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The Mitochondrial Protease AFG3L2 Is Essential for

Axonal Development

Francesca Maltecca,'* Asadollah Aghaie,** David G. Schroeder,* Laura Cassina,' Benjamin A. Taylor,*
Sandra J. Phillips,* Mariachiara Malaguti,” Stefano Previtali,> Jean-Louis Guénet,’ Angelo Quattrini,? Gregory A. Cox,*

and Giorgio Casari'?

"Human Molecular Genetics Unit, and 2Neuropathology Unit and Istituto di Neurologia Sperimentale, San Raffaele Scientific Institute, 20132 Milan, Italy,

3Departement de Biologie du Developpement, Institut Pasteur, 75724 Paris Cedex 15, France, “The Jackson Laboratory, Bar Harbor, Maine 04609, and

5Vita-Salute San Raffaele University, School of Medicine, 20132 Milan, Italy

The mitochondrial metalloprotease AFG3L2 assembles with the homologous protein paraplegin to form a supracomplex in charge of the
essential protein quality control within mitochondria. Mutations of paraplegin cause a specific axonal degeneration of the upper mo-
toneuron and, therefore, hereditary spastic paraplegia. Here we present two Afg3I2 murine models: a newly developed null and a
spontaneous mutant that we found carrier of a missense mutation. Contrasting with the mild and late onset axonal degeneration of
paraplegin-deficient mouse, Afg312 models display a marked impairment of axonal development with delayed myelination and poor
axonal radial growth leading to lethality at P16. The increased severity of the Af¢g312 mutants is explained by two main molecular features
that differentiate AFG3L2 from paraplegin: its higher neuronal expression and its versatile ability to support both hetero-oligomerization
and homo-oligomerization. Our data assign to AFG3L2 a crucial role by linking mitochondrial metabolism and axonal development.
Moreover, we propose AFG3L2 as an excellent candidate for motoneuron and cerebellar diseases with early onset unknown etiology.
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Introduction

Mitochondria harbor an evolutionarily conserved proteolytic
system mediating the complete degradation of organellar pro-
teins. Central components of this system are the highly conserved
ATP-dependent metalloproteases of the AAA-superfamily (AT-
Pases associated with a variety of cellular activities) (Bross et al.,
2004). These proteases are known to exert chaperon-like activity,
such as the assembly of the respiratory chain complexes, and to
participate in protein quality control by binding unfolded pep-
tides and ensuring specificity of proteolysis (Leonhard et al.,
1999).

Among these proteases, paraplegin and ATPase family gene
3-like 2 (AFG3L2) form the hetero-oligomeric m-AAA protease
in the inner mitochondrial membrane. Mutations of paraplegin
are responsible for a recessive form of hereditary spastic paraple-
gia (HSP) (Casari et al., 1998), characterized by axonal degener-
ation of the longest motor and sensory axons of the CNS. We
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demonstrated that the loss of m-AAA complex in HSP primary
fibroblasts causes reduced complex I activity and increased sen-
sitivity to oxidant stress, which can both be rescued by exogenous
expression of paraplegin. Furthermore, complementation stud-
ies in yeast revealed functional conservation of the human
m-AAA protease (Atorino et al., 2003).

The paraplegin deficient mouse model shows mild and slowly
progressive motor impairment associated with distal axonopathy
of spinal and peripheral axons, partially recapitulating HSP pa-
tients’ phenotype. Mitochondrial morphological abnormalities
were found in synaptic terminals and in distal regions of axons
long before axonal degeneration and correlated with the onset of
motor impairment (Ferreirinha et al., 2004).

To gain new insights on the functional role of m-AAA pro-
tease, in this work we have characterized two mouse models car-
rying mutations in the same Afg312 gene. We newly developed a
null Af¢g312 mutant on FVB strain background and, in addition,
we identified the genetic cause, i.e., a single Afg3/2 missense mu-
tation, of a previously known spontaneous mutant strain devel-
oped on C57BL/6 background. Although these models differ
both in the type of mutations and in murine genetic background,
they display a strikingly identical phenotype. Indeed, Afg312 mu-
tants show an extremely severe neuromuscular syndrome begin-
ning at P7 with hindlimbs paraparesis which progresses until
complete tetraparesis and death, generally at P16. In contrast
with the late onset axon degeneration of paraplegin null model,
Afg312 mutants show a severe defect in axonal development char-
acterized by delayed myelination and impairment of axonal ra-
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dial growth in both CNS and peripheral
nervous system (PNS). Mitochondrial
morphology abnormalities are detected in
motor and sensory neurons, more fre-
quently in proximity of the nucleus. The
enzymatic activities of the respiratory
chain complexes are strikingly impaired in
Afg312 models, thus resulting in highly re-
duced ATP production.

Previously we have shown that, in ad-
dition to the paraplegin-AFG3L2 hetero-
complexes, AFG3L2 can also form active
homo-oligomers (Koppen et al., 2007).
The severe phenotype of AFG3L2-
deficient mice compared with the paraple-
gin mutant assign to AFG3L2 a crucial role
within m-AAA complexes, essential for
mitochondrial function in neuronal cells.
This is the first report of murine models
linking axonal development to a mito-
chondrial protein. Together, functional
and genetic evidences indicate AFG3L2 as
an excellent candidate for early onset HSP
or neonatal motoneuron diseases with un-
known etiology.

Materials and Methods

Morphological analysis. Morphological analyses
were conducted as described previously
(Dubowitz, 1985; Previtali et al., 2000). Brain,
cerebellum, spinal cord, dorsal root ganglia,
muscles, and sciatic nerves were removed, post-
fixed in 0.12 M phosphate buffer/2% glutaralde-
hyde, sectioned into 2 mm blocks, postfixed
with 1% osmium tetroxide and embedded in
Epon (Fluka, Buchs, Switzerland). Semithin
sections (0.5—1 wm thick) were stained with to-
luidine blue and examined by light microscopy
(LM; BX51; Olympus, Tokyo, Japan). To per-
form morphometric analysis, digitalized im-
ages of cross sections were obtained from lum-
bar spinal cord and sciatic nerve with a 100X
objective and a digital camera Leica (Nussloch,
Germany) DFC300F. Images were analyzed
with the Leica QWin software. Counting of
neuronal cell bodies and axons was performed
in a blind and unbiased manner on an average
of three nonoverlapping microscopic fields per
mouse (n = 3). Ultrathin sections (100-120 nm
thick) were stained with uranile acetate and lead
citrate and examined by electron microscopy
(EM) (magnification X3000, Leo 912; Omega,
Brattleboro, VT). Neurofilament (NF) densi-
ties were quantitatively evaluated in mutant
and control sciatic nerve fibers by overlaying a
transparent square profile onto electron micro-
graphs at a final magnification of X60,000.
Each square represented a 0.25 um? region of
the axoplasm, not containing membrane-
bound organelles or Schwann cell infoldings.
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Mus musculus VSGSEFLEMFVGVGPAR LFALARKNAPCILFIDE
Rattus norvegicus VSGSEFLEMFVGVGPAR LFALARKNAPCILFIDE
Homo sapiens VSGSEFLEMFVGVGPAR LFALARKNAPCILFIDE
Macaca mulatta VSGSEFLEMFVGVGPAR LFALARKNAPCILFIDE
Danio rerio VNGSEFLEMFVGVGPAR LFVLARKNAPCILFIDE
Xenopus tropicalis VNGSEFLEMFVGVGPAR MFAMARKNAPCILFIDE
Drosophila melanogaster VSGSEFLEMFVGVGPSR MFAMARKHAPCILFIDE
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Figure 1.  Molecular characterization of Afg3/2 mutant models. A, Partial sequence alignment of AAA domain of Afg312 or-
thologs. The mutant arginine residue (R3896, boxed) of Afg3/2°"7%" mouse is highly conserved among different species. B,
Schematic representation of provirus integration into intron 14 of the Afg3/2 gene. Arrows identify primers used (for details, see
Materials and Methods). €, RT-PCR showing Afg3125™/6m66 and wild-type alleles expression in different tissues. K, Kidney; L,
liver; H, heart; C, cerebellum; hB, hindbrain; fB, forebrain; Sp, spinal cord. D, Western blot analysis on isolated mitochondria from
Afg312Em SS/EmvSS (Emy66/Emve6 ), Afg312°°7P°" ( par/par), and syngenic control mice (C). Anti-porin antibody is used to normal-

ize sample loading.

itz, 1985) on fresh-frozen muscle of mutant mice and control at postnatal
day 14 (P14;n = 4).

Four to six axons in true cross sections were randomly selected for Antibodies. Anti-Hsp60 mAb was from Nventa Biopharmaceuticals
Afg312EmV66/EmV66 (n=2), Afg312pur/pm (n = 2), and control (n = 2) mice. (San Diego, CA); anti-OxPhos complex I 39 kDa subunit, anti-complex
The number of NF present in 2—6 squares/axon was counted. Hematoxylin 111 (25.6 kDa subunit), and anti-porin mAb were from Invitrogen (Eu-
and eosin staining was done using standard techniques. Modified trichrome  gene, OR); and anti-complex I (20 kDa subunit) was from Acris Anti-
staining, determination of cytochrome ¢ oxidase (COX), and succinic dehy- bodies (Hiddenhausen, Germany).
drogenase (SDH) activity were performed as described previously (Dubow- Mitochondria isolation. Mitochondria were isolated by differential
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Figure 2.  Reduction of myelinated fibers in corticospinal tract. A, B, Semithin sections of

spinal cord of Afg3/2°°”P" mice and controls at P14. In the mutants the number of myelinated
axons is dramatically reduced in the corticospinal tract. C, D, Ultrathin sections of corticospinal
tract of Afg3/2°“” mice and controls at P7. Myelinated axons are dramatically less represented
in the mutants. E, F, At P12, ultrastructural analysis confirms the impressive reduction of my-
elinated fibers in the mutants compared with controls, where almost all axons are myelinated.
Scale bar (in A): A, B, 20 pm; ¢, D, 1 um; E, F, 2 pm. The graph shows counts of total
myelinated axons in spinal cord from Afg3/2°*77 mice and controls at P14. A significant loss of
axons in the mutant is visible. Comparing statistics are given as spinal region/t test p value: 1,
corticospinal tract/0.014; 2, anterior funiculi/0.016; 3, anterolateral funiculi/0.008; 4, fasciculus
gracilis/0.014. (supplemental text, available at www.jneurosci.org as supplemental material).
Error bars represent ==SD; n = 3.

centrifugation from different tissue homogenates (Robinson, 1996). In
brief, tissues were homogenized in an appropriate isotonic buffer [0.25 M
sucrose, 20 mM 3-(N-morpholino)propanesulfonic acid (MOPS), pH
7.2,1 mm EDTA, 0.1% BSA fatty acid free and digitonin 0.1 mg/ml] using
a glass-Teflon homogenizer. Cell debris and nuclei were pelleted twice by
centrifugation at 2500 g for 5 min at 4°C. Supernatants were centrifuged
at 12000 g for 25 min at 4°C and the mitochondrial pellet was resus-
pended in an isotonic buffer (0.5 M sucrose, 20 mm MOPS, pH 7.2, 1 mm
EDTA).

Respiratory chain activity. Tests for respiratory chain defects were es-
sentially performed as described by Robinson (Robinson, 1996). In brief,
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isolated mitochondria were incubated at 37°C for 30 min in a respiratory
buffer (0.25 M sucrose, 20 mm MOPS, 1 mm EDTA, 5 mum inorganic
phosphate, 0.1% BSA fatty acid free, and 1 mm ADP, pH 7.4) containing
specific substrates and inhibitors of the respiratory chain complexes. By
providing pyruvate/malate (5 and 1 mwm, respectively) and glutamate/
malate (5 and 1 mw, respectively), we stimulated ATP synthesis depen-
dent on complexes I, IT, ITI, IV, and V. Using a complex I inhibitor, 1 mm
rotenone, and 10 mm succinate, we measured ATP production that is
dependent on complexes IL, III, IV, and V. Finally, incubating mitochon-
dria with 2 mMm antimycin A, an inhibitor of complex III, and
tetramethyl-p-phenylenediamine (TMPD)/ascorbate (0.1 and 2 mm, re-
spectively), we evaluated the ATP level resulting from the activity of
complexes IV and V. ATP production was measured by luminometric
assay.

Luminometric assay of ATP. ATP concentration was determined with
the luciferin-luciferase method as described previously (Ronner et al.,
1999); in brief, the assay solution was prepared as follows: 250 mm gly-
cylglycine, 2 mm EGTA, 2 mm MgCl,, 0.4 g/L BSA fatty acid free, 7.5 mm
DTT, 15 uM luciferin, and 10 pg/ml luciferase. Isolated mitochondria
were lysed with the ATP lysis buffer (0.2 M NaOH and 0.5 mm EDTA),
and an aliquot of the obtained extract was diluted with the ATP dilution
buffer (0.1 M NaOH and 0.5 mm EDTA). Twenty microliters of this
mixture were added to 100 ul of the assay solution, and the ATP content
was measured by luminometer. Results are expressed as nanomoles of
ATP per milligram of protein. Data, in triplicates, are indicated as mean
of four independent experiments =SD. Four mice per genotype were
analyzed. Two-tailed 7 test was applied for significance calculation.

COX activity assay. COX activity assay was performed using a com-
mercial kit (CYTOCOX1; Sigma, St. Louis, MO) and following manu-
facturer instructions.

BN-PAGE and complex I'in situ activity staining. Isolated mitochondria
were solubilized by dodecyl maltoside (2% final concentration) and cen-
trifuged at 12000 X g for 25 min at 4°C. Supernatants were loaded on a
linear 5-13% gradient polyacrylamide gel. Complex I in situ activity
staining was performed by incubation of the gel in 0.1 m Tris-HCI, 0.14
mM NADH, and 1 mg/ml nitroblue tetrazolium, pH 7.4; the reaction was
performed at room temperature and stopped after 30 min by 45% meth-
anol and 10% acetic acid (Jung et al., 2000). Gels were transblotted onto
a nitrocellulose membrane and immunodecorated with anti-39 kDa and
anti-core2 (25.6 kDa subunit) antibodies (Schagger et al., 1994). Band
quantifications relative to in situ activity staining gels and Western blots
were performed by densitometric analysis. Four mice per genotype were
analyzed. Two-tailed f test was used for significant calculation.

Results

Murine models defective in Afg312

We describe two different Afg312 genetic models, both showing
severe motor impairment that resembles human motoneuron
diseases.

The first mutation, paralysé (symbol par; Mouse Genome In-
formatics Accession number, 97480), occurred at the Institute
Pasteur in C57BL/6 strain (Duchen et al., 1983; Blondet et al.,
1989). We localized par mutation on mouse chromosome 18
between markers D18Mit140 and D18Mit141 and further nar-
rowed to 630 kb by haplotype analysis of two inter-subspecific F2
offspring (see supplemental Materials and Methods, available at
www.jneurosci.org as supplemental material). This critical inter-
val harbors a total of 11 genes, 10 of which were considered can-
didates based on their expression patterns (Genomics Institute of
the Novartis Research Foundation-Symatlas, http://symatlas.gn-
f.org). cDNA libraries were prepared from par/par and +/+ lit-
termates and sequencing was systematically performed for all
exons of the positional candidate genes. This led us to detect a
missense mutation (a C to G transversion) in exon 10 of the
Afg312 gene leading to the substitution of an arginine by a glycine
residue (R389G) in the highly conserved AAA domain of the
molecule (Fig. 1 A).
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A second Afg3I2 model was discovered
after a novel ecotropic murine leukemia
proviral reinsertion in the MEV/2Ty]
strain (Taylor and Rowe, 1989; Taylor and
Frankel, 1993) and was assigned the allele
symbol Emv66 for ecotropic murine leu-
kemia virus insertion 66. As shown in Fig-
ure 1B, the Emv66 provirus integrated
within intron 14 of the Afg3I2 gene. The
genomic sequences flanking the provirus
were intact with the exception of a four-
nucleotide (AATT) duplication at the site
of insertion. To determine the effect of the
murine leukemia virus (MuLV) insertion
on Afg312 gene expression, we amplified
c¢DNA from several tissues using primers
upstream of the insertion (exons 12-14)
and saw no difference in expression be-
tween homozygous Emv66 and wild-type
littermates in any examined tissue (Fig.
1C, top, 12F_14R). In contrast, reverse
transcription (RT)-PCR products corre-
sponding to the mature mRNA from ex-
ons 13-15 (Fig. 1C, middle, 13F_15R)
across the MuLV insertion were undetect-
able in Emv66 homozygotes. When a re-
verse primer within the MuLV envelope
gene (MLVR) was paired with an Afg312
exon 13 forward primer, a mutant-specific spliced product could
be detected by RT-PCR in all tissues (Fig. 1C, bottom, 13F_M-
LVR). The resulting fusion transcript is predicted to truncate the
AFG3L2 protein at residue 592, thus deleting the final 210 amino
acids and adding 24 novel amino acids before terminating at a
TAG stop codon.

To facilitate these models’ nomenclature, we indicate hereaf-
ter the homozygous missense mutant as Afg312°“**" and the ho-
mozygous null mutant as Afg3[25"6/Fmves,

Western blot analysis performed on tissue mitochondrial prepa-
rations using an AFG3L2 antibody (Atorino et al., 2003) confirms
that both the full-length and the truncated AFG3L2 protein (80 and
65 kDa, respectively) are absent in Afg3125""°¥7%¢ mice, On the
contrary, in Afg312°“"P*" mice the ARG3L2 protein is detected nor-
mally, with no difference in expression level, compared with con-
trols. Western blot analysis performed using an antibody against
paraplegin reveals that the absence of AFG3L2 does not affect
paraplegin expression in mitochondria enriched from brain
(Fig. 1D) and liver (data not shown).

Figure 3.
toneurons (E-H), and cerebellum (I=L) of Afg3/2°*”7 mice and controls at P14. Examples of multiple large intracytoplasmic
vacuoles are indicated by empty polygons in the mutants (B, F, J). EM analysis shows giant mitochondria with swollen, disorga-
nized cristae in the mutants (D, H, L, arrows) compared with controls (, G, K). Scale bars: (inA) A, B, E, F,1,J,20 um; (in €) C, D,
G H K L1 pm.

Early onset paraparesis and tetraparesis in Afg312

mutant mice

The phenotype of the two mutant mouse models is strikingly
similar and extremely severe. Heterozygous Afg312* /£ and
Afg312*/P*" mice have a normal appearance and fertility. Ho-
mozygous Afg3[25m6/Em 06 and Afg312P7PY" are significantly
smaller than their littermates at 1 week of age and display a rap-
idly progressive loss of motor function in all limbs by 12-14 d. As
the disease progresses, they lose the ability to support their own
weight or turn themselves over when placed on their back and
exhibit a typical posture with over extension of all limbs and
uncoordinated movements (supplemental Movies 1, 2, available
at www.jneurosci.org as supplemental material). They rarely sur-
vive beyond 16 d of age, when they are completely paralyzed. The
mutant phenotype is genetically recessive and fully penetrant.
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A-L, Extensive vacuolization of neuronal cell bodies. Semithin and ultrathin sections of DRGs (A-D), lumbar mo-

The reciprocal crossing of a male Afg3I2*%"% and a female
Afg312™/P", or vice versa, gives identical affected compound het-
erozygous littermates.

Widespread reduction of myelinated fibers in spinal cord
Considering the rapid progression and the severity of the disease
affecting Afg312 mutant mice, we have performed an extensive
morphological analysis of CNS and PNS on both strains. LM and
EM examination of Afg3125™°%/F™ and Afg312P“"/P*" mutant
mice reveals identical morphological alterations in axons and cell
bodies of CNS and PNS motor and sensory neurons.

Spinal cords from both mutant mice show reduced diameters
compared with control littermates at P14 (data not shown). As
shown in Figure 2, semithin sections of spinal cord from
Afg312P“7P*" mice show a marked and widespread reduction of
myelinated fiber density. The remaining myelinated fibers barely
reach the 2 wm diameter, hence, supporting a specific loss of large
axons. At lumbar level, the observed abnormalities are most
prominent in the dorsal columns, predominantly, but not exclu-
sively, in the corticospinal tract (Fig. 2 B). This reduction of my-
elinated fibers is also detected in the external regions of the ante-
rior and anterolateral funiculi (supplemental Fig. 1 B, D, available
at www.jneurosci.org as supplemental material). In rodents these
extrapyramidal motor axons are responsible for the major motor
control, as the murine corticospinal tract is mainly polysynaptic
and composed of shorter axons (Nieuwenhuys et al., 1998). Sim-
ilar neuropathological signs are also visible in the medial part of
the dorsal funiculi, where sensory neuron axons ascend within
the fasciculus gracilis (supplemental Fig. 1F, available at www.
jneurosci.org as supplemental material). Quantitative analysis
confirms the marked reduction of myelinated fiber density in the
analyzed spinal areas (Fig. 2, graph).

We observe no evidence of axonal degeneration, such as swol-
len or collapsed axons. Moreover, the evaluation of a possible
glial outgrowth secondary to axonal degeneration resulted in no
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Figure4. Sciatic nerve lacks large caliber axons. 4, B, Semithin sections of sciatic nerve of control (4) and Afg3/2°™”*" mouse
(B) at P14. The reduced axonal diameter is evident. C, D, EM shows Schwann cell infoldings into the axon (C), and clustering of
swollen mitochondria with poor residual cristae (D) is detected. E, At this age, compact myelin sheaths appear normal, with
correct periodicity of major dense and intraperiod lines. Left graph shows counts of total, small (<< 4 yum diameter), and large (>
4 um diameter) myelinated axons in sciatic nerve from Afg312°°7P", Afg312™555m76 and control mice. A significant loss of
large caliber axons appears in both mutants. Right graph shows averaged distribution of axon diameters from sciatic nerve of
Afg312°77°4 and Afg312569/EmY6 mice and controls. Axonal diameter distribution is skewed to 2-3 tm in the mutants. Statis-
tical comparison with controls are as follows (class of axon diameter/t test p value): Afg3/25™°/6mv66 <4 11m/0.005, >4
wm/0.021; Afg312°°7P, <4 11m/0.004, >4 14m/0.005. Error bars represent =SD; n = 3. Scale bar (in A): 4, B, 20 um; €, 0.5
um; D, E, 0.2 um.
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in controls), whereas at P7 only few my-
elinated axons are present in the mutants
(Fig. 2D).

This delay in myelination is confirmed
at P14 at EM magnification, when most of
the axons are myelinated in the controls,
differently from the mutants that show
~60% of myelinated fibers and numerous
small unmyelinated axons, likely too small
to trigger the myelin ensheathing process
(Fig. 2F). Identical results were obtained
for Afg3[25m66/Fmv66 mice (data not
shown).

Massive vacuolization of motoneuron
cell bodies, dorsal root ganglia and
Purkinje cells

The number of neurons in spinal cord an-
terior horn, sensory dorsal root ganglia
(DRGs) and the number of Purkinje cells
is conserved in both Afg3[25mves/Emves and
Afg312P*7P" mutants compared with con-
trols at P14 (neuron count per area of mu-
tants vs control = SD in anterior horn,
DRGs, and Purkinje cells are, respectively,
7.75%£1.29vs7.4 = 1;20.2 £ 1.86 vs 20 =
2.58;9 *+ 1.67 vs 9 = 1.41). In fact, we find
no evidence of neuronal loss, suggesting
that this is not a primary event in these
models. Multiple large vacuoles with clear
content cluster in the cytoplasm (Fig.
3 B,F,]). As shown by EM examination, the
observed vacuoles are suggestive of mito-
chondrial origin (Fig. 3D, H,L). Displace-
ment of the inner membrane, cristae dis-
ruption and increased volume of the
intermembrane space are observed in
swollen mitochondria.

Peripheral nerves lack large

caliber axons

Although AFG3L2 is a structural compo-
nent of the m-AAA protease complex that
is aberrant in HSP, a pure primary mo-
toneuron disease, the severity of the Afg312
mutants’ phenotype has prompted us to
investigate the peripheral nervous system
as well. Again, in both Afg3[25m66/Fmves
and Afg3I2P*"P*" mice large caliber axons
are dramatically less represented in the
mutant sciatic nerve (Fig. 4 B, relative to
Afg312P"7P" mice) (data not shown for
Afg3I2Fmvec/Emves) = As well as in spinal
cord, the total number of axons between
both mutant strains and respective con-
trols is conserved at P14, thus indicating

differences between mutants and controls (GFAP immunofluo-
rescence) (data not shown). The loss of myelinated fibers ob-
served in Afg312 mutant mice is thus attributable to dysfunctional
axonal development rather than to axonal degeneration. In fact,
ultrathin sections of corticospinal tract at P1 show similar num-
ber of unmyelinated axonal processes in mutant and control mice
(fiber count per area, 113 = 8 SD in Afg3[25m66/Emves, 109 + 7 SD

no axonal loss in the sciatic nerve (Fig. 4, left graph). However,
the relative proportion of small (<4 wm diameter) and large (>4
pm diameter) axons changes significantly with a clear shift to
smaller calibers, demonstrating that the growth of large diameter
axons is severely affected in the mutants (Fig. 4, right graph). EM
on Afg312°“7P*" mice shows no signs of active axonal degeneration
compared with controls. However, as shown in Figure 4C, signs
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Figure 5.
thin sections of sciatic nerve at P5 (A, B), dorsal roots at P5 (C, D), ventral roots (E, F) at P1, and
DRGs at P1 (G, H) of controls (left) and Afg3/2°*”P™ (right). Reduced number of myelinated
fibers is evident in sciatic nerve (B) and dorsal and ventral roots (D and F, respectively). In the
mutants, mitochondrial vacuolization is already present in DRGs at P1 (H). Scale bar, 20 pem.

Delayed myelination is preceded by neuronal cell body vacuolization. A-H, Semi-

of axonal damage such as Schwann cell infoldings into the axo-
plasm and disintegration of adaxonal myelin lamellae are de-
tected. Altered mitochondria are often closely associated in clus-
ters or aligned in rows and display damaged cristae and swelling
(Fig. 4D). Compact myelin sheaths appear normal with correct
periodicity of major dense and intraperiod lines in all fibers at
P14 (Fig. 4 E). However, as occurring in spinal cord, the myelina-
tion process is delayed in sciatic nerve at P5 in the mutants, which
show a reduced number of myelinated fibers compared with con-
trols (31.2 = 4.6 SD vs 76.7 = 2.1 per area) (Fig. 5B). This is even
more pronounced in the dorsal roots at P5 (Fig. 5D) and in
ventral roots at P1 (Fig. 5F), thus confirming a defect in axonal
development also in the PNS. Remarkably, the cytoplasmic vac-
uolization is already present in DRGs at P1 when 76% of cells are
already vacuolated (Fig. 5H). Identical findings were observed in
Afg312Fmvee/Emves mice as well (data not shown).

Decrease of neurofilament content
Our results demonstrate that axonal radial growth is affected by
Afg3I2 mutations. Because NFs are major determinants of axonal
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diameter (de Waegh et al., 1992), we hypothesize that NF content
or structure may be altered in our models. Quantitative evalua-
tion of NF density reveals a significant decrease in both mutant
mice (126.1 + 47.4 NFs/um? in Afg3[2/“**" and 137.3 + 33.9in
Afg3I2Fmvee/Emves axons vs 206.6 = 58.4 in control axons) (Fig. 6,
graph). Furthermore, in contrast with the ordered and regularly
spaced NF architecture in unaffected axons, NFs appear densely
packed in clusters and unevenly distributed in mutant axons,
leaving empty areas within the axoplasm (Fig. 6 B,C). Instead,
microtubules density is invariant between mutants and controls
(data not shown).

Non-neuronal tissues are not primarily altered in

Afg312 mutants

Morphological evaluation of muscle specimens from both mu-
tant mice at P14 (Fig. 7 relative to Afg312F“/P*" mice) (data not
shown for Afg3125m6/Emv66) shows a general decrease of fiber size
but no signs of inflammation and/or degeneration/necrosis. Per-
imysial and endomysial connective tissue are not increased. Mus-
cle fibers with centrally placed nuclei are sporadically seen (Fig.
7C). A percentage of fibers show accumulation of mitochondria,
a red-purple appearance with the modified trichrome stain (Fig.
7B), SDH (E), and COX (F), by histochemical analysis. In these
fibers, the enlarged mitochondria occupy the entire central part
of the muscle fiber as confirmed by ultrastructural analysis dis-
playing mitochondria distorted cristae, electron dense bodies
and, in some cases, lipid accumulation (Figs. 7G,H ). The quan-
titative evaluation of these findings in different muscles shows
that aberrant fibers with centrally positioned nuclei or mitochon-
dria are quite rare (Fig. 7, graph). Ultrathin sections of liver show
no differences in mitochondrial morphology in controls and
Afg3I2P'Pe" mice (Fig. 71,], respectively). The same results were
obtained for Afg312566/Emve6 (data not shown). Together, these
data indicate that Afg3I2 mutation is primarily affecting neuronal
tissues and the evident decrease of muscle fiber size is of neuronal
origin.

Impaired respiratory complex I and III activity in Afg3I12
mutant mice

We have demonstrated previously that HSP fibroblasts lacking
the m-AAA complex have a reduced respiratory complex I activ-
ity (Atorino et al., 2003). To investigate the role of AFG3L2 in
mitochondrial metabolism, we tested ATP production in brain of
both Afg312P*/P*" and Afg3125™**E™%¢ mutant mice and controls
in the presence of different substrates and inhibitors. The basal
activity of the respiratory chain is similar in controls and mu-
tants. We detect a substantial reduction of ATP synthesis in mu-
tant mitochondria using pyruvate and glutamate, which stimu-
late the activity of the overall respiratory chain complexes, and
also using succinate, which stimulates the activity of complexes
II, I, IV, and V (Fig. 8 A). The ATP level measured in presence of
ascorbate is the same in mutants and in controls, suggesting a
comparable activity of complexes IV and V (nmol of ATP/mg of
mitochondrial proteins * SD, Afg312P*P*" v controls, 5.0 + 1.6
vs 4.7 = 0.9; Afg3I25m0Em66 ys controls, 6.2 + 0.6 vs 6.15 * 0.3)
(Fig. 8A). We excluded defects in complex IV (COX) activity,
also assaying the oxidation of cytochrome ¢ with a specific spec-
trophotometric assay (data not shown). These results correlate
with a possible impairment of complex I, II or III activity. There-
fore we used blue native (BN)-PAGE to evaluate the enzymatic
activity of complex I and BN-PAGE followed by immunoblot to
evaluate the correct assembly of the respiratory chain complexes.
By combining BN-PAGE with an in situ activity staining reaction,
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Figure 6.  A—C, Alteration of axoplasm structure. Sciatic nerve ultrathin preparations of control (), Afg3/27*7"% mouse (B), and Afg3/2™¢/5m¥66 () at P14. In the mutants, axoplasm appears
poorly organized compared with the more even distribution observed in controls. Scale bar, 100 nm. Quantitative analysis (graph) reveals a reduction of neurofilament density in both mutants
compared with controls. Afg3/12°°7"", p = 0.00001; Afg3/25™/%/5m¥6 yersus controls, p = 0.002 ( test). Error bars represent = SD. An average of six axons in true cross sections were randomly

selected for each genotype (n = 2).

we observe a statistically significant decrease in complex I activity
in brain-derived mitochondria from both mutant mice com-
pared with controls (Fig. 8 B). BN-PAGE followed by immuno-
blot reveals that the reduced complex I activity is attributable to a
decreased amount of assembled complex I (Fig. 8C), despite the
unchanged intramitochondrial availability of unassembled com-
plex I building blocks (we tested the 39 kDa protein) (supple-
mental Fig. 2 B, available at www.jneurosci.org as supplemental
material). According to ATP synthesis data, we also identified a
decreased amount of complex III (Fig. 8 D). The same results
were obtained for mitochondria derived from spinal cord (data
not shown).

Mitochondrial protein synthesis is not impaired in

mutant mice

Previous studies identified MrpL32, a subunit of mitochondrial
ribosomes, as a proteolytic substrate of the m-AAA protease and
assigned it a crucial function controlling mitochondrial protein
synthesis in both yeast and mammals. In particular, it has been
shown that mitochondrial translation is significantly impaired in
paraplegin-deficient liver mitochondria and reduced by 50%
when compared with wild type (Nolden et al., 2005). Based on
these data, we investigated whether the reduced amount of com-
plex I and complex III observed in Afg3]2 mutant mice could
reflect either a decreased availability of respiratory complexes’
building blocks or an insufficient assembling. We thus analyzed
the efficiency of protein synthesis in isolated Afg3I2-deficient mi-
tochondria. Both Afg312 mutant strains show no impairment of
mitochondrial protein synthesis in different tissues, e.g., brain
(supplemental Fig. 2 A, available at www.jneurosci.org as supple-
mental material, relative to Afg3125"*E"5%) (data not shown
for Afg312/“"/P*") and liver (data not shown). Western blot analy-
sis using antibodies against complex I subunit of mitochondrial
(20 kDa subunit) and nuclear (39 kDa subunit) origins confirms
normal mitochondrial translation and import efficiency in both
Afg312 mutants (supplemental Fig. 2 B, available at www.jneuro-
sci.org as supplemental material).

Discussion

Mutant phenotype

The remarkably overlapping and severe phenotype of the two
Afg3I2 genetic mutants, which differ in both genetic background
and causal mutations, denotes that AFG3L2 is a mitochondrial
metalloprotease with a key function in neurons. Our observa-

tions derive from the phenotypic and biochemical analysis of two
different Afg3I12 genetic models. We identified the genetic cause
(i.e., a single amino acid-R389G-mutation occurring in the core
AAA domain of AFG3L2) that arose in the C57 background lead-
ing to the spontaneous par/par mutant. In addition, we devel-
oped a null AFG312 mutant (Afg3125™¢5Fm76%) by insertional
mutagenesis on FVB murine background. As expected, we con-
firmed the presence and stability of the missense AFG3L2 protein
in the Afg312F“"/P*" strain and the complete absence of the protein
in the null Afg3[25™5¢/F75¢ mutant.

Similar to the paraplegin-deficient mouse model, Afg312 mu-
tants neuropathology establishes axonopathy as a recurrent
theme for m-AAA alterations. However, Afg312 mice present a
failure in axonal development that results in early lethality,
whereas the paraplegin-null mouse shows late onset axon
degeneration.

This is first evident by the dramatic decrease of myelinated
fiber density in the spinal cord, where the total number of axons
is conserved but only few and small myelinated axons are present.
These alterations have been found both in motor and in sensory
areas at P12 and are even more pronounced at P7, hence, indi-
cating an impairment of axonal development. We could exclude
that these defects are attributable to neuronal loss and axonal
degeneration, because the number of neuronal cell bodies is con-
served, and typical morphological markers, such as swollen/de-
generating axons and reactive glia, are absent in mutant mice.

In accordance with the spinal cord data, in the sciatic nerve at
P12 the total number of fibers is conserved but large caliber axons
are missing, with a shift of the distribution of diameter frequency
toward classes of thinner axons. At P5 we observe a decreased
number of myelinated axons and an increased fraction of uncom-
mitted nonmyelinating or premyelinating Schwann cells com-
pared with controls, suggesting a delay in the myelination process
in the PNS. This hypothesis is also supported by the marked
reduction of myelinated fibers in ventral and in dorsal roots at P5
and at P1. Ultrastructural analysis of sciatic nerve also reveals
many signs of axonal damage, such as disorganized cytoskeletal
structure associated to altered neurofilament density and distri-
bution, the presence of aberrant organelles and Schwann cells
invagination within the axoplasm.

Collectively, these findings strongly suggest that nonfunc-
tional AFG3L2 causes an axonal development failure in CNS and
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PNS. Processes unique to either oligoden-
drocytes or Schwann cells may account for
the different timing of axon myelination
observed in CNS and PNS (Trapp et al.,
2004).

Mitochondrial effect of
AFG3L2 mutations
The lack of functional AFG3L2 has deep
effects on mitochondrial morphology and
metabolism. Most mitochondria are mor-
phologically altered in CNS and PNS of
both mutants, where swollen giant mito-
chondria with damaged cristae can be ob-
served. These aberrant organelles are gen-
erally clustered in proximity of the nucleus
or the plasma membrane. This phenome-
non, together with the presence of several
large vacuoles of mitochondrial origin, is
primarily observed in neuronal cell bodies
of spinal cord anterior horns, in dorsal
root ganglia and in Purkinje cells, the latter
indicating a cerebellar involvement.
Morphological —analysis of non-
neuronal tissues, i.e., liver and skeletal
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dramatic reduction of respiratory complex
I and III activities, which correspond to
stoichiometric limitation of the enzymatic
complexes. Insufficient assembling, rather
than decreased availability of building
blocks of respiratory complexes, plays a
central role in this deficit of respiratory ac-
tivities, because neither synthesis of
mitochondria-encoded subunits nor im-
port of nuclear-encoded proteins is im-
paired. Therefore, our data suggest a role
for AFG3L2 in effectively assembling com-
plexes I and III. Remarkably, a defect in the assembly of respira-
tory complex I was associated to organellar dysfunction in HSP
patients (Atorino et al., 2003).

These results partially diverge from previous findings on
paraplegin-deficient mice showing a slightly decrease of ATP syn-
thesis in the spinal cord of 23 months old Spg7 '~ mice (Ferreir-
inhaetal., 2004) and an impairment of mitochondrial translation
in the liver (Nolden et al., 2005). The phenotypic differences
between Afg312 and paraplegin mutants can be explained at the
molecular level by the different ability of the two m-AAA proteins
in organizing supramolecular complexes. In fact, AFG3L2 can
homo-oligomerize both in human and in mouse, whereas
paraplegin is uniquely found as part of hetero-oligomeric com-
plexes. Homo-oligomeric AFG3L2 m-AAA complexes are
present in physiological conditions and can exert proteolytic ac-

Figure 7.

Non-neuronal tissues are not significantly affected in Afg3/2 mutant mice. A-H, Cryostat (A—F) and ultrathin
sections (G, H) from the quadriceps of Afg3/2°“”*™ mice and controls (4, D) at P10~P12. Hematoxylin/eosin staining (€) shows
scattered atrophic fibers, an example of centrally placed nucleus, and some fibers with a basophilic cytoplasmic area. This area
presents a red-purple stain with the modified trichrome staining (B), and intense reactivity with the SDH (E) and COX (F) staining.
A quantitative evaluation of these findings in different muscles is represented in the graph, showing that aberrant fibers with
either nuclei or mitochondria centrally positioned are very rare. Error bars represent =SD; n = 3. Ultrastructural analysis of these
sporadic altered fibers shows enlarged and morphologically disrupted mitochondria with distorted cristae, electron dense bodies,
and lipid accumulation (G, H). Ultrathin sections of liver show no differences in mitochondrial morphology in mutant mice (J)
compared with controls (/). Scale bars: (in A) A—F, 20 um; (in G) G-J,0.5 m.

tivity (Koppen et al., 2007). These data indicate AFG3L2 as a
more versatile molecule, able to compensate the absence of its
partner paraplegin for essential mitochondrial functions. In par-
ticular, complexes differing in subunit composition may operate
on different substrates.

Differently from human, yeast and Caenorhabditis elegans, a
third homolog, AFG3L1, is present in the mouse. Paraplegin,
AFG3L2, and AFG3L1 can form mixed composition-oligomers,
but only AFG3L1 and AFG3L2 have the ability to form functional
high molecular weight homocomplexes (Koppen et al., 2007).
Moreover, even if AFG3L2 and AFG3LI are ubiquitous proteins,
they are differentially expressed in different tissues. In particular,
AFG3L2 is largely prevalent in brain, where AFG3L1 is barely
expressed. This different expression pattern and the consequent
unfeasibility of paraplegin and AFG3L1 to compensate for
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Figure8. Respiratory chain complexes deficiencies in Afg3/2 mutant mice. A, ATP synthesis
rates in mitochondria isolated from brain tissues. 1, No substrates (basal activity); 2, pyruvate
and -malate (complexes |, II, 11l 1V, and V); 3, glutamate and L-malate (complexes |, II, IlI, IV,
and V); 4, rotenone and succinate (complexes II, Ill, IV, and V); 5, antimycin, ascorbate, and
TMPD (complexes IV and V). Left graph, Afg3/25™5%Em66 suhstrate/t test p value: 2/0.008;
3/0.013; 4/0.044. Right graph, Afg3I2°P“" substrate/t test p value: 2/0.0004; 3/0.0002;
4/0.0006. B, BN-PAGE and in situ activity staining by nitroblue tetrazolium reduction assay.
Comparison are relative to control; Afg3[26™%/Emv66 b = 0,003; Afg312°7°™, p = 0.020 (t
test). €, BN-PAGE-Immunoblot analysis of complex | revealed by anti-39 kDa antibody.
Afg312EmvS5/Emes 1y — 0,024; Afg3127°7P", p = 0.0005 (¢ test). D, BN-PAGE-Immunoblot anal-
ysis of complex Ill revealed by anti-core2 (25.6 kDa subunit) antibody. Afg3[2Em6&/6mve6 p =
0.011; Afg312°°P" p = 0.004 (¢ test). Activity and protein amount of complex | and Il were
quantified by densitometric analysis; immunoblotting with Hsp60 antibody was used to verify
equal loading. Error bars represent +SD, n = 4.

AFG3L2 deficiency can explain the more severe neurological phe-
notype of AFG3L2 mutants.

Mitochondria and axonal maturation
The presented data show that the mitochondrial damage caused
by m-AAA deficiency is responsible for the developmental failure
observed in Afg3I2 models. Although several lines of evidence
indicate that mitochondria play a relevant role in the mainte-
nance of neuronal structure and function (Chang and Reynolds,
2006), this is the first report of a mouse model where axonal
development is linked to a mitochondrial protein.

Several hypotheses, not mutually exclusive, can be put for-
ward. As neurons grow, energetic demands extend further from
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the cell body. Thus, proper function and trafficking of mitochon-
dria are necessary tasks beginning in the earliest moments of
neuronal development and becoming increasingly significant as
development proceeds.

Another relevant aspect of axonal development is the deter-
mination of axonal caliber, which is influenced by intrinsic neu-
ronal factors and extrinsic factors related to myelination (Friede
and Samorajski, 1967). In fact, glial cells sense axonal diameter
and from this information they determine whether an axon
should be myelinated and the size of myelin sheath to synthesize.
This correlation is established in the early phases of development
and is mediated by axonal Nrg-1-1III signaling through ErbB glial
receptors (Michailov et al., 2004). Conversely, in the later stages
of development, signals from myelinating cells regulate a kinase-
phosphatase cycle in the axon that maintains the phosphoryla-
tion state of neurofilaments. This parameter in turn controls neu-
rofilament density and spacing and thus the axonal caliber (de
Waegh et al., 1992). In Afg312 mice spinal cord, we observe an
impressive reduction of myelinated fibers, suggesting that most
of the axons are not able to reach the threshold caliber to be
myelinated.

Moreover, the fraction of axons that achieve myelination de-
notes radial growth impairment both in spinal cord and sciatic
nerve. These evidences suggest that mitochondrial m-AAA defi-
ciency cause a severe axonal damage in the early phases of devel-
opment, which in turn results in an inefficient axonal-glial inter-
play. Many synergistic mechanisms can take part in hampering
the cross talk between axons and glial cells. For instance, the
aberrant enlarged mitochondria clustered in the cell body ob-
served in Afg3]2 mutant neurons could clog the axonal hillock
and/or block molecular motors, thus interfering with proper ax-
onal trafficking. The direct consequence would be the decreased
delivery of energy-producing units, mitochondria, and axonal
building blocks, such as NF, resulting in energy impairment and
adisorganized cytoskeletal network. This hypothesis is supported
by the net decrease of NF density and altered axoplasm cytoar-
chitecture observed in Afg3I2 mutant mice. Because NFs are the
main determinants of axonal structure and radial growth, this is
also consistent with the observed reduced axonal caliber, suggest-
ing that potentially large axons are underdeveloped because they
are not supported by adequate NF content. In addition, damaged
axons may not respond to myelin signals, leading to inadequate
NF phosphorylation. We also cannot exclude a more specific
mechanism, where molecules essential for the axon-glia inter-
play, i.e., Nrg-1-III, are not efficiently transported from the cell
body to the axon in mutant mice as a consequence of altered
axonal trafficking, thus impairing the axon—glia communication.

Possibly, the aforementioned scenarios simultaneously apply
to cause the neuropathological features observed in our Afg3I2
mutant mice. Verifying these hypotheses and further dissecting
the related molecular mechanisms that link this mitochondrial
metalloprotease complexes to both axonal development and neu-
rodegeneration will be goals for future investigations.
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