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Abstract
Mutations affecting proteolipid protein 1 (PLP1), the major protein in central nervous system
myelin, cause the X-linked leukodystrophy Pelizaeus–Merzbacher disease (PMD). We describe
the neuropathologic findings in a series of eight male PMD subjects with confirmed PLP1
mutations, including duplications, complete gene deletion, missense and exon-skipping. While
PLP1 mutations have effects on oligodendrocytes that result in mutation-specific degrees of
dysmyelination, our findings indicate that there are also unexpected effects in the central nervous
system resulting in neuronal loss. Although length-dependent axonal degeneration has been
described in PLP1 null mutations, there have been no reports on neuronal degeneration in PMD
patients. We now demonstrate widespread neuronal loss in PMD. The patterns of neuronal loss
appear to be dependent on the mutation type, suggesting selective vulnerability of neuronal
populations that depends on the nature of the PLP1 disturbance. Nigral neurons, which were not
affected in patients with either null or severe misfolding mutations, and thalamic neurons appear
particularly vulnerable in PLP1 duplication and deletion patients, while hippocampal neuronal
loss was prominent in a patient with complete PLP1 gene deletion. All subjects showed cerebellar
neuronal loss. The patterns of neuronal involvement may explain some clinical findings, such as
ataxia, being more prominent in PMD than in other leukodystrophies. While the precise
pathogenetic mechanisms are not known, these observations suggest that defective glial functions
contribute to neuronal pathology.

Introduction
Pelizaeus–Merzbacher disease (PMD) is an X-linked myelin disorder that presents in early
childhood with nystagmus, and hypotonia. Over time, ataxia, spastic quadriparesis, and
cognitive impairment evolve. Mutations affecting the proteolipid protein 1 (PLP1) gene
cause PMD [16, 25, 37]. PLP1 mutations produce a wide spectrum of clinical disorders,
from mild X-linked spastic paraparesis type 2 [33], which lacks other neurologic
impairments, to severe PMD, with congenital nystagmus, seizures, severe quadriparesis,
respiratory and feeding difficulty, and severe cognitive impairment [15].

The PLP1 gene generates two major transcripts that encode PLP1 and DM20, a smaller
protein generated by alternative splicing lacking amino acid residues 117–151 [26]. PLP1 is
the major structural protein of central nervous system (CNS) myelin, accounting for
approximately 50% of myelin protein, but is also present in peripheral myelin comprising
less than 1% of the total myelin protein mass [2]. DM20 is expressed at equivalent levels as
PLP1 in the peripheral nervous system, but is less abundant than PLP1 in CNS myelin [28].
The functions of PLP1 and DM20 are not fully understood, but likely include a stabilizing
role of the myelin sheath after compaction [3].

PMD is characterized pathologically by diffuse hypomyelination [24, 34]. Different
mutational mechanisms have different effects on oligodendrocyte viability and myelination.
PLP1 duplications most likely cause overexpression of PLP1, which associates with
cholesterol and lipids in the late endosomes and lysosomes, and cause oligodendrocyte
dysfunction and cell death [20, 21, 31]. PLP1 point mutations associated with severe PMD
cause misfolding of PLP1 and DM20, which accumulate in the endoplasmic reticulum (ER),
activating ER stress responses that lead to oligodendrocyte apoptosis and severe
hypomyelination [10, 11]. PLP1 null mutations, including complete deletion of the gene,
paradoxically result in a mild syndrome during childhood, but with a late and relatively
rapid progression characterized primarily by length-dependent axonal degeneration in the
long motor and sensory tracts [9, 12] but with relative preservation of myelin and without
oligodendrocyte loss. The amount of myelin, quantifiable by magnetic resonance imaging as
well as by pathologic analysis, is inversely correlated with clinical disease severity [41].
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Although the underlying mechanisms are not understood, PLP1 is also important for
maintaining axonal integrity in long tracts of the CNS [9] and for peripheral nerve function
[8, 35]. Axonal damage in PMD has been associated with PLP1 null mutations in both Plp1
knockout mice as well as in humans who develop length-dependent axonal degeneration [1,
9, 12, 32]. Neuronal involvement in PMD, however, has not been systematically
characterized despite historical descriptions of extrapyramidal signs by Pelizaeus [27].
These findings therefore raise the question as to whether neuronal involvement may account
for components of the clinical manifestations and for the phenotypic heterogeneity
encountered in PMD.

Here, we characterize the extent and neuroanatomic distribution of neuronal involvement in
eight patients with PMD caused by different mutations of PLP1 such as: (1) overexpression
(due to PLP1 duplication), (2) loss of expression (deletion of the PLP1 gene) or (3) PLP1
misfolding, (missense or small point mutations).

Materials and methods
Case reports

PLP1 duplication cases (cases 1–4)—Cases 1 and 2 were brothers from a family that
has been described clinically, and died at 47 and 54 years, respectively [42]. They had
classical PMD syndromes, with understandable but dysarthric speech, spastic quadriparesis,
and never ambulated independently. Voluntary movements were slow, however, evaluation
of rigidity was compromised by severe spasticity.

Case 3 has been previously reported and was a first cousin of cases 1 and 2 [43]. His clinical
course was similar to that of his cousins. He expired at age 50.

Case 4 was unrelated to the previous cases, but also had a similar clinical syndrome until his
death at age 37 from pulmonary embolism.

PLP1 null mutation cases (including case 5)—Case 5 had a complete deletion of the
PLP1 gene and flanking genes on the X chromosome as previously described [17, 30]. He
was wheelchair confined from late adolescence and developed progressive spasticity and
dysarthria. He had severe spastic quadriplegia during the last 5 years of life and lost speech
2 years before he expired at age 47 years from aspiration pneumonia. Limited postmortem
specimens were available from three members of a previously described family that has a
frame shift mutation resulting in complete absence of PLP1 expression [8, 9].

PLP1 point mutation cases (cases 6–8)—Cases 6 and 7 had severe PMD and were
23- and 25-year-old brothers who have previously been described [6], and who subsequently
were discovered to have a PLP1 point mutation that disrupts splicing, causing in-frame exon
6 skipping, with loss of 22 residues [39].

Case 8 also had severe PMD, and had a missense mutation resulting in substitution of
threonine 43 by an isoleucine [29]. He had neonatal respiratory distress, nystagmus, and was
never able to speak or to sit. He expired from respiratory failure at age 19.

Pathological analysis—The brains were examined grossly and paraffin-embedded
tissues were sectioned and stained with routine hematoxylin– eosin luxol-fast blue (LFB),
Nissl stain, and Bielschowsky silver stain. Immunohistochemistry was performed using the
immunoperoxidase technique to detect GFAP expression, α-synuclein and phospho-tau
positivity. Formal CNS histo-pathologic analyses and scoring of all cases were performed at
Wayne State University (AAFS and CRP). A scoring system ranging from 0 to 3 was
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devised to semi-quantify the extent of neuronal loss and astrogliosis. For neuronal scoring, a
score of 0 was given when the neuronal population of a given region was intact, 1 indicated
mild neuronal loss, 2 indicated moderate neuronal loss, and a score of 3 was assigned when
there was severe or total loss of the neuronal population. Astrogliosis was scored on a scale
of 0 to 3 with the use of GFAP immunoperoxidase. A score of 0 was assigned to areas with
no astrogliosis, 1 or 2 to areas with mild or moderate astrogliosis, respectively, and 3 to
areas with intense astrogliosis.

Results
Characterization of white matter

PLP1 duplication cases (cases 1–4)—The cases showed similar distributions of
dysmyelination typical of that reported in other cases with PMD. The white matter was
markedly atrophic throughout the CNS. Since the primary defect in PMD is disturbance of
myelin formation, we refer to the myelin abnormalities as dysmyelinating, but cannot
exclude the possibility that loss of preexisting myelin (albeit abnormal myelin) may also
have occurred. The subcortical white matter was diffusely and severely dysmyelinated and
contained axonal spheroids. The corpus callosum was thin, markedly dysmyelinated, with
astrogliosis. The internal, external and extreme capsules and the anterior commissure were
dysmyelinated with astrogliosis and occasional axonal spheroids. The penicillary fibers of
the striatum were completely devoid of myelin. In the brainstem, profound dysmyelination
was evident in the medial longitudinal fasciculus, medial lemniscus, transverse pontine
fibers and in the corticospinal tracts of the pons. In contrast, the arcuate fibers of the medulla
were relatively spared. In the spinal cord, the corticospinal tracts, Lissauer’s tract and the
dorsal columns and dorsal spinocerebellar tracts were markedly dysmyelinated. However,
the spinothalamic and anterior spinocerebellar tracts were relatively spared.

PLP1 null mutation cases (including case 5)—Case 5 as well as the three cases with
a PLP1 null syndrome all showed similar patterns of white matter abnormalities.
Demarcation of gray and white matter was readily apparent, in contrast to the misfolding
and duplication cases. The thinning of white matter was less pronounced than that observed
in the duplication and point mutation cases. The staining of white matter with LFB was not
as severely reduced as in cases 1–4 or cases 6–8, and the U-fibers were spared. We have
previously described the length-dependent axonopathy in the spinal motor and sensory tracts
[9].

PLP1 point mutation cases (cases 6–8)—Cases 6 and 7 exhibited marked atrophy of
cerebral white matter. The subcortical white matter was diffusely dysmyelinated, showed
increased astrogliosis and axonal loss with occasional axonal spheroids. The internal,
external and extreme capsules and the anterior commissure showed loss of myelin and
occasional axonal spheroids. In contrast to cases 1–4, myelin loss was focal and patchy in
the penicillary fibers of the striatum. No phospho-tau positive glia were identified in any of
the cases. In the brainstem, the medial longitudinal fasciculus, medial lemniscus and
transverse pontine fibers were dysmyelinated, whereas the arcuate fibers in the medulla were
spared. In the spinal cord, the spinothalamic and anterior spinocerebellar tracts were
relatively spared, whereas the corticospinal tracts, Lissauer’s tract, dorsal columns and
dorsal spinocerebellar tracts were markedly dysmyelinated. Case 8 showed sparse staining
for myelin. The white matter displayed numerous spheroids. Astrocytosis was present in the
cerebral white matter. The internal capsule was pale on LFB staining and the white matter
tracts in the pons appeared vacuolated. The pyramidal tracts were small. The cerebellar
white matter showed dysmyelination and astrogliosis.
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Neuronal loss and gliosis (Table 1)
PLP1 duplication cases (cases 1–4)—Severe loss of neurons and astrogliosis in the
substantia nigra were observed in cases 1–3 (Table 1; Fig. 1a–c), whereas the ventral
tegmental area was relatively preserved. No α-synuclein or tau positive inclusions were
identified in any of the cases. No nigral neuronal loss was detected in case 4, the youngest of
the duplication cases. The putamen, nucleus accumbens and caudate nucleus all exhibited
mild to severe neuronal loss and astrogliosis, while the globus pallidus was spared in cases 1
and 2.

In the limbic system, the hippocampi were grossly atrophic with varying neuronal loss
(Table 1). CA1, CA2 and CA4, as well as the dentate gyrus, showed neuronal loss and
astrogliosis that varied among this group of cases (Fig. 1d, e). CA1 was not preferentially
affected. The perforant tract was preserved, whereas the alveus and fimbria showed myelin
loss. The youngest case, case 4, showed mild neuronal loss and astrogliosis in the
hippocampus (Table 1).

Microscopically, moderate to severe neuronal loss and astrogliosis were present in the deep
cortical areas. The anterior cingulate exhibited moderate neuronal loss, whereas the posterior
cingulate was relatively spared. The entorhinal and insular cortices showed changes similar
to those of the anterior cingulate cortex. Cerebral cortex showed mild neuronal loss in cases
1–3 with moderate gliosis accentuated in deep cortical layers (Table 1). Case 4 showed no
cortical abnormalities. The anterior thalamus and amygdala exhibited moderate to severe
neuronal loss and astrogliosis (Fig. 1f, g, respectively; Table 1), while the mammillary
bodies and hypothalamus showed mild neuronal loss. The dorsomedial and pulvinar
complexes as well as the ventroposterolateral nucleus of the thalamus showed extensive
neuronal loss (Table 1). The dorsomedial nucleus of the thalamus showed severe neuronal
loss and astrogliosis in case 2. Marked neuronal loss of cerebellar cortex and the dentate
nucleus were present, with diffuse Purkinje cell and internal granular cell loss and
Bergmann gliosis (Table 1; Fig. 1h). Neuronal loss was less severe in case 4 (Table 1), the
youngest of the four duplication cases, but there was prominent loss of Purkinje cells (Fig.
1i). Moderate neuronal loss was evident in the inferior olivary nuclei. The pons showed mild
loss and astrogliosis in the pontine nuclei and in the central tegmental area. The spinal cord
from case 1 showed numerous spheroids and severe neuronal loss in the dorsal column
nuclei. The posterior horns and Clarke’s column showed neuronal loss and extensive
astrogliosis, whereas the anterior horn structures were relatively preserved. Lumbar dorsal
root ganglia showed moderate ganglion cell loss and irregular axonal swellings. Both
anterior and dorsal roots showed focal axonal degeneration and myelin breakdown, being
more severe in dorsal roots.

PLP1 null mutation cases (including case 5)—No nigral neuronal loss or astrogliosis
was observed (Fig. 2a). In the hippocampus, there was severe neuronal loss, most evident in
CA3 and CA4, and less so in CA2 and CA1. Severe neuronal loss was noted in the
thalamus, particularly the dorsomedial nucleus and the hypothalamus (Table 1). Severe loss
of Purkinje cells was observed in both the PLP1 deletion cases (Fig. 2b) and a case with
premature termination mutation (Fig. 2c).

PLP1 point mutation cases (cases 6–8)—Neither gross hypopigmentation of the
substantia nigra nor neuronal loss were detected microscopically in either cases 6 and 7 (Fig.
3a–c). No neuronal loss or gliosis was appreciated in the putamen, caudate nucleus, nucleus
accumbens or globus pallidus (Table 1). No hippocampal neuronal loss was observed in the
pyramidal cell layer, dentate fascia (Fig. 3d), subiculum or prosubiculum, although there
was mild neuronal loss in the end plate (CA4) in both brothers (cases 6 and 7) (Table 1).

Sima et al. Page 5

Acta Neuropathol. Author manuscript; available in PMC 2013 December 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Case 8 showed no hippocampal neuronal loss. The anterior cingulate and insular cortices
showed mild neuronal loss and astrogliosis in the deep layers in case 6 but not in case 7.
Focal mild neuronal loss and mild gliosis were evident in other cortical areas in case 6. In
case 6, the anterior nucleus of thalamus showed mild neuronal loss and gliosis, whereas the
mammillary bodies were spared. Neuronal loss and astrogliosis were evident in case 6 in the
anterior, dorsomedial and pulvinar nuclei of the thalamus (Table 1). In none of the cases did
the amygdala show appreciable neuronal loss or astrogliosis (Fig. 3e). The pons appeared
small, due to white matter atrophy; however, neither neuronal loss nor astrogliosis were
appreciated. The cerebellum showed moderate to severe Purkinje cell loss and astrogliosis in
all three cases (Table 1; Fig. 3f). The dentate nucleus of the cerebellum showed significant
neuronal loss, whereas the inferior olivary nucleus was relatively spared. Spinal cord from
case 6 showed similar, though milder, changes to those of case 1.

Discussion
There are few reports of the neuropathological changes in PMD patients with confirmed
PLP1 mutations [4, 9, 13, 19, 23, 24, 39, 44]. We report the neuropathological findings in
eight subjects with PLP1 mutations, which encompass the major mutational categories
across the PMD clinical spectrum: gene duplication with overexpression of PLP1, null
mutations and point mutations that result in misfolded PLP1. In addition to the widespread
dysmyelination in all patients, we found neuronal degeneration of a systemic nature
occurring in the PMD patients, albeit with variable regional patterns and severities,
depending upon mutation type and possibly patient age (see Table 1). Alternative
explanations for neuronal degeneration such as hypoxia or ischemia seem unlikely, since
susceptible neuronal populations were not preferentially affected, whereas less susceptible
populations such as striatonigral or thalamic neurons were, and none of the patients suffered
prolonged hypoxic or hypotensive insults prior to death.

The cerebellum, particularly Purkinje cells, was affected in all cases. Other components of
the olivopontocerebellar system were also affected in the majority of cases, irrespective of
mutation type. The thalamus, in particular the dorsomedial nucleus, was affected in all
examined cases, except for case 8, who died at age 19 years, and was most severe in the
duplication and deletion cases. In general, neuronal loss was more widespread and evident in
the duplication and null cases, but absent or mild in the severe misfolding cases. Some of
these differences may be accounted for, at least in part, by the ages of the patients. The
neuronal loss was less severe in the younger patients, suggesting that it is a late
phenomenon, rather than a developmental defect, which may account for some of the late
clinical deterioration that is typically observed.

Genetic analysis enhances the understanding of normal biological processes as well as
disease mechanisms. Null mutations provide the most important insights, especially when
the essential roles of the corresponding protein are not understood. The clear loss of neurons
in the case with deletion of the entire PLP1 gene establishes an essential role of PLP1 and
oligodendrocytes in maintaining not only axonal integrity, but also that of subsets of
neurons, such as those of the hippocampus, cerebellum and thalamus. The similar findings
in the three cases with a premature termination of the PLP1 gene demonstrate that the
neuronal loss results from PLP1 itself, and is not the result of lack of expression of genes
flanking the PLP1 gene. While the clinical signs in PMD are assumed to result from the
myelin abnormality, our findings raise the possibility that ataxia and extrapyramidal
findings, which are more prominent in PMD than in patients with other leukodystrophies,
may stem from loss of neuronal function.
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Why some neurons appear especially vulnerable to injury in the absence of PLP1 is not
clear. Null mutations have been described both in Plp1-knockout mice as well as humans [8,
9, 22, 30]. In man, they are associated with relatively mild disease, characterized by spastic
paraparesis, mild cognitive impairment, ataxia, mild dystonia and demyelinating peripheral
neuropathy [8]. Mice and humans with Plp1 null mutations develop minor defects in myelin
that can be appreciated ultrastructurally [3, 22], but over time neurologic dysfunction with
diffuse Wallerian degeneration without significant hypomyelination of central axons ensues
[12]. This effect appears to depend upon PLP1, since Wallerian degeneration does not occur
in shiverer mice that lack myelin basic protein, another major myelin protein of the central
nervous system [12].

Point mutations affecting the PLP1 coding region provide a second mechanism leading to
the development of PMD and are responsible for about 20% of cases [14, 25]. A toxic gain-
of-function due to PLP1 misfolding, accumulation in the endoplasmic reticulum and
activation of the unfolded protein response (UPR) has been proposed that causes varying
amounts of oligodendroglial apoptosis and corresponding degrees of dysmyelination [11,
39]. Since the mutant PLP1 associated with severe PMD has been experimentally shown to
be completely retained in the endoplasmic reticulum, the loss of Purkinje cells in these cases
could conceivably result from a lack of functional PLP1 in oligodendrocytes, causing
neuronal loss through a mechanism, still not understood, as occurs in patients with PLP1
null mutations. Therefore, in these patients, we believe that the clinical syndrome results
from the presence of abnormal PLP1 and DM20, which results in oligodendrocyte apoptosis,
resulting in early dysmyelination, and from both the inability to make full length PLP1 and
DM20 and transport it to the cell surface, with resultant late-onset axonal and neuronal
degeneration. The relative lack of neuronal loss in the cases with misfolded PLP1 suggests
that neuronal loss is a relatively late phenomenon, as the three patients were significantly
younger at time of death than were the other patients. Although we cannot exclude a
neuroprotective property of misfolded PLP1, this would seem unlikely in view of the
cerebellar and hippocampal neuronal loss seen in these cases.

The most extensive neuronal loss was observed in patients with PLP1 duplications. In
addition to loss in the regions affected in PLP1 null and misfolded PLP1 cases, these cases
had severe loss of neurons in the striatonigral, limbic, thalamic and cortical structures. The
clinical and pathologic findings were remarkably similar in the three related subjects.
However, no neuronal loss was observed in the substantia nigra in case 4, who was
significantly younger than the other three duplication cases. While this may indicate that the
neuronal pathology is unrelated to PLP1 overexpression, we believe that this is unlikely,
since subject 4 had neuronal loss in other brain regions. Therefore, we believe that the
neuronal loss is a late, rather than developmental, phenomenon and is more prominent in
certain neuronal subpopulations.

The mechanism(s) underlying neuronal loss in PMD is not known, however, one may
speculate that it shares similarities with the axonal pathology described in multiple sclerosis
(MS) [40]. Axonal pathology in MS is assumed to be due to perturbations in the
oligodendrocyte– axonal interactions, in addition to an immunemediated process directed
against neurons [40, 45]. We have demonstrated that Plp1 deficiency perturbs both
retrograde and anterograde axonal transport [7]. Interestingly, retrograde transport appeared
to be more profoundly affected, and raises the possibility that loss of trophic support from
peripheral targets could lead to axonal and, ultimately, neuronal degeneration. The patterns
and degree of neuronal loss did not appear to correlate with the patterns of axonal injury, but
will require more systematic study to resolve.
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It is intriguing that the most severe neuronal loss was observed in the PLP1 duplication
cases. It is likely that PLP1 duplication leads to overexpression of PLP1, as has been shown
in transgenic mice [20, 31]. Overexpression of PLP1 perturbs the assembly of membrane
rafts and leads to accumulation of PLP1 with cholesterol and lipids in the late endosomal/
lysosomal compartments [21, 36]. Boucher et al. [5] reported that overexpression of Plp1,
but not of DM20, reduces in vitro neuronal viability, either when Plp1-overexpressing cells
are co-cultured with neurons, or when conditioned media from such cells is applied to
neuronal cultures. The mechanism of this effect may be mediated by acidification of the
extracellular environment, an effect observed only with Plp1, but not with Dm20 or the
jimpy Plp1 that has a frame shift due to a mutation affecting Plp1 splicing [5, 38].

One possible mechanism underlying the varied systemic neuronal degeneration reported
here is activation of innate immune responses, which could potentially lead to downstream
neuronal apoptosis. Studies in Plp1 transgenic mice have demonstrated a significant role for
secondary immune activation contributing to myelin and/or axonal damage [18]. Our
preliminary studies indicate that microglial and inflammatory mediator upregulation also
occurs in patients with PLP1 duplications. This possibility is now being actively pursued in
the cases reported here.

Here, we have demonstrated that the pathology resulting from various PLP1 mutations is not
confined to dysmyelination and axonal degeneration, but neurons as well. Since PLP1 is not
expressed in neurons, the neuronal degeneration and loss most likely result from a
disturbance in glial–neuronal interactions. These observations raise the possibility that
neuronal loss may contribute to neurologic dysfunction in patients with other myelin
disorders. Enhanced understanding of oligodendrocyte–axonal interactions could lead to the
development of novel treatment strategies, such as neuroprotective agents, for patients
afflicted with dysmyelinating disorders.
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Fig. 1.
Pathologic changes in PLP1 duplication patients. Severe neuronal loss in the pars compacta
of the substantia nigra (a HE–LFB stain) and higher magnification in b, accompanied by
dense gliosis, as shown by GFAP positivity (c) in case 1. Arrowheads bracket the substantia
nigra in a. Extensive hippocampal pyramidal cell loss and loss of dentate fascia neurons in
case 1 (d HE–LFB stain). This was associated with dense gliosis also involving the dentate
fascia (arrows, e GFAP). Severe neuronal loss (f HE–LFB stain) and gliosis, as indicated by
GFAP staining (g) in the central nucleus of the amygdala in case 2. Loss of Purkinje cells in
cases 1 (h HE–LFB stain) and 4 (i Nissl stain). Note the Bergmann gliosis in these cases
(black arrowheads). Scale bars are 100 µm
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Fig. 2.
Pathologic findings in PLP1 null patients. Normal neuronal density of neurons in the
substantia nigra of case 5 with a PLP1 deletion (a HE–LFB stain). Purkinje cell loss in case
5 (b HE–LFB stain with a PLP1 gene deletion and (c Nissl stain) a patient with a frameshift
mutation that prevents PLP1 expression. Black arrowheads show the few remaining Purkinje
cells. Scale bars are 100 µm
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Fig. 3.
Pathology of PLP1 point mutation cases. Normal neuronal density in the substantia nigra (a
HE–LFB stain), higher magnification in b (HE–LFB stain) and lack of gliosis (c GFAP
immunostain) in case 6. Arrowheads bracket the substantia nigra in a. Case 7 showed
normal neuronal populations in the hippocampal pyramidal cell layer and dentate fascia (d
HE–LFB stain). Case 7 showed no appreciable neuronal loss or gliosis in the amygdala (e
GFAP immunostain). The cerebellum showed severe Purkinje cell loss in case 8 with a
PLP1 missense mutation (f HE–LFB stain). Scale bars are 100 µm
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