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Abstract
Hirano bodies are actin-rich inclusions reported most frequently in the hippocampus in association
with a variety of conditions including neurodegenerative diseases and aging. We have developed a
model system for formation of Hirano bodies in Dictyostelium and cultured mammalian cells to
permit detailed studies of the dynamics of these structures in living cells. Model Hirano bodies are
frequently observed in membrane-enclosed vesicles in mammalian cells consistent with a role of
autophagy in the degradation of these structures. Clearance of Hirano bodies by an exocytotic process
is supported by images from electron microscopy showing extracellular release of Hirano bodies,
and observation of Hirano bodies in the culture medium of Dictyostelium and mammalian cells. An
autophagosome marker protein Atg8-GFP was colocalized with model Hirano bodies in wild-type
Dictyostelium cells, but not in atg5- or atg1-1 autophagy mutant strains. Induction of model Hirano
bodies in Dictyostelium with a high-level expression of 34 kDa ΔEF1 from the inducible discoidin
promoter resulted in larger Hirano bodies and a cessation of cell doubling. The degradation of model
Hirano bodies still occurred rapidly in autophagy mutant (atg5-) Dictyostelium, suggesting that other
mechanisms such as the ubiquitin-mediated proteasome pathway could contribute to the degradation
of Hirano bodies. Chemical inhibition of the proteasome pathway with lactacystin significantly
decreased the turnover of Hirano bodies in Dictyostelium, providing direct evidence that autophagy
and the proteasome can both contribute to degradation of Hirano bodies. Short-term treatment of
mammalian cells with either lactacystin or 3-methyl adenine results in higher levels of Hirano bodies
and a lower level of viable cells in the cultures, supporting the conclusion that both autophagy and
the proteasome contribute to degradation of Hirano bodies.
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Introduction
Hirano bodies are actin-rich inclusions reported most frequently in the hippocampus in
association with a variety of conditions including neurodegenerative diseases, alcoholism and
aging.1-3 These structures contain a highly ordered paracrystalline filament array that contains
actin,4 actin-associated proteins5 and a broad array of proteins implicated in diverse processes
in normal cells and in disease.1,6-10 Yet, the mechanisms of assembly and degradation of
Hirano bodies have not been investigated, since nearly all reports of these structures utilize
fixed specimens of brain tissue obtained in autopsies.
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Turnover of cellular structures is accomplished by a number of distinct processes including
ubiquitin-mediated proteolysis catalyzed by the proteasome11 and autophagy.12 The
ubiquitin-mediated proteolysis system mediates protein degradation in the cytosolic
compartment, while the autophagy pathway has the ability to promote turnover of large
structures and organelles that are too large for the proteasome to enter and degrade.

We have recently reported that Hirano bodies are readily induced to form in the cellular slime
mold Dictyostelium and in a variety of mammalian cells by expression of modified forms of
a 34 kDa actin binding protein with activated cross-linking activity.7,10,13,14 The forms of
the 34 kDa protein reported to induce formation of Hirano bodies are the carboxy-terminus
(CT, amino acids 124–295) and a mutant with an alteration in the first putative EF hand (34
kDa ΔEF1). In both Dictyostelium and mammalian cells, stable lines with Hirano bodies have
been established showing that these inclusions are not necessarily related to cell death. The
goal of the present study is to determine the mechanism(s) contributing to degradation of
Hirano bodies. Hirano bodies in cultured mammalian cells were frequently observed within
membrane-bound vesicles suggesting degradation by autophagy. To investigate the role of
autophagy in turnover of Hirano bodies, we utilized a combination of approaches including
electron microscopy, mutant strains of Dictyostelium with defects in autophagy,15-17 and use
of the inhibitors lactacystin and 3-methyl adenine to inhibit the ubiquitin mediated proteolysis
and autophagy pathways, respectively. Our results reveal that both autophagy and ubiquitin-
mediated degradation by the proteasome contribute to turnover of Hirano bodies.

Results
Model Hirano bodies become membrane-bound in mammalian cells

Hirano bodies are highly enriched in actin filaments, and they are expected to form in the
cytoplasmic compartment. Hirano bodies in the brain have been reported in the cytoplasmic
compartment, in membrane-bound vesicles, and also in the extracellular space.18-21 The
localization of Hirano bodies following expression of gain of function forms of the 34 kDa
actin binding protein is initially cytoplasmic as previously reported.10,13,14 We also observe
that Hirano bodies are frequently present in membrane-enclosed vesicles in cultured cells.
Fluorescence from a GFP fusion of the 34 kDa CT protein that induces formation of Hirano
bodies is colocalized with actin filaments stained with phalloidin within a large vesicle in the
perinuclear region (Fig. 1). While this localization is consistent with a membrane-bound Hirano
body, this aggregation could reside above or below the vesicle. Furthermore, all actin
aggregations do not have the characteristic features of Hirano bodies that are only definitively
identified by electron microscopy. Therefore, we utilized electron microscopy to investigate
the intracellular localization of model Hirano bodies unambiguously. In fibroblasts, model
Hirano bodies are frequently sequestered within membrane-bound organelles (Fig. 2). The
characteristic filament diameter and spacing that have been described for Hirano bodies in the
brain and for model Hirano bodies in cultured mammalian cells10 are clearly apparent. In some
cases, vesicles containing Hirano bodies appear to be engaged in exocytosis resulting in
delivery of the contents of these vesicles to the extracellular space (Fig. 3). An exocytotic route
for clearance of Hirano bodies from cells is also supported by the observation of Hirano bodies
enriched for actin and CT-GFP in the culture medium of both Dictyostelium and cultured
mammalian L cell fibroblasts (data not shown). The presence of actin-containing Hirano bodies
within membrane-enclosed vesicles in cells is most easily explained by hypothesizing that
Hirano bodies are substrates for macroautophagy.

Both autophagy and the proteasome contribute to degradation of model Hirano bodies
Formation of Hirano bodies in Dictyostelium was induced by expression of 34 kDa ΔEF1 from
two different vectors in order to permit a high level of inducible expression using a
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developmentally regulated discoidin promoter,22 or a lower level of constitutive expression
from an actin 15 promoter. Expression of 34 kDa ΔEF1-GFP from the discoidin promoter
resulted in formation of Hirano bodies in both wild-type cells and autophagy mutant atg5-

Dictyostelium (Fig. 4). By contrast, expression of GFP or wild type 34 kDa-GFP in either wild-
type or autophagy mutant cells resulted in diffuse or actin cytoskeleton-like distribution,
respectively, and did not induce formation of Hirano bodies (Fig. 4). Hirano body formation
had already begun at 24 hours after induction of expression of 34 kDa ΔEF1-GFP, and was
even more pronounced at 48 hours. The Hirano bodies in atg5- cells were much larger than the
Hirano bodies in wild-type cells (Fig. 4). However, lower level constitutive expression of 34
kDa ΔEF1-GFP from the actin 15 promoter induced formation of similarly sized Hirano bodies
in wild-type, atg5- and atg1-1 Dictyostelium (data not shown). Direct association of Hirano
bodies and autophagy components was investigated by transfection of wild-type cells with
unlabeled 34 kDa ΔEF1, and the autophagosome marker protein Atg8-GFP. Clear
colocalization of Atg8-GFP and Hirano bodies stained with rhodamine phalloidin is apparent
in wild-type cells (Fig. 5). However, Atg8-GFP was not colocalized with Hirano bodies in
atg5- or atg1-1 cells (data not shown).

To assess the physiological effect of inducing formation of Hirano bodies, the growth of wild-
type and atg5- cells after induction of expression of GFP, 34 kDa GFP or 34 kDa ΔEF1-GFP
was measured (Fig. 6). Wild-type cells grew normally after induction of GFP, or 34 kDa GFP
and showed a slight decrease in growth rate after induction of 34 kDa ΔEF1-GFP. The atg5-

cells grew more slowly than wild-type in axenic culture. Expression of GFP or 34 kDa GFP
has no apparent effect on the growth rate of these autophagy mutant cells. By contrast, no
growth is observed following formation of Hirano bodies by induction of 34 kDa ΔEF1-GFP
from the discoidin promoter in the atg5- autophagy mutant cells (Fig. 6B). Using lower-level
expression of 34 kDa ΔEF1-GFP from the actin 15 promoter, major differences in growth rate
of cells with Hirano bodies were not apparent (data not shown). Thus, the decreased growth
rate is not due simply to the presence of Hirano bodies, but rather is due to overloading the
cellular degradation machinery.

To observe the turnover of Hirano bodies, expression of 34 kDa ΔEF1-GFP from the discoidin
promoter was initiated by removal of folate from the culture medium for 24 hours, and the rate
of turnover was observed following re-addition of folate to the culture medium to repress
synthesis (Fig. 7). Using western blotting to directly measure the level of the 34 kDa ΔEF1-
GFP protein, induction is clearly observed in wild-type cells, and decay occurs with an apparent
half time of about 9 hours (Fig. 7C). In autophagy mutant cells, expression of 34 kDa ΔEF1-
GFP is observed even in uninduced cells suggesting that the discoidin promoter is slightly
leaky. After induction of expression in atg5- cells, the 34 kDa ΔEF1-GFP protein levels were
higher than observed in wild-type, but turnover is still observed. Similar studies performed by
flow cytometry to quantify the 34 kDa ΔEF1 protein, and by fluorescence microscopy to count
the number of Hirano bodies directly confirm the fact that turnover still occurs in the autophagy
mutant (Fig. 7A and B). The observation of efficient turnover of 34 kDa ΔEF1 in the atg5-

cells suggested the involvement of a second pathway for degradation of Hirano bodies.

To determine the role of the proteasome in the turnover observed in autophagy mutant
Dictyostelium, the proteasome inhibitor lactacystin was added to the cultures. Direct
biochemical analysis showed that lactacystin blocks the activity of Dictyostelium proteasomes
by 53%. Further, addition of lactacystin resulted in marked inhibition of the turnover of 34
kDa ΔEF1-GFP in atg5- mutant cells (Fig. 7C).

To confirm that both the proteasome and autophagy also contribute to turnover of Hirano bodies
in mammalian cells, human H4 cells with Hirano bodies were treated with either lactacystin
or 3-methyl adenine, inhibitors of the ubiquitin-mediated proteolysis system and autophagy,
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respectively. Treatment with either lactacystin (10 μM for 18 hours) or 3-methyl adenine (10
mM for 24 hours) had little or no effect on the shape and morphology of control H4 cells lacking
Hirano bodies, but led to brighter staining for CT-GFP and larger and more prominent Hirano
bodies in the drug treated as compared to control cells. In addition, treatment with lactacystin
or 3-methyl adenine resulted in a decrease in the density of viable CT-GFP expressing H4 cells
with Hirano bodies in the cultures, either due to cell death or an inhibition of growth (data not
shown). These results support the conclusion that the proteasome and autophagy pathways
contribute to turnover of Hirano bodies.

Discussion
Abnormal protein aggregation and formation of characteristic pathological structures are
central features of neurodegenerative diseases. Although the physiological consequence of the
formation of these abnormal inclusions remains highly controversial,23 cellular mechanisms
of response to protein misfolding and aggregation, including ubiquitin-mediated proteolysis
and autophagy,11,12 are focal elements of many current investigations of the mechanisms of
pathogenesis and development of new therapies.24 These studies support the concept that the
ability of clearance mechanisms to keep pace with accumulation of aggregates may have a
major impact on disease progression.

Since the physiological role of Hirano bodies in neurodegenerative diseases and other chronic
conditions is unknown, we have developed a cellular model for the formation of Hirano bodies
through the expression of gain-of-function mutants of the 34 kDa actin binding protein.10,
13,14 Our results help to reconcile a variety of apparently disparate observations of Hirano
bodies in vivo. Hirano bodies have been reported both in the cytoplasmic space as might be
expected for an actin aggregate, but have also been shown within membrane-bound
compartments.19-21 Our results showing that autophagy contributes to degradation of Hirano
bodies are consistent with, and serve to reconcile, these diverse localizations. In addition, our
results also support the proposal that Hirano bodies which enter the degradative compartment
through the autophagy pathway can be incompletely digested and released from cells by
exocytosis (Fig. 3). We have also observed Hirano bodies in the growth medium of
Dictyostelium and mammalian cell cultures. However, the number of Hirano bodies that we
have recovered in the medium accounts for only a small fraction of all the Hirano bodies
produced. Yet, the Hirano bodies may be quite unstable so that the number of Hirano bodies
recovered is a minimum estimate. Thus, while the exocytosis of incompletely digested Hirano
bodies can occur, the extent to which this process contributes to the clearance of Hirano bodies
from cells may vary widely depending on cell type and context. This pathway for release of
Hirano bodies from cells also has potential significance in vivo, since a significant fraction of
the Hirano bodies in the brain are reported to reside in the extracellular space.18 In addition,
the report that Hirano bodies in the brain are a byproduct of cell death and neuronal
degeneration was challenged based on the lack of correlation between the position of Hirano
bodies and neurons showing signs of pathology.18 Our findings that Hirano bodies form in the
cytoplasm, undergo autophagy, and can be released by exocytosis following autophagy
accounts for the localization of Hirano bodies in the brain either in the cytoplasm, within
multivesicular bodies, or in the extracellular space.

Numerous prior studies have revealed major roles for the proteasome and autophagy in protein
turnover both in healthy tissues and in association with pathology. Mice with conditional
deficiencies in autophagy genes ATG5 or ATG7 develop ubiquitin-positive inclusions,
increased levels of neuronal apoptosis, and behavioral disorders.25,26 These findings provide
convincing evidence of the essential role of autophagy in the brain even in the absence of
expression of any pathological condition or expression of disease-associated transgenes.
Further, both autophagy and the proteasome contribute to the degradation of intracellular
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inclusions containing alpha-synuclein, polyglutamine containing proteins, superoxide
dismutase and α1-antitrypsin Z.27-30 The contributions of both the proteasome and autophagy
to clearance of Hirano bodies are most readily explained by positing that the soluble and
aggregated forms remain in dynamic equilibrium in the cell. This proposed dynamic
equilibrium between soluble and assembled components of Hirano bodies is also supported by
ongoing efforts to purify Hirano bodies from Dictyostelium. Those efforts reveal that these
structures are extremely labile requiring precise buffer conditions to achieve even short-term
stabilization following cell lysis (Shahid-Salles S, Furukawa R and Fechheimer M,
unpublished). The finding that failure to degrade Hirano bodies leads to a severe growth defect
is consistent with prior studies of other inclusions showing that clearance of aggregates by
autophagy reduced toxicity. Such findings support the suggestion that drugs that enhance
macroautophagy, such as rapamycin, are promising therapeutic possibilities for a number of
neurodegenerative diseases.24

The finding that autophagy contributes to clearance of Hirano bodies describes a mechanism
for turnover of the cytoskeleton, and relates on a more general level to studies of the role of
the cytoskeleton in autophagy and neurodegenerative diseases. Inhibition of anterograde or
retrograde microtubule dependent transport is associated with accumulation of multivesicular
bodies and enhanced formation of β-amyloid,31 inhibition of autophagic clearance of
aggregates resulting in enhanced cytotoxicity,32 and failure to form aggresomes,33
respectively. In agreement with our findings with model Hirano bodies, recent studies show
that both autophagy and the proteasome contribute to turnover of actin aggresomes induced
by addition of jasplakinolide.34,35 The actin cytoskeleton has been implicated in a selective
form of autophagy in yeast—cytoplasm to vacuole transport—but is not required for the
progression of macroautophagy.36 Specifically, it has been proposed that actin may promote
selective transport of cargo to the preautophagosomal structure in yeast.37,38 It is not known
whether the actin cytoskeleton may promote specific degradation of cargo in higher eukaryotes,
or whether there is any recognition or specificity in degradation of Hirano bodies by autophagy.

A family of lysosomal storage diseases termed the neuronal ceroid lipofuscinoses (NCL) is
characterized by the accumulation within lysosomes and multivesicular bodies of granular
osmiophilic deposits (GROD), curvilinear bodies (CVB) and fingerprint (FP) inclusions.
39-42 The morphology of model Hirano bodies varies widely according to cell type, and the
formation of Hirano bodies appears to occur by initial accumulation of smaller transient
structures that then coalesce to form a larger aggregate.10 The organization of these smaller
structures that coalesce to form model Hirano bodies is remarkably similar to that of the
fingerprint inclusions associated with neuronal ceroid lipofuscinosis.39-42 Our finding that
autophagy contributes to degradation of Hirano bodies reconciles the topological difference in
subcellular localization of these structures, and suggests that the morphological and structural
similarity between Hirano bodies and inclusions characteristic of NCL merit further study. It
will be important to determine the relative contributions of the proteasome, autophagy and
exocytosis to the clearance of Hirano bodies in diverse cell types and conditions, and to
determine whether these findings provide a clue to more general mechanisms of turnover of
the actin cytoskeleton in normal and pathological conditions. Finally, these studies in cultured
cells must be supplemented by development of animal models in order to elucidate the
physiological significance of Hirano bodies in vivo.

Materials and Methods
Formation of model Hirano bodies in Dictyostelium and in cultured mammalian cells

Formation of model Hirano bodies was induced by expression of altered forms of the
Dictyostelium 34 kDa protein with activated actin binding activity. These forms are the
carboxy-terminus (CT, amino acids 124–295), or the full-length protein with a mutation in the
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first EF hand (34 kDa ΔEF1, amino acids 1–295).13,14,43 Generation of mammalian cells
with model Hirano bodies expressing the carboxy terminus of the 34 kDa protein fused to GFP
(CT-GFP) was performed as previously described.7,10 Inducible formation of model Hirano
bodies in Dictyostelium was performed after subcloning cDNA into the vector pVEII that
contains the discoidin promoter so that expression could be suppressed or induced by addition
or removal of folate, respectively, from the growth medium.22 Expression from the discoidin
promoter was induced by removal of folate for a period of 24 or 48 hours. The following inserts
were cloned into the BamHI site of pVEII using standard methods:44 EGFP taken from
pEGFP-N1 (Clontech, Mountain View, California); 34 kDa protein fused to EGFP at the
COOH terminus (34 kDa-GFP);45 34 kDa ΔEF1 or 34 kDa ΔEF1 fused to EGFP at the COOH
terminus (34 kDa ΔEF1-GFP).14 Constitutive formation of Hirano bodies was performed using
34 kDa ΔEF1 expressed from the actin 15 promoter.14 Mutant Dictyostelium bearing a
knockout in the autophagy gene ATG5 (atg5-) or an insertional mutation in ATG1 (atg1-1),
and a vector expressing autophagosome marker protein Atg8 fused to GFP were generous gifts
from Dr. Rich Kessin, Columbia University, and have been described previously.15-17 All
plasmids were sequenced at the Molecular Genetics Instrumentation Facility at the University
of Georgia for verification. Electroporation and selection of wild-type or mutant strains of
Dictyostelium were performed as described previously.13

Analytical methods and antibodies
Protein concentrations were determined by the bicinchoninic acid (Pierce Biotechnology,
Rockford, Illinois) method46 with bovine serum albumin (Sigma Chemical Co., St. Louis,
Missouri) as a protein standard. Monoclonal anti-α-actinin antibody 9E6,47 and rabbit anti-
GFP antibody (Molecular Probes, Eugene, Oregon) were used to probe western blots. Western
blotting was performed as previously described48 except that chemiluminescent detection was
performed using the Super Signal West Femto Detection (Pierce Biotechnology, Rockford,
Illinois).

Growth
Axenic strains of Dictyostelium were routinely maintained in axenic cultures with shaking at
150 rpm in HL-5 medium49 at 20°C. To assess growth rates, cells were inoculated at a starting
concentration of 1 × 106 cells/ml into axenic HL-5 culture medium with shaking at 150 rpm
at 20°C. Each datum point represents the average for samples obtained daily in duplicate from
three flasks and counted on a standard hemocytometer. Growth rates of wild-type and atg5-

cells expressing GFP, 34 kDa-GFP or 34 kDa ΔEF1-GFP were measured.

Localization of Hirano bodies and autophagosomes in Dictyostelium
Dictyostelium cells were fixed for 25 min in 3.7% formaldehyde in 17 mM phosphate buffer,
pH 6.1, permeabilized in acetone at -20°C for 2 min, and stained as described previously.50
Rhodamine-labeled or Oregon green-labeled phalloidin (Molecular Probes, Eugene, Oregon)
was used to localize F-actin, and monoclonal antibody B2C47 followed by a rhodamine-labeled
or a fluorescein-labeled secondary antibody (Sigma Chemical Co., St. Louis, Missouri) was
used to localize the 34 kDa protein. Colocalization of Hirano bodies and autophagosomes was
performed with Hirano bodies induced by expression of unlabelled 34 kDa ΔEF1 protein driven
by the actin 15 promoter, and transformed with autophagy protein Atg8 fused to GFP.15,16
Hirano bodies were stained with rhodamine phalloidin as described above, and compared to
the localization of fluorescence from Atg8-GFP. Nuclei were stained using Hoechst 33342 to
label DNA. Methods for light and electron microscopy of model Hirano bodies in mammalian
cells have been described previously.10
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Study of the rate of protein turnover
For studies of the degradation of the 34 kDa ΔEF1 protein, expression was induced from the
discoidin promoter in wild-type or autophagy mutant Dictyostelium cells by removal of folate
from the media for 24 hours, and the level of the protein was assessed at varying times from
0–24 hours after readdition of folate. The decay of the 34 kDa ΔEF1 protein after re-addition
of folate was measured by one of three methods. First, the number of Hirano bodies was counted
by fluorescence microscopy using the GFP fluorescence to identify these condensed structures.
Second, the rate of turnover of GFP fluorescence was measured by flow cytometry using the
Becton Dickinson FACSCalibur with data collected in list mode, and analysis was performed
using FloJo (Tree Star Inc., Stanford University, Palo Alto, California). Third, the rate of
turnover of GFP was measured by western blot using rabbit anti-GFP antibody. In experiments
to test the role of the proteasome in turnover, lactacystin (Calbiochem, San Diego, California)
was added to the cell cultures at a concentration of 10 μM. Similarly, 3-methyladenine was
added to cultures at a concentration of 10 mM to inhibit autophagy.

Verification of the inhibition of proteasome activity by lactacystin in Dictyostelium
The extent of inhibition of lactacystin on Dictyostelium proteasomes was determined using
methods described previously.51 Briefly, 200 ml of DH-1 Dictyostelium was grown to a
density of 5 × 106 cells/ml. The cells were harvested by sedimentation and washed three times
with 17 mM Sorensen’s buffer, pH 6.1. Cells were resuspended in one volume of
homogenization buffer (50 mM Tris, pH 7.5, 0.25 M sucrose, 5 mM MgCl2, 2 mM ATP, 1
mM DTT, 0.5 mM EDTA, 0.025% digitonin) and sonicated for 4 minutes in a bath sonicator,
followed by 75 pulses with 30% duty cycle and tip power 4 (Branson sonifier, cell disruptor
200, Danbury, Connecticut). This resulted in approximately 95% cell lysis determined by light
microscopy. The lysate was clarified for 15 minutes at 13,000 Xg, 4°C. The supernatant was
sedimented for 2 hours at 240,000 Xg, 4°C. The resultant pellet was resuspended in one volume
of proteasome assay buffer (50 mM Tris, pH 7.5, 40 mM KCl, 0.5 mM MgCl2, 0.5 mM ATP,
1 mM DTT, 0.5 mg/ml BSA). 50 μl of partially purified proteasomes was utilized in a 200 μl
assay. Proteasome activity was determined by the cleavage of 600 μM Boc-LSTR (Sigma
Aldrich Chemical Co., St. Louis, Missouri), measuring the resultant 7-amino-4-
methylcourmarin (amc) fluorescence with 380 nm excitation and 460 nm emission wavelengths
(Perkin Elmer LS5, Waltham, Massachusetts). Standard curves were determined with amc
(Sigma Aldrich Chemical Co., St. Louis, Missouri). Measurements were determined in
triplicate of partially purified proteasomes, and in absence or presence of either 10 μM
lactacystin or 20 μM epoxomicin (Sigma Aldrich Chemical Co., St. Louis, Missouri) as a
function of time. Epoxomicin was used to define the fraction of the activity in the partially
purified preparation that was due to the action of proteasomes.
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Figure 1.
Presence of Hirano bodies in membrane-bound compartments observed by fluorescence
microscopy. Stably transfected lines of mouse L cell fibroblasts expressing the CT protein and
bearing Hirano bodies are shown. (a) phase contrast microscopy; (b) merged fluorescence
microscope images of the same cell showing CT-GFP (green), actin filaments stained with
phalloidin-TRITC (red), and nuclei stained with Hoechst dye (blue). Colocalization of CT-
GFP and actin within a large vesicle in the perinuclear region of the cell is shown. Scale bar =
5 μm.
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Figure 2.
Presence of Hirano bodies in membrane-bound compartments observed by transmission
electron microscopy. Stably transfected lines of mouse L cell fibroblasts expressing the CT
protein and bearing Hirano bodies are shown. (a) Many of the Hirano bodies are located within
vesicles (circles); (b) The filamentous structure of the inclusion marked with an arrowhead in
(a) is shown at high magnification. This inclusion is in close apposition to a multivesicular
body (arrow); (c–f) the small electron dense aggregations are membrane-bound and
demonstrate the periodicity and organization of the Hirano bodies. Scale bar = 1.5 μm (a), 100
nm (b–f).
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Figure 3.
Vesicle-bound aggregations may be released from cells by exocytosis. Examples from two
different cells (a–g) reveal that Hirano bodies and/or Hirano body fragments appear to undergo
exocytosis. The arrowheads indicate the site of these events and the images at higher
magnification allow the periodicity of the components to be more clearly resolved. (g) The
same aggregation viewed in (d–f) from several serial sections later appears to be well outside
of the cell. Scale bar = 1 μm (a and c), 500 nm (b, e and g), 100 nm (c and f).
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Figure 4.
Formation of Hirano bodies after inducible expression of 34 kDa ΔEF1-GFP in wild-type and
autophagy mutant Dictyostelium. Expression of GFP, 34 kDa-GFP or 34 kDa ΔEF1-GFP from
the discoidin promoter in vector pVEII was induced for 48 hours by removal of folate from
the growth medium of wild-type (A) and atg5- autophagy mutant (B) Dictyostelium cells. GFP
and 34 kDa-GFP protein were distributed throughout the cytoplasm and in association with F-
actin, respectively. In contrast, 34 kDa ΔEF1-GFP induced the formation of Hirano bodies in
both strains. The Hirano bodies were larger in autophagy mutant (atg5-) cells as compared to
wild-type.
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Figure 5.
Colocalization of autophagosome marker Atg8 with Hirano bodies. Wild-type Dictyostelium
constitutively expressing 34 kDa ΔEF1 protein was cotransformed with pBSR and either pTX-
Atg8-GFP or pTX-GFP plasmid. Transformants were selected with blasticidin and G418. The
cells were stained with Hoescht and TRITC-phalloidin. The autophagosome marker Atg8-GFP
labeled punctate structures that colocalized with Hirano bodies in wild type Dictyostelium, but
not in atg5- or atg1-1 autophagy mutant cells.
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Figure 6.
Growth arrest of autophagy mutant cells with Hirano bodies. Expression of GFP, 34 kDa GFP
and 34 kDa ΔEF1-GFP was induced in wild-type (a) and atg5- (b) cells by removal of folate
from the growth medium. The growth rate of autophagy mutant (atg5-) Dictyostelium with
Hirano bodies was severely reduced for 72 h after induction of 34 kDa ΔEF1-GFP protein
when compared to that of wild-type Dictyostelium with Hirano bodies or autophagy mutant
(atg5-) Dictyostelium without Hirano bodies.
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Figure 7.
The turnover of Hirano bodies in wild-type and autophagy mutant cells. The expression of 34
kDa ΔEF1-GFP protein was induced for 24 h and turned off by the addition of folate to the
medium. Open and black bars represent wild-type and atg5- mutant cells, respectively. (A) The
number of cells with Hirano bodies was counted by fluorescence microscopy. The autophagy
mutant cells display more Hirano bodies than wild-type cells both prior to induction and after
a 24 hour induction. (B) Flow cytometry analysis was performed to observe the turnover of 34
kDa ΔEF1-GFP in both wild type and autophagy mutant (atg5-) Dictyostelium. The mean
fluorescence of the cell populations was normalized to 100% at the end of the induction.
Turnover of 34 kDa ΔEF1-GFP is observed in both wild-type and autophagy mutant cells. (C)
The rate of turnover of 34 kDa ΔEF1-GFP was measured by western blot using antibody
directed to GFP. To control for loading of the extracts, each lane was also stained using antibody
to alpha-actinin. The level of expression of 34 kDa ΔEF1-GFP protein was significantly higher
in autophagy mutant (atg5-) than in wild-type Dictyostelium both prior to induction, and after
24 hours of induction. The degradation of 34 kDa ΔEF1-GFP protein was observed in wild-
type and in autophagy mutant (atg5-) Dictyostelium. However, in the presence of lactacystin,
turnover of the 34 kDa ΔEF1 protein was largely suppressed.
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