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Immune cells in inherited neuropathies
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Abstract

Mice heterozygously deficient in the peripheral myelin adhesion molecule P0 (P0+/– mice) are models for some

forms of Charcot–Marie–Tooth (CMT) neuropathies. In addition to the characteristic hallmarks of demyelination,

elevated numbers of CD8-positive T-lymphocytes and F4/80-positive macrophages are striking features in the

nerves of these mice. These immune cells increase in number with age and progress of demyelination, suggesting

that they might be functionally related to myelin damage. In order to investigate the pathogenetic role of lym-

phocytes, the myelin mutants were cross-bred with recombination activating gene 1 (RAG-1)-deficient mice, which

lack mature T- and B-lymphocytes. The immunodeficient myelin mutants showed a less severe myelin degeneration.

The beneficial effect of lymphocyte-deficiency was reversible, since demyelination worsened in immunodeficient

myelin-mutants when reconstituted with bone marrow from wild-type mice. Ultrastructural analysis revealed

macrophages in close apposition to myelin and demyelinated axons. We therefore cross-bred the P0+/– mice with

spontaneous osteopetrotic (op) mutants deficient in the macrophage colony-stimulating factor (M-CSF), hence

displaying impaired macrophage activation. In the corresponding double mutants the numbers of macrophages

were not elevated in the peripheral nerves, and the demyelinating phenotype was less severe than in the genuine

P0+/– mice, demonstrating that macrophages are also functionally involved in the pathogenesis of genetically

mediated demyelination. We also examined other models for inherited neuropathies for a possible involvement

of immune cells. We chose mice deficient in the gap junction component connexin 32, a model for the X-linked

form of CMT. Similar to P0-deficient mice, T-lymphocytes and macrophages were elevated and macrophages

showed a close apposition to degenerating myelin. We conclude that the involvement of T-lymphocytes and macro-

phages is a common pathogenetic feature in various forms of slowly progressive inherited neuropathies.
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Introduction

Demyelination leads to a substantial functional impair-

ment of the nervous system, reflecting the fact that the

myelin sheath is an important phylogenetic invention

to maintain the axon’s functional and structural integ-

rity (Martini, 2001). Major causes for demyelination

are autoimmune inflammation, toxic agents, metabolic

dysfunction, and mutations in genes related to the myelin

sheath or other components of the nervous system

(Reilly, 2000; Young & Suter, 2001). Meanwhile, muta-

tions in more than 10 genes have been identified that

can lead to disorders in the peripheral nervous sys-

tem (Reilly, 2000; Young & Suter, 2001). Mutations in

genes encoding for the myelin components PMP22, P0

and connexin 32 are clinically most relevant, since they

were found in the majority of patients with inherited

demyelinating neuropathies. The biological effects of
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these genes in myelination have been studied (for

reviews see Martini & Schachner, 1997; Werner et al.

1998; Abrams et al. 2000; Martini, 2000; Müller, 2000;

Ressot & Bruzzone, 2000; Young & Suter, 2001). How-

ever, the cellular and molecular processes involved in

myelin damage as a result of partial or complete gene

inactivation have not been characterized in the intact

organism so far.

In order to get an insight into the pathomechanisms of

inherited demyelination, we investigated mice hetero-

zygously deficient in P0, which express only 50% of

the wild-type dose of P0 and are an established animal

model for a slowly progressing demyelinating form of

inherited neuropathies (Martini et al. 1995). These mice

initially show normal myelination, followed by slowly

progressing myelin degeneration starting at the age

of approximately 4 months. Demyelination is accom-

panied by an increase in the number of T-lymphocytes

and macrophages in peripheral nerves (Schmid et al.

2000; Carenini et al. 2001). By cross-breeding experiments

using mouse mutants deficient in either functional

lymphocytes or activated macrophages, the infiltrating

immune cells were identified as substantial mediators

of primarily gene-related demyelination (Schmid et al.

2000; Carenini et al. 2001). Since in other myelin mutants

myelin damage is also accompanied by an elevation of

immune cells, the functional involvement of these cells

seems to be a widespread phenomenon with relevance

for putative treatment strategies for some forms of

inherited demyelination.

Lymphocytes as mediators of 
inherited demyelination

Mice heterozygously deficient in P0 have been described

as suitable models for some forms of CMT (Martini et al.

1995). Myelin forms almost normally for approximately

4 months, followed by a progressive demyelinating

neuropathy in motor, but not sensory, nerves (Martini

et al. 1995; Shy et al. 1997; Martini, 2000; Schmid et al.

2000; Samsam et al. 2001, for review). Typical patho-

logical features are demyelinated axons, unusually thin

myelin (reflecting incomplete remyelination), and super-

numerary Schwann cells reminiscent of onion bulbs in

human neuropathies. In line with the demyelinating

phenotype were prolonged F-wave latencies of the

compound muscle action potential in small foot

muscles in response to sciatic nerve stimulation (Martini

et al. 1995).

A striking and initially unexpected feature was the

presence of CD8-positive T-lymphocytes in the endo-

neurium of these mutants (Shy et al. 1997; Schmid et al.

2000). The number of these immune cells increased

with time and progress of demyelinating neuropathy,

suggesting that they might be functionally related

to the disease. In order to investigate the functional

roles of these cells, the myelin mutants were cross-bred

with mice deficient in mature T- and B-lymphocytes,

i.e. RAG-1-deficient mice. The double mutants showed

a less severe myelin degeneration in the absence of

lymphocytes (compare Fig. 1A with Fig. 1D). This improve-

ment of myelin maintenance manifested in a reduction

of F-wave latencies reflecting improved nerve conduc-

tion properties (Schmid et al. 2000). A comparable

amelioration of the demyelinating phenotype was

achieved when P0-mutants were cross-bred with mice

deficient in the α-subunit of the T-cell receptor lacking

αβ-T-lymphocytes (Schmid et al. 2000). In order to invest-

igate whether the beneficial effect of lymphocyte-

deficiency is reversible, we reconstituted the myelin/

RAG-1–/– mutants with bone marrow from mice with

an intact immune system. This transfer of functional

intact immune cells led to an aggravation of the myelin

phenotype similar to that found in genuine P0+/– mice

(Fig. 1; Mäurer et al. 2001). Thus T-lymphocytes are

functionally involved in the primarily genetically medi-

ated demyelination.

Macrophages as mediators of 
inherited demyelination

T-lymphocytes are not the only immune cells that show

an increased frequency in the peripheral nerves of the

myelin mutants. We also found an increased number of

macrophages within the peripheral nerves of P0+/–

mice. At 6 months of age, they are elevated by a factor

of 3–4 and outnumber T-lymphocytes by a factor of

approximately 20 (Fig. 2A,B). Electron microscopy and

immunoelectron microscopy revealed that some macro-

phages had entered the endoneurial tubes either

contacting demyelinated axons or myelin that is

morphologically still intact (Fig. 2C,D). Since this

apposition of macrophages with endoneurial tubes

was highly suggestive of an involvement in degenera-

tion and resembled macrophage–myelin interaction in

inflammatory neuropathies (Ballin & Thomas, 1969;

Lampert, 1969; Ho et al. 1998; Smith, 1999), we cross-

bred the myelin mutants with spontaneous mutants
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deficient in the macrophage-colony-stimulating factor

(M-CSF), hence displaying impaired macrophage

activation. In the P0-deficient double mutants, the

number of macrophages was not elevated in the

demyelinating nerves (Carenini et al. 2001). In addition,

the demyelinating phenotype was less severe than in

genuine P0+/– mice (Fig. 3). Since M-CSF receptor was

found exclusively associated with macrophages but

never with Schwann cells or endoneurial fibroblasts

within the peripheral nerves (Fig. 4), the ameliorated

demyelination in the absence of M-CSF is most probably

due to an impaired macrophage activation. Thus we

conclude that macrophages are functionally involved

in genetically mediated demyelination (Carenini et al.

2001).

Involvement of immune cells 
in inherited demyelination: 
evidence for a widespread phenomenon

A similarly slowly progressing demyelinating patho-

logy as in P0+/– mice is found in mice hemizygously or

homozygously deficient in the gap junction protein

connexin (Cx) 32 (also designated GJB1), an established

model for the X-linked dominant form of CMT caused

by mutations in the Cx32 gene (Anzini et al. 1997;

Fig. 1 Semi-thin sections of ventral spinal roots from P0+/– /RAG-1–/– mice that received no bone marrow (A), or bone marrow 
from wild-type mice (B), or bone marrow from RAG-1–/– mice (C). For comparison, ventral spinal roots from genuine P0+/– mice 
are shown (D). Note that demyelination is mild when no bone marrow (A) or bone marrow from RAG-1–/– mice had been 
transplanted (C), whereas in P0+/– /RAG-1–/– mutants that had received bone marrow from wt mice (B) demyelination is similarly 
severe as in genuine P0+/– mice (D). Bv, blood vessel. Scale bar in D (for A–D): 20 µm.
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Fig. 2 (A,B) Immunohistological localization of macrophages in femoral quadriceps nerves of P0+/– (A) and P0+/+ mice (B) at the 
age of 6 months using antibodies to F4/80. In quadriceps nerves of P0+/– mice the number of macrophages is clearly elevated 
when compared to P0+/+ mice. Note the larger size of the cells and the close vicinity of two cells to an endoneurial blood vessel 
in the nerve of the mutant (A). (C,D) Immunoelectron microscopic localization of F4/80-positive macrophages in peripheral 
nerves of 6-month-old P0+/– mice. (C) An F4/80-positive macrophage (M), containing myelin debris, is in close apposition to a 
demyelinated axon. Arrows indicate electron-dense immunoreaction product. Axon (Ax), Schwann cell (S). (D) A slender, 
immunoreactive process (arrows) of an F4/80-positive macrophage (M) has penetrated in between the pericaryon of a Schwann 
cell (S) and its normal appearing myelin sheath (My). Scale bars: 20 µm (for A and B); 1.5 µm (for C and D).
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Fig. 3 (A,B) Electron microscopy of ventral roots of 6-month-old P0+/– op/wt (heterozygous osteopetrotic (op) mice with 
wildtype-like M-CSF expression; A) and of P0+/– op/op littermates (homozygous op mice which are M-CSF-deficient; B). 
In many fibres of P0+/– op/wt mice, there is profound demyelination when compared to P0+/– op/op littermates deficient 
in M-CSF. Scale bars: 5 µm.

Fig. 4 Cellular localization of the M-CSF receptor (MCSFR, red) immunoreactivity in teased fibre preparations from ventral roots 
of P0+/+ and P0+/– mice using antibodies to αMβ2 integrin (green) as a marker for peripheral nerve macrophages. αMβ2-negative 
cells, such as the adjacent Schwann cells, were never labelled. Note the particularly strongly labelled M-CSFR-immunoreactive 
macrophage in the P0+/– mutant (arrow). Scale bar: 50 µm.
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Martini, 1997; Scherer et al. 1998; Martini, 2000, for

review). Although the typical pathological features

of Cx32-mutants, such as enlarged periaxonal collars,

abnormal non-compacted myelin domains and the

superimposed axonopathy are different from the fea-

tures seen in P0+/– mice, the overall disease progression

is similar. Therefore, we set out to investigate whether

immune cells might be involved in the demyelinating

neuropathy of Cx32-deficient mice. We quantified the

T-lymphocytes and macrophages in the demyelinating

peripheral nerves of Cx32-mutants and investigated

the association of macrophages and demyelinating

fibres by immunoelectron microscopy. Although the

main pathological features are different from those

found in P0+/– mice, we found that T-lymphocytes and

macrophages increased during demyelination in Cx32-

deficient mice (Kobsar et al. 2002). Even more striking

was the finding that macrophages were tightly associated

with demyelinated axons and degenerating myelin

(Kobsar et al. 2002; Fig. 5). Thus an increase in immune

cells and their functional involvement in demyelination

might be a common pathological pathway in slowly

progressing demyelinating disorders.

Discussion and conclusions

Our studies clearly demonstrate that inherited demy-

elination is modulated by the immune system. This

concept is novel, and the underlying mechanisms are

not yet understood. A striking observation was that

elevated numbers of macrophages occur in the nerves

of myelin mutants already at the age of 2 months, i.e.

approximately 2 months before overt demyelination.

T-lymphocytes then follow approximately 2–4 months

later. This raises the question of the signals that ‘lure’

the immune cells into the nerves and lead to their activa-

tion. Interesting candidates for attraction and activation

of macrophages are Schwann cell-related factors. It is

possible that Schwann cells react to the consequences

of reduced gene dosage by unknown signals and start

to secrete chemokines/cytokines before demyelinating

features are obvious (Fig. 6). One possible candidate

is M-CSF, since its absence results in a lack of increase

in macrophages in the mutant nerves (Carenini et al.

2001). In addition, chemokines, and in particular MCP-

1, are of interest. MCP-1 is up-regulated by Schwann

cells of injured nerves (Toews et al. 1998; Taskinen &

Fig. 5 Immunoelectron microscopy of F4/80-positive macrophages in ventral roots of 6-month-old Cx32–/– mice. 
(A) A demyelinated axon (Ax) is in close contact to an F4/80-positive macrophage. Arrows demarcate F4/80-related 
immunoprecipitate. Note that the surface and the basement membrane of the Schwann cell (S; arrowheads) and the 
axon–Schwann cell interface are not labelled. (B) An F4/80-positive macrophage (M) has penetrated the Schwann cell basal lamina 
and contacts poorly preserved and partially vacuolized myelin (My). Note well preserved myelin of the fibres not in contact with 
the macrophage. Arrows demarcate F4/80-related immunoprecipitate. Ax, myelinated axon; S, F4/80-negative Schwann cell. 
Scale bars: 1 µm.
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Röyttä, 2000; Subang & Richardson, 2001) and inactiva-

tion of its specific chemokine receptor CCR2 leads to a

reduction of macrophage influx into transected sciatic

nerves (Siebert et al. 2000). Moreover, MCP-1 is also

up-regulated when demyelination is induced by the

gliotoxin lysophosphatidylcholine (LPC) and MCP-1-

specific antibodies reduce LCP-mediated demyelination

(Ousman & David, 2001). Finally, experimental auto-

immune encephalomyelitis (EAE) is highly reduced in

MCP-1-deficient mice (Huang et al. 2001). Indeed, by

using a microarray approach, we recently identified

MCP-1 message in nerve homogenates from young P0+/–

mice (Mäurer & Martini, unpublished observations).

Alternatively or additionally, it is possible that the

Schwann cells indirectly induce macrophage-activating

agents in other cells within the peripheral nerve such as

endothelial cells and/or endoneurial fibroblasts (Fig. 6).

In this context, it is worth mentioning that in the bone,

osteoblasts (specialized fibroblasts) activate adjacent

osteoclasts (specialized macrophages) by secreting

M-CSF (Teitelbaum, 2000). Indeed, endoneurial fibro-

blasts and macrophages are often tightly associated

with each other in the demyelinating nerves (Martini

and Mäurer, unpublished observations) and we could

definitively show that M-CSF is involved in macrophage

activation in our animal model (Carenini et al. 2001).

In myelin mutant mice, T-lymphocytes appear to be

attracted by macrophages, possibly by cytokines (Fig. 6).

This is clearly reflected by the observation that in P0+/–

mice with compromised macrophage activation no

elevation of T-lymphocyte numbers occurs (Carenini

et al. 2001). On the other hand, in RAG-1-deficient P0+/–

mutants, absence of T-lymphocytes causes only a very

mild elevation of macrophages (Schmid et al. 2000)

reflecting the complex cross-talk of immune elements

in demyelinating nerves (Fig. 6).

Fig. 6 Hypothetical sequence of events in peripheral nerves of mice with inherited demyelination leading to superimposed 
immune attack. 1, pathogenesis starts with myelin instability due to myelin-related mutations in Schwann cell genes. Schwann 
cells react to myelin instability by unknown signals and secrete chemokines/cytokines. 2, Schwann cell-derived chemokine 
secretion may chemotactically attract monocytes/macrophages, in part by activating adjacent endothelial cells, and lead to 
proliferation of resident macrophages (Mφ). As a novel player, endoneurial fibroblasts (F) may be also activated by the Schwann 
cell-derived chemokine secretion. 3, macrophages may interact with endoneurial fibroblasts (F) and become activated by 
fibroblast-derived M-CSF. 4, activated macrophages present antigens and/or secrete cytokines that attract and activate 
T-lymphocytes (T) which in turn activate more macrophages and T-cells. 5, macrophages penetrate Schwann cell basal laminae 
(Sc-BM), phagocytose myelin and secrete gliotoxic factors.
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Another relevant question is whether the detri-

mental effect of the T-lymphocytes is antigen-specific.

Splenocytes from P0+/– mice show a clear proliferative

response upon exposition with peripheral myelin com-

ponents, such as P0 (Schmid et al. 2000). P0 has been

identified as a target antigen in chronic inflammatory

demyelinating polyradiculoneuropathy in humans (Yan

et al. 2001), suggesting that the protein could be an

auto-antigen under various pathological conditions in

the PNS. However, further experiments are necessary

to prove an antigen-specific reaction in our myelin

mutants. One approach could be the transfer of bone

marrow from transgenic mouse donors generating

monospecific, non-neural, virus-specific T-lymphocytes

(Pircher et al. 1989) into the P0+/– /RAG-1–/– mice. The

P0+/– /RAG-1–/– mice show an ameliorated demyelinat-

ing neuropathy due to an absence of T-lymphocytes

(Mäurer et al. 2001). The effect of T-lymphocytes that

are not able to interact with neural antigens would then

decisively argue in favour or against an antigen-specific

effect of T-lymphocytes in P0+/– mice.

In summary, we could clearly show that both T-

lymphocytes and macrophages contribute to the

demyelinating neuropathy in P0+/– mice. In addition,

we have provided evidence that these mechanisms

might also be found in other genetically mediated

nerve disorders. Indeed, in a variety of CMT patients,

corticosteroid treatment (Dyck et al. 1982; Bird &

Sladky, 1991; Crawford & Griffin, 1991; Rajabelly et al.

2000) or plasma exchange (Malandrini et al. 1999) lead

to an alleviation of particularly rapidly progressing

symptoms. It is possible that such cases reflect a more

aggressive impact of immune cells on top of the primarily

genetically mediated disorder. Less conspicuous and

more chronically progressing immune reactions being

more comparable to our mouse models may have been

unnoticed in the majority of cases, particularly since the

active phase of demyelination of CMT occurs during

childhood (Gabreëls-Festen et al. 1992; Vital et al.

1992; Thomas, 1999), when nerve biopsies are rarely

performed.

It is plausible to assume that similar immune mechan-

isms as a consequence of neural mutations might also

occur in the CNS. In an animal model for globoid cell

leucodystrophy (Krabbe’s disease), a spontaneous null

mutant for galactosyltransferase, a strong reduction in

brain macrophages and activated microglial cells could

be obtained by cross-breeding these mice with mice

deficient in the MHC class II complex. Most strikingly,

this reduction was associated with a substantial improve-

ment of myelin deficiency and clinical phenotype

(Matsushima et al. 1994). Moreover, in mice either

overexpressing or being deficient in PLP, the major

protein of CNS myelin, increased numbers of microglial

cells are visible (Anderson et al. 1998; Griffiths et al.

1998). In addition, a recent study in an MBP mutant, the

Long Evans shaker rat, shows that genetically related

dys- and demyelination is in space and time correlated

with microglial activiation, proliferation and myelin

phagocytosis (Zhang et al. 2001). In humans, the clin-

ical outcome of some leukodystrophies, in particular

adrenoleukodystrophy, is substantially modulated by

inflammatory reactions upon the primary gene defect

(Berger et al. 2001). This might lead us to the provocat-

ive view that possibly some forms of multiple sclerosis

might be initially caused by mutations in neural-related

genes that then manifest as an inflammatory disorder.

Our combined observations and their possible relev-

ance for severe human demyelinating disorders should

now stimulate research on the mechanisms involved.

Due to its histological simplicity, the peripheral nerve

might be an ideal paradigm for studying the immuno-

logical events downstream from the glia-related muta-

tions. Of particular interest should be the cross-talk

between the mutant glial cells, other endoneurial ele-

ments and the immune cells themselves. Modern tools

derived from molecular biology, such as expression

arrays, differential display analysis and the availability

of the appropriate knockout mutants should enable us

to understand these pathogenetic mechanisms which

have not been exhaustively considered so far. Based on

these activities, it should be possible to design appro-

priate therapeutic strategies to interfere with the pro-

gress of the still incurable demyelinating disorders of

both the peripheral and central nervous system.
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