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Abstract Laminins are extracellular matrix (ECM) proteins
that play an important role in cellular function and tissue
morphogenesis. In the peripheral nervous system (PNS),
laminins are expressed in Schwann cells and participate in
their development. Mutations in laminin subunits expressed
in the PNS and in skeleton muscle may cause peripheral
neuropathies and muscular dystrophy in both humans and
mice. Recent studies using gene knockout technology, such
as cell-type specific gene targeting techniques, revealed that
laminins and their receptors mediate Schwann cell and axon
interactions. Schwann cells with disrupted laminin expres-
sion exhibit impaired proliferation and differentiation and
also undergo apoptosis. In this review, we focus on the
potential molecular mechanisms by which laminins partic-
ipate in the development of Schwann cells.
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Introduction

Laminins, heterotrimeric molecules, are critical components
of the ECM. At present, 5 α chains, 4 β chains, and 3 γ
chains have been identified, and of the 60 potential trimeric
molecules that could be generated from these chains, 15
have been observed [1–3]. Laminins are present in both

central and peripheral nervous systems [2, 4–11], including
the neuromuscular junction [12–17]. Laminin function in
the nervous system is varied: they play roles in neurite
outgrowth and axon pathfinding [18], brain development
[1, 19, 20], pathology [21], and in peripheral nerves
development [22–25]. Laminins play at least three over-
lapping roles in mammals [26]: (1) they compose a major
structural element of the basement membrane [27, 28]; (2)
they provide attachment sites for cells via cell surface
proteins (e.g., dystroglycan) [29]; and (3) they act as
ligands for receptors on cells (e.g., integrins) and thereby
initiate signals that influence cell behavior and survival
[30].

Among the 15 known laminin isoforms, laminin 2
(α2β1γ1), laminin 10 (α5β1γ1), and low levels of laminin
8 (α4β1γ1) are expressed in the endoneurium of the
peripheral nerves [17, 31]. Laminins play critical roles in
peripheral nerve myelination as α2 laminin gene mutations
in mice (dy/dy and dy2J/dy2J) [32, 33] or humans (CMD)
[34] result in muscular dystrophy and peripheral nerve
myelination defects [35–37]. In the past few years,
considerable progress has been made in understanding the
function of laminins in PNS development and the mecha-
nism by which laminins regulate Schwann cell behavior
and survival. Therefore, in this review, we discuss the
potential molecular mechanisms of laminins in PNS
development.

Laminin Function in Peripheral Nerve Development

The importance of laminins in PNS development was
identified when it was discovered that mutations in the α2
laminin gene caused peripheral neuropathies in both
humans [34] and mice [32, 33, 38]. Mutant mice display
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axonal hypomyelination in which axon bundles are naked
as they lack ensheathment and myelination [35, 39].
Furthermore, the endoneurium basal lamina is disrupted,
nerve conduction velocity is reduced [40], and nodes of
Ranvier undergo morphological changes [41].

Further studies revealed that peripheral nerve defects in
laminin mutant mice or human patients are because of the
abnormal development of Schwann cells that lack normal
laminin expression. In the peripheral nerves of the α2 laminin
mutant mice (dy and dy2J), both laminin α4 and laminin
α1 are upregulated in the endoneurium, yet the phenotype
is mild [17, 42] (Table 1). However, the Schwann cell-
specific knockout of laminin γ1 chain abolished all laminin
subunit expression in these cells [23, 25]. These mice
exhibited severe hind limb paralysis, muscular dystrophy,
and impaired survival with few mutant mice reach
adulthood. The peripheral nerves are much thinner than
controls and are grossly translucent rather than the opaque
white of the normal myelinated nerves. The nerve conduc-
tion velocity is dramatically decreased. Under light or
electron microscope, the nerve fibers are severely hypo-
myelinated. Most axons are naked and tightly compacted
together, whereas Schwann cell numbers are dramatically
decreased [25]. There are a few axons that contain myelin
sheaths, which could be caused by the close contact of
these Schwann cells to the perineurium or blood vessels
that express laminins. During development, Schwann cells
lacking laminin expression do not extend processes
between axons and lack a continuous basal lamina [23,
25]. The induction of both Krox-20 and Oct-6 is not
affected in the mutant Schwann cells, but the maintenance
of Krox-20 and the downregulation of Oct-6 in later
postnatal stages is impaired. The mutant Schwann cells
are arrested at the premyelinating stage. During later
embryonic and perinatal stages, Schwann cell proliferation
is dramatically impaired. Postnatally, γ1 laminin-null
Schwann cells exhibit increased apoptosis. Therefore,
laminins play important roles in Schwann cell proliferation,
differentiation, and survival during PNS development [25].

Mechanism of Laminin Function in the Regulation
of Schwann Cell Proliferation

During embryonic development (mice at E12/E13), Schwann
cell precursors are derived from the neural crest, migrate along
the peripheral axons, and ultimately differentiate into myelin-
ating or nonmyelinating Schwann cells. During late embryonic
and perinatal stages, Schwann cells and their precursors
proliferate vigorously to rearrange, sort, and ensheath axons
[43]. In laminin γ1 knockout and dy2J/α4 knockout mice,
Schwann cell proliferation is dramatically decreased during
late embryonic and perinatal stages (Fig. 1). As axons are a T
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major source of Schwann cell mitogens [44, 45], impaired
radial sorting can prevent Schwann cell exposure to axons,
resulting in reduced Schwann cell proliferation. Neuregulin-
β1 is a major axon-derived Schwann cell mitogen, which can
interact with and trigger the phosphorylation of receptor
tyrosine kinases ErbB2 and ErbB3 on Schwann cells [45]. In
the peripheral nerves of γ1 laminin knockout mice, the levels
of total ErbB2 and ErbB3 are similar to that of the control
mice. However, the phosphorylation of these two receptors is
dramatically decreased in the nerves of mutant mice [25].
Therefore, the inability of laminin-null Schwann cells to be
exposed to axon-derived mitogens is a major cause of
impaired proliferation in the γ1 laminin knockout mice. This
result suggests that laminin-mediated interactions between
Schwann cells and axons play an essential role in prolifera-
tion. Schwann cell proliferation in the peripheral nerves of
dy2J/α4 knockout mice is also impaired; however, it remains
unclear whether the phosphorylation of ErbB2 and ErbB3
receptors in these mice is also impaired [24]. As laminins can
directly promote Schwann cell proliferation in vitro [24, 46,

47], it is possible that the lack of laminin expression also
directly contributes to decreased proliferation (Fig. 4).

Laminin receptors involved in peripheral nerve develop-
ment are α6β1integrin, α6β4, and dystroglycan [48].
Before birth, only α6β1integrin is expressed in Schwann
cells [42]. However, Schwann cell proliferation is unaffect-
ed in the peripheral nerves of Schwann cell-specific
β1integrin knockout mice [49]. This observation implies
that the receptor mediating laminin function in Schwann
cell proliferation during later embryonic stages is not
understood. One hypothesis was that other laminin recep-
tors, such as β4 or dystroglycan, are upregulated and
compensate for the lack of β1. However, this is not the
case, as neither β4 nor dystroglycan is upregulated in the
peripheral nerves of β1 integrin knockout mice. Further-
more, other α chains that can normally form heterodimers
with β1 integrin such as α2, α3, and α7 are also not
upregulated [42]. These results raise the possibility that an
unknown, alternative receptor may mediate laminin func-
tion in Schwann cell proliferation.

Schwann Cell Proliferation
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Fig. 1 Schwann cell proliferation is reduced in γ1 laminin knockout
mice. a Transverse sections of sciatic nerve from control and mutant
mice at E18.5 were triple stained for BrdU (green), DAPI (blue), and
neurofilament (red). The images of BrdU/DAPI and BrdU/neurofila-
ment (NF) were merged. Schwann cells in the mutant mice showed
reduced nuclear BrdU incorporation (compare b, d, and f to a, c, and

e). b Plot of the percentage of BrdU-positive nuclei at various
developmental stages. The ratio of BrdU-incorporated nuclei are
significantly reduced in mutant nerves at E15.5, E17.5, and E19.5/P0
(n=6 per genotype per day, **p<0.001) (For materials and methods,
refer to reference [25])
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Mechanism of Laminin Function in Schwann Cell
Survival

Throughout development, the mechanisms involved in
Schwann cell survival are varied. At E12-13, the survival
of Schwann cell precursors depends on axon-derived signals
such as neuregulins/ErbB, whereas after E15, immature
Schwann cells lose this dependency by establishing an
autocrine signal to survive on their own [50]. As ECM
proteins such as laminins play important roles in maintain-
ing cell viability [8, 51], it is not surprising that Schwann
cells lacking laminin expression exhibit increased apoptosis
(Fig. 2). However, increased Schwann cell apoptosis in the
γ1 laminin knockout mice only occurs during postnatal
stages. At E15.5 and E17.5, there are very few apoptotic
cells in the peripheral nerves and there is no difference
between control and knockout mice. In contrast, the
percentage of apoptotic cells in mutant nerves progressively
increases in postnatal stages, peaking at P15, and then
gradually declines as the nerves mature. Control nerves
show very few apoptotic cells during these stages (Fig. 2).

As axon-derived survival signals appear to be only
important in early postnatal developmental stages [52], it is
unlikely that late postnatal cell death is caused by an
improper Schwann cell/axon relationship. In the P0/Cre:
fLAM γ1 knockout mouse line [25], laminin expression is

disrupted around E13.5 to 14.5, and Schwann cell death
increased at P0. In another γ1 laminin knockout mouse
line, CaMKII/Cre:fLAM γ1 [23], laminin expression in
Schwann cells is ablated around E17.5, and the disruption
is incomplete. Schwann cell apoptosis increased around
P10 in the CaMKII/Cre:fLAM γ1 model and is less severe
than the P0/Cre:fLAM γ1 mice [25]. This delayed apoptosis
suggests that laminins may be important for long-term
survival of Schwann cells [53].

Several signaling pathways are important in regulating
Schwann cell apoptosis, including PI 3-kinase/Akt and trans-
forming growth factor β (TGFβ) pathways. In a cell culture
system, PI 3-kinase activity is important for maintenance of
Schwann cell viability [54]. TGFβ has been shown to induce
Schwann cell embryonic apoptosis during development by
activating c-Jun [55, 56]. In differentiating Schwann cells,
expression of Krox-20 turns off TGFβ signaling and renders
the Schwann cells resistant to apoptosis [57]. Schwann cells
lacking laminin γ1 fail to express Krox-20 [23] at later
postnatal stages. Therefore, lack of laminins in Schwann cells
could result in an activated TGFβ death signal and a reduced
PI 3-kinase survival signal, rendering the Schwann cells
prone to apoptosis. In determining the signaling pathways
involved in Schwann cell apoptosis in the laminin γ1
knockout mice, the phosphorylation levels of Akt/PKB
protein, Jun-N-terminal kinase (JNK), and c-Jun (for TGFβ

b
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Fig. 2 Schwann cells in γ1 laminin knockout mice undergo
apoptosis. a Transverse sections of sciatic nerve from control and
mutant mice at P12 were stained with TUNEL (red) and DAPI (blue),
and the images were merged. Apoptotic cells were obvious in the
mutant nerve but not detected in the control nerves at this stage. b Plot

of the percentage of TUNEL-positive nuclei at various developmental
stages. The ratio of TUNEL-positive nuclei are significantly higher in
mutant than in controls at P0, P5, P15, and P28 (n=6 per genotype per
day, **p<0.001) (For materials and methods, refer to reference [25])
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signaling pathway) were analyzed. In the peripheral nerve of
knockout mice, the phosphorylation levels of Akt at P0, P5,
P15, and P28 were significantly lower than that of the control
[25]. In adults, it is also slightly lower than the control.
Further analysis revealed that the phosphorylation of glyco-
gen synthase kinase 3β (GSK-3β) in the peripheral nerve of
these knockout mice is also significantly lower than that of
the control. Common markers of apoptosis, caspase-9, -3, and
-7 were found in the activated form in the mutant nerves [25].
Differences in phosphorylation levels of JNK and c-Jun in
peripheral nerves from mutant and control mice were not
detected. Therefore, laminins may maintain Schwann cell
viability through PI3K/Akt signaling pathway (Fig. 4).

In α2, α4, and dy2J/α4 laminin knockout mice,
increased Schwann cell apoptosis was not observed [24].
However, in these mutant mouse lines, other laminin sub-
units were expressed. For example, in dy or dy2J mutant
mice, both α1 and α4 are upregulated in peripheral nerves.
In α4 knockout mice, α2 expression remains the same as
control mice. In the dy2J/α4 knockout mice, α1 is signif-
icantly increased and a small amount of α2 chain is still
expressed in the Schwann cells (see Table 1). These obser-
vations indicate that they may be functionally compensating
for the lack of other laminin chains. In the laminin γ1
knockout mice, however, expression of all laminin subunits is
abolished. These differences may explain why only laminin
γ1 knockout mice exhibit increased Schwann cell apoptosis.

In the β1 integrin knockout mice, increased Schwann cell
apoptosis is not observed [49]. As the lack of laminins cause
increased Schwann cell apoptosis only after birth, at this
stage, other laminin receptors such as β4 and dystroglycan
are expressed and may compensate for the lack of β1
integrin. It will be interesting to see whether the β1 integrin/
dystroglycan double knockout mice show increased
Schwann cell apoptosis.

Mechanism of Laminin Function in Schwann Cell
Differentiation

In the peripheral nerves of later postnatal and adult laminin
γ1 knockout mice, there are only two types of Schwann
cells: one type that forms myelin and still associates with
laminins for unknown reasons, and another type that is
arrested at a premyelinating stage, has a disrupted basal
lamina, and does not have laminins (Fig. 3) [23, 25]. This
phenotype indicates that laminins are important in Schwann
cell differentiation.

Transcription factors that play key roles in Schwann cell
differentiation are the POU domain protein Oct-6 (also
known as Tst-1 or SCIP) and the zinc-finger protein Krox-
20 [58–60]. Oct-6 is expressed in all Schwann cells in late
embryogenesis and early postnatal periods with the highest

expression in promyelinating Schwann cells [60, 61]. In
contrast, Krox-20 is expressed only in the myelin-produc-
ing Schwann cells, which continue to express detectable
levels of Krox-20 protein throughout life [62, 63]. Genetic
and cell biological studies suggest that these transcription
factors can interact with each other [63–67]. In promyeli-
nating Schwann cells, Oct-6 is strongly induced by axonal
contact-related signals (e.g. neuregulin I type III) [68], and
Krox-20 is expressed subsequently. High expression of
Krox-20 is required for the downregulation of Oct-6 after
the peak of myelination and for the activation of the major
myelin genes, such as P0, myelin basic protein (MBP), and
enzymes required for synthesis of normal myelin lipids. In
laminin γ1 knockout mice, the induction of Oct-6 expres-
sion in Schwann cells is similar to that of control mice
during late embryonic and early postnatal stages. During
late postnatal stages, Schwann cells in control mice
gradually downregulate Oct-6 expression, but Schwann
cells in mutant mice failed to downregulate Oct-6.
Induction of Krox-20 in mutant Schwann cells is similar
to that of the control, but during later postnatal stages, the
maintenance or upregulation of Krox-20 in mutant
Schwann cells is impaired [25]. Therefore, laminins are
not required for the induction of Oct-6 and Krox-20 but is
instead essential for the maintenance of Krox-20 expression
and the downregulation of Oct-6.

As axonal sorting is necessary for Schwann cell
differentiation and this process is severely impaired in the

* *

*
*

*

S

2 µm

Fig. 3 Schwann cells lacking laminin expression are arrested at the
premyelinating stage. An electron micrograph of P28 mutant sciatic
nerve shows that a Schwann cell (S) that does not have continuous
basal lamina was unable to extend cytoplasmic processes between
axons (asterisks) and arrested at the premyelinating stage (For
materials and methods, refer to reference [25])
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peripheral nerves of the laminin γ1 knockout mice, the
changes in Oct-6 and Krox-20 expression in mutant
Schwann cells may be a consequence of impaired radial
sorting. In Oct-6 or Krox-20 knockout mice, axonal radial
sorting is normal [59, 69], indicating that regulation of Oct-
6 or Krox-20 expression is downstream of axonal radial
sorting. We speculate that impaired regulation of Oct-6 or
Krox-20 expression in the laminin γ1 mutant Schwann
cells is because of the failure of laminin-null Schwann cells
to sort axons (Fig. 4). We further deduce that incomplete
axonal sorting also contributes to impaired Schwann cell
differentiation (Fig. 4).

Laminin in Axonal Radial Sorting

Axonal radial sorting in the peripheral nerves of all laminin
mutant mice is impaired [24, 25], and this impaired radial
sorting may be the underlying mechanism for many of the
phenotypes exhibited in these mutant mice. For example,

reduced Schwann cell proliferation in laminin γ1 knockout
mice is because of the incomplete radial sorting or
inaccessibility of Schwann cells to axon-derived mitogens,
and impaired Schwann cell differentiation could also result
from improper axon sorting. How laminins regulate
Schwann cell sorting of axons is currently unknown. As
ECM proteins regulate cytoskeleton organization in many
cell types [29, 70, 71] and Schwann cells lacking laminin
expression fail to extend cytoplasmic processes, laminins
may participate in Schwann cell sorting of axons by
regulating cytoskeleton arrangement. Mice with a β1
integrin deficiency in their Schwann cells also exhibit
impaired radial sorting of axons [49]. Therefore, β1
integrin-containing receptors may mediate laminin function
in axonal sorting.

Focal adhesion kinase (FAK) and paxillin play critical
roles in β1 integrin-dependent signaling [72, 73]. β1
integrin, FAK, and paxillin colocalize with each other at
focal adhesions [74]. FAK is an intracellular protein
tyrosine kinase that rapidly autophosphorylates in response

inhibitionactivation

PI 3-kinase
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GSK-3 β

survival
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Fig. 4 A proposed model of laminin function in Schwann cell
development (based on the results from references [25, 49]). Laminins
mediate Schwann cell/axon interactions through integrin and/or other
receptors, leading to axonal radial sorting. During this process,
Schwann cells are exposed to axon-derived mitogens such as
neuregulin. Neuregulin binding to Erb B receptors on Schwann cells
triggers their proliferation (phosphorylation of Erb B receptors is
reduced and Schwann cells proliferation is impaired in laminin KO
mice). Laminin-mediated axonal sorting enables the transition of
premyelinating Schwann cells to promyelinating Schwann cells and
upregulates Krox-20 expression, which then downregulates Oct-6.

Schwann cells lacking laminin expression are arrested at the
premyelinating stage, Krox-20 expression is not sustained, and Oct-6
is not downregulated in postnatal stages in laminin mutant nerves.
This regulation of gene expression further promotes myelinating
Schwann cell differentiation and axonal myelination. Laminins also
play important roles in Schwann cell survival. Laminins binding to
integrin receptors activates PI-3 kinase, which phosphorylates and
inactivates GSK-3 β. Inactivation of GSK-3 β suppresses apoptosis
and therefore promotes Schwann cell survival. As there is a delay
between loss of laminin expression and increased apoptosis, laminins
may be required for long-term survival of Schwann cells
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to β1 integrin binding to ECM [75]. Paxillin is an adaptor
protein that integrates adhesion-dependent signals with
changes in actin organization and gene expression. It is
phosphorylated after cell activation by the ECM [73]. FAK
and paxillin specifically coimmunoprecipitate with β1
integrin in differentiating SC/DRG neuronal cocultures but
not in Schwann cell-only cultures, and tyrosine phosphor-
ylation of FAK and paxillin increase as Schwann cells form
basal lamina and differentiate [76]. In addition, actin has
also been implicated in both changes in cell shape and gene
expression associated with Schwann cell differentiation
[77]. Therefore, it is possible that laminins may bind to β1
integrin and recruit FAK and paxillin as signal transducers
to induce cytoskeleton reorganization for axonal sorting.

Role of Different Laminin Isoforms in PNS
Development

Although the many versions of laminin mutant mice all
show a similar hypomyelination phenotype in their periph-
eral nerves, there are some differences between these mice:
(1) In the peripheral nerve of α4 mutant mice, there are
some polyaxonally myelinated small bundles (multiple
unsorted axons wrapped by myelin sheath), which is rare
in α2 and γ1 laminin knockout mice; (2) the spinal root is
nearly normal in α4 knockout mice, but hypomyelination is
more severe in the root than in the distal part of peripheral
nerves in α2 mutant mice. Spinal root and nerves are
similarly affected in γ1 laminin knockout mice; (3) Basal
lamina in the PNS is normal in α4 mutant mice, but is
disrupted or discontinuous in α2 mutant and γ1 laminin
knockout mice; (4) Schwann cells in γ1 laminin knockout
mice undergo increased apoptosis, which is not observed in
α2, α4, and dy2J/α4 double mutant mice [24, 25]. These
differences may be a result of compensation from different
isoforms (Table 1), suggesting that laminin isoforms may
play distinct roles in different areas of the PNS during
development.

In the distal part of peripheral nerves of dy and dy2J
mice, both α1 and α4 are upregulated and the nerve only
shows minor defects in axon sorting and myelination. In
contrast, only α4 is expressed in the spinal root and
myelination defects are more severe in this region.
Therefore, laminin 1 (α1β1γ1) alone or incorporation with
laminin 8 (α4β1γ1) promotes axon myelination in the
distal part of peripheral nerves of dy or dy2J mice (see
Table 1). In α4 knockout mice, expression of other laminin
chains does not change, and peripheral nerves show minor
defects whereas spinal roots are nearly normal, indicating
that laminin 8 is necessary for myelination of some axons
in the distal nerves. It remains unclear whether laminin 2
and 8 are respectively responsible for myelination of

specific subpopulations of axons in the PNS. In dy2J/α4
knockout and α2/α4 double knockout mice, distal nerve
myelination is severely affected. In the spinal roots of dy2J/
α4 knockout, α5 and mutant α2 are expressed and axons
are completely sorted and myelinated although there is no
basal lamina formed, demonstrating that the basal lamina is
not required for myelination. In α2/α4 double knockout
mice, both root and distal nerves are severely hypomyeli-
nated, which is similar to γ1 laminin knockout mice.
Therefore, laminin 2 and 8 together are responsible for
axonal sorting and myelination in both spinal root and
peripheral nerves. However, in the spinal root of dy2J/ α4
knockout mice, mutant laminin 2 (α2) cooperates with
laminin 10 (α5) and can sort and myelinate almost all the
axons. In the spinal root of dy2J mice, laminin 8 (α4)
somehow interferes with the collaboration between mutant
laminin 2 and laminin 10; therefore, axons cannot be sorted
and myelinated. When laminin 10 is ectopically expressed
in the peripheral nerves of dy2J/ α4 knockout mice, axonal
sorting and myelination is dramatically increased, indicat-
ing that laminin 10 promotes axonal sorting and myelina-
tion through collaboration with mutant laminin 2 [24]. In
γ1 laminin knockout mice, where compensation by other
laminins is not possible, the hypomyelination phenotype is
most severe [25] (Table 1).

Laminins in Muscular Dystrophy

There are three spontaneous α2 laminin mutant mouse lines
that cause dystrophy (for review see [41]). They are
Lama2dy [78], Lama2dy2J [79], and Lamdypas [80]. As
knockout of α2 laminin in mice showed similar muscular
dystrophy and peripheral neuropathy to dystrophic mice
[81–83], these mutations most likely cause loss-of-function
of α2 laminin. In dystrophic mice, both muscle and
peripheral nerves are affected, and the phenotypes are a
combination of nerve and muscular pathology. How
peripheral neuropathy contributes to the phenotype is not
clear. A recent study showed that muscle-specific expres-
sion of a human α2 laminin transgene in α2-deficient mice
greatly improved muscle pathology. However, these ani-
mals still exhibit progressive lameness of their hind legs,
which may be caused by the uncured peripheral nerve
hypomyelination [82]. This study suggests that peripheral
neuropathy is a critical pathologic component of the
dystrophic phenotype in these mutant mouse lines. Our
studies from Schwann cell-specific γ1 laminin knockout
mice also demonstrate that laminin deficiency in peripheral
nerves alone without affecting skeleton muscle can cause
severe muscular dystrophy and hind limb paralysis [23, 25].

Mutations in α2 laminin cause merosin-deficient con-
genital muscular dystrophy in humans [34] (MD-CMD or
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MDC1A), which is the most common type of congenital
muscular dystrophy. These mutations cause deficient or
nonfunctional laminin 2. The pathologic changes in the
peripheral nerves of MD-CMD patients are similar to that
of dystrophic mice in terms of abnormal myelination. Sural
nerve biopsies reveal hypomyelination or hypermyelina-
tion and reduction of large fibers, although naked axons
are rare [38, 84–86]. It is not clear whether the spinal root
in these patients have axon sorting defects. In most MD-
CMD patients, the nerve conduction velocity is reduced
[38, 86, 87]; therefore, the peripheral nerve abnormality
most likely contributes to the phenotypes. These studies
suggest that the peripheral nerve and skeletal muscle pa-
thology could both be therapeutic targets for treating MD-
CMD patients.

Conclusions

Recent studies using transgenesis and gene knockout
technology have revealed important features of laminin
functions in PNS development: (1) laminins can mediate
axonal sorting and myelination without basal lamina
formation, indicating that signals from laminins are impor-
tant for Schwann cell development; (2) laminin-mediated
axonal sorting enables Schwann cell access to axon-derived
mitogens and triggers their proliferation; (3) laminins are
required for the transition from premyelinating Schwann
cell to promyelinating Schwann cell via the maintenance of
Krox-20 expression and the downregulation of Oct-6; and
(4) laminins play important roles in the long-term survival
of Schwann cells. Further understanding of the precise
signaling pathways of laminins in Schwann cell develop-
ment, axon sorting, and myelination will facilitate the
development of new efficient methods for treating periph-
eral neuropathies such as MD-CMD in humans.

Acknowledgements We thank Prabhjot Dhadialla and Dr. Erin
Norris for the comments on the manuscript, and Dr. Sidney Strickland
and Dr. Karen Carlson for the useful discussion. Work in our
laboratory is supported by grants from the NIH (NS035704-08 and
NS038472-07), the Adelson Program in Neuronal Repair and
Rehabilitation, and the Muscular Dystrophy Association (MDA4066).

References

1. Colognato H, Yurchenco PD (2000) Form and function: the
laminin family of heterotrimers. Dev Dyn 218:213–234

2. Grimpe B et al (2002) The critical role of basement membrane-
independent laminin gamma 1 chain during axon regeneration in
the CNS. J Neurosci 22:3144–3160

3. Yin Y et al (2003) Expression of laminin chains by central
neurons: analysis with gene and protein trapping techniques.
Genesis 36:114–127

4. Hagg T, Muir D, Engvall E, Varon S, Manthorpe M (1989)
Laminin-like antigen in rat CNS neurons: distribution and changes
upon brain injury and nerve growth factor treatment. Neuron
3:721–732

5. Zhou FC (1990) Four patterns of laminin-immunoreactive
structure in developing rat brain. Brain Res Dev Brain Res
55:191–201

6. Jucker M, Tian M, Ingram DK (1996) Laminins in the adult and
aged brain. Mol Chem Neuropathol 28:209–218

7. Hagg T, Portera-Cailliau C, Jucker M, Engvall E (1997) Laminins
of the adult mammalian CNS; laminin-alpha2 (merosin M−) chain
immunoreactivity is associated with neuronal processes. Brain Res
764:17–27

8. Chen ZL, Strickland S (1997) Neuronal death in the hippocampus
is promoted by plasmin-catalyzed degradation of laminin. Cell
91:917–925

9. Tian M et al (1997) Laminin-alpha2 chain-like antigens in CNS
dendritic spines. Brain Res 764:28–38

10. Nakagami Y, Abe K, Nishiyama N, Matsuki N (2000) Laminin
degradation by plasmin regulates long-term potentiation. J Neurosci
20:2003–2010

11. Indyk JA, Chen Z-L, Tsirka SE, Strickland S (2003) Laminin
chain expression suggests that laminin-10 is a major isoform in
the mouse hippocampus and is degraded by the tPA/plasmin
system during excitotoxic injury. Neurosci 116:359–371

12. Noakes PG, Gautam M, Mudd J, Sanes JR, Merlie JP (1995)
Aberrant differentiation of neuromuscular junctions in mice
lacking s-laminin/laminin beta 2. Nature 374:258–262

13. Patton BL, Chiu AY, Sanes JR (1998) Synaptic laminin prevents
glial entry into the synaptic cleft. Nature 393:698–701

14. Patton BL et al (2001) Properly formed but improperly localized
synaptic specializations in the absence of laminin alpha4. Nat
Neurosci 4:597–604

15. Sanes JR, Lichtman JW (2001) Induction, assembly, maturation and
maintenance of a postsynaptic apparatus. Nat Rev Neurosci 2:791–805

16. Doyu M et al (1993) Laminin A, B1, and B2 chain gene
expression in transected and regenerating nerves: regulation by
axonal signals. J Neurochem 60:543–551

17. Patton BL, Miner JH, Chiu AY, Sanes JR (1997) Distribution and
function of laminins in the neuromuscular system of developing,
adult, and mutant mice. J Cell Biol 139:1507–1521

18. Luckenbill-Edds L (1997) Laminin and the mechanism of
neuronal outgrowth. Brain Res Brain Res Rev 23:1–27

19. Miner JH, Cunningham J, Sanes JR (1998) Roles for laminin in
embryogenesis: exencephaly, syndactyly, and placentopathy in
mice lacking the laminin alpha5 chain. J Cell Biol 143:1713–1723

20. Liesi P, Fried G, Stewart RR (2001) Neurons and glial cells of the
embryonic human brain and spinal cord express multiple and
distinct isoforms of laminin. J Neurosci Res 64:144–167

21. Murtomaki S et al (1992) Laminin and its neurite outgrowth-
promoting domain in the brain in Alzheimer’s disease and Down’s
syndrome patients. J Neurosci Res 32:261–273

22. Podratz JL, Rodriguez E, Windebank AJ (2001) Role of the extra-
cellular matrix in myelination of peripheral nerve. Glia 35:35–40

23. Chen ZL, Strickland S (2003) Laminin gamma1 is critical for
Schwann cell differentiation, axon myelination, and regeneration
in the peripheral nerve. J Cell Biol 163:889–899

24. Yang D et al (2005) Coordinate control of axon defasciculation
and myelination by laminin-2 and -8. J Cell Biol 168:655–666

25. Yu WM, Feltri ML, Wrabetz L, Strickland S, Chen ZL (2005)
Schwann cell-specific ablation of laminin gamma1 causes
apoptosis and prevents proliferation. J Neurosci 25:4463–4472

26. Miner JH, Yurchenco PD (2004) Laminin functions in tissue
morphogenesis. Annu Rev Cell Dev Biol 20:255–284

27. Timpl R (1996) Macromolecular organization of basement
membranes. Curr Opin Cell Biol 8:618–624

Mol Neurobiol (2007) 35:288–297 295295



28. Yurchenco PD, Amenta PS, Patton BL (2004) Basement mem-
brane assembly, stability and activities observed through a
developmental lens. Matrix Biology 22:521–538

29. Henry MD, Campbell KP (1996) Dystroglycan: an extracellular
matrix receptor linked to the cytoskeleton. Curr Opin Cell Biol
8:625–631

30. Schwartz MA (2001) Integrin signaling revisited. Trends Cell Biol
11:466–470

31. Occhi S et al (2005) Both laminin and Schwann cell dystroglycan
are necessary for proper clustering of sodium channels at nodes of
Ranvier. J Neurosci 25:9418–9427

32. Sunada Y, Bernier SM, Utani A, Yamada Y, Campbell KP (1995)
Identification of a novel mutant transcript of laminin alpha 2 chain
gene responsible for muscular dystrophy and dysmyelination in
dy2J mice. Hum Mol Genet 4:1055–1061

33. Xu H, Wu XR, Wewer UM, Engvall E (1994) Murine muscular
dystrophy caused by a mutation in the laminin alpha 2 (Lama2)
gene. Nat Genet 8:297–302

34. Helbling-Leclerc A et al (1995) Mutations in the laminin alpha 2-
chain gene (LAMA2) cause merosin-deficient congenital muscu-
lar dystrophy. Nat Genet 11:216–218

35. Bradley WG, Jenkison M (1973) Abnormalities of peripheral
nerves in murine muscular dystrophy. J Neurol Sci 18:227–247

36. Madrid RE, Jaros E, Cullen MJ, Bradley WG (1975) Genetically
determined defect of Schwann cell basement membrane in
dystrophic mouse. Nature 257:319–321

37. Perkins CS, Bray GM, Aguayo AJ (1981) Ongoing block of
Schwann cell differentiation and deployment in dystrophic mouse
spinal roots. Brain Res 227:213–220

38. Shorer Z, Philpot J, Muntoni F, Sewry C, Dubowitz V (1995)
Demyelinating peripheral neuropathy in merosin-deficient con-
genital muscular dystrophy. J Child Neurol 10:472–475

39. Stirling CA (1975) Abnormalities in Schwann cell sheaths in
spinal nerve roots of dystrophic mice. J Anat 119:169–180

40. Rasminsky M, Kearney RE, Aguayo AJ, Bray GM (1978)
Conduction of nervous impulses in spinal roots and peripheral
nerves of dystrophic mice. Brain Res 143:71–85

41. Feltri ML, Wrabetz L (2005) Laminins and their receptors in
Schwann cells and hereditary neuropathies. J Peripher Nerv Syst
10:128–143

42. Previtali SC et al (2003) Expression of laminin receptors in
Schwann cell differentiation: evidence for distinct roles. J Neurosci
23:5520–5530

43. Stewart HJ, Morgan L, Jessen KR, Mirsky R (2003) Changes in
DNA synthesis rate in the Schwann cell lineage in vivo are
correlated with the precursor-Schwann cell transition and myeli-
nation. Eur J Neurosci 5:1136–1144

44. Wood PM, Bunge RP (1975) Evidence that sensory axons are
mitogenic for Schwann cells. Nature 256:662–664

45. Morrissey TK, Levi AD, Nuijens A, Sliwkowski MX, Bunge RP
(1995) Axon-induced mitogenesis of human Schwann cells involves
heregulin and p185erbB2. Proc Natl Acad Sci USA 92:1431–1435

46. McGarvey ML, Baron-Van Evercooren A, Kleinman HK, Dubois-
Dalcq M (1984) Synthesis and effects of basement membrane
components in cultured rat Schwann cells. Dev Biol 105:18–28

47. Baron-Van Evercooren A, Gansmuller A, Gumpel M, Baumann N,
Kleinman HK (1986) Schwann cell differentiation in vitro: extracel-
lular matrix deposition and interaction. Dev Neurosci 8:182–196

48. Saito F et al (2003) Unique role of dystroglycan in peripheral
nerve myelination, nodal structure, and sodium channel stabiliza-
tion. Neuron 38:747–758

49. Feltri ML et al (2002) Conditional disruption of beta 1 integrin in
Schwann cells impedes interactions with axons. J Cell Biol
156:199–209

50. Mirsky R, Jessen KR (1999) The neurobiology of Schwann cells.
Brain Pathol 9:293–311

51. Meredith J, Fazeli JB, Schwartz MA (1993) The extracellular
matrix as a cell survival factor. Mol Biol Cell 4:953–961

52. Grinspan JB, Marchionni MA, Reeves M, Coulaloglou M,
Scherer SS (1996) Axonal interactions regulate Schwann cell
apoptosis in developing peripheral nerve: neuregulin receptors
and the role of neuregulins. J Neurosci 16:6107–6118

53. Meier C, Parmantier E, Brennan A, Mirsky R, Jessen KR (1999)
Developing Schwann cells acquire the ability to survive without
axons by establishing an autocrine circuit involving insulin-like
growth factor, neurotrophin-3, and platelet-derived growth factor-
BB. J Neurosci 19:3847–3859

54. Maurel P, Salzer JL (2000) Axonal regulation of Schwann cell
proliferation and survival and the initial events of myelination
requires PI 3-kinase activity. J Neurosci 20:4635–4645

55. Parkinson DB et al (2001) Transforming growth factor beta
(TGFbeta) mediates Schwann cell death in vitro and in vivo:
examination of c-Jun activation, interactions with survival signals,
and the relationship of TGFbeta-mediated death to Schwann cell
differentiation. J Neurosci 21:8572–8585

56. D’Antonio M et al (2006) TGFbeta type II receptor signaling
controls Schwann cell death and proliferation in developing
nerves. J Neurosci 26:8417–8427

57. Parkinson DB et al (2004) Krox-20 inhibits Jun-NH2-terminal
kinase/c-Jun to control Schwann cell proliferation and death. J
Cell Biol 164:385–394

58. Monuki ES, Weinmaster G, Kuhn R, Lemke G (1989) SCIP: a glial
POU domain gene regulated by cyclic AMP. Neuron 3:783–793

59. Topilko P et al (1994) Krox-20 controls myelination in the
peripheral nervous system. Nature 371:796–799

60. Jaegle M et al (1996) The POU factor Oct-6 and Schwann cell
differentiation. Science 273:507–510

61. Mandemakers W et al (1999) Transcriptional regulation of the
POU gene Oct-6 in Schwann cells. Adv Exp Med Biol 468:13–22

62. Blanchard AD et al (1996) Oct-6 (SCIP/Tst-1) is expressed in
Schwann cell precursors, embryonic Schwann cells, and postnatal
myelinating Schwann cells: comparison with Oct-1, Krox-20, and
Pax-3. J Neurosci Res 46:630–640

63. Zorick TS, Syroid DE, Arroyo E, Scherer SS, Lemke G (1996)
The transcription factors SCIP and Krox-20 mark distinct stages
and cell fates in Schwann cell differentiation. Mol Cell Neurosci
8:129–145

64. Zorick TS, Syroid DE, Brown, A, Gridley T, Lemke G (1999)
Krox-20 controls SCIP expression, cell cycle exit and suscepti-
bility to apoptosis in developing myelinating Schwann cells.
Development 126:1397–1406

65. Nagarajan R et al (2001) EGR2 mutations in inherited neuropa-
thies dominant-negatively inhibits myelin gene expression. Neu-
ron 30:355–368

66. Jaegle M et al (2003) The POU proteins Brn-2 and Oct-6 share
important functions in Schwann cell development. Genes Dev
17:1380–1391

67. Ghazvini M et al (2002) A cell type-specific allele of the POU
gene Oct-6 reveals Schwann cell autonomous function in nerve
development and regeneration. EMBO J 21:4612–4620

68. Taveggia C et al (2005) Neuregulin-1 type III determines the
ensheathment fate of axons. Neuron 47:681–694

69. Bermingham JR Jr et al (1996) Tst-1/Oct-6/SCIP regulates a
unique step in peripheral myelination and is required for normal
respiration. Genes Dev 10:1751–1762

70. Jane-Lise S, Corda S, Chassagne C, Rappaport L (2000) The
extracellular matrix and the cytoskeleton in heart hypertrophy and
failure. Heart Fail Rev 5:239–250

71. Brakebusch C, Fassler R (2003) The integrin–actin connection, an
eternal love affair. EMBO J 22:2324–2333

72. Guan JL (1997) Role of focal adhesion kinase in integrin
signaling. Int J Biochem Cell Biol 29:1085–1096

296 Mol Neurobiol (2007) 35:288–297



73. Turner CE (2000) Paxillin interactions. J Cell Sci 113(Pt 23):
4139–4140

74. Turner CE (1998) Paxillin. Int J Biochem Cell Biol 30:955–999
75. Burridge K, Turner CE, Romer LH (1992) Tyrosine phosphory-

lation of paxillin and pp125FAK accompanies cell adhesion to
extracellular matrix: a role in cytoskeletal assembly. J Cell Biol
119:893–903

76. Chen LM, Bailey D, Fernandez-Valle C (2000) Association of
beta 1 integrin with focal adhesion kinase and paxillin in
differentiating Schwann cells. J Neurosci 20:3776–3784

77. Fernandez-Valle C, Gorman D, Gomez AM, Bunge MB (1997)
Actin plays a role in both changes in cell shape and gene-expression
associated with Schwann cell myelination. J Neurosci 17:241–250

78. Michelson AM, Russell E, Harman PJ (1955) Dystrophia
muscularis: a hereditary primary myopathy in the house mouse.
Proc Natl Acad Sci USA 41:1079–1084

79. Meier H, Southard JL (1970) Muscular dystrophy in the mouse
caused by an allele at the dy-locus. Life Sci 9:137–144

80. Besse S et al (2003) Spontaneous muscular dystrophy caused by a
retrotransposal insertion in the mouse laminin alpha2 chain gene.
Neuromuscul Disord 13:216–222

81. Miyagoe Y et al (1997) Laminin alpha2 chain-null mutant mice by
targeted disruption of the Lama2 gene: a new model of merosin
(laminin 2)-deficient congenital muscular dystrophy. FEBS Lett
415:33–39

82. Kuang W et al (1998) Merosin-deficient congenital muscular
dystrophy. Partial genetic correction in two mouse models. J Clin
Invest 102:844–852

83. Nakagawa M et al (2001) Schwann cell myelination occurred
without basal lamina formation in laminin alpha2 chain-null
mutant (dy3K/dy3K) mice. Glia 35:101–110

84. Brett FM et al (1998) Merosin-deficient congenital muscular
dystrophy and cortical dysplasia. Eur J Paediatr Neurol 2:77–82

85. Deodato F et al (2002) Hypermyelinating neuropathy, mental
retardation and epilepsy in a case of merosin deficiency. Neuro-
muscul Disord 12:392–398

86. Di Muzio A et al (2003) Dysmyelinating sensory-motor neurop-
athy in merosin-deficient congenital muscular dystrophy. Muscle
Nerve 27:500–506

87. Quijano-Roy S et al (2004) EMG and nerve conduction studies in
children with congenital muscular dystrophy. Muscle Nerve
29:292–299

Mol Neurobiol (2007) 35:288–297 297297


	Laminins in Peripheral Nerve Development and Muscular Dystrophy
	Abstract
	Introduction
	Laminin Function in Peripheral Nerve Development
	Mechanism of Laminin Function in the Regulation of Schwann Cell Proliferation
	Mechanism of Laminin Function in Schwann Cell Survival
	Mechanism of Laminin Function in Schwann Cell Differentiation
	Laminin in Axonal Radial Sorting
	Role of Different Laminin Isoforms in PNS Development
	Laminins in Muscular Dystrophy
	Conclusions
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


