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M e g a m ~ c h o n ~ &  ~s~f ing  from cupdzone ~ e ~ n g  ~ S ~ s s  ICR ~ c ~  w~ e  f l u o ~ e m  ~ h e p ~ y ~  
M~r the ~ e ~ m  ~ e ~  ~ ~ ~ a H ~ s o m e - e ~ a t e d  ~ddine  ~ - D N A  ~ m ~  ~ D N ~ .  
~ o w  c y t ~ u ~ m e ~ c  ~ ~ ~ m e ~ t ~ n ~ a  show~ ~ ~ e  p ~  ~ ~ m ~ -  
c a ~ a t ~  AO-DNA wh~h i ~ d  ~ m e g a m ~ ~ a  increased f ~ m  ~02% ~ the ~ s e  ~ d  ~ r  
~ cell ~ 3 ~ n  M ~  ~ n  ~ ~ a v e ~  ~ ~M% ~ 1 h M ~  ~ Megam~hondria  show~ 
~ b l e  f l ~ ~  ~ f l ~ ~  acfivaled ~H s o ~ i ~  ~ A C S )  ~ a I y ~  ~ e n  free A ~ D N A  w ~  
~ a v ~  ~ e c t ~ .  ~ s ~ i o n  dec~on m i c ~ a p h s  ~ m o ~ e  ~ fi~sue M ~  ~ a ~ e ~  ~ n  
~ ~ m ~  ~ p ~  iron ~ x ~ n  show~ ~ ~ s ~ i ~  ~ the H ~ s o m ~  ~ m e g a m ~ h ~ d r i a  
whi~  ap~ared idenfic~ ~ l i s some  ~ s o c i ~  ~ ~ ~ t ~ ~ .  The~  r e s ~  ~ p ~  and 
ex~nd o ~  e ~  ~ ~  ~ a ~acfion ~ the H ~ m ~  ~ t ~  ~ e ~ u ~  ~ ~ c e  ~ e  
~ t h  ~ t ~ n ~ a  ~ the Hv~  a ~  ~ s ~ y  d e l ~ r  the~ aqueous conten~ ~ e r ~  

l n ~ ~  

.The  po~ibility that fiposomes ~ansfer thor 
contents to fiver mitochondfia after in~avenous 
injection to mice has been r~sed by previous 
dectron microscope ~udies from this hboratory 
[~,21. 

Transmission ~ectron microscopy Nmed at 
visuMizieg the in~c~lular  fate of liposomes and 
thNr contents showed that fiposomes injected in- 
~avenously into mice a~odate with mitochondria 
in the fiver [1]. Subsequent studies of the in~ac~l- 
ular fate of inffavenous~ injec~d lipsom~en- 

Abb~at ions:  PC, p h o ~ h a t i d ~ o l i ~ ;  PS, phosphafi- 
d ~ f i n ~  Chol, c h ~ r ~ ;  LC, ~c~syl~mmi~; AO, 
Athene orange; FACS, fluorescence activated c ~  ~ n g ;  
EM, electron r n i ~ p y .  

capsul~ed DNA in mouse fiver u~ng de~ron 
micro~ope autoradiography and subcdlu~r ffac- 
fionafion have supported this f in ing  [2]. In the 
~tter ~udy, EM autoradiography showed that the 
proportion of DNA associated with mitochondfia 
s~adily increased for one hour after injection. 
Part of the DNA followed the subceH~ar 
ffa~ion~ion profi~ of the mitochondfi~ matrix 
marke~ m~ate dehydrogenase. We here present 
further evidence using fluorescence mark , s  an~y- 
~s supported by de~ron mi~oscope ~udies which 
shows ~ans~r of encapsul~ed m~eri~ by hpo- 
somes to fiver m~ochondfi~ Norm~ fiver 
mitochondria bong too sm~l for figh~mi~oscope 
examination, we resorted to the use of mice mega- 
mitochondfi~ Megamitochondfia are readily in- 
duced in mouse fiver by administration of cupfi- 
zone (bi~cydohexanone ox~dihydrazon~ in the 
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anim~ diet for more than 4 days [3-7]. Such 
mitochondria, ha¼ng diameters of 0.5-7.0 ~m, 
can be ~sualized by fight microscopy in tissue [5] 
or in suspenfion after cell disruption and ~olation 
by centrifugation [7]. The presence of a fluo- 
rescent dye associated with a megamitochondrion 
may be observed [8,9]. Ul~as~ucturN detNls of 
megamitochondria in tissue and of ~olated mega- 
mitochondfia have been documented ufing trans- 
misfion EM [3-6]. 

We here report that megamitochondria are flu- 
orescent in hepatocytes ~olated one hour after 
intravenous injection of hposom~encapsulated 
acridine orange-DNA c o m p ~  as observed by 
fluorescence microscopN In order to quantitate 
this observation, we have used flow cytofluofime- 
~y (FACS) anNysis to estimate amounts of fluo- 
rescence a~oNated with megamitochondfia iso- 
lated from mouse fiver at 3 min, 30 min, and 1 h 
after injection. FACS anNysis showed that the 
amount of dye assodated with megamitochondria 
increases over 1 h for the case of fiposome-en- 
capsulated AO-DNA. Negligible amounts of dye 
are associated with megamitochondfia 1 h after 
Nee AO-DNA is in~avenou~y injec~d. Observa- 
tions from fluorescence experiments are supposed 
by transmission dec~on micrographs showing in- 
teraction of megamitochondfia with fiposomes 
which encapsulate ~on dex~an. 

M~ef i~s  and Methods 

1. Megamitochondria m mice 
Cuprizone (b~-cydohexanone oxaldihydra- 

zone) (Sigm~ F.R.G.) was purified by recrystalli- 
zation ~om ethanol [9]. The purified c r y p t s  were 
stored at -20°C .  Cuprizone was administered in 
standard laboratory rodent chow [~. Thus, about 
one week prior to us~ cuprizone was added to 
ground rodent chow in a Waring b~ndo~ 3 g 
cuprizone per 500 g chow, i.e., 0.6% cuprizone. 
The resulting mixture was stored in the dark at 
4°C until use. Unweaned Swiss ICR mice (Centre 
de S~ecfion et d'Elevage d'Animaux de Labora- 
toire, CNRS, Oflran~, 17 days old of ~ther sex, 
were a d m i n ~ r e d  the cupfizon~chow mix and 
suppfied with d~onized water. M~e were kept in 
plastic cages and used for experimentation after 7 
days and up to 4 weeks after initiation of the diet 

of cuprizon~ M~e were supplied with the cupfi- 
zone diet after hposome injection and up to the 
moment of deat~ so that mitochondfi~ norm~- 
~ation would not occur [4,5]. 

2. L~osomes encapsulating acridine orange-DNA 
Acridine orange and deoxyribonud~c add from 

Coliphage T7 were used as purchased from Sigma. 
Acridine orang~ 10 -3 M, in 0.001 M sodium 
acetate (pH=6.75)  was added dropwise with 
shaking to a solution of DNA in 0.001 M sodium 
acetate, at room ~mperature. Acridine orange was 
added in quantity which was 1:1, mole:mole, 
with DNA phosphat~ ufing an e of 6550 for 
DNA absorbance at 259 nm [1~. The resulting 
complex was shidded ~om direct ligh~ After about 
30 rain at room ~mperature, the AO-DNA com- 
plex was ~olated by routine precipitation, i.e., to 
~500 ml of AO-DNA solution in Eppendorf tubes, 
5 M NaC1 was added to a fin~ concentration of 
0.15 M NaC1. Two volumes of ~hanol were ad- 
ded, and the solution was placed at - 7 0  °C for 30 
min. After table-top centrifugatio~ the super- 
natant was decanted and refidu~ fiquid was 
evaporated under vacuum. The resulting pell~ 
was taken up in 0.001 M sodium acetate (pH = 
6.75) and used for encapsulation in fiposomes. 
Fluorescence spec~a were obt~ned ufing a Fica 
MK-II doubl~beam specUofluorommer or a Per- 
~n-Elmer LS 5 spec~of luorome~ The wav~ 
Mngth of exaltation was 490 nm and the wave- 
length of emission was 530 nm. Quantitative 
cMculations invol~ng the AO-DNA complex were 
made u~ng the molecular wNght of the uncom- 
pMxed plasmid (25 • 1 0 6 ) .  Absorption and fluores- 
cence specua of AO-DNA in solution in sodium 
acetate did not change over a period of five days 
when the AO-DNA complex was kept at 4°C in 
the absence of fight. 

Liposomes were comprised of P C / P S / C h o l /  
LC in the mole ratio, 4 : 1 : 5 : 0.5. Egg yolk pho~ 
phatid~choline (PC) and chNes~rN (Chol) were 
from Sigmm F.R.G.; phosphatidylserine (PS) was 
from Lipid P r o d u ~  U.K., and N-stearoyl-pL-di- 
hydrolactocerebroside (LC) was ~om Bio-Yed~ 
I~ad.  

Liposomes were prepared by reverse phase 
evaporation [11] as modified by N~Nau et M. [12] 
at a concentration of 40 ~mol phospholipid/ml. 
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Thu~ for 0.250 ml of liposomes, 8 #mol PC, 2 
~mol PS, 10 ~mol Chol and 1 ~mol LC were 
evaporated ~n 0.5 ml keshly disti~ed chloroform. 
The fipids were taken up in 0.750 ml of pero~de 
flee diethyl ether. Then 0.250 ml of a solution of 
AO-DNA in sodium acetate was added. The re- 
suiting solution was mixed by vo~exin~ and ~her 
was ~owly removed by rotary evaporation under 
ni~ogen. The gd which formed was broken by 
v o r ~ n g  The resulting suspension of fiposomes 
was washed with 4 ml of phosphat~buffered shine 
(pH 7.2) and concen~ated by centrifugation at 
115000 × g for 30 min, two times. The resulting 
pell~ was treated with DNAase I (Boehringe~ 
Mannh~m, Franc~ in 10 mM MgClz in phos- 
phate-buffered saline at 37°C for 10 min. The 
suspen~on was then flRered through a Sepharose 
4B column u~ng phosphat~buffered saline. 
Acridine orange fluorescence emission at 530 nm 
was monitored. Liposomes duted in the void 
volume and were concenUated by centrifugation 
at 115 000 × g for 30 min. N o r m ~ a t i o n  of fluo- 
rescence emission inten~ties of the AO-DNA 
solution prior to encapsulation and of the fin~ 
fiposome suspen~on to solutions of known dye 
concentration indicated an encapsulation of about 
25%. In experiments at 3 and 60 min, the DNA 
concenUation was 10 -8 M (0.025 mg per 100 ~ ,  
and the dye concen~ation was 2.5.10 -~ M. In 
the experiment at 30 min, the DNA concen~ation 
was 6.10 -8 M, and the dye concen~ation was 
1.5.10 -4 M. This corresponds to a DNA:AO 
ratio of 4 .10-4 :1  in both cases. At 10 ~ fipo- 
somes per ~mol of tot~ fipid [13], one DNA 
molecule was encapsulated per 12 fiposomes. 
Liposomes were stored under argon in phosphat~ 
buffered saline at 4°C and used within 3 days. 

~ Fluorescence ana~Ms 
Liposomes encapsulating AO-DNA were 

inje~ed ~ lhe t~l v~n of Swi~ ICR mice which 
had been on a diet of cuprizone for at ~ast seven 
days. Mice w~ghed b~ween 8 and 12 g. 8-16 
~m~ tot~ find was inje~ed p~  mcu~ ~ 1£0-200 
~1 of fiposome suspen~on. M~e were m~nt~ned 
on a ~et  of cupfizone and hi,stilled wa~r after 
injection unt~ the moment they were sacrificed, to 
prevent normafization of megamitochondria. The 
animus on the cuprizone ~ we~ smaller, w~e 

~ activ~ weaker, and mcre ~a~le lhan norm~ 
a n i m ~  in agreement with other repots [5,6]. 
Liver perfu~ons were difficult to carry to comple- 
tion successfully, generally requiring more than 
one at~mpt in an experiment. Thus it resul~d 
that animals from a range of times cn the cupri- 
zone diet were used. 

Hepatocy~s were recovered u~ng a slight mod- 
ification of the m~hod of Bevy and Friend [1~15]. 
That is, animus were anesthetized wdh dieth~ 
ethe~ fivers were perfused with collagenas~con- 
t~ning solution, and hepatocytes were recovered 
after genre centfifugation. ~olated hepatocytes 
were dilu~d with a Kreb~Ringer-Hepes solution 
and stored on ~e. Cell ~abifity was 60-80% by 
the cri~rion of Trypan blue exdu~on. Aliquots of 
whole cell suspensions in Kreb~Ringer-Hepes 
solution were placed on ~ass slides, protected 
with cover slips and viewed at room ~mperature 
u~ng a Z d ~  Univers~ microscope equipped with 
a standard filter for green exaltation (Zoss no. 
487715). Fluorescence an~y~s was carried out 
immediatdy and continued without in~rrupfion 
for periods up to 4 h after ~olafion of the cells. 
Significant shrinkage of mitochondria was not d~ 
tected. 

Megamitochondria for the FACS an~ysis were 
isolated according to the gener~ procedure out- 
fined by Bowman and Tedeschi [~. Thus, at times 
3 min, 30 rain, and one hour (two experiment~ 
after injection, the anim~ was anesthetized with 
diethyl ~her, and the fiver was peffused with 5-10 
ml of 0.30 M sucrose (pH 7.0). After homogeniza- 
tion of the tissu~ megamitochondria were isolated 
by centrifugafion in sucrose solutions as described 
[9]. Preparations were checked for mitochondri~ 
in~grity and for contamination by other organeHes 
u~ng transmission EM. Thus, aliquo~ ~om sus- 
pennons of ~olated megamitochondfia were 
placed on coHodion-covered grids, ~ n e d  for 30 s 
with a solution of ammonium molybdate (pH 7.4) 
and examined u~ng a Siemens Elmiskop 102 dec- 
tron microscope. Preparations of megamitochon- 
dria were stored in sucros~Hepes solution on ~e 
until flow cytofluorim~ric (FACS) an~y~s. Su~ 
pennons of megamitochondria were d r u i d  with 
sheath fluid immediatdy before FACS an~y~s. 
No ~gnificant shrinkage of mitochondria in this 
solution in lhe time required for an~ysis was 
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detected by fight mi~oscope examination. The 
FACS an~ys~ were carried out within 2 h of 
is~ation of mimchondfia. 

Fluorescence intensities and fizes of mega- 
mi~chondfia w~e ~t ima~d using a FACS 
an~y~r  (Bec~n-Dic~nsonL ~ ~ x ~ t i o n ) :  485 
nm, bandwidth: 20 rim, and ~ ~mission): 530 nm, 
bandwidth: 30 nm. The an~y~r  was standard~ed 
ufing polystyrene s~fon~e bead~ 3 ± 0.1 #m and 
6 ± 0.1 #m contai~ng 1-(fluor~cein~thioureid~- 
~ a z ~ d c o s a n e  [16]. To ~ t im~e  ~e  m ~ r  con- 
cen~ations of dye ~ megamimchondri~ ~e  rda- 
tive fluorescence v~ues obtained from the FACS 
anMyfis we~ n o r m ~ e d  to a s~ufion of AO-DNA 
of known m~afity by spe~rofluorimetric com- 
parison of the AO-DNA so~tion ( ~  = 490 nm; 
hem = 530 nm) with a suspenfion of fluorescent 
beads which was hter  used ~ the FACS an~yfis 
( X ,  = 495 nm; ~m = 525 nm). 

In each FACS an~ysis (each experiment), 
23000 to 50000 partic~s were counted. The 
an~ys~ was a~us~d ~o ~cog~ze o~y  particl~ 
ha~ng ~ a m ~ s  greater than about 1 #m, to 
avo~ counting and an~ysis of small vefide con- 
~m~ation.  

~ L~osomes encapsulating iron-dextran 
Iron dextran was obtained in solution, 200 mg 

~on /ml  (as a gift from Sanofi Sant6 A n i m ~  
St.-Jean-de-la-Ruell~ France). 100 ml of a 1:10 
dilution with phosphate-buffered safine could be 
injected in~avenou~y into a mouse having mega- 
mitochondri~ w~hout apparent toxidty. 

Reverse phase fiposomes comprised of PC, PS, 
and Chol (4 :1 :5 ,  mole:mol~ were prepared as 
described previously [1], using undiluted ~on de- 
xtran. Unencapsulated ~on dextran was separated 
~om fiposomes u~ng a Sephadex G-25 column 
having dimensions 0.5 cm by 10 cm. The duted 
liposomes were concentrated by centrifugation. 
Liposomes were stored under argon in phosphate 
buffered saline at 4°C and used within one week. 

~ E&ctron m~roscopy 
Liposomes encapsulating ~on dexlran were in- 

jected in the tail v~n of Swiss ICR mice which 
had been maintained on a diet of cuprizone for at 
least seven days. 4 #mol total fipid were injected 
per mouse, corresponding to about 4 .  10 ~2 

fiposom~ [13]. 10 min after injection, the aNmN 
was anesthetized with ~effi~ e~er, the fiver was 
p ~ f u ~ d  wi~ 5-10 ml phosphate-buffe~d salin~ 
exo~& and prepared for ~ansmission EM as 
described earlier [1]. TNn sections were examined 
without poststain using a Nemens Elmiskop 102 
de~ron mi~o~op~  

~ Contrc! experiments 
Hepatocy~s from mice which had been admin- 

istered cuprizone but had not been injec~d were 
examined by fluorescence microscopy for autoflu- 
orescence of whole cells or megamitochondria. In 
another expefimenL 0.150 mg flee AO-DNA was 
inje~ed inffavenously. One hour later the hepato- 
cy~s were ~olated and examined by fluorescence 
microscopy for cytoplasmic fluorescence or flu- 
orescence of megamitochondfia. 

So far as con~ol for the FACS an~ysis of 
megamitochondria is concerned, the absence of 
fluorescing megamitochondfia after in~avenous 
i~ecfion of 0.150 mg of flee AO-DNA, indicated 
that megamitochondfia do not exhibit fignificant 
autofluorescence at ex~tation and emission wave- 
lengths of in~re~. 

For de~ron microscop~ the con~ol experi- 
ment confi~ed in injection of 100 #1 of 'GleptosW 
which had been diluted 1:10 with phosphate= 
buffered saline, i.e. 2 #g of free iron dex~a~ 
followed by exdfion and preparation of the fiver 
tissue for electron microscopy one hour l~e~ ufing 
the same m~hods as were employed for the ex- 
periment with liposome-encapsulated iron de- 
xtran. The fiver from a mouse which had been 
administered cupfizone but had not rec~ved any 
injection was ~so prepared for ~ansmission EM 
and examined. 

Resul~  and D ~ c u s ~ o n  

1. In~rca&tion of Acridine orange into b a a e ~  
phage T~DNA and encapsuMt~n m liposomes 

In~rc~afion of Acridine orange into ba~efio- 
phage T7-DNA resul~d in a shght shift of the 
emission wavdength maximum of the dye, from 
536 nm for flee acridine orange to 533 nm for 
in~rc~ated dye ( ~  = 490 nm). The position of 
the maximum indicates that Acridine orange has 
in~rc~ated into nafiv~ as opposed to denature~ 



DNA [17]. H o w ~  ~e  ~ e ~ m m  from ~e  s~u- 
tion of in~rcal~ed dye may r ~ m  a m i ~ e  
of fluoresdng ~ e s .  H u ~ o p h ~  whi~  m ~  be 
~ e ~  include ~ee Acri~ne orang~ p ~ y  
monom~ and ~mer, in e ~ m  with inter- 
cal~ed dy~ dye which ~ com~exed ~ t h  dena- 
tured ~gme~s  of DNA, and Acfi~ne orange 
in~rcal~ed into natNe DNA [17-19]. Thus an 
e x i t  ~ ~  of the fluoresong ~e~es m ~  
not be made. 

~ c ~ ~  of this m~erial into fiposom~ 
resulted in a ~ e ~ n  of hposom~ fluoresdng 
in a broad band with a wavden~h m ~ m u m  of 
~ o u t  530 nm when e x ~ d  at 490 nm. The 
fiposom~ cont~ned a b r i ~  green fluorescence 
ag~n~ a dark b~kground under the fluorescence 
~ ~  u~ng a fluorescon f~te~ ~ p o ~ m e  
average ~ze was 0.25 # ~  ~om me~u~ments of 
~ g ~ v d y  ~ n e d  f ipo~m~ in de~ron mi~o- 

g r ~ .  

Z Fluorescence m~roscopy of hepawcytes 
Some hepatocy~s cont~ned areas of con- 

centrated fluorescence having a ~z~ shap~ and 
in~rnal configuration appropri~e for mega- 
mitochondfia (Figs. 1A-H and Table ~. In Fig 
1A, for exampl~ the f l u o ~ i n g  areas have ~zes 
2.2 ~m × 1.7 ~m, 2.1 #m × 1.7 ~m, and 1~ ~m × 
1.6 ~m. In our hands, megamitochondria ranged 
in ~ze from 0.5 ~m to 6.7 ~m (Table I, all meth- 
ods of visualization). Normal rat fiver mitochon- 
dria range in size from 0.5 #m to 1.1 #m [2~. Fig. 
1A shows that Acridine orange dye was not spread 
uniformly in lhe mitochondfia but appeared to be 
concenuated b~ween the inner and outer mem- 
brane~ What may be in~rpre~d as crism~ in- 
va~nafions of the inner membran~ appeared to 
be filled with dye. 

Figs. 1C and 1D show another hepatocyte, 
~rgeL and hating numerous areas of concentrated 
fluorescence. The cell shown here has a ~ a m ~  
of about 12 ~m. Areas of fluorescence have di- 
a m ~ s  b~ween 0.9 ~m and 1.7 ~m, t~us they are 
a size appropriate for sfighfly enlarged 
mitochondri~ not ~posomes or other organelles. 
(The mean d i a m ~  of a rat parenchymal cell 
nucleus is 8.1 ± 1 ~m and pero~some average 
diameter ~ 0~4 ± 0.02 ~m [2~. Average hposome 
d i a m ~  was 0.25 ~m.) Some compartmentaliza- 

205 

fion of fluorescence may be seen in the 
rnitochondria (arrows, Fig. 1C). The cytoplasm in 
this call ~ weakly fluorescent; howeveL nothing 
can be seen which could be interpreted as a fluo- 
rescent nucleus. Such an absence of fluorescent 
n u d o  in our experiment, even as long as one 
hour a~er intravenous injection, ind~ated that 
dye did not become free in the cell. For exampl~ 
it has been shown that calls which are supravita~y 
~ained with Acridine orange accumulate dye in 
the lysosomes (h~ = 380 nm; hem = 650 nm) and 
in the nudeu~ where the dye interacts with 
fingle-~randed DNA (h~ = 380 nm; hem = 640 
nm), with double-stranded DNA (h~ = 380 nm; 
hem = 530 nm) and with RNA [21]. This ~ the 
case for different kinds of cells and for calls which 
have been permeabifized and those which have not 
[22,23]. Thus we interpreted lack of fluorescent 
n u d o  as evidence that fiposomes in the cell did 
not rdease thor contents indiscfiminatdy into the 
cytoplasm and that the fiposome-encapsulated 
AO-DNA complex which was injected in- 
~avenously remained intact, at least until a~er it 
was ddivered in~acdlulady. 

Fluorescent mitochondfia having diameters of 
about 3.5 #m are shown in Fig. 1E. Contours of 
the adjacent non-fluorescent nucleus can be seen 
in Fig 1F. In Figs. 1G and H, only two cells 
(centeO contfin fluorescent mitochondfia. The di- 
ameter of the large~ fluorescent mitochondrion ~ 
2.3 #m. Fluorescence photographs, taken prior to 
phase contrast, required exposure times of about 
three minutes and led to ~equent call mortality. 

Not every hepatocyte contained fluorescent 
areas. The percentage of ce~s with fluorescence 
could not be refiably estimated by microscope 
examination due to technical prob~ms, some of 
which have been reposed by others [24]. For 
exampl~ hepatocytes were ~agile under the illu- 
minating fight and ~equently died during the long 
exposure times required for recording fluores- 
cence; when fluorescence in an organelle was con- 
cen~ated, for example, in small vacuoles, the 
vacuoles often burst under illuminating fight, re- 
~asing fluorophore into the cytoplasm. Fluores- 
cence faded over the exposure time required for 
photography. And, over the four hour examina- 
tion fim~ even ce~s kept at 0-4°C showed some 
changes in pat~rns of fluorescence. 
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TABLE I 

SIZE DISTRIBUTION OF MEGAMITOCHONDRIA 

Norm~ rat liv~ mitochondfia have an average ~ a m ~  of 1.1 
#m. Nudd  have ~ a m e ~  of 8.1 ± 1 ~m. P~o~some average 
dhme~r  ~ 0.6 ~m [2~. 

Method of visuafization Diameter (~ m) 

1. Light microscope, 0.9 to 3,5 
whole cell images 

2. Light microscope, 1.9 to 6.7 
holated mitochondfia 

3. FACS, 2.6 (3 rain) 
fluorescent populations 3.7 (30 rain, m~oO 

5.9 (30 rain, minor) 
3.0 (60 rain) 
3.0 (60 rain) 

0.5 to 4.2 4. ~ s ~  E ~  
tissue t~n ~cfions 

~ Flow ~tofluorimet~ ~ me~mito~dria 
R e s ~  from the FACS an~yfis of meg~ 

mim~ondria are shown ~ ~ .  2A and 2B and 
Ta~es II-I¥.  

~ .~ <~L "~  

~I ~ - m ~ 

~J .~ - 

N 

~ ' I I I I l l !  

-1~ ~ i~ 1 

! r f r i l l  I , 

i ~  ~ 

F L  ! 

A 

l I I I --I I I  

1~ 3 

Aliquots ~om suspenfions of ~ e d  mega- 
mitochondria used ~ flow cy~fluorime~y were 
examined by ~ansmission EM after negative 
~ n i n g  with ammo~um m~ybd~e  (pH = 7.~. 
The mi~chondria were mostly ~tact and &s- 
played the spherical shape characterifing mito- 
chondfia as oppo~d to the ruffled appearance of 
mito~asts [7,25]. 

Hi~ogram 2A shows ~ s ~  from the fiver of a 
mouse 30 min after intravenous injection of 0.150 
mg of f iposom~encaps~ed  AO-DNA. A popu- 
lation of rdafivdy ~ g ~ y  fluor~dng particles of a 
fize appropda~ to be megamitochondria is seen, 
for an~yfis ~f ided into two population~ haong 
d i a m ~ s  of 3.7 ~m and 5.9 ~m. 23000 particles 
of a fize g r e ~  than 1 ~m were counted. For fize 
comparison, a star i n ~ c ~  the position of 3 ± 0.1 
~m beads at t~s ~ r u m e n t  setting. A fimilar 
rdativdy hig~y fluoresdng population appeared 
in FACS an~yses of megamitochondfia ~ e d  
from mouse fiver exosed 3 min after injection as 
well as in two experimen~ at 60 min a~er inje~ 

* 

~ i~ I I~  ~ I~  3 
FLI 

Fig. 2. FACS an~y~s of ~olated megamitochondfia. Hi~ogram (A) resul~d from an~y~s of megamitochondfia ~ola~d 30 min 
a~er intravenous i~ection of 0.150 mg of fiposom~encapsula~d AO-DNA comple~ About 23000 particles of a size greater than 
about 1 #m were coun~d. Cha ra~e f i~s  of the fluorescent populations No. 7 and No. 8 are fis~d in Tables Ill and IV. For ~ze and 
fluorescence inan i ty  measurement~ p~ystyrene sulfona~ beads of 3 ±0.1 #m and 6 ± 0.1 ~m diam~er and known fluorescence 
inan i ty  were an~yzed at the same time u~ng the same in~rument s~ting The portion of 3±0.1 ~m beads is denoted by a star. 
Histogram (B) res~ted from an~y~s of megamitochondfa ~ a t e d  one hour after intravenous injection of 0.150 mg of flee 
AO-DNA comple~ 50000 particles of a ~ze greater than about 1 ~m were counted. The portion of 3±0.1 ~m beads at this 
ins~ument setting is deno~d by a star. 
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TABLE II 

FACS: COMPARISON OF ALL POPULATIONS OF A 
~ N G L E  A N A L Y ~ S  

M~ami tochondr i a  were ~ e d  from mouse fiver exdsed 3 
min a~er  in~avenous  injection of l ip~ome-encapsulated AO- 

DNA.  

Popu- Average % of total Average relative 
lafion particle size panicles fluorescence 
No. (#m)  counted inten~ty a 

1 1.9 96.94 8.7" 10 - 3 
2 2.6 0.07 4~6 
3 8.5 1.55 7.4'10 -3 
4 10.7 1.15 1.7"10 -2  
5 25.6 0.14 7 ~ ' 1 0  -2  
6 60.7 0~3 2 .2-10-  2 

~ Vflues have b ~ n  n o r m ~ e d  to ~ e  f l u o ~ e n ~  ~ n f i f f  of 
• e i n j ~ d  f ip~ome  s ~ p e ~ n  (M~efials  and M ~ h o d ~ .  

tion of liposome-encapsulated AO-DNA (Tables 
III and IV). 

Hi~ogram 2B shows the fi~es and fluorescence 
di~fibufions of particles in a suspenfion of mega- 
m~ochondfia ~olated from the fiver of a mouse 
one hour a~er intravenous injection of 0.150 mg 
of flee AO-DNA. No population ha~ng fignifi- 
cant fluorescence is observed. 50000 particles of 
fize greater than about 1 #m were counted. For 
~ze compafisom the portion of 3 ± 0.1 #m beads 

TABLE llI 

FACS: COMPARISON OF THE MOST HIGHLY FLUO-  
RESCENT P O P U L A ~ O N  IN EACH A N A L Y ~ S  

I. Experiment, H. Siz~ III. % of IV. Rdafive 
time after average coun~d  fluorescence 
injection diameter particles of megamito- 

( # m) chondria ~ 

Liposom~encapsulated AO-DNA 
3 ~  

~ 

~ 
~ 

Free AO-DNA 
~ 

2.6 0.07 4.06 
3.7 11.46 64.13 
5.9 2.22 161.91 
3.0 1.35 58.95 
3.0 2.40 65.54 

2.7 1.03 0.01 
3.0 1.17 0.08 
5.5 0.02 0.23 

~ Values have been normal~ed to the fluorescence intenfity of 
the i ~ e ~ e d  hposome suspenfion (Materials and Methods). 

at tNs ~mumen t  settin~ sfighfly Nfferent from 
that of HNtogram 2A, is de~gnated by a star. 

The ' u p . k (  'of dye by megamitochondria, 
cMcM~ed as the percentage of AO-DNA iNe~ed 
per fiver call that was N~r contNned by a 
mitochondrio~ increased throughout the 60 min 
after iNecfion which were ~vesfig~e& as fisted in 
C~umn V of Tab~  IV. Dye concentration was 

TABLE IV 

FACS: C O M P A R ~ O N  OF Q U A N ~ E S  OF A ~ D N A  C O N T A I N E D  BY M E G A M ~ O C H O N D ~ A  

I. Experiment, II. l'nmoles AO a III. Rdat ixe I ~  m m ~  AO a V. % (AO-DNA ~ a m i ~ /  
time a f t~  i ~ e ~ e d  per fluorescence of ~ a 3 ~ m AO-DNA i ~ e o e d  
injection l iv~ cell megamitochondria c mimchondrion p ~  ~ r  cell) a 

( × 1 0  ~ )  ~ (×10~8) a 

~ m ~ c ~ h ~ d  A ~ D N A  
3 rain 2.3 

30 min 37.8 

60 min 1.7 
60 rain 1.7 

Free AO-DNA 
60 min 31.8 

4.06 3.72 0.02 
64.13 58.77 0.02 

161.91 148.39 0.04 
58.95 54.03 0.32 
65.54 60.07 0.35 

0.0~ 0.01 0.0 
0.08 0.07 0.0 
0.28 0.25 0.0 

a Ratio D N A / A O  = 4-10 -a  :'1, see Paragraph 2, M ~ e r i ~ s  and M~hods .  
b M ~ e  w e n  woghed  prior to injection. We assumed 650.106 calls ~ the fiver per 100 g body w~ght  [30~ An uptake of 60% of the 

inje~ed dose by the fiver was assumed [2@ 
c Values have been norm~ized  to the fluorescence i n t e n ~  of the inje~ed fiposome suspen~on ( M a ~ f i ~ s  and M~hods) .  
a The mitochondfion was assumed to be a spher~ Mitochondrial v ~ u m e  = 1 . 4 2 . 1 0 - u  ml. 
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measu~d, and a D N A : A c r i ~ n e  orange ratio of 
4 . 1 0  - 4  : 1 was assumed (M~er i~s  and M~hodO. 
CMcuhtions of dye inje~ed per fiver cell were 
made assuming a 60% uptake of to t~  i ~ e ~ e d  
dose by the fiver [26]. At 3 minutes after i~ectiom 
an average of 0.02% of the AO-DNA inje~ed per 
1Ner cell was cont~ned by a fluorescent mito- 
chondrion. At 30 minutes, the fluorescent popula- 
t ~n  cou~  be &~ded  into two subpopdafions for 
an~y t s :  one pop~at ion  (11A6% of counted pa~ 
tides, Tab~ III) cont~ned 0.02% of AO-DNA 
injec~d per fiver cell and a second population 
(2.22% of counted partideO cont~ned 0.04% of 
AO-DNA i ~ e ~ e d  per fiver call (i.e., 14 and 28 
m ~ e c ~  of DNA, r~pec t ivd~ .  This v~ue 
increased to 0.32% ~ one experiment at 60 min 
and 0.35% ~ ano th~  experiment at 60 rain. Thus 
~ 60 min a f t~  injectiom a megamitochondrion 
which was fluorescent cont~ned an average of 
~33-~34% of the AO-DNA which w~s inje~ed 
per fiver cell. The increase of percentage probe 
i ~ e c ~ d  which is a ~ o d a ~ d  with a meg~  
m~ochondrion co~esponds with our e a t e r  
ob~rvat ion by EM autora~ography that the con- 
cen~ation of f i p o s o m ~ e n c a p s ~ e d  DNA a ~ o d -  
ated with mitochondria increases over 1 hour [2]. 

The m~ a r  concentration of dye in mitochon- 
dri~ populations was determined ~d i~c t ly  from 
the rdative fluorescence of megamitochondria by 
specvofluorimetric comparison ag~n~  AO-DNA 
s~utions of known concen~afion (Mamri~s and 
Methods). A vohime was then c ~ c ~ e d  for a 
hypothetic~ average megamitochondrion, assum- 
ing a spheric~ shape and a ~ a m ~  of 3 ~m. 
Thus the mm~es  of dye cont~ned by such a 
megami~chondrion c o d d  be c~cuh ted  and are 
fisted hi C o~ m n  IV of TaNe IV. 

The rdative fluorescence v~ues of the mega- 
mitochondria are fisted in Column III of Tab~  
IV. The v~ues have been normalized to the fluo- 
rescence i n ~ n t ~  of the injecmd fiposome suspen- 
t o n  (Mamri~s and M~hod~.  

In the comparison of fluorescence a ~ o d ~ e d  
with isSUed mitochondri~ a n o r m ~ n  was 
made to correct for the different a ~ m ~  woghts 
(i.e. 1Ner dzes and p~sumably dif~rent  numb~s  
of megamitochondfia). This n o r m ~ i o n  con- 
sisted of an ~t imat ion of the number of fiver cells 
~ each ahim~ and expresfion of the dosage as 

mmoles of dye injected per fiver cell, as fisted in 
Column II of Tab~  IV. 

The fluorescent mitochondria at 60 minu~s 
were deafly tingle populations, showing fitfle 
scatter in fluorescence or fize. The histogram at 30 
min appeared more comp~x (Fig. 2A) and was 
anMyzed as two population~ The average proper- 
ties of the populations differed as to rdative fluo- 
rescence of the megamitochondria, s~e, and per- 
centage of counted particles, as fisted in Tab~s III 
and IV. A high percentage of counted particles, 
5-times higher than other fluorescent populations 
measured, having lhe smNkr diameter of 3.7 ~m, 
tmi la r  to the fluorescent populations at 3 min and 
60 min, contNned about the same percentage of 
AO-DNA injected per fiver cell as the population 
at 3 min. The other population of mitochondria at 
30 min, about 1.5-times larger in d iame~c  con- 
tained a higher percentage of dye, intermediate 
between 3 min and 60 min. These represented a 
lower quantity of counted particles, having the 
same order of magnitude as those observed at 60 
min. 

Average diameters of fluorescent megamito- 
chondria and the percentages of counted particles 
they represent are fisted in Table III. A fluo- 
rescent population having a diameter of about 3 
~m appeared in every case. As percentages of 
coun~d  particles (panicles having diameters 
greater than about 1 ~m), fluorescent mega- 
mitochondria varied from 0.07% to 2.40%, with 
one population of 11A6%. Thus between 3 min 
and 60 min, the number of fluorescent mRochon- 
dria as percentage of counted particles increased 
35-fold, from 0.07% to 2A0%. The fluorescent 
mitochondria were about the same t z e  in both 
exper iment ,  2.6 ~m and 3.0 #m. As percentages 
of coun~d parfide~ populations ha~ng about the 
same s~e but contNning negliNb~ fluorescence, 
were 97% (3 min), 41% (30 min), and 65% and 66% 
(60 min, tw o experiments) (data not shown). 

Large contaminating populations of smN1 
vesicles were excluded ~om counting or anMyts. 
On the other hand, small populations of size 
greater than or approximate to the mega- 
mitochondria were anMysed. ThNr tzes  were ap- 
propriate for contaminating normN mitochondria 
(1.1 ~m), nudN (8.1 ~m), ~nd whole cells (21 ~m) 
[20]. These populations displayed a negligib~ flu- 



orescence in all cases. Tab~ II shows resu~s from 
lhe suspension of megamitochondria isolated 3 
min after intravenous injection of fiposom~en- 
capsulated AO-DNA, in terms of average particle 
fize, average rdative fluorescence in~nfity, and 
the percentage of all particles counted which that 
population represents. The largest population, 97% 
of all particles counted and ha~ng a fize ap- 
propriate for sfighfly enlarged mitochondri~ does 
not have an unusu~ rdative fluorescence inten- 
fity. Only a sm~l percentag~ 0.07%, ha~ng a fize 
~ppropriate to be megarnitochondri~ shows a high 
fluorescence in~nfity (4~6). 

The negfi~b~ fluorescence assoda~d with 
mitochondria one hour after injection of ~ee AO- 
DNA ind~ates the impo~ance of fiposomes in 
mediating lhe l o c ~ a t i o n  cf encapsula~d materi- 
als to mitochondria. 0.150 mg of free AO-DNA 
was injec~d, three to six times more AO-DNA 
than was inje~ed in the liposome-encapsulated 
form, with the exception of the experiment at 30 
rain. Y~ fluorescent mitochondria appeared in the 
FACS an~yfis only afar in~avenous injection of 
fiposom~encapsulated complex. We do not ex- 
clude the possibility that free AO-DNA complex 
and /or  ~ee dye may have found ~s way to the 
m~ochondria rapidly and was then rapidly 
rdeased. But it is dear that the fluorophore asso- 
dated with megamitochondria one hour after in- 
travenous injection of ~posome-encapsulated AO- 
DNA does not derive ~om contaminating free 
AO-DNA. 

~ E ~ r o n  microscopy show~g ~e interac~on of 
megamitochondria wi~ liposom~ encapsu~rng iron 
dextran 

Transmis~on de~ron mi~oscopy was used to 
suppo~ resuRs ~om fluorescence experiments. 
Liposom~ encapsulating ~on dex~an were found 
to a ~ o d ~ e  wilh megamitochondria in mou~ 
hepatocytes by 10 min a~er intravenous injection 
(Figs. 3A-C). This is in agreement with our p ~ -  
ous observations for intravenouOy inje~ed fipo- 
somes encapsulating ~rritim uran~ acetat~ and 
DNA which was n i c k - ~ a n ~ e d  with a ~ d C T P ,  
an~ysed using EM autora~ography and subceHu- 
lar ~act~n~ion [1,2]. 

We waned to observe ultrastru~ur~ details of 
the interaction of fiposom~ with megamitochon- 

211 

dria to find whether the appearance was lhe same 
as in the case of fiposome assodation with normfl 
mitochondria in mouse live. The ~tra~ru~ure of 
cur megamitochondria re~mbled lhose p ~ o u ~ l y  
documen~d [3-6], showing that the cri~ae confi~ 
uration is generally the same as for norm~ 
mitochondria but the matrix space ~ large~ Nor- 
m~ r~  liv~ mitochondria have an average diam~ 
t~  of 1.1 #m [20]. The mitochondria presented 
here have lengths greater than 2.3 #m. 
M~ochondria ha¼ng larger and smaller ~men- 
sions were ob~rved in t~s tissue. 

As a fiposome markeL we e n c a p s ~ e d  an dec- 
tron dense synthet~ kon dex~an hating the ~ade 
name 'Gleptosil' [27]. T~s kon dextran is re- 
ported to contort 200 mg of kon per ml, as the 
~on o~de, coated with dex~an. The ~s~ting 
uncharged ~od-shaped structure appears to be 
about 250 A in ~nph.  When encapsulated ~ 
fiposom~, it is Yapped in the aqueous ~men of 
the fiposome and ~so seems to be entrapped 
b~ween the fipid m~tilay~s of lhe fiposom~ The 
in~t in Fig. 3A shows fiposom~ prior to inje~ 
fion. Liposomes were uni- and C ~ C a m d ~ r  and 
ranged ~ fize from 1250 ~ to 2500 ~, as 
determined by measu~ment of ~ansmission dec- 
tron mi~ographs [28]. 

The stabili~ of fiposom~ encaps~ating such 
an ffon dextran ~ not documen~d, and minor 
amounts of non-encapsulated kon dextran which 
we~ confi~enfly pr~ent after fil~ation in in- 
creasing amounts over pro~nged time periods are 
thought to be the ~ s ~ t  of ~akage from fiposomes 
during storage. Howeve~ we believe that this does 
not invafidate our transmission EM r e s ~ ,  be- 
cause the difference ~ inUahepatic fate of free 
iron de×~an and f iposom~encaps~ed ffon de- 
xtran was dear. Apparent~ fimilar to c~loid~ 
carbon and ferritin in catabofic fa~ in the fiver 
[2~, free kon dextran was concentrated in 
vacuum, presumab~ lysosom~ and phago~so- 
somes, ~ sinus~d~ cells one hour aft~ ~- 
travenous injection (Fi~4). No fignificant accu- 
m~afion in hep~ocyt~ was observed ~ this time 
after injection. On the other hand, fiposom~en- 
capsul~ed ffon dextran was found in parenchym~ 
cells in a~odafion wilh mitochondri~ by 10 m~ 
after in~avenous injection. 

The de~ron microscope images shown ~ Figs. 
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3 A - C  display the same features as in the case of 
fiposomes encapsulating uranyl acetate or ferrifin 
in a ~ o o a t i o n  with mitochondria in n o r m ~  mouse 
fiver [1]. The fiposomes in the ce~ are ~ s u ~ e d  as 
darker than su~ounding t i~ue (they cont~n  ~on 
dex~an),  and they appear to be encapsulated in 
vacuoles. In some cases, a i n ~ e  continuous mem- 
brane appeared to be formed b~ween  the 
mi tochondf i~  outer membrane and the membrane 
of the cytoplasmic vacuole cont~ning the fipo- 
some, suggesting f u i o n  (a~ow). The dagge~ in 
Fig. 3C mark what may be i n ~ r p r e ~ d  as rdease 

Fi~ 4. In fivo localization of flee ffon dextran in the fiver. 
Liver tissue from cuprizone treated mice was exdsed one hour 
a~er in~avenous injection o~ 2 ~g of free ~on dex~an (100 #1 
of a 1:10 dilution of 'Gleptosil', 20% ~on). Tissue was pre- 
pared for ~ansmission EM as previously described [1] and was 
examined without pos~tMm Bar represents 1 ~m. The ~on 
dex~an had localized in vacuoles in MnusoidM cell~ shown 
here. No ~gnificant ~on dex~an was found in parenchymM 
cd~ at this time. 

213 

of fiposome contents b~ween mitochondfi~ inner 
and outer membranes.  It ~ not pos ib l e  to de- 
termine by d e ~ r o n  microscopy wh~her  the fipo- 
some contents are defivered to the mitochondri~ 
inner matrix. 

The study repor~d  here suppo~s and extends 
our earlier work by showing that the apparent 
l iposom~mitochondria  inmracticn observed by 
EM is not merdy  a juxtaposition of fiposome and 
mitochondrion. The fluorescence photographs and 
FACS anMyses show u n e q u N o c ~  that after in- 
travenous injection, fiposome contents are later 
contained by ~ a t e d  hepatocyte mitochondria, an 
assertion which could not be made on the bails of 
our earlier work. We suppo~ resul~ from fluores- 
cence experiments by ~ansmission EM document- 
ing the imi lar i ty  b~ween  the a~oda f ion  of mega- 
mitochondria and n o l m ~  mitochondria with lipo- 
somes in ~vo.  

One unresolved question from this work is 
wh~her  the apparent a~o~a t ion  of endocytofic 
v e i d e s  (cont~ning fiposomes) with mitochondria 
is of fundament~  impo~ance to the mechanism cf 
in~acellular ~afficking following endocytosis. We 
estimate from the FACS an~ysis that an average 
fluorescent mitochondrion in the fiver may con- 
t ~ n  as much as 0.34% of the encapsulated mater i~  
which was inje~ed per fiver cell, that is, 14 to 28 
D N A  molecules, in our experiment~ This quantity 
indicates a traffic which cannot be distained as 
tri¼~, a priori. Funhe~  the increase in lhe amount 
cf f iposom~encapsula~d mater i~  a ~ o ~ a t e d  with 
mitochondria over one hour means the posibi l i ty  
that mitochondria may serve as repoi tor ies  can- 
not be excluded. On the other hand, we do not 
know wh~her  the route of endocytotic v e i d e s  (in 
our exper iment ,  cont~ning fiposome~ to mito- 
chondria is gener~ regardless of v e i ~ e  content or 
whether this transport may be induced by some 
pa rame~r  such as ize .  We do not know wh~her  
the a~oda f ion  is a random, ~at isf ic~ event or 
resul~ from a vectori~ traffi~ Howeve~ in so far 
as we or others a t ~ m p t  to deliver macromolecules 
to the mitochondria u i n g  fiposomes, it is ~ rde-  
vant wh~her  ve icu la r  traffic to mitochondria is 
v e ~ o r i ~  or random. 

Another m ~ o r  question which rem~ns  is 
wh~her  a mitochondri~ gene ~anspo~ed  by fipo- 
somes into hepatocytes may be expressed by 
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mitochondria. Experiments ~med at answering 
this question are under way in our ~boratory. 
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