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Abstract
Barth syndrome (BTHS) is a mitochondrial disorder that is caused by mutations in the tafazzin gene,
which affects phospholipid composition. To determine whether this defect leads to alterations in the
internal three-dimensional organization of mitochondrial membranes, we applied electron
microscopic tomography to lymphoblast mitochondria from BTHS patients and controls.
Tomograms were formed from 50 nm and 150 nm sections of chemically fixed lymphoblasts and
the data were used to manually segment volumes of relevant structural details. Normal lymphoblast
mitochondria contained well aligned, lamellar cristae with slot-like junctions to the inner boundary
membrane. In BTHS, mitochondrial size was more variable and the total mitochondrial volume per
cell increased, mainly due to clusters of fragmented mitochondria inside nuclear invaginations.
However, mitochondria showed reduced cristae density, less cristae alignment, and inhomogeneous
cristae distribution. Three-dimensional reconstruction of BTHS mitochondria revealed zones of
adhesion of the opposing inner membranes, causing obliteration of the intracrista space. We found
small isolated patches of adhesion as well as extended adhesion zones, resulting in sheets of collapsed
cristae packaged in multiple concentric layers. We also found large tubular structures (diameter
30-150 nm) that appeared to be derivatives of the adhesion zones. The data suggest that mitochondrial
abnormalities of BTHS involve adhesions of inner mitochondrial membranes with subsequent
collapse of the intracristae space.
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Barth syndrome (BTHS) is a mitochondrial disorder presenting with cardiomyopathy, skeletal
muscle weakness, neutropenia, and growth retardation (1-3). This syndrome is caused by
mutations in the tafazzin gene that has an X-linked recessive inheritance pattern (4). Although
tafazzin is lacking a typical mitochondrial targeting signal, its mitochondrial localization has
been demonstrated in yeast (5-7). The amino acid sequence of tafazzin contains an
acyltransferase motif, suggesting its involvement in lipid metabolism (8). Indeed, altered
phospholipid composition was found in heart, skeletal muscle, platelets, lymphoblasts, and
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fibroblasts of BTHS patients (9-11). The phospholipid most affected by the disease is
cardiolipin.

Cardiolipin is a phospholipid dimer with four fatty acids that is specifically localized in
mitochondria. Cardiolipin is tightly bound to virtually all major proteins of the inner
mitochondrial membrane, notably the solute carriers, the F0F1-ATPase, as well as respiratory
complex III and IV (for a review see ref. 12). Only in the presence of cardiolipin are the
respiratory complexes able to form stable oligomeric supercomplexes (13,14). Thus,
cardiolipin is thought to play an essential role in the supramolecular organization of the inner
mitochondrial membrane. In most cardiolipin molecular species only one or two types of fatty
acids exist, which results in a high degree of molecular symmetry and structural uniformity
(15). Cardiolipin molecules from patients with BTHS however lack these features; instead they
form multiple molecular species due to random attachment of fatty acids (15). BTHS patients
also have a lower total concentration of cardiolipin. For instance, in lymphoblasts cardiolipin
decreases from 5.4 percent to 2.8 percent of total phospholipids (11).

Given the role cardiolipin plays in the structural organization of the inner mitochondrial
membrane, BTHS ought to have consequences for mitochondrial function and morphology.
Indeed, tissue biopsies from BTHS patients have revealed mitochondria with pathologic cristae
(1,16-19). Furthermore, a decrease in coupling efficiency between respiration and
phosphorylation has been found (5,20). In this study we compare normal and BTHS
lymphoblast mitochondria using electron microscopic tomography. This technique reveals
aspects of the 3-D mitochondrial structure, which remain unrecognized in conventional
electron microscopy (21-24).

Materials and Methods
Patients

Collection of blood samples was approved by institutional review boards of Johns Hopkins
University and New York University Medical Center. The study was performed with four
BTHS patients and four control subjects (age 1-9 years). Due to the X-linked recessive nature
of BTHS, all subjects were male. BTHS patients had a mutation in the tafazzin gene, which
caused deletion of the protein. Patients presented with cardiomyopathy, and at least two of the
noncardiac symptoms of BTHS, including skeletal myopathy, neutropenia, and growth
retardation. Control subjects had a normal tafazzin gene and none of the symptoms of BTHS.
They typically presented for work-up of unrelated neurologic conditions.

Lymphoblast Cultures
Lymphoblast cell lines were established by Epstein-Barr virus transformation of leukocytes
isolated from whole blood using Ficoll-Hypaque gradients. The cell lines were cultured in
RPMI 1640 medium at 37°C, in the presence of 10% fetal bovine serum, 50 IU/mL penicillin,
0.05 mg/mL streptomycin, and 5% CO2. The serum was heat-inactivated at 56°C for 30 minutes
prior to use. Lymphoblasts were seeded at a density of 3 × 105 cells/mL and cultures were
expanded every 2-3 days.

Specimen Preparation
Lymphoblasts were pelleted using a bench-top centrifuge operated at 3000 rpm. The pellets
were washed with 0.1M sodium cacodylate buffer (pH 7.4) and fixed for 30 minutes in primary
fixative (3% glutaraldehyde, 0.2% tannic acid in 0.1M sodium cacodylate buffer, pH 7.4) at
room temperature. Pellets were washed three times for 10 minutes in 0.1M sodium cacodylate
buffer and then incubated for 60 minutes on ice in the secondary fixative (1% OsO4 in 0.1M
sodium cacodylate buffer, pH 7.4). The cell pellets were washed again three times for 10
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minutes in 0.1M sodium cacodylate buffer and then rinsed with water. Pellets were further
fixed and stained en bloc in 1% aqueous uranyl acetate for 60 minutes. After the samples were
fully dehydrated with a graded ethanol series (from 10% to 100%) at progressively lower
temperatures (from 20°C to -35°C), they were infiltrated with LX-12 resin over a period of 18
hours, slowly increasing the resin content to 100%. Resin blocks were heat cured at 60 °C for
48 hours and then sectioned to a thickness of either 50 nm or 150 nm. Sections were collected
on plastic coated copper EM grids and stained for 10 minutes with 2% uranyl acetate in water
and for 2 minutes with Sato Lead Solution. Colloidal gold (10 nm) was randomly spread across
the sections after treatment with 0.02% poly-l-lysine for 10 minutes. The sections were washed
with water, and finally coated with a thin layer of evaporated carbon. Cell lines from controls
and BTHS patients were prepared in parallel using the same conditions at every step.

Electron Microscopic Tomography
Grids were mounted on a high tilt sample holder (Fischione, Export, PA) and the samples were
imaged at 13 000 to 16 000 nominal magnification, using a Tecnai TF20 electron microscope
(FEI Corporation, Hillsboro, OR) equipped with a 4kx4k CCD camera (TVIPS, Gauting,
Germany). Tilt series were collected from -70°C to 70°C in 1 or 2 degree increments along
two perpendicular tilt axes at 1.0 to 1.5 μm defocus, using EMMENU (TVIPS). Images from
the tilt series were used to calculate 3-D density maps using the IMOD tomography package
(25). Colloidal gold particles were used for fiducial alignment of images within each tilt series.
Independent tomograms were calculated with data from each of the two orthogonal tilt axes,
which were then combined according to the standard IMOD practice. Final combined
tomograms were viewed using the program AMIRA (Mercury Computer Systems, San Diego,
CA). Features of interest were manually labeled on tomogram slices using the segmentation
module to create colored 3-D renderings.

Results
First we examined mitochondria in normal lymphoblasts. As reported previously (20),
mitochondria were localized in two subcellular compartments: near the plasma membrane and
inside the nuclear invagination that is typically present in lymphoblasts (Figure 1a). The size
of mitochondrial cross sections varied between 0.1 and 2 μm2 (average: 0.48 μm2).
Mitochondria contained groups of parallel cristae, which often extended through the entire
body of the organelle (Figures 1 b, c). We constructed tomograms of 50 nm thick sections
through mitochondria for 3-D structural analysis. These tomograms showed that the cristae
had a predominantly lamellar architecture (Figures 2a-c). Cristae connected to the inner
boundary membrane via lamellar junctions. These junctions were slot-like segments that
protruded from the main crista body (Figures 2b, c). In addition, lymphoblast mitochondria
contained tubular elements, which appeared to be outgrowths of lamellar cristae (Figures 2c,
d). Some of these tubules were at least 50 nm long, since they penetrated the entire depth of
the reconstructed volume.

In lymphoblasts from BTHS patients, the total mitochondrial volume expanded, particularly
inside the nuclear invagination (Figure 1d). This observation was consistent with our
previously published data, which we interpreted as mitochondrial proliferation (20), but
mitochondrial swelling (Figure 1d-f) also may have contributed to the expansion of the
mitochondrial volume. Furthermore, the size of mitochondrial cross sections was more
heterogeneous (Figures 1e, f). For instance, we found that the proportion of lymphoblasts that
contained twenty or more mitochondrial cross sections, increased from 6 percent in controls
to 38 percent in BTHS patients. At the same time, the number of giant mitochondria (cross
sections larger than 3 μm2) rose from 11 per 100 cellular cross sections in controls to 48 per
100 cellular cross sections in BTHS.
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A typical cluster of pathologic BTHS mitochondria is shown in Figure 3. These mitochondria
have a distinct morphology with a striking lack of inner membranes and a very poor alignment
of cristae. The remaining cristae were concentrated around the mitochondrial periphery (Figure
3a). 3-D Reconstructions of these mitochondria showed that the cristae retained a lamellar
shape, but they were much more inter-connected than in normal mitochondria, and they
contained segments that were swollen or collapsed. In the collapsed segments, the intracrista
space was completely obliterated due to close adhesion of the opposing inner membranes
(Figures 3b-d). Furthermore, the central cavity of mitochondria contained a distinct population
of membranes that formed wide open tubes with a diameter of 30-150 nm (orange structures
in Figure 3). These membranes appeared to be connected to the collapsed cristae (Figures 3b-
d).

As mentioned above, giant mitochondria were observed more frequently in BTHS
lymphoblasts. Some giant mitochondria had an onion-shaped morphology, in which we
identified two zones with distinct cristae architecture. The first zone contained lamellar cristae
that wrapped around the core of the organelle in multiple layers. The second zone contained a
web of interconnected cristae with honeycomb appearance, in which reversal of the inner
membrane curvature forced the matrix into tubular shape (Figure 4a). Both zones typically
coexisted in a single giant mitochondrion. Giant mitochondria also displayed evidence of inner
membrane adhesion. We found small patches of crista membrane contact zones (Figures 4b,
c) as well as extended regions of membrane adhesion (Figure 4d). Morphological details of
collapsed cristae are depicted in a collage of tomogram slices in Figure 5. The slices show that
normal crista segments alternate with collapsed crista segments and that the collapse results
from close apposition of the two membranes.

We also constructed tomograms of 150 nm thick sections in order to probe the structural depth
of cristae junctions. In normal lymphoblast mitochondria, cristae connected to the inner
boundary membrane by slit-like openings. These slits had the same width as the cristae (20-35
nm) and a length of at least 50 nm, but often exceeding 100 nm (Figure 6a). The same features
of cristae junctions were found in BTHS mitochondria (Figure 6b). Furthermore, the 150 nm
sections showed that the large tubes of BTHS mitochondria were interconnected, enclosing a
continuous cavity with varying diameter and multiple branches. The membrane surrounding
this cavity originated from the cristae (Figure 6c).

Discussion
In this paper we provide new insight into the ultrastructure of lymphoblast mitochondria from
both normal individuals and patients with BTHS. By using electron microscopic tomography,
we were able to generate 3-D views of portions of the intramitochondrial space. Although in
our study, the reconstructed volumes were smaller than in previous tomography works
(26-28), the 3-D images enhanced the clarity of the structural framework and revealed novel
pathologic features of BTHS mitochondria.

Pioneering electron microscopic tomography studies have demonstrated that mitochondrial
cristae form either lamellar (26-28) or amorphous (23,29) compartments that connect to the
mitochondrial periphery by cristae junctions. These junctions are often tubules that form
circular or elliptical openings to the inner boundary membrane (24,26,27,29-33). In several
mammalian mitochondria, these openings have a rather uniform size of 20-30 nm (29-31).
However, slot-like junctions with variable lateral extension have been observed in Neurospora
mitochondria (28,34). Also, the cristae openings of liver mitochondria are not always circular
(35,36), but may form elongated slits (37). Human lymphoblast mitochondria have primarily
lamellar cristae with occasional tubular elements, and they have slot-like cristae junctions of
variable dimensions (Figures 2, 6). The morphology of lymphoblast mitochondria is consistent
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with the general concept that only segments of the cristae connect to the inner boundary
membrane (cristae junctions). However, the dimensions of these cristae junctions may be
tissue-specific or depend on the status of the mitochondria.

Most importantly, we found abundant evidence of abnormal cristae architecture in BTHS. This
may be directly related to the deficiency of cardiolipin because this lipid is concentrated in the
inner mitochondrial membrane. The tomograms suggest a specific mechanism of cristae
reorganization, namely obliteration of the intracristae space by adhesion of the two opposing
cristae membranes, which compromises the continuity of the intracrista space and its
connection to the peripheral intermembrane space. Since the intracrista space is important for
the transfer of substrates in and out of mitochondria, the collapsed cristae may be metabolically
inactive. Cristae collapse may also be the explanation for the bundles of stacked inner
membrane sheets, which were seen in heart mitochondria from BTHS patients (19) and in wing
muscles from tafazzin-deficient Drosophila (38). Although the mitochondrial morphology in
lymphoblasts is different from muscle and heart, the mechanism of cristae destruction may be
similar, i.e. obliteration of the intracristae space due to cristae membrane adhesion and stacking
of the collapsed cristae. Perhaps, close apposition of membranes may be triggered by protein
aggregation. In BTHS, deficiency of cardiolipin may predispose to protein aggregation because
cardiolipin is essential for the correct supramolecular organization of protein complexes in the
inner membrane (13,14). Alternatively, the absence of tafazzin itself may cause membrane
adhesion because tafazzin is associated with inner and outer membrane surfaces of the
intermembrane space (39).

We do not know whether the ultrastructural changes of BTHS mitochondria are specific for
this disease or whether they reflect a general pattern of destruction in pathologic mitochondria.
Bissler et al. reported that mitochondrial abnormalities of BTHS presented with a specific
morphology that can be differentiated from other dilated cardiomyopathies (19). However,
certain morphologic features seem to repeat themselves in many mitochondrial diseases, for
instance, segregated compartments, similar to the large tubular structures in Figure 3 (21).
Likewise, onion-shaped giant mitochondria have been observed in a variety of pathologic
states, including ATP synthase deficiency (40), aging, hyperoxia (41), and others, although the
exact morphology may not be identical in all instances. Onion-like structures likely reflect a
lack of cristae junctions (42). BTHS mitochondria also show features that have previously been
observed in association with apoptosis (36), such as matrix swelling and an apparent unfolding
of the inner membrane (Figure 3) as well as an inversion of the cristae curvature (Figure 4).

In conclusion, we established that adhesions of the inner membranes are a dominant feature of
pathologic mitochondria in BTHS lymphoblasts. Membrane adhesions occur in mitochondria
of various sizes, including giant ones with onion-like appearance. More work is required to
establish whether or not cristae collapse is a general phenomenon associated with
mitochondrial diseases.
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Figure 1.
Mitochondria in lymphoblasts from normal individuals (a-c) and BTHS patients (d-f). a:
Electron micrograph of a normal lymphoblast. b: Electron micrograph of a cluster of normal
mitochondria. c: Slice of a tomogram showing several normal mitochondria. d: Electron
micrograph of a BTHS lymphoblast with degenerated mitochondria of variable size. e: Electron
micrograph showing a giant mitochondrion inside the nuclear invagination of a BTHS
lymphoblast. f: Slice of a tomogram showing fragmented mitochondria of a BTHS
lymphoblast. Bars: 1 μm.
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Figure 2.
Tomogram of two normal lymphoblast mitochondria (50 nm section). a: Slice of the tomogram
with surface-rendered depiction of a 3-D model, showing the peripheral compartment (outer
membrane + intermembrane space + inner boundary membrane) in dark blue and the cristae
in green. The boxes (0.4 μm × 0.4 μm) mark three segmented details, in which the outer
membrane is shown in bright blue and the inner membrane in yellow. b, c, d: 3-D models of
membranes in the corresponding boxes. The images were magnified and rotated to reveal
details of interest. White arrowheads point to junctions between lamellar cristae and the inner
boundary membrane. Black arrowheads point to tubular cristae.
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Figure 3.
Tomogram of a cluster of fragmented mitochondria in a BTHS lymphoblast (50 nm section).
a: Slice of the tomogram with surface-rendered depiction of a 3-D model, showing the
peripheral compartment (outer membrane + intermembrane space + inner boundary
membrane) in dark blue, cristae in green, and large tubular structures in orange. The boxes (0.4
μm × 0.4 μm) mark three segmented details, in which the outer membrane is shown in bright
blue, the inner membrane in yellow, and the tubular structures in orange. b, c, d: 3-D models
of membranes in the corresponding boxes. The images were magnified and rotated to reveal
details of interest. White arrowheads point to zones of inner membrane adhesion. The large
tubes (orange) are connected to collapsed cristae membranes.
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Figure 4.
Tomogram of a giant mitochondrion in a BTHS lymphoblast (50 nm section). a: Slice of the
tomogram with surface-rendered depiction of a 3-D model, showing the peripheral
compartment (outer membrane + intermembrane space + inner boundary membrane) in dark
blue and the cristae in green. Two types of cristae arrangement are visible: a honeycomb pattern
and a concentric pattern. The boxes (0.4 μm × 0.4 μm) mark three segmented details, in which
the outer membrane is shown in bright blue and the inner membrane in yellow. b, c, d: 3-D
models of membranes in the corresponding boxes. The images were magnified and rotated to
reveal details of interest. White arrowheads point to zones of inner membrane adhesion. In
Figure 4c, the red zones mark adhesions of the inner membranes, white arrowheads point to
areas with collapsed intracrista space, and black arrowheads point to areas with open intracrista
space (see also Figure 5).
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Figure 5.
Representative slices through the tomogram showing segmentations used to create the model
in Figure 4c. a-f: The series of slices demonstrates the presence of adhesion zones between
opposing inner membranes (white arrowheads). Adhesion zones alternate with zones that have
an open intermembrane space (black arrowheads).
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Figure 6.
3-D models of tomograms obtained from 150 nm sections. The outer membranes are shown
in blue and the inner membranes are shown in yellow. Each model is depicted in two views
rotated approximately 90° relative to each other. Numbers represent dimensions of the
corresponding bars in nm. White bars show the width of the mitochondrial periphery (outer
membrane + intermembrane space + inner boundary membrane), black bars show the cristae
width, and red bars show the length of cristae junctions at the level of the inner boundary
membrane. a: Mitochondrial membranes from a normal lymphoblast. In the lower image, the
outer membrane was deleted to reveal the openings of three cristae junctions, outlined in grey.
The left crista junction (60 nm) extends beyond the segmented volume. Dimensions in the
upper image are consistent with previously published data (21,27,29,30). b: Mitochondrial
membranes from a BTHS lymphoblast. In the lower image, the outer membrane was deleted
to reveal the openings of two cristae junctions, outlined in grey. The arrowhead points to a
region of interconnected cristae with honeycomb pattern. c: Mitochondrial membranes from
a BTHS lymphoblast. Cristae are connected to a membrane (orange) that encloses a large cavity
with multiple branches. This structure is specific to BTHS mitochondria and is also seen in
Figure 3 (orange tubes). The arrowhead points to the lateral view of a crista junction.
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