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Intermediate filaments (IFs) are abundant structures found in most eukaryotic cells, including those in the ner-
vous system. In the CNS, the primary components of neuronal IFs are o-internexin and the neurofilament triplet
proteins. In the peripheral nervous system, a fifth neuronal IF protein known as peripherin is also present. IFs in
astrocytes are primarily composed of glial fibrillary acidic protein (GFAP), although vimentin is also expressed in
immature astrocytes and some mature astrocytes. In this Review, we focus on the IFs of glial cells (primarily GFAP)
and neurons as well as their relationship to different neurodegenerative diseases.

Introduction
Intermediate filaments (IFs) are 8-10 nm structures that, together
with microtubules (24-26 nm) and microfilaments (6-8 nm), form
the cytoskeleton that is present in nearly all eukaryotic cells. In the
nervous system, IFs are present in neurons and astrocytes, although
they are absent from oligodendrocytes, which form the myelin
sheath in the CNS. IF proteins are structurally related and part of a
large family of proteins that includes keratins and nuclear lamins
(see Figure 1 for a diagram of neuronal and glial cell IF proteins).
The major IF protein in astrocytes is glial fibrillary acidic pro-
tein (GFAP), although there are lower levels of other IFs, includ-
ing nestin, vimentin, and synemin. Recent studies have revealed
the presence of multiple isoforms of GFAP (Figure 1), which may
be differentially expressed in reactive versus resting astrocytes. To
date, the only specific connections between any of these astro-
cytic IF proteins and particular diseases remain those between
the most abundant o isoform of GFAP and the leukodystrophy/
neurodegenerative disorder Alexander disease. In the CNS, the
major neuronal IF proteins are the neurofilament triplet proteins
(NFTPs) — low-molecular weight neurofilament subunit (NFL)
(68 kDA), middle-molecular weight neurofilament subunit (NFM)
(160 kDA), and high-molecular weight neurofilament subunit
(NFH) (205 kDA) — and a-internexin. In the peripheral nervous
system (PNS), peripherin is also expressed along with the NFTPs
(reviewed in ref. 1). In this Review, we discuss the role of muta-
tions in neuronal and glial cell (mainly GFAP) IF protein-encod-
ing genes in the formation of intermediate filamentous accumula-
tions and the pathogenesis of neurodegenerative diseases.

Astrocytes, IFs, and disease
The causal role of mutations in GFAP and Alexander disease has
been well reviewed during the past few years (2, 3). Here, we con-

Conflict of interest: The authors have declared that no conflict of interest exists.

Nonstandard abbreviations used: ALS, amyotrophic lateral sclerosis; CMT, Char-
cot-Marie-Tooth disease; CSF, cerebrospinal fluid; GAN, giant axonal neuropathy;
GFAP, glial fibrillary acidic protein; IF, intermediate filament; MTMR2, myotubu-
larin-related protein 2; NCV, nerve-conduction velocity; NEFL, gene encoding NFL;
NFH, high-molecular weight neurofilament subunit; NFL, low-molecular weight
neurofilament subunit; NFM, middle-molecular weight neurofilament subunit;
NFTP, neurofilament triplet protein; NIFID, neuronal IF inclusion disease; PNS,
peripheral nervous system; SOD1, superoxide dismutase 1.

Citation for this article: J. Clin. Invest. 119:1814-1824 (2009). doi:10.1172/JCI38003.

1814

The Journal of Clinical Investigation

heep://www.jci.org

centrate on newly published aspects of GFAP and Alexander dis-
ease research as well as on other topics relating to GFAP and dis-
ease that have not been addressed by previous reviews.

GFAP mutations and Alexander disease. Alexander disease, first
described in 1949 (4), is a rare leukodystrophy (disorder character-
ized by failure or loss of myelin, leading to progressive degeneration
of the white matter of the brain) of unknown incidence that nearly
always results from dominantly acting mutations in the coding
region of GFAP (5). Most patients experience their first symptoms
(such as seizures or developmental delays) before they are two years
old. The disease is characterized by dramatic loss of white matter
in the frontal lobes, and the patients suffer progressive deteriora-
tion, with death before the age of 6. Although this is the most com-
mon form of Alexander disease, later onset and milder forms of
the disease also exist, sometimes without any white matter defects
at all. The hallmark pathological feature is the presence of protein
aggregates known as Rosenthal fibers within the cytoplasm of
astrocytes, especially those in subpial, subependymal, and perivas-
cular locations (Figure 2). These fibers are complex ubiquitinated
stress protein inclusions that contain a still undefined number of
constituent proteins in addition to the mutant GFAP.

To date, no GFAP mutations that lead to an absence of GFAP or
truncated protein have been found in Alexander disease patients,
and the mutations that cause Alexander disease lead to the syn-
thesis of GFAP variants with subtle amino acid changes that are
thought to act in a toxic gain-of-function fashion. The o isoform
of human GFAP contains 432 amino acids (Figure 1), and present-
ly 91 mutations affecting 62 amino acids have been associated with
Alexander disease. A complete listing of all published (and some
unpublished) mutations is maintained at the Waisman Center of
the University of Wisconsin-Madison (http://www.waisman.wisc.
edu/alexander/mutations.html). A separate listing of GFAP muta-
tions and polymorphisms is maintained as part of the Human
Intermediate Filament Database (http://www.interfil.org/) (6),
which includes fewer mutations than the Waisman database but
provides more detail about each one.

As described in previous reviews, the Alexander disease-associ-
ated GFAP mutations seem to lead to accumulations of GFAP
protein, and it may be this elevation of protein that is more del-
eterious to the astrocytes than the mutant protein itself. The
specific aspects of astrocyte functions that are compromised
by the mutations have not yet been discovered. However, the
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mechanisms leading to protein accumulation are starting to be
revealed. As with other protein aggregation disorders of the CNS,
several lines of evidence suggest that decreased degradation plays
a key role. Studies in cell lines, animal models, and human tis-
sues all indicate activation of several stress-response pathways
within astrocytes that express mutant GFAP (7-9). For instance,
expression of the R239C form of GFAP, which is one of the most
common Alexander disease-associated mutations, activates JNK
and p38 kinases, with resulting impairment of proteasomal func-
tion (9). Decreased proteasomal activity has also been found in
primary cultures of astrocytes prepared from mice expressing
the R236H mutation (equivalent to the R239H human muta-
tion) as a knockin at the endogenous Gfap locus (10). How many
substrates besides GFAP are affected by this inhibition of pro-
teasomal activity is not yet known. Since GFAP has a long half-
life in vivo (11), interfering with protein degradation could have
prolonged effects. The oxidative stress that is clearly present in
astrocytes expressing GFAP mutants also likely leads to increased
transcription from the GFAP gene (12), so that both increased
transcription and decreased degradation could promote protein
accumulation. The mechanisms leading to increased transcrip-
tion have yet to be determined.

Other proteins of importance for neurodegenerative disease,
such as a-synuclein, are degraded by both proteasomal and
autophagic pathways (13). Although autophagy was not previ-
ously thought to contribute to GFAP degradation, it appears
that this pathway is actually enhanced in the context of mutant
forms of GFAP associated with Alexander disease and by GFAP
accumulation (14). These changes were evident not only in trans-
fected cell lines but also in tissues and cells from mouse knockin
models of Alexander disease and the brains of patients with Alex-
ander disease. Morphologically, microtubule-associated protein 1
light chain 3 (LC3), a marker of autophagosomes, localizes close
to Rosenthal fibers, and EM studies of cell lines, mouse tissues,
and one patient with Alexander disease have revealed membrane-
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Figure 1

The major IF proteins in neurons and glial cells. A “typical” IF protein
consists of an N-terminal head region, a rod region that contains four
a-helical regions (helices 1A, 1B, 2A, and 2B), and a C-terminal tail
region. Different isoforms of GFAP are shown: GFAP-o and GFAP-$
are full-length GFAP proteins; the mRNAs encoding these two proteins
differ in the 5’ UTR. GFAP-y is encoded by an mRNA that has an alter-
nate start site and is missing exon 1. The mRNAs encoding GFAP-3,
GFAP-¢, and GFAP-k are generated by alternative splicing of intron
7, with variable use of exon 7+, to create proteins with different C-ter-
minal tail sequences. Only single isoforms of a-internexin, NFL, NFM,
and NFH are shown. The gray areas in NFM and NFH contain multiple
phosphorylation sites. Full-length peripherin (Per58) is shown as well
as Per61, a mouse isoform that retains intron 4 (96), and Per28, which
is a mouse and human isoform that retains introns 3 and 4, resulting in
a truncated peripherin (97).

bound structures similar to autophagosomes and autolysosomes
next to Rosenthal fibers (14). Autophagy was also recently shown
to be an adaptive response in a cardiomyopathy resulting from
mutations in oB-crystallin associated with aggregation of another
IF protein, desmin (15).

The impact of autophagy on GFAP levels is indicated by several
observations. Treatment of transfected U251 human astrocytoma
cells with an inhibitor of autophagy led to further elevation of
GFAP levels, while induction of autophagy reduced GFAP levels
as well as the number of inclusions found in the cells (14). These
changes in autophagy did not have measurable effects on global
protein degradation, implying some level of selectivity for GFAP
and perhaps other components of the aggregates. In the model
proposed by the authors of this study (14), the stimulation of
autophagy is not enough to counteract the effects of proteasomal
inhibition, so GFAP accumulation ensues. Of potential therapeu-
tic significance, the autophagy response seemed to be regulated,
at least in part, by mammalian target of rapamycin (mTOR) and
was enhanced in the presence of the mTOR inhibitor rapamycin.
Hence, rapamycin and its analogues, currently the topic of much
clinical investigation for other disorders (16), should be evaluated
for possible utility in Alexander disease.

The mutant forms of GFAP associated with Alexander disease
display a shift in the equilibrium from the soluble (i.e., mono-
mers to small oligomers) toward insoluble (assembled filaments
or aggregates) pools (17) and drag IF-associated proteins such as
oB-crystallin and probably plectin in the same direction (18, 19).
Among the minor isoforms of GFAP, GFAP-8 (Figure 1) seems
preferentially expressed in the same populations of astrocytes that
contain the most Rosenthal fibers (i.e., subpial and periventricu-
lar astrocytes) (20). Recent studies show that GFAP-8 alters the
binding of aB-crystallin to GFAP filaments (18). In normal human
spinal cord, GFAP-0 accounts for less than 10% of the total GFAP.
Whether GFAP-0 is disproportionately increased in Alexander dis-
ease tissue, further affecting filament solubility and association
with IF-associated proteins, remains to be determined.

The stress response that is activated in astrocytes in individuals
with Alexander disease could be both deleterious and beneficial.
Studies in cell culture suggest that such astrocytes are compro-
mised in their ability to respond to further stress, such as from
camptothecin or hydrogen peroxide (9, 10). However, very recent
work indicates that enhancing the upregulation of astrocytic
aB-crystallin can offer dramatic rescue from the otherwise lethal
effects of GFAP mutation and excess (21).
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GFAP and potential links to gigaxonin? A protein with functional
significance for both neuronal and glial IFs is gigaxonin. Muta-
tions in gigaxonin are responsible for the disorder giant axonal
neuropathy (GAN) (OMIM 250850) (22, 23). Gigaxonin functions
as a substrate adaptor for a Cul3-E3 ubiquitin ligase complex and
facilitates proteasomal degradation of several cytoskeleton-asso-
ciated proteins (24). The mechanism by which loss-of-function
mutations in gigaxonin interfere with the IF system is not known,
yet a hallmark feature in individuals with GAN is the accumulation
of neuronal IFs in axons of the PNS and CNS (25-27). Abnormali-
ties are also seen in other IFs and outside the nervous system (26,
28, 29). Within the CNS, Rosenthal fibers have been described in
several patients with GAN (25, 27, 30). It is intriguing to speculate
that loss of gigaxonin affects GFAP, causing it to accumulate and
aggregate in a manner similar to its effects on other IFs, and may
even produce Alexander disease-like pathology. A recent authorita-
tive review of the MRI features of leukodystrophies comments on
the similarities between GAN and Alexander disease with respect
to lesions in the white matter (31).

A gigaxonin-deficient mouse has been generated (32). These
mice have no obvious clinical symptoms and exhibit a normal lifes-
pan. The levels of the neuronal IF proteins and vimentin were all
modestly increased in the CNS, but there was no apparent change
in the levels of GFAP. IF-containing aggregates formed preferen-
tially in cerebral cortex and thalamus and were composed primar-
ily of a-internexin and hypophosphorylated NFH. Only minimal
changes in axon caliber were found, and no giant axons were ever
observed, although there was a small loss of motor axons in ventral
roots, with corresponding evidence of mild denervation in muscle.
Whether these mice have any astrocyte inclusions similar to those
in individuals with GAN remains to be established.

GFAP as a biomarker in cerebrospinal fluid and serum. Apart from
its role as a causal element in disease, it is worth considering how
simply measuring GFAP levels in various body fluids might be
useful for monitoring and diagnosing disease. Cerebrospinal
fluid (CSF) has long been exploited as a relatively noninvasive
way to biopsy the CNS. GFAP is normally present at low levels in
this fluid, thus requiring the development of sensitive methods of
detection, typically by sandwich ELISA (33). Direct comparisons
of the absolute levels of GFAP found in the CSF by different labo-
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Figure 2

Morphological features of glial and neuronal protein aggregates in
Alexander disease and CMT. (A) Rosenthal fibers concentrated in
the astrocytic endfeet surrounding a blood vessel (V) in the brain
stem of a 1-year-old child with Alexander disease. H&E stain, paraf-
fin section (reproduced with permission from Elsevier [102]). Origi-
nal magnification, x62. (B) Rosenthal fibers surrounded by IFs in an
astrocyte cell body from a 17-month-old child with Alexander disease,
viewed by transmission electron microscopy (reproduced with permis-
sion of Wiley-Liss Inc., a subsidiary of John Wiley & Sons Inc. [103]).
N, nucleus. (C) Sural nerve biopsy from a CMT patient with an L286P
mutations in NFL. The figure shows a giant axon with a cluster of
organelles (arrow) and irregular whorls of neurofilaments. (D) Sural
nerve biopsy of a CMT patient with an NFL del322C—-326N mutation.
The figure shows a fiber whose axoplasm consists almost exclusively
of microtubules; note the loosening of the external myelin lamellae
(panels C and D were reproduced with permission from Brain: a jour-
nal of neurology [79]). Scale bars: 1 um (B); 2 um (C and D).

ratories have been difficult, with various groups reporting mean
levels in healthy individuals ranging from below 10 ng/l to nearly
4000 ng/l (34-36). Sexual phenotype seems to have no effect (36,
37), and there is a dispute about whether age is a confounding
variable (36, 38). Details of methodology and definition of the
control groups may account for some of these differences (see ref.
36 for a good discussion on this point), but these discrepancies
also highlight the importance of each laboratory establishing its
own reference range. Why GFAP should be present in the CSF
of healthy individuals is an open question, as astrocytes do not
secrete the protein (39). Its presence presumably reflects some
baseline level of astrocyte death, with release of cytoplasmic con-
tents into the extracellular space.

With these caveats in mind, it appears that GFAP levels in CSF
are elevated in association with a number of neurological con-
ditions reflecting a wide range of etiologies, including vascular,
traumatic, developmental, genetic, inflammatory, neoplastic,
and degenerative (Table 1) (a more comprehensive listing on this
topic is provided in Supplemental Table 1). In some situations,
the GFAP level is evaluated in comparison with other biomarkers
thought to be indicative of neuronal damage, such as the pres-
ence of neurofilaments in CSF (34, 40). Generally, the elevations
are modest in slowly progressive conditions such as dementia and
MS and higher but transient in other conditions such as vascular
accidents, trauma, and infection. In some situations, the level of
GFAP in CSF may have prognostic value (41-43). For instance, in
patients with subarachnoid hemorrhage, GFAP levels 6 days after
the event were approximately 8-fold higher in nonsurvivors com-
pared with survivors (43). In other conditions, GFAP levels in CSF
seem to drop in response to treatment, for example, in patients
with neuromyelitis optica given corticosteroid therapy (44). It
should be noted that the measurement of GFAP has yet to achieve
the status of clinical application for any of these conditions.

Among the disorders showing the highest levels of GFAP in the
CSF are two in which astrocytes are considered either the direct
target or cause of disease, neuromyelitis optica and Alexander
disease. The hallmark feature of neuromyelitis optica is the pres-
ence of antibodies specific for the relatively astrocyte-specific
protein aquaporin-4, a membrane-associated water channel that
plays a critical role in volume regulation and the evolution of
edema in response to injury. In one cohort of ten patients with
neuromyelitis optica, all had elevations of GFAP in the CSF, and
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GFAP levels in the CSF of individuals with neurological conditions reflecting a wide range of etiologies are elevated

Condition Controls

n Mean = SD (ng/l) Range
Vascular
Vasculitis NR [<750 younger]#; NR

[<1,250 older]A

Ischemic infarcts 18 7404 £2099 (SEM)  4,138-11,518
SA hemorrhage NR 95% < 9 (lumbar) NR
Trauma
TBI NR 95% < 9 (lumbar) NR
Developmental
Autism 10 67 + 17 (SEM) 16-163
Hydrocephalus NR 700 + 900 (lumbar) NR
Neonatal asphyxia 8 538 median 458-1,051
Premature birth 10 222 median 87-554
Genetic
Alexander disease NR [<175]A NR
Infectious and inflammatory
Multiple sclerosis 25 250+ 34 125-450
Meningitis/encephalitis 25 NR ~100-1,300
Neuromyelitis optica 5 600 + 300 300-1,000
Guillain-Barré 30 330 median NR
Degenerative
Dementia 39 569 + 265 NR
Dementia 13 2,960 + 1,040 young NR

9 2,800 + 1,460 adult

8 3,990 + 1,590 elderly
Dementia NR 95% <9 NR
Miscellaneous
NPH 40 637 + 295 NR
NPH NR 95% < 9 (lumbar) NR

Patients Site  Ref.
n Mean = SD (ng/l) Range
32 10,791 + 7646 (SEM) NR L 104
25 16,005 + 17,302 (SEM) NR L 105
5 18,950 + 16,078 1,550-40,630 v 36
1 16678 + 15022 515-43,730 v 36
47 185 + 20 (SEM) ~16-600 L 38
4 Gr 1: 19,000 + 26,000 NR v 46
27 Gr 2: 20,000 + 21,000
12 Gr3:2.2x106+2.96 x 106
22 1,428 median 427-49,706 L 34
17 Normal preterm 106 (NS) 15-362 L 4
10 Abnormal preterm 576 265-16,000
3 NA 4,760-30,000 NR 45
21 SP 3758 130-6258 NR 42
15 PP 4008 130-9008
13 NR ~1,000-30,0008 L 106
10 7,666 + 15,267¢ 8,000-80,000,0006  NR 44
12 AIDP 350 median (NS) NR NR 49
9 Axonal 550 median
29 AD type 1,081 = 561 NR L 107
20 Vascular 1,270 + 1,142
27 AD 8,960 + 7,800 NR NR 35
68 1,374 + 11,098 <5-91,54(QP L 36
65 1,116 + 1,085 NR L 40
12 1,197 + 1,226 <5-2970 V 36

All values have been converted to ng/l to facilitate comparison. Unless otherwise noted, values are given as mean + SD. AD, Alzheimer disease; Gr,

grade; NPH, normal pressure hydrocephalus; SP, secondary progressive; PP; primary progressive; SA, subarachnoid; TBI, traumatic brain injury; NR, not
reported. Site refers to lumbar (L) or ventricular (V) points of collection of CSF if specified by the authors — others are most likely lumbar. AValues for con-
trols surrounded by brackets were derived from a prior study, literature, or manufacturer using the particular assay. BData were presented in graphical form,
from which these are estimated values. °Whether SD or SEM was not specified. PThe outlier value at the high end was from a patient who had autopsy-

proven Creutzfeldt-Jakob Disease.

several had extraordinarily high levels (44). These studies fur-
ther implicate damage to astrocytes as an important feature of
the disease. For Alexander disease, GFAP levels in CSF have now
been reported for three patients (45). This is a very small set of
patients, and the degree to which GFAP levels in CSF were elevat-
ed was variable. However, since GFAP is the root cause of Alexan-
der disease and elevations of GFAP within astrocytes are thought
to be central to the pathogenesis (see above), its measurement
might prove especially valuable in this particular condition for
assessing either severity or progression. For instance, the high-
est levels in this study were found in patient 2, who although
intermediate in terms of age of onset, was rapidly deteriorating
at the time of biopsy.
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As might be expected with an intact blood-brain barrier, GFAP
is usually undetectable in serum (despite its presence in CSF) in
the absence of disease or injury. Nevertheless, in certain settings,
GFAP does appear in serum, especially in relation to trauma and
vascular accidents (Table 2) (a more comprehensive listing on
this topic is provided in Supplemental Table 2). Simultaneous
determinations of both CSF and serum GFAP levels has only
been performed in two studies (in both cases when no significant
changes were noted for serum for the diseases under study), and
the mean levels for serum were approximately three- to six-fold
lower than in CSF (46, 47). GFAP has only been detected in urine
once, in a child who died of septic shock (48), although the exact
GFAP levels were not given.
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Table 2
GFAP appears in the serum under certain circumstances

Condition Controls
n Mean = SD (ng/l)  Range
Vascular
Ischemic stroke 46 95% < 40 14-660
Hemorrhagic stroke 52 <1.8 NR
3 3.8-7.2
Subarachnoid hemorrhage 81 <150 NR
Trauma
Traumatic brain injury 218 61 + 44; NR
95% < 150
Developmental
Hydrocephalus 8 200 + 200 NR
Infectious and inflammatory
Multiple sclerosis 30 410 median NR
Guillain-Barré syndrome 30 410 median NR
Miscellaneous
Schizophrenia 17 180 £ 150 NR

Patients Ref.
n Mean = SD (ng/l) Range

22 2,000 + 1,500 (SEM)A NR 108

42 112 £ 477 0-3,096 109

116 1130 mean; 330 median 30-34,430 110

59 4,520 + 8,690; 140-49,580 111
1,170 median
27 Gr. 1: 300 + 300 (NS) NR 46

12 Gr. 2: 500 + 300 (NS)

30 2810 median NR 49
17 Axonal: 740 median NR 49
20 ADIP: 580 median

12 160 + 150 (NS) NR 112

All values have been converted to ng/l to facilitate comparison. Unless otherwise noted, values are given as mean + SD. ADIP, acute demyelinating inflam-
matory neuropathy. AData were presented in graphical form, from which these are estimated values.

Some cells outside the CNS also express low levels of GFAP, par-
ticularly nonmyelinating Schwann cells and enteric glial cells. A
recent report indicates that GFAP is elevated in serum (and CSF)
of patients with both axonal and demyelinating forms of Guillain-
Barré syndrome (49), an adult-onset autoimmune disorder of the
PNS of unknown etiology. It would be interesting to search for
elevations of serum GFAP in other disorders where there are sus-
pected abnormalities of peripheral GFAP-expressing cells, such as
inflammatory bowel disease (50).

Neuronal IFs and disease
The major neuronal IF proteins in both the CNS and the PNS are
the NFTPs (NFL, NFM, and NFH). In the CNS, a-internexin is also
abundantly expressed in the same filament system as the NFTPs,
whereas in the PNS, another neuronal IF protein, peripherin, is
expressed (Figure 1). Neuronal IFs form the major structure in the
axon, and axon diameter correlates with neuronal IF content. In
a number of neurodegenerative diseases, large accumulations of
neuronal IFs, known as spheroids, have been observed in neuronal
cell bodies, as well as in axons.

Knockout and overexpression of neuronal IFs. To determine the
importance of neuronal IFs in human neurodegenerative diseas-
es, the genes encoding the major neuronal IF proteins have been
knocked out in mice as well as overexpressed. Surprisingly, mice
lacking neuronal IFs cannot readily be distinguished from their
wild-type or heterozygous littermates, although they exhibit vari-
ous degrees of reductions in axonal caliber and changes in spac-
ing between the neuronal IFs (Table 3). These knockout mice have
been described in more detail elsewhere (51), and we only sum-
marize the most salient features here. NFL-deficient mice exhibit
reduced axonal diameter and age-related death of approximately
20% of motor axons (52). Mice lacking some of the other neuronal
1818
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IF proteins also exhibit changes in axonal diameter (Table 3) (see
also refs. 51, 53). The relationship between the phenotypes of these
neuronal IF protein-deficient mice and human diseases is not evi-
dent, since no reports of humans lacking any of the neuronal IF
proteins have been reported to date. However, in the mutant quail
quiver, the absence of NFL, and therefore the absence of neuronal
IFs, leads to the “quivering” phenotype (54), suggesting that the
absence of neuronal IFs in humans would lead to much more
severe symptoms than in mice.

Since neurofilamentous inclusions are major hallmarks of
a number of different neurodegenerative diseases, mouse and
human NFTPs have been overexpressed in transgenic mice
(Table 3). Overexpression in mice of human NFTPs can lead to
neuronal dysfunction. Levels of expression may be important in
determining the severity of the phenotypes. In general, less seri-
ous effects are seen with the overexpression of mouse NFTPs, and
the overexpression of multiple neuronal IF proteins can lead to
increased radial diameter (reviewed in ref. 51). A dominant nega-
tive mutant NFH, when overexpressed in mice, led to perikaryal
neurofilamentous accumulations due to a block of transport of
neuronal IFs into the axon (S5). Axon diameter was reduced, and
some Purkinje cell death was observed in older mice (56). Inter-
estingly, both peripherin and a-internexin overexpression lead to
neurodegeneration and neuronal cell death (57, 58). The possible
relationship between these two neuronal IFs and neurodegenera-
tion is discussed later. The expression of a mutant NFL in which a
leucine residue in the rod domain was mutated to proline resulted
in abnormal accumulations and degeneration of spinal motor
neurons. Finally, studies from Willim Schlaepfer’s laboratory sug-
gest that there is an element in the 3’ UTR of NEFL (the official
name for the gene encoding NFL) that when mutated results in
motor impairment in transgenic mice (59). pI90RhoGEF, an RNA-
Volume 119
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Phenotypes of mice lacking neuronal IF proteins and mice overexpressing neuronal IF proteins

IF protein Phenotype

Mice lacking neuronal IF proteins

Ref.

NFL Absence of axonal IFs, decrease in axon caliber; abnormal axon conductance. Decreases in both NFM and NFH. 52
Loss of motor neurons (approximately 20%) and delayed maturation of regenerating myelinated axons.
Increase in microtubule content.

NFM Decrease in radial growth of large myelinated axons. Decrease in IF content. Decrease in NFL; increase 113, 114
in NFH. Atrophy of motor neurons and hind limb paralysis with aging. Increase in microtubule content.

NFH Small reduction in radial growth. Little reduction in spacing between neurofilaments. 115

NFM and NFH More severe reduction in radial growth than lack of NFM alone. Unassembled NFL in perikarya. 116

Peripherin Reduced number of unmyelinated sensory axons. Increased levels of a-internexin in ventral roots. 117

a-Internexin No effect on axonal caliber. No neuronal defects. 118

Mice expressing truncated neuronal IF proteins

NFH-tailA No effect on axonal diameter; slower radial growth. No change in interfilament spacing. 119

NFM-tailA Reduction in radial growth similar to NFM deficiency. Reduced spacing between neurofilaments. 120

Mice overexpressing neuronal IF proteins

NFL (mouse) Massive accumulations of neurofilaments in ventral horn motor neurons accompanied by increased axonal 121
degeneration, proximal axon swelling, and severe skeletal muscle atrophy.

NFM (mouse) Reduction in radial growth. No change in interfilament distance. 122

NFH (mouse) Reduction in radial growth. No change in interfilament distance. 116, 123

NFL + NFM; NFL + NFH Increase in radial growth. 116

NFL (human) Perikaryal accumulations in the thalamus. 124

NFM (human) Neuronal dysfunction and motor neuron loss. Neurofilamentous swellings (depending on level). 125127

NFH (human) Abnormal neurofilamentous swellings in cell bodies and proximal axons. Skeletal muscle atrophy. 128
Motor dysfunction. No motor neuron loss.

Peripherin Selective degeneration of motor axons during aging. Overexpression of peripherin in NFL null mice leads 129
to early-onset formation of IF inclusions and selective death of spinal motor neurons

a-Internexin Cerebellar torpedoes/Purkinje cell degeneration. 58

Mutant NFL Degeneration of motor neuron. Abnormal axonal and perikaryal accumulations of IFs. 130

(rod domain mutation) Atrophy of skeletal muscles.
Mutant NFL Impairment of motor function. Atrophy of nerve fibers in the ventral root. 59

(3" UTR mutation)

binding protein that binds to this 3" UTR regulates the stability
of NFL-encoding mRNA and interacts with NFL proteins as well.
p190RhoGEF also colocalizes with aggregates of NFL subunits in
degenerating motor neurons, providing alink among aggregation,
expression of NFL, and motor neuron disease (60). Posttranscrip-
tional regulatory mechanisms have been implicated in controlling
expression of neuronal IF proteins both in normal development
and in neurodegenerative disease. These mechanisms are described
in more detail in a recent review (61).

Neuronal IF inclusion disease. A recently described disease that
involves neuronal IFs is neuronal IF inclusion disease (NIFID). This
disease was first described in 2004 in a series of reports by Cairns et
al. (62, 63). Microscopically, this disease is characterized by neuronal
IF inclusions that contain neither synuclein nor tau. Thus, NIFID
is clearly distinguished from other diseases that involve filamen-
tous inclusions, such as synucleinopathies (e.g., Parkinson disease
and multiple system atrophy), tauopathies (e.g., Alzheimer disease
and frontotemporal dementia and parkinsonism linked to chro-
mosome 17 [FTDP-17]), and motor neuron disease. The inclusions
in NIFID are unusual in that a-internexin has been found to be
a major component. Although o-internexin immunoreactivity has
been observed in other neurodegenerative disorders, it is generally
a relatively minor component of the pathological neuronal inclu-
sions in these diseases. The prominent clinical phenotype of NIFID
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is frontotemporal dementia, and the most common symptoms
are behavioral and personality changes. Language impairment,
perseveration, executive dysfunction, hyperreflexia, and primitive
reflexes are frequent signs of the disease. Histological changes are
extensive in many cortical areas, deep gray matter, cerebellum, and
spinal cord. In the initial reports of the disease, the mean age of
onset was 40.8 years, and the mean age of death was 45.3. However
a recent report described a patient who developed the disease at
70 years of age (64). The number of cases of NIFID is still small,
and no genetic mutations leading to NIFIDs have been described.
However, it is interesting to note that gigaxonin-deficient mice have
o-internexin-positive inclusions that have been described as highly
reminiscent of the inclusions found in human NIFID (65).
Overexpression of a-internexin in transgenic mice leads to neu-
rofilamentous inclusions in the large pyramidal neurons of the
neocortex and in the ventral anterior and posteromedial nuclei of
the thalamus (58). However, the most obvious pathology in these
mice is found in the cerebellum, where numerous swellings of the
proximal portions of the axons of Purkinje cells have been observed.
These swellings, known as torpedoes, are filled with massive disori-
ented neuronal IFs. The mice have a deficit in motor coordination
that correlates with the morphological changes in Purkinje cells.
Furthermore, the neurofilamentous inclusions lead to progressive
loss of neurons in aged transgenic mice that is dependent on the
Number 7 1819
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Table 4
Forms of CMT and their genetic cause

Form of CMT Affected gene

Autosomal or X-linked dominant demyelinating disease

CMT1A PMP22 (duplication)

CMT1B LITAF

CMT1C EGFR2

CMT1D GJB1

CMT1E NEFL

CMT1X MPZ

Autosomal dominant axonal disease

CMT2A KIF1Bp

CMT2B RAB7

CMT2D GARS

CMT2E NEFL

CMT2F HSPB1

CMT2L HSPBS

CMT2-PO MPZ

Dominant intermediate disease

DI-CMTA Unknown

DI-CMTB DNM2

DI-CMTC YARS

DI-CMTD MPZ

Autosomal dominant or recessive severe demyelinating disease; CMT3
DSS Dominant (PMP22, MPZ, GJB1); recessive (MTMR2 and PRX)
CHN Dominant (EGR2, PMP22 and MPZ) and recessive (EGR2)

Autosomal recessive demyelinating disease

CMT4A GDAP1
CMT4B MTMR2
CMT4C MTMR13
CMT4D NDRG1
CMT4F PRX
CMT4 EGR2
Autosomal recessive axonal disease

CMT2A LMNA
CMT2K GDAP1

CHN, congenital hypomyelinating neuropathy; DSS, Dejerine-Sottas syn-
drome; DNM2, dynamin2; EGR2, early growth—response 2; GARS, glycyl

transfer RNA synthetase; GDAP, ganglioside-induced differentiation-associ-
ated protein; GJB1, gap junction membrane channel protein 1; KIF, kinesin

family member; LITAF, lipopolysaccharide-induced TNF-a factor; LMNA,
lamin A/C; MPZ, myelin protein 0; NDRG, N-myc downstream-regulated
gene; PO, myelin protein 0; PMP, peripheral myelin protein; PRX, periaxin.
Adapted from ref. 73.

level of a-internexin overexpression. Other correlations between
the presence of torpedoes and cerebellar disorders have been made
primarily in animal models (66, 67). However, it is interesting to
note that an increased number of cerebellar torpedoes have been
observed in a subtype of essential tremor, a syndrome character-
ized by a slowly progressive postural and/or kinetic tremor that is
present in as many as 23% of individuals more than 65 years old
(68, 69). This abundance of cerebellar torpedoes could ultimately
lead to Purkinje cell loss, suggesting that essential tremor could be
of potential interest in the studies of neuronal IF dysfunctions.
Charcot-Marie-Tooth disease. Studies in transgenic mice have suggest-
ed that overexpression of neuronal IF proteins can result in neuro-
filamentous inclusions. However, not all of these inclusions lead to
1820
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neurodegeneration (Table 3). The direct relationship between
mutations in the genes encoding neuronal IF proteins and
neurodegeneration has until recently been unresolved. It was
therefore of considerable interest when mutations in NEFL
were correlated with the neurodegenerative disease Charcot-
Marie-Tooth disease (CMT) (70, 71).

CMT is an inherited peripheral neuropathy that has been
linked to mutations in multiple genes (72, 73). It is a highly
prevalent sensory and motor neuropathy, with approximately
1 per 2,500 people affected in the general population world-
wide. The disease was originally subclassified into CMT1 and
CMT?2 based on nerve-conduction velocity (NCV): CMT1
patients have a reduced NCV, whereas CMT2 patients have
relatively normal NCV. CMT1 is generally a demyelinating
neuropathy, whereas CMT?2 is axonal. The existing clinical
overlap between different types of CMT suggests a common
pathogenic mechanism, and there is a relationship between
demyelination and axonal degeneration. Both these forms
of CMT are slowly progressive bilateral neuropathies with
distal predominance; patients lose the normal use of their
limbs, as nerves to the extremities degenerate. Patients show
a high degree of heterogeneity, both in the clinical presenta-
tion and at the genetic level. Mutations in a number of genes
important for myelin formation and maintenance have gen-
erally been identified as causing CMT1 as well as CMT3 and
CMT4 (CMT3 is a particularly severe demyelinating form of
CMT, whereas CMT4 is an autosomal recessive form) (Table
4). These include mutations in peripheral myelin protein 22
(PMP22), myelin protein 0 (P0), gap junction membrane chan-
nel protein 1 (GJBI, also known as connexin 32), and early
growth-response 2 (EGR2), which encodes a transcription
factor that binds to the GJBI promoter (reviewed in ref. 73).
The first gene found to be associated with CMT2 was NEFL,
and this association was observed in two different families
resulting from two different mutations (70, 71). Other muta-
tions that cause CMT?2 are listed in Table 4.

These first two CMT-associated NEFL mutations encode
changes in the rod domain (Q333P) and the head domain
(P8R) of NFL (Figure 1). The two mutations were found to
cause disruption of filament assembly in transfected non-
neuronal cells (74). This effect was dominant, since wild-type
NFL could not rescue the assembly defect. Furthermore, in
transfected cultured neuronal cells, the two mutations also
affected both slow and fast anterograde and retrograde axo-
nal transport and perturbed the localization and transport
of mitochondria (75, 76). Mutant NFL also caused the frag-
mentation of the Golgi apparatus and increased neuritic

degeneration. Although these studies were done in cells overex-
pressing the mutant proteins, the dominant effects are consistent
with the disease, suggesting that generalized defects in axonal
transport could be responsible for this neuropathy.

Since the first two CMT-linked NEFL mutations were described,
additional mutations in NEFL have been identified both in fami-
lies and in individual CMT cases (77). These mutations primarily
encode changes in the head and rod domain. Two mutations that
were described in the tail domain turned out not to be pathogenic.
Patients with NEFL mutations are generally classified as having
CMT2E (although some have been classified as having CMT1F),
because of a markedly reduced NCV more typical of CMT1. The
mutations lead to disease with different ages of onset and sever-
Volume 119

Number7  July 2009



ity. Electron micrographs from patients with dx mutations show
pathological hallmarks characteristic of CMT, including concen-
tric sheaths (“onion bulbs”) that are consistent with a myelina-
tion defect (77, 78). This suggests crosstalk between the mutant
NFL in the axon and the surrounding myelin. EM studies from
patients with other NEFL mutations show giant axons, i.e., axonal
swellings surrounded by an extremely thin myelin sheet, and in
one case many myelinated fibers consisting exclusively of micro-
tubules with few or absent neuronal IFs (79) (Figure 2, C and D).
The pathology overlaps with the previously described GAN, which
is also classified as a neuronal CMT (72).

A number of CMT-associated NEFL mutations have been tested
for their ability to self assemble and coassemble with wild-type
NFTPs (80). The results showed that all pathogenic mutations dis-
rupted the assembly and transport of neuronal IFs. Transfection
experiments have been helpful in determining whether a mutation
is pathogenic. In one study, two unrelated patients were identified
with the same mutation in the rod domain (1214M) (81). Transfec-
tion studies showed no abnormalities in filament assembly, and
one of these patients had a sibling who did not carry the NEFL
1214M mutation but still developed CMT. Therefore this muta-
tion is unlikely to be the main cause of CMT in these two patients,
although it is possible that it was an additional risk factor for the
disease. In another case, a duplication/insertion mutation in NEFL
in a patient with CMT resulted in expression of a truncated NFL
protein that contained only a portion of the head domain (82). This
truncated NFL was apparently sufficient to disrupt neurofilament
assembly in transfected cells. A large-scale study on CMT patients
has determined that mutations in NEFL are responsible for approxi-
mately 2% of CMT cases and a high percentage of CMT?2 cases (77).

Mutations in the genes encoding two proteins that can inter-
act with neurofilaments have also been shown to cause CMT.
HSPB1 (also known as Hsp27) has been reported to interact with
a number of IF proteins and influence their assembly. Mutations
in HSPB1 have been reported to cause a new subtype of the axonal
form of CMT, CMT2F (83). In cotransfection experiments, mutant
HSPB1 was found to have an inhibitory effect on the assembly of
NFL in transfected cells. Further studies in cultured motor neu-
rons showed that the coexpression of wild-type HSPB1 diminished
the aggregation of CMT mutant NFL, whereas the expression of
mutant HSPB1 resulted in progressive degeneration of motor
neurons as well as disruption of the neurofilament network, con-
sistent with studies in nonneuronal cells (84). A second protein
that interacts with NFL and has been linked to CMT is myotubu-
larin-related protein 2 (MTMR2) (85). Mutations in MTMR2 cause
a subtype of CMT, called CMT4B (Table 4), and mutant MTMR2
induces abnormal NFL assembly in transfected cells (86). It should
be noted that mice lacking MTMR2 develop a CMT-like neuropa-
thy, including several characteristics of dysmyelination (87). This
same phenotype was observed following Schwann cell-specific
MTMR2 inactivation, whereas neuron-specific inactivation did
not result in an obvious phenotype (88). As described before, NFL-
deficient mice do not exhibit a CMT-like neuropathy (52). How-
ever, despite their apparently normal appearance, they do exhibit
loss of motor neurons and markedly reduced axon diameters; it is
therefore possible that the NFL assembly defects induced by dis-
ease-linked MTMR2 mutations could contribute to the pathogen-
esis of CMT4B in humans.

Amyotropbic lateral sclerosis. One disease in which neurofilamen-
tous accumulations have long been described is amyotrophic
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lateral sclerosis (ALS, often known as Lou Gehrig’s disease) (89,
90), a progressive, fatal neurodegenerative disease caused by the
degeneration of motor neurons. Motor neurons in patients with
ALS accumulate protein aggregates of neuronal IFs, spheroids, in
the perikarya and axons. Because of the presence of neuronal IFs
in these spheroids, several studies have searched for mutations in
the genes encoding NFTPs and there are reports of codon dele-
tions in the tail domain of NFH in sporadic ALS cases as well as
some potential mutations in the tail domain of NFM (91, 92).
However, no mutations in genes encoding NFTPs have been iden-
tified in familial cases of ALS, and there are no published reports
of assembly studies in cells transfected with the putative sporadic
ALS NFH and NFM mutants. Superoxide dismutase 1 (SOD1)
is mutated in 10% of familial cases of ALS, and the association
of neurofilaments and SOD1 has been studied in a number of
transgenic mouse models. There are a number of excellent review
articles on this association, and we therefore do not discuss them
here (see, for example, refs. 51, 93). Instead, we limit our discus-
sion to the most recent studies describing the linkage between
ALS and peripherin mutations.

Peripherin has been found in spheroids of motor neuron dis-
ease together with neurofilaments (94). Furthermore, peripherin-
positive Lewy body-like inclusions, a type of cytoplasmic inclusion
that usually contains a-synuclein and is abundant in the brains
of patients with Parkinson disease, have been observed in motor
neuron perikarya of 9 of 40 ALS cases (and not in controls). These
inclusions do not express aB-crystallin, NFTPs, a-internexin,
actin, or a-synuclein (95). Peripherin overexpression in transgenic
mice results in late-onset motor neuron disease (Table 3). This
defect is exacerbated if the mice also lack NFL.

Several additional studies point to a role for peripherin in ALS.
A recently identified splice variant of mouse peripherin that
results in an aberrant peripherin protein has been linked to ALS
(96). This form of peripherin includes intron 4, which is spliced
out of the most abundant form of the protein, keeping the read-
ing frame and thereby resulting in a larger form of peripherin
(Per61) (Figure 1). An antibody specific for a peptide encoded by
this intron stains the filamentous inclusions in the SOD mutant
mouse model of ALS and also axonal spheroids in tissue from
individuals with ALS. The latter result is puzzling, since inclusion
of human intron 4 would lead to a truncated protein unless there
is also a frame shift. In a later study, a novel human peripherin
transcript that retains both introns 3 and 4, which are spliced
out of the most abundant form of human peripherin, resulting
in a truncated peripherin (Per28), was described (Figure 1). Per28
was upregulated at both the protein and mRNA levels in a case
of human ALS, and an antibody specific for Per28 stained the
filamentous inclusions (97). These studies suggest that missplic-
ing of peripherin could lead to disease. These are very intriguing
results that should be followed up.

Additional reports have also implicated mutations in peripherin
with ALS. These studies include sequencing the peripherin gene
in sporadic and familial ALS cases. In one study, eighteen poly-
morphic variants were detected in both ALS and control popu-
lations, and two variants were discovered only in ALS cases (98).
One of these variants consists of a single base pair deletion in exon
1 of the peripherin gene that generates a truncated peripherin of
85 amino acids. This truncated peripherin disrupts neuronal IF
assembly in transfected cells, similar to the CMT-linked truncated
NFL mutant described above (82). One of the variants described
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in this study was also identified in a second study. In this case, the
patient had this variant in both copies of peripherin (99). Assem-
bly studies suggested that this peripherin variant was not suffi-
cient to cause assembly defects by itself, but the variant could not
self assemble, consistent with the fact that the patient had both
copies of peripherin mutated.

Concluding comments and future directions

In this review, we have described some of the recent evidence of
the roles that dysfunctions of IFs of neurons and glial cells may
play in neurodegenerative diseases. Transgenic mouse models
have been somewhat helpful in delineating the course of these
diseases, although the results of knockouts and overexpression
of normal and mutated IF proteins in transgenic mice have not
always been completely clear-cut. A number of investigations
regarding the roles of IF proteins are being pursued. Among
these are the roles of the links between the various cytoskeletal
elements as well as the role that IF proteins may play in signaling.
Interactions between IFs and plakin proteins, which link cyto-
skeletal elements together and connect them to cell junctions, are
known to occur and have now also been observed for GFAP and
plectin (19). Other plakins are expressed in the nervous system
and may also interact with IF proteins. In an in vitro study, PKCe
was shown to associate with peripherin by immunoprecipitation
and induce its aggregation. This aggregation was coupled with an
increase of apoptosis, and both aggregation and apoptosis could
be suppressed using siRNAs to PKCe (100). Keratin IFs have been
shown to be regulators of key signaling pathways that control cell
survival and cell growth (101). We would expect that IF proteins
in neurons and glial cells could also play similar roles, and these

are areas that are open for future investigations. Although not
described in detail in this Review, recent studies on mRNA stabil-
ity of neuronal IFs and their link to neurodegeneration clearly are
also areas open for future work (61).

The involvement of IF proteins in neurodegenerative diseases
leads to the obvious question as to potential therapeutics. To screen
potential drugs, cell-culture systems expressing mutant IF proteins
resulting in aggregates are possible starting points. If compounds
that can alleviate these aggregates can be identified, the transgenic
mouse models would be helpful in determining whether these com-
pounds work in a whole animal. Additional transgenic mouse mod-
els are also still needed; for example, there are no published mice
expressing the mutant forms of NFL that cause CMT2.
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