde; lanc 10, cellular 
DNA (as in lane 9) digested with ; 
Bam HI and Dpn lane 11, cellu- 2 
lar DNA (as in lane 9) digested 
with Bam HI and Mbo I; lane 12, 
cellular DNA digested with Bgl 11; 
and lane 13, Hirt supematant di- 
gad with Bgl 11. Preparations of 
mu& DNA were obtained from 
control, uninjected quadriceps or 
from quadriceps 30 days after injec- 
tion with 100 pg of pRSVL in 
20% sucrose. Two entire quadriccp 
muxles from the same animal were 
pooled, minced into liquid N2, and ground with a mortar and pestle. Total cellular DNA and Hirt 
supernatants were prepared as previously described (21, 25). F i b  micrograms of the total cellular 
DNA or 10 pl of the 100-pl Hirt supematant were digested, subjected to electrophoresis on a 1.0% 
agarme gel transferred to N p a n  (Schcicher & Schuell) with a vacublot apparatus (LKB), and 
hybridized with mukiprimed ' P-labeled lucifense probe (the Hind HI-Bam HI fragment of pRSVL). 
After overnight hybridization, the final wash of the membrane was with 0.2x standard sodium atrate 
containing 0.5% SDS at 68°C. Kodak XAR5 6lm was exposed to the membrane for 45 hours at -70°C. 
S i  markers ( W i n d  111) are shown on the lefi in kilobases. 

ance of the pRSVL DNA in Hirt supema- tegrated. Although the majority of the exog- 
tants (Fig. 4, lanes 6, 7, and 13) and in enous DNA appears to be extrachromosom- 
bacteria rendered ampicillin-resistant after al, low levels of chromosomal integration 
transformation with Hirt supernatants (13) cannot be definitively excluded. Overexpo- 
also suggests that the DNA is present unin- sure of the blots has not revealed smears of 

hybridizq DNA that would represent plas- 
mid DNA integrated at random sites. The 
sensitivity of the pRSVL DNA in musde to 
Dpn I digestion (Fig. 4, lane 10) and its 
resistance to Mbo I digestion (Fig. 4, lane 
11) suggests, as previously explained (ZO), 
that the DNA has not replicated within the 
musde cells. Thus, the relatively stable 
expression of luciferase in musde injected 
with pRSVL DNA is probably due to the 
persistence of injected DNA. Most of the 
DNA exists as a nonintegrated, circular 
form that does not replicate. 

The mechanism of entry of these polynu- 
deotides into the musde cells is unknown. 
Polynucleotide expression has been ob- 
tained when the composition and volume of 
the injection fluid and the rate of injection 
were md6ed  from the described protocol 
(21). Although we have detected low 
amounts of reporter enzyme in other tissues 
(liver, spleen, skin, lung, brain, and blood) 
injected with the RNA and DNA vectors, 
the levels in musde were substantially great- 
er. Muscle may be particularly suited to take 
up and express polynucleotides because of 
its structural features, such as its multinude- 
ated cells, sarcoplasmic reticulum, and trans- 
verse tubule system, which contains extracel- 
lular fluid and penetrates deep into the 
musde cell (22, 23). It is also possible that 
the polynudeotides enter damaged musde 
cells, which then recover. 

If direct transfer of genes into human 
musde in situ also occurs, it may have 
several potential dinical applications. The 
dfects of genetic diseases of musde might be 
ameliorated by expression of the normal 
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gene within muscle cells (24). Muscle might 
also be a suitable tissue for the heterologous 
expression of a transgene that would modify 
lsease states in which muscle is not prirnari- 
ly involved. The intracellular expression of 
genes encoding antigens may provide alter- 
native approaches to vaccine development. 
The use of RNA and a tissue that can be 
repetitively accessed might be useful for a 
reversible type of gene transfer, adminis- 
tered much like conventional pharmaceuti- 
cal treatments. 
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100,000 units of protein per milligram (Sigma). 
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Is Soot Composed Predominantly of Carbon Clusters? 

Soot generated from diesel fuel in a combustion tube is characterized by microanalysis, 
x-ray diffraction, chemical reactivity, and nuclear magnetic resonance to address the 
recent proposal of the significance of carbon clusters in soot. The data support a 
traditional model of soot as polynuclear aromatic compounds rather than as clusters of  
carbon atoms with minimal edge site density. The amounts of noncarbon atoms in the 
soot (hydrogen, oxygen, nitrogen, and sulfur) are commensurate with the edge density 
of the crystallites (2 by 2 nanometers) inferred from diffraction. The chemistry of soot, 
in being reduced by potassium metal and akylated by akyl iodides, is that known for 
aromatic compounds and not that anticipated for materials such as graphite, with a 
small fraction-of carbon atoms on edges.- 

ECENTLY, IT WAS PROPOSED THAT a major component of soot, the idea was 
the C60 carbon cluster might shed advanced that the known spherical morphol- 

."a totally new and revealing light ogy of soot could be interpreted as arising 
on several important aspects of carbon's from open, spiraling, carbon clusters. Each 
chemical and physical properties that were spherical particle of soot would be a mole- 
quite unsuspected" [(I) ,  p. 11393. One of cule. 
the outgrowths of this work was the predic- There is no doubt that the proposal of 
tion that should be a by-product of carbon clusters is exciting and that the idea 
combustion and a kev to the soot formation has captured the imagination of manv. In 
process" [(I) ,  p. 11451. Although there was the laser pyrolysis i f  carbonaceous s u b -  
no claim that the closed polyhedron C60 was strates, however, two separate groups have 

failed to find C60 to be a dominant species 

Exxon Corporate Research Laboratory, Annandale, NJ (2' 3)' and there is disagreement Over 

0880 1. the interpretation of the experiment linking 
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