
accord with transpositional events taking 
place at different sites. The S-1 and S-2 
molecules may be uniquely equipped for 
insertion since both DNA's contain ter- 
minal inverted repeats (16). Inverted re- 
peats are often characteristic of trans- 

posable elements in prokaryotic systems 
[reviewed in (17)]. Finally, transposable 
elements, termed "controlling ele- 
ments," have been recognized for years 
in maize where they have been shown to 
inhibit normal activities of a variety of 
different nuclear genes (18). 

Common to the mtDNA of male-ster- 
ile and revertant cytoplasms are at least 
five XhoI cleavage fragments with ho- 
mology to the plasmid-like DNA's. Al- 

though the significance of this finding is 
not clear, it may mean that the plasmid- 
like DNA's could have arisen from the 
mitochondrial genome by excision and 
that this particular event is associated 
with the origin of the S type of cyto- 
plasmic male sterility. Studies with pro- 
karyotic systems suggest that trans- 
posable elements are able to move from 
one site to another without leaving the 
original site (19). Therefore, the pres- 
ence in the mtDNA of sequences homol- 
ogous to the S-1 and S-2 DNA's after 
their excisions would be anticipated if 
excision events behave similarly in the 
two systems. 
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The mouse kidney displays a complex 
response to testosterone administration 
which includes hypertrophy, augmented 
RNA and protein synthesis, and increas- 
es in /3-glucuronidase and a number of 
other specific proteins (1). The testoster- 
one-induced increase in kidney /3-glu- 
curonidase is restricted to the epithelial 
cells of proximal tubules (PT) (2-4), as is 
the cellular hypertrophy (1, 5), and large 
amounts of /3-glucuronidase are excreted 
in the urine (2-4, 6) together with hex- 
osaminidase (4, 6), /3-galactosidase (4, 6, 
7), and several other lysosomal enzymes 
(6). Testosterone administration in fe- 
male mice induces an accumulation of 
lysosomes containing abundant layered, 
myelinlike membranes (cytoplasmic 
membranous bodies or myeloid bodies) 
in kidney PT cells, and enhances the 
exocytosis of these lysosomes into the 
tubule lumen (6). The extruded myeloid 
bodies and membrane-bound lysosomal 
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enzymes are subsequently demonstrable 
in urine sediments. The testosterone-in- 
duced increment in urinary lysosomal 
enzymes reflects the hormone-mediated 
production and egestion of lysosomal 
myeloid bodies by PT cells (6). We now 
describe a testosterone-dependent sex- 
ual dimorphism in ultrastructure of PT 
cells involving the lysosomes and mito- 
chondria and the tissue activities of sev- 
eral enzymes associated with these or- 
ganelles. There is also a sex difference in 
the urinary excretion of lysosomal en- 
zymes and protein. 

Male and female mice of an inbred 
strain (A/J) were used for these experi- 
ments. Male mice were subjected to 
transcrotal orchiectomy under tri- 
chloroethylene inhalation anesthesia to 
study the effect of endogenous testoster- 
one. Female mice received four subcuta- 
neous injections of 1 mg of testosterone 
propionate (TP) in 0.05 ml of ethyl oleate 
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Testosterone-Mediated Sexual Dimorphism of Mitochondria and 

Lysosomes in Mouse Kidney Proximal Tubules 

Abstract. In kidney proximal tubules of male mice the mitochondria are larger and 
more electron-lucent, autophagic vacuoles and lysosomes (predominantly myeloid 
bodies) more numerous and voluminous, and exocytosed intraluminal myeloid bod- 
ies more common than in females. Males also have higher kidney activities of mito- 
chondrial cytochrome c oxidase and lysosomal hydrolases, and excrete larger quan- 
tities of hydrolases and protein in the urine. Orchiectomy evokes the feminine pattern 
whereas testosterone administration induces the male pattern. Endogenous 
testosterone modulates mitochondrial structure andfunction and enhances the activ- 
ity of the lysosomal-vacuolar system in proximai tubule cells. 
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vehicle on alternate days and were killed 
24 hours after the last injection. Control 
females received ethyl oleate vehicle or 
no injections. For electron microscopic 
study, kidney slices were rapidly im- 
mersed in cold buffered 2.5 percent 
glutaraldehyde, postfixed in buffered 1 
percent osmium tetroxide, dehydrated, 
and embedded in Araldite (6). In PT of 
the mouse, as in the rat (8), three sequen- 
tial segments (S,, S2, and S3) can be iden- 
tified by their ultrastructural character- 
istics. Sex differences in ultrastructure 
are clearly evident in all three segments 
of PT, but are most pronounced in cells 
of the S2 and S3 segments. In female mice 
the mitochondria of the epithelial cells of 

the S2 segment are elongate and contain 
an electron-opaque matrix that tends to 
obscure the cristae. The lysosomes have 
mostly a granular content, although 
some contain a heterogeneous matrix or 
vacuoles, and autophagic vacuoles are 
relatively infrequent. Profiles of Golgi 
apparatus, smooth endoplasmic reticu- 
lum, and rough endoplasmic reticulum 
are sparse and their cisternal spaces are 
narrow (Fig. 1, a and b). Extracellular 
membrane whorls representing exo- 
cytosed myeloid bodies are infrequent, 
and generally occur among microvilli 
and in the lumen of the S3 segment. 

In male mice the mitochondria in the 
S2 segment of PT are larger and the ma- 

Fig. 1. Effect of sex, orchiectomy, and testosterone administration on the ultrastructure of 
mouse kidney PT cells. All electron micrographs are of the S2 segment. (a) Control female 
(x3,400). (b) Control female (x 15,000). (c) Control male (x3,400). (d) Control male (x 15,000). 
Inset: High-power magnification of a myeloid body (x60,000). (e) Orchiectomized male 
(x 3,400). (f) Female treated with TP (x3,400). The lower-power electron micrographs on the 
left reveal more obvious differences in fine structure. The PT cells of control female (a) and or- 
chiectomized male mice (e) are similar in that the mitochondria (M) are electron-opaque and 
lysosomes (L) are sparse and small. The PT cells of control male (c) and TP-treated female mice 
(f) have larger, electron-lucent mitochondria and numerous voluminous lysosomes of the 
myeloid body type. These differences are more evident in the higher-power micrographs of a PT 
cell from control female (b) and male mouse (d). Ribosomes (arrowheads) are also more abun- 
dant and the rough endoplasmic reticulum (single arrows) and Golgi apparatus (double arrows) 
are better developed in the PT cell of the male. Scale bars indicate 1 ,tm except for the inset in 
(d), which is 0.1 gtm. 
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trix is more electron-lucent than those of 
female mice (Fig. 1, c and d). The lyso- 
somes are more numerous, larger, and 
mostly of the myeloid body type. Intra- 
luminal membrane whorls are relatively 
common and occur mostly in the S3 seg- 
ment. Autophagic vacuoles also are 
more frequent in the S2 segment. These 
are often encircled by a stack of myelin- 
like membranes and generally contain 
degenerating mitochondria, peroxi- 
somes, endoplasmic reticulum, or ribo- 
somes. Attached and free ribosomes, 
largely as polysomal clusters, appear to 
be more abundant. Golgi membranes and 
rough endoplasmic reticulum are more 
prominent and their cisternae tend to be 
wider. The ultrastructure of the PT cells 
of male mice had reverted to that of fe- 
male mice by 2 weeks after orchiectomy, 
the earliest postoperative interval at 
which they were examined (Fig. le). 
Conversely, TP treatment in female mice 
induced the male ultrastructure in PT 
cells by I week (Fig. If). In fact, auto- 
phagic vacuoles and myeloid bodies 
were generally more numerous, larger, 
and more complex in PT cells of TP- 
treated female mice than in those of male 
mice. The TP-treated female mice also 
displayed greater numbers of intra- 
luminal membrane whorls than male 
mice. The ethyl oleate vehicle produced 
a minimal decrease in the electron opaci- 
ty of the mitochondrial matrix. 

For biochemical study mice were 
housed in groups of two or three in meta- 
bolic cages. Urine samples were collect- 
ed under mineral oil in 0.1 ml of 10 per- 
cent sodium azide and dialyzed for three 
2-hour periods in 1000 volumes of dis- 
tilled water prior to enzyme assays. Tis- 
sue and urine samples were stored at 
-20?C until assayed for protein (9), /3- 
glucuronidase (E.C. 3.2.1.31), hexosa- 
minidase (3,-N-acetylhexosaminidase, 
E.C. 3.2.1.30), /3-galactosidase (E.C. 
3.2.1.23), and arylsulfatase (E.C. 
3.1.6.1) (10). Cytochrome c oxidase 
(E.C. 1.9.3.1) (11) was assayed in fresh 
tissues or tissues stored at -70?C. The 
results of the experiment presented in 
Fig. 2a are representative of three sepa- 
rate experiments. Compared with female 
mice, the kidneys in male mice were 
heavier, and revealed greater specific ac- 
tivities of cytochrome c oxidase, /3- 
glucuronidase, hexosaminidase, /-galac- 
tosidase, and arylsulfatase. Orchiectomy 
produced a decrease in kidney weight 
and in the specific activity of cytochrome 
c oxidase, /-glucuronidase, and the oth- 
er acid hydrolases. In contrast, TP treat- 
ment in female mice induced an increase 
in kidney weight and in the specific activ- 
ity of cytochrome c oxidase, ,3-glucu- 
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ronidase, and the other acid hydrolases. 
In another experiment TP administration 
in orchiectomized male mice induced 
similar or greater increases in these kid- 
ney enzyme activites (data not shown). 
The ethyl oleate vehicle produced small, 
statistically insignificant increases in the 
acid hydrolases. 

Mice also exhibit a sex difference in 
the urinary excretion of acid hydrolases 
and total protein. In the experiment 
shown in Fig. 2b, which is typical of four 
separate experiments, male mice ex- 
creted 4.5 times more protein, 30 times 
more /3-glucuronidase, and 6 to 13 times 
more of the other acid hydrolases than 
female mice. After orchiectomy the uri- 
nary excretion of these constituents in 
males declined to levels below those in 
females, whereas after TP treatment of 
females the excretion of these constitu- 
ents exceeded that in intact males. The 
ethyl oleate vehicle elicited small in- 
creases in the excretion of these constit- 
uents, but except for protein, these in- 
creases fell short of statistical signifi- 
cance. In both sexes, irrespective of 
treatment, only trace amounts of cyto- 
chrome c oxidase, 0.0 to 0.004 percent of 
the kidney activity, appeared in the urine 
(data not shown). 

Our electron microscopic study has 
disclosed a previously unrecognized sex- 
ual dimorphism in the fine structure of 
mitochondria and the lysosomal-vacu- 
olar system in mouse kidney PT cells. In 
addition, ribosomes are more abundant 
and the rough and smooth endoplasmic 
reticulum and Golgi apparatus are more 
extensively developed in PT cells of male 
mice. That the sexual dimorphism of PT 
cells is an expression of endogenous tes- 
tosterone is established by the comple- 
mentary findings that orchiectomy of 
male mice evokes the female ultrastruc- 
ture and testosterone treatment in female 
mice induces the male ultrastructure. 

Our biochemical observations show 
that the sexual dimorphism of PT cells is 
accompanied by an enzymatic dimor- 
phism of the mouse kidney. Thus, the 
higher kidney activity of cytochrome c 
oxidase, an inner mitochondrial mem- 
brane enzyme (11), in male mice is corre- 
lated with the larger, electron-lucent 
mitochondria, and the greater kidney 
acid hydrolase activities are correlated 
with the expansive lysosomal-vacuolar 
system in the PT cells of male mice. Fur- 
ther, the greater urinary excretion of 
lysosomal hydrolases and protein in 
males parallels the increased frequency 
of exocytosed lysosomal membrane 
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sence of mitochondria, whether isolated 
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functional properties of mitochondria 
and increases the activity of the lyso- 
somal-vacuolar system in PT cells by 
augmenting intracellular autophagy. Ac- 
cording to this view, a lysosome-mediat- 
ed increase in protein degradation (ca- 
tabolism) would be expected to be a sig- 
nificant feature of androgenic hormone 
action in mouse kidney PT. The testos- 
terone-mediated effects noted here may 
be important in relation to certain sex dif- 
ferences in kidney function and metabo- 
lism, for example, organic ion transport 
(14), creatinine clearance (15), mevalo- 
nate metabolism (16), cholesterol syn- 
thesis (16), as well as in pathologic pro- 
cesses that display a male sex prefer- 
ence, such as idiopathic PT calcification 
(17), chloroform-induced PT necrosis 
(18), and renal carcinogenesis (19). 
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Gap Junction Development Is Correlated with 

Insulin Content in the Pancreatic B Cell 

Abstract. The development of gap junctions between insulin-containing B cells 
was quantitatively analyzed in islets of Langerhans isolated from rats treated with 
the sulfonylurea glibenclamid for 1, 2, or 7 days. Glibenclamid treatment was associ- 
ated with a marked depletion of the insulin content of B cells and with an increase in 
the number and size of gap junctions between these cells. A significant correlation 
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Abstract. The development of gap junctions between insulin-containing B cells 
was quantitatively analyzed in islets of Langerhans isolated from rats treated with 
the sulfonylurea glibenclamid for 1, 2, or 7 days. Glibenclamid treatment was associ- 
ated with a marked depletion of the insulin content of B cells and with an increase in 
the number and size of gap junctions between these cells. A significant correlation 
was found between these two events. 

Morphological (1, 2) and physiological 
(3) studies suggest that direct inter- 
cellular communication, that is, the ex- 
change of ions and molecules mediated 
by gap junctions (4), may participate in 
the complex regulatory system by which 
B cells adjust their level of activity in re- 
lation to need. 

We showed earlier that the number 
and size of B cell gap junctions changed 
after treatment with physiological or 
pharmacological agents that stimulate in- 
sulin secretion (2). We now report that 
there is a significant correlation between 
insulin content and gap junction develop- 
ment in B cells that were stimulated to 
release insulin in vivo by the sulfonyl- 
urea glibenclamid. 

Collagenase digestion (5) was used to 
isolate islets of Langerhans from the 
pancreases of adult female Wistar rats 
(250 to 350 g) that had received intra- 
peritoneal injections of glibenclamid (0.2 
mg per 100 g of body weight every 12 
hours) for 1, 2, or 7 days. Normal rats 
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that were not given injections served as 
controls. A portion of the islets was used 
for the determination of insulin content 
(6), and the rest were processed for 
freeze-fracturing and quantitative analy- 
sis of B cell gap junctions (7, 8). The 
identification of gap junctional structures 
to be evaluated was carried out as pre- 
viously described (2). 

Glibenclamid treatment resulted in a 
depletion (P < .001) of islet insulin con- 
tent (Table 1). The amount of insulin 
measured represented 24 percent of the 
control value after 1 day, 14 percent after 
2 days, and 46 percent after 7 days of 
continuous treatment. 

The median number of particles per 
gap junction (this number represents an 
estimate of the average gap junction size) 
and the mean number of gap junctions 
per 100 gm2 of membrane were calcu- 
lated for the same time points (7, 8) 
(Table 1). Compared with control values, 
the median number of particles per gap 
junction increased (P < .0005) by 35 per- 
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Fig. 1. For each ex- 
periment, the values 
of the four indices 
used to characterize 
B cell gap junctions 
were each plotted as a 
function of the insulin 
content of the corre- 
sponding islets. A 
correlation coefficient 
and a linear regres- 
sion analysis were 
computed from these 
pairs of data. (-) Con- 
trol; (0) glibencla- 
mid, 1 day; (1) gli- 
benclamid, 2 days; 
and (O) glibenclamid, 
7 days. 
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