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Greif, Alfano and Eich ( 1 )  reported the 
appearance on sucrose density gradients of 
two distinct populations of rat liver mito- 
chondria from triiodothyronine ( T3) -treated 
animals. The mechanism by which T3 altered 
some mitochondria to become more dense 
and separate from other mitochondria on the 
density gradient has remained unanswered. 
There are at least two basic factors which 
could determine mi tochondrial density equili- 
brium in a linear density gradient--permea- 
bility of mitochondria to the density gradient 
media and the density of the mitochondrial 
components themselves. The T3-induced 
changes in either one or both of these factors 
could account for changes in density by the 
mitochondria. 

This invesigation is concerned with the 
study of the two populations of rat liver 
mitochondria which Greif, Alfano and Eich 
(1) reported were obtainable when rats were 
treated with high doses of T3. 

Materials and Methods. Male Sprague- 
Dawley rats weighing between 350 and 375 
g were divided into two groups. Experimental 
rats were given daily sc injections of 1 mg 
3,3',5-triiodo-~-thyronine/kg body wt in 0.01 
N NaOH-0.9% NaCl for 7 days. Normal 
rats were injected with the vehicle over the 
same time period. Animals were fed Rockland 
complete rat diet ad libitum. 
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After decapitation the livers were removed 
and chilled at 4' in 0.3 M sucrose-0.002 M 
Tris, pH 7.4. Mitchondria were isolated from 
4 g of liver which were homogenized in 2 g 
portions in 3 ml of the sucrose-Tris medium 
by a Potter-Elvehjem ground glass homog- 
enizer. Forty milliliters of a 10% homogenate 
were prepared with the sucrose-Tris medium 
and centrifuged at  970g for 10 min in a 
Sorvall refrigerated centrifuge at  4'. The top 
30 ml of supernatant were carefully removed 
and centrifuged at  5200g for 10 min to isolate 
the mi tchondria. 

Highly purified mitochondria were prepared 
and tested for microsomes using the methods 
of O'Brien and Kalf (2). Microsomal con- 
tamination was found to be less than 0.8 pg 
microsomal protein/mg mitochondrial protein. 
The final mitochondrial pellet was suspended 
in the sucrose-Tris medium to a final volume 
of 1 ml. 

Linear sucrose density gradients of 28 ml 
were prepared at  4' in a concentration range 
between 37 and 52% (w/w) using a Buchler 
gradient mixing chamber and polystaltic 
pump. Gradient linearity was verified by 
using indocyanine green. 

One-half milliliter of the mitochondria1 sus- 
pension was layered on the top of the sucrose 
density gradients and centrifuged at  50,OOOg 
for 180 min a t  4 O  in the SW 25.1 rotor of 
the Spinco Model L ultracentrifuge. 

Successive 1 ml aliquots were removed at  
4' from the bottom of the gradient tubes. 
The 3 ml which corresponded to each mito- 
chondial band were combined and used for 
further analyses. Protein concentrations were 
determined in duplicate by the method of 
Lowry et at!. (3). Succinic dehydrogenase, 
a mitochondrial marker, was assayed in 
duplicate using 2-p-iodophenyl-3- (p-nitro- 
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phenyl) -5-phenyltetrazolium chloride (4). 
In  vivo incorporation of amino acids into 

mitochondrial protein was studied by inject- 
ing 30 pCi/kg body wt of uniformly labeled 
14C-~-leucine (New England Nuclear, sp 
act 2 mCi/mg) in 0.25 ml of saline into the 
dorsal penis vein of the rat a t  5, 15, 30, 60, 
120 min before decapitation. The mito- 
chondria were isolated and subjected to 
sucrose density gradient partition as 
previously described. The amount of radio- 
activity was determined using 2 ml aliquots 
from each sucrose density gradient mito- 
chondrial band. The protein was precipitated 
and washed on Millipore filters according to 
the method of Buchanan and Tapley (5) .  
The filters were dried and added to glass 
counting vials containing 15 ml of a modifi- 
cation of Kinard’s (6) xylene-dioxane-ethanol 
scintillation counting medium in which 1,4- 
bis - 2 - (4 -methyl - 5 - phenyloxazolyl ) -benzene 
was substituted for a-naphthylphenyloxazole 
and 40 g thixotropic gel powder (Packard In- 
strument Co.) were added/liter. After partial 
disintegration of the filters a t  room tempera- 
ture, mixing on a vibrator completely dis- 
solved the filters and dispersed the protein 
into homogeneous suspensions. Radioactivity 
was determined in a Packard Tri-Carb liq- 
uid scintillation counter, Model 3380, a t  an 
efficiency of 85% and a SD of less than 

In  vivo incorporation of 32P-orthophos- 
phate ( Amersham-Searle Corp.) into the 
phospholipids of mitochondria was studied by 
injecting 150 pCi/kg body wt of 32P (sp act 
77.4 Ci/mg) in 0.16-0.25 ml of saline into 
the dorsal penis vein. Rats were decapitated 
at  15, 30, or 60 min after injection, and the 
liver mitochondria were prepared as before. 

Aliquots of 2.5 ml of the mitochondrial 
band were slowly diluted to 10 ml with 0.002 
M Tris buffer (pH 7.4) and centrifuged at  
12,OOOg for 30 min to obtain a mitochondrial 
pellet. Lipids were extracted according to 
Folch, Lees and Stanley ( 7 ) .  Phosphate was 
determined by the method of Chen, Toribara 
and Warner (8) in triplicate on an ashed 
aliquot of lipid extract (9). Radioactivity 
was determined on the remaining evaporated 
lipid extract in 17 ml of a toluene-phosphor 
scintillation counting media ( 10). The radio- 

1.5%. 

activity was determined in a Packard Tri- 
Carb liquid scintillation counter, Model 3380, 
a t  an efficiency of 90y0 and a SD of less 
than 1.5%. 

For fatty acid determinations phospho- 
lipids were precipitated with acetone from 
the lipid extract ( l l ) ,  hydrolyzed, and the 
fatty acids were extracted with petroleum 
ether ( 12). The petroleum ether extracts were 
evaporated to dryness under nitrogen and the 
fatty acids were redissolved in n-hexane. The 
fatty acids were then determined using a 
Barber-Colman Model 15 gas chromato- 
graph. 

Results. Optimum separation of the mito- 
chondria into two distinct bands was ob- 
tained after 7 days of T3 treatment. The 
upper and lower mitochondrial bands from 
the T3-treated animals were positioned in the 
density gradient a t  a sucrose molarity of 
1.50 (1.119 density) and 1.73 (1.229 den- 
sity) respectively, whereas, mitochondria 
from normal animals formed one band at  a 
sucrose molarity of 1.55 (1.205 density). 

Succinic dehydrogenase analysis of succes- 
sive gradient fractions clearly showed that 
the enzyme marker for mitochondrial pres- 
ence coincided with the protein bands. 

Determinations of 14C-~-leucine uptake into 
the mitochondrial protein in vivo revealed 
a classic incorporation pattern with time 
(Fig. 1).  There were no detectable differ- 
ences in leucine incorporation among the 
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FIG. 1. The in vivo 14C-~-leucine incorporation into 
rat liver mitochondrial protein. EaGh point is the mean 
of 3-5 animals, except for 5 min values where each 
point represents a single value. At 120 rnin, the 
sbandm-d error of the mean is given. L = lower 
mitochondrial band from T8-treated rats; U = 
upper mitmh~ondrial band from Ts-treated rats; N 
= mitochondrial banid from normal rats. 
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bands either during the maximum rate of in- 
corporation (15 min) or during the plateau 
phase of incorporation. 

The 32P-orthophosphate incorporation into 
phospholipids in vivo was nearly linear with 
time in all mitochondrial bands studied (Fig. 
2 ) .  The experimental lower mitochondrial 
band consistently had the highest rate of in- 
corporation. A significant difference was 
found at  60 min between the upper and low- 
er mitochondrial bands from T3-treated rats 
( p  < 0.005). Incorporation of 32P into mito- 
chondrial phospholipids from normal rats did 
not differ significantly from incorporation 
into the upper mitochondrial band phospho- 
lipids from T3-treated rats. 

A significant difference in phospholipid- 
phosphorus: protein ratios (Table I) was 
found between the upper and lower mito- 
chondrial bands of the T3-treated group ( p  
< 0.001 ) . The phospholipid phosphorus:pro- 
tein ratio of mitochondrial bands from nor- 
mal rats is given for comparison. 

In  the T3-treated rats, no significant dif- 
ference was found in the fatty acids present 
in the mitochondria of either the upper or 
lower bands (Table 11). 

Discussion. The density differences of the 
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FIG. 2. The in vivo 32P-orthophosphate incorpora- 
tion into rat liver mitochondrial phospholipids. Each 
point for normal rats is the mean of 3-4 animals. 
Each point for Ta-treated rats is the mean of 4-6 
animals. At 60 min, the standard error of the mean 
is given. L = lower mitochondrial band from T3- 
treated rats; U = ugper mitochondrial band from 
Ta-treated rats; N = mitochondrial band frolm 
normal rats. 

TABLE I.  Mitochondria1 Phospholipid : Protein 
Ratio." 

Mi tochondrial No. of 
band animals Mean 2 SEM 

Experimeti tal upper 10 6.38 -+ 0.22 
Experimental lower 10 4.82 & 0.18 
Normal 6 5.51 0.22 

a Values expressed as micrograms of phospholipid- 
phosphorus:milligrams of protein I+ standard error 
of the mean. 

mitochondrial bands from the T3-treated rats 
might be explained by alterations in the phos- 
pholipid : protein ratios since changes in these 
ratios correlate with mitochondrial densities. 
The more dense mitochondrial bands had low- 
er phospho1ipid:protein ratios than the less 
dense mitochondrial bands. Both Luck (13) 
and Goldhor (14) have found a similar rela- 
tionship between 1ipid:protein ratios and mi- 
tochondrial density. I t  would seem that the 
changes in the phospholipid: protein ratios 
were due more to variations in the amount 
of phospholipid present in the mitochondria 
than to any changes in protein, since in the 
present study no differences were found in 
the rate of 14C-~-leucine incorporation into 
mitochondrial protein. Likewise, Luck ( 15) 
found no change in the activities of five mi- 
tochondrial proteins in Neurospora crassra 
when he induced a doubling of the 1ipid:pro- 
tein ratio by a high choline diet. Other in- 
vestigators (16-19) have shown that the 
turnover of mitochondrial proteins is nearly 
constant, but the turnover of mitochondrial 
lipids can be very heterogeneous. Gross (20), 
however, has recently suggested that mito- 
chondrial protein turnover may be altered 
with thyroid state. 

In our studies there were significantly high- 
er rates of 32P-orthophosphate incorporation 
into the phospholipids of the more dense mi- 
tochondria than that of the less dense mito- 
chondria. One might speculate that an initial 
T3 induced loss of phospholipids from one 
population of mitochondria caused these mi- 
tochondria to become more dense. I n  these 
dense mitochondria a more rapid mitochon- 
drial phospholipid synthesis was stimulated, 
but this increase in synthesis was not suffi- 
cient to offset the phospholipid loss. 
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TABLE 11. Fatty Acid Determination on Mitochondria1 Phospholipids." 

Mi tochondrial Mi tochondrial 

Fatty acids normal rats T,-trea ted rats 'r,-treated rats 

Mi tochondrial 
band from upper band from lower band from 

Palmi tic 32.01 ? 1.78 25.70 * 1.20 22.98 2 1.39 
Palmi toleic 7.23 f 1.14 7.58 -+ 1.52 6.22 k 1.03 
Stearic 15.96 2 2.75 18.66 2.39 15.85 e 1.82 
Oleic 10.46 f 1.33 12.58 -+ 1.07 12.51 1.03 

14.95 k 3.40 Linoleic 11.42 & 3.23 14.44 2 3.85 
Arachidonic 4.22 k 0.30 4.81 t 1.30 6.57 2 1.21 

aValues are expressed as percentage of the total fatty acids recovered. Mean e SEM. Number 
of animals = 5. 

Since the mi tochondrial phospholipids did 
not reveal an increase in either the saturated 
or unsaturated fatty acids, it is not possible 
to relate the density separation of the mito- 
chondria with membrane stability. However, 
preliminary electron micrographs of the mi- 
tochondria frcm the T3-treated rats have re- 
vealed that the more dense mitochondria have 
a highly condensed matrix, whereas, the less 
dense mitochondria have a normal matrix. 
The above observation agrees with the re- 
port of Greif, Alfano and Eich (1) using 
T3-treated rats and that of Pollak and Munn 
( 2 1 )  who also found two populations of mi- 
tochondria using starved rats. These findings 
seem to indicate a change in the inner mem- 
branes of the more dense mitochondria. 

Numerous investigators ( 2 2-2 5 ) have in- 
ferred that there is a heterogeneous popula- 
tion of mitochondria across the rat liver lob- 
ule. The suggestion that there are at  least 
two mitochondrial populations in the normal 
rat liver is supported by our own findings 
since some rat liver mitochondria are quite 
sensitive to T3 treatment in vivo. This is 
shown by the decreased phospholipid: protein 
ratio, increased 32P incorporation, and in- 
creased density in some of these mitochon- 
dria. Based on these findings, this induced 
density separation of rat liver mitochondria 
by T3 treatment should prove useful in the 
further study of the biochemical differences 
between these mitochondrial populations. 

Summary. Two populations of liver mito- 
chondria from T3-treated rats, which were 
separated on sucrose density gradients, and 
normal rat liver mitochondria were studied. 
The more dense mitochondrial band from 

T3-treated rats consistently had the highest 
in vivo rate of 32P-orthophosphate incorpora- 
tion into phospholipids and was significantly 
different from 32P incorporation into the 
phospholipids of the less dense mi tochondrial 
band at  60 min. No differences in the in vivo 
rate of 14C-~-leucine incorporation into mi- 
tochondrial protein or in the major mitochon- 
drial fatty acids were found among the bands 
studied. Significant differences in phospho- 
lipid : protein ratios were found between the 
two mitochondrial bands of the T3-treated 
group. The density differences of the mito- 
chondria! bands might be explained by alter- 
ations in the phospholipid: protein ratios since 
changes in these ratios correlate with mito- 
chondrial densities. 
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