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cardiomyocytes (16). This in turn compromises their uniform
distribution, their assembly with the nucleus-encoded subunits,
and the stability of the respiratory complex in cardiomyocyte mi-
tochondria. Thus, mitochondrial fission appears to mediate dis-
tribution of mtDNA into many isolated, immobile mitochondria
in cardiomyocytes, consequently enhancing total respiratory lev-
els. It is possible that mitochondrial fusion also becomes involved
in maintenance of nucleoid structures in the heart and leads to
respiratory deficiency (19, 20), although further analysis is needed
to test this hypothesis.

The molecular details of nucleoid formation remain un-

clear. Several recent reports showed that mitochondrial fission
is critical for nucleoid morphogenesis in cultured mammalian
cells (13) and in yeast (39), and we have also reported that the
enlarged nucleoids in HeLa cells compromised release of cyto-
chrome c from dense cristae under proapoptotic conditions
(13). However, the in vivo functions of nucleoids remain un-
known. The anticancer drug doxorubicin was previously re-
ported to cause heart failure by inducing respiratory deficiency
in addition to nucleoid clustering (40). It is therefore possible
that nucleoid structure and distribution become altered under
certain pathological conditions, including not only heart fail-

FIG 6 Regulation of hypertrophic growth and sarcomere formation through mitochondrial dynamics in primary cultured cardiomyocytes. (A) Schematic
diagram for time course of experiment (D to G). (B and C) Confirmation of knockdown efficiency in isolated cells from heart by immunoblotting (B) and
immunofluorescence staining (C). Molecular mass markers (kDa) are indicated to the right in panel B. (D to G) Primary cultured cardiomyocytes were treated
with siRNA against Drp1, Mfn1/Mfn2, or Drp1/Mfn1/Mfn2 for 3 days and then stained as indicated. Confocal images are shown in panels D and E. Quantifi-
cation of cardiomyocyte surface area (F) and matured Z line (left axis) and measurement of small Z body number (right axis) (G) were done using Zeiss ZEN
2010LSM software. (H) Schematic for the time course of the experiment (J to L). Grown primary cultured cardiomyocytes were treated for 3 days with siRNA
against Drp1 and then stained as indicated. (I) Confirmation of knockdown efficiency in cardiomyocytes by immunofluorescence staining. (J) Confocal images
were triple stained with anti-Tom20 (green), rhodamine-phalloidin (red), and anti-�-actinin (blue). (K) Full-grown cardiomyocyte surface area quantified as
described for panel F. (L) Matured Z line quantified as described for panel G. Data are presented as the means 	 standard deviations for bar graphs. *, P 
 0.05;
**, P 
 0.01; ***, P 
 0.001.

FIG 7 mtDNA nucleoid clustering accompanied by heterogeneity in COX activity in Drp1-KO cardiomyocytes. (A) Primary cultured cardiomyocytes stained
with anti-DNA antibody (green), anti-Tom20 (blue), and anti-COX1 (red). (B) Primary cultured cardiomyocytes stained by anti-DNA antibody (green) and
anti-Tom20 (red) and COX activity visualized by 3,3=-diaminobenzidine (brown).

Nucleoid Structure and Neonatal Heart Development

January 2015 Volume 35 Number 1 mcb.asm.org 221Molecular and Cellular Biology

 on S
eptem

ber 23, 2020 by guest
http://m

cb.asm
.org/

D
ow

nloaded from
 

http://mcb.asm.org
http://mcb.asm.org/


ure but also other pathologies such as neurodegenerative and
metabolic diseases. Further extensive analysis of nucleoid dis-
tribution in mammalian tissues will help clarify the pathophys-
iological roles of nucleoid distribution-controlled mitochon-
drial membrane dynamics. The results of this study offer
clarification of the fundamental features of mitochondrial dy-
namics during heart development and in various cellular pro-
cesses and diseases related to mitochondrial function.
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