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Abstract

Xeroderma pigmentosum (XP) is a rare genetic disorder caused by inherited disturbances in the nucleotide excision repair system;
patients with XP groups A (XP-A), B, D, and G were shown to have progressive neurological disturbances. Particularly, XP-A
patients, which account for approximately half of Japanese XP patients, show severe neurological disorders, including mental retar-
dation and epilepsy. Herein, we performed an immunohistochemical analysis of the number of GABAergic interneurons (GABAIs),
including calbindin-D28K, parvalbumin, and calretinin, in the cerebral cortex and acetylcholinergic neurons (AchNs) in the nucleus
basalis of Meynert (NM) and in the pedunculopontine tegmental nucleus (PPN) in six autopsy cases of XP-A in order to investigate
the relationships between mental dysfunction and GABAIs and AchNs. The density and percentages of neurons that were immu-
noreactive for calbindin-D28K and parvalbumin were significantly reduced in the frontal and temporal cortices in XP-A cases,
although the density of neurons that were immunoreactive for MAP2 did not differ from that in controls. Additionally, XP-A cases
showed reduced AchNs in both the NM and the PPN. The observed reductions of cortical GABAis and AchNs may be involved in
the mental disturbances, the higher occurrence of epilepsy, and/or the abnormalities in rapid eye movement sleep in patients with
XP-A.
© 2011 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.

Keywords: Xeroderma pigmentosum; Mental disabilities; Immunohistochemistry; GABA; Acetylcholine; Nucleus basalis of Meynert;
Pedunculopontine tegmental nucleus

1. Introduction

Xeroderma pigmentosum (XP) is a rare genetic disor-
der caused by inherited disturbances in the nucleotide
excision repair (NER) system, and complementation
studies using cell hybridization have revealed the
existence of 8 XP genes (groups A-G and a variant)
(1]. Patients with XP groups A, B, D, and G (XP-A,

* Corresponding author. Tel.: +81 3 6834 2334; fax: +81 3 5316
3150.
E-mail address: hayashi-ms@igakuken.or.jp (M. Hayashi).

XP-B, XP-D, and XP-G) exhibit progressive neurologi-
cal disturbances, and XP-A patients, which account for
approximately 55% of XP patients in Japan, demon-
strate various and severe neurological disorders [2].
Protection from ultraviolet light can prevent the devel-
opment of skin symptoms but not the neurological dis-
turbances [3]. Although XP-A cases show widespread
neuronal loss throughout the central nervous system
(CNS) [4], we found a selective impairment of catechol-
aminergic neurons (CANs) in the basal ganglia and
brainstem in autopsy cases, being related to the occur-
rence of extrapyramidal symptoms and brainstem dys-
function [5].

0387-7604/$ - see front matter © 2011 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.
doi:10.1016/j.braindev.2011.06.015




2 M. Hayashi et al. | Brain & Development xxx (2011) xxx—xxx

Calcium-binding proteins, such as calbindin-D28K,
parvalbumin, and calretinin, regulate intracellular
calcium concentrations in neurons and label nonover-
lapping populations of GABAergic interneurons
(GABAis) in the CNS. In the cerebral cortex, the
GABAIs are immunoreactive for each calcium-binding
protein. We identified selectively disturbed patterns of
calcium-binding protein expression in the cerebral cor-
tex in developmental brain disorders [6-8]. However,
acetylcholinergic neurons (AchNs) in the nucleus basalis
of Meynert (NM) and the pedunculopontine tegmental
nucleus (PPN) are involved in mental development
and learning abilities [9]. A lesion of the AchN system
was observed in developmental brain disorders, such
as Down syndrome and Rett syndrome [10,11].

Patients with XP-A suffer from disturbed mental abil-
ities and a worsening of cerebral atrophy according to
computed tomography (CT) or magnetic resonance
imaging (MRI) studies [3]. Additionally, Japanese
XP-A patients showed a higher incidence of epileptic sei-
zures (approximately 15%) than controls [12]. However,
the neuropathological background of cortical dysfunc-
tion has not been investigated in detail. We performed
an immunohistochemical analysis of GABAis in the
cerebral cortex and of AchNs in the MyN and PPN in
six autopsy cases of XP-A and confirmed that lesions
of GABAis and AchNs are involved in the mental
abnormalities exhibited by these patients.

2. Materials and methods
2.1. Subjects

Clinical subjects included six cases of clinically and
genetically confirmed XP-A and 5 controls with no
pathological changes in the central nervous system;
subjects were aged from 9 to 47 years (Table 1). Clinical
findings in XP-A cases 1-2 and 4-6 were reported
previously [4]. The ethical committee of the Tokyo

Metropolitan Institute of Medical Science approved this
study, and the family of each subject provided informed
consent for the postmortem analysis.

2.2. Immunohistochemistry

Brains were fixed in a buffered formalin solution.
Each formalin-fixed brain was cut coronally and then
embedded in paraffin. Six-um-thick serial sections were
cut from selected brain regions, including the superior
frontal cortex, the middle temporal cortex, the hypothal-
amus including the NM, and the lower midbrain includ-
ing the PPN. After microwave antigen retrieval, each
section was treated with mouse monoclonal antibodies
to microtubule-associated protein 2 (MAP2; 1:100,
Upstate Cell Signaling Solutions, Billerica, MA, USA),
acetylcholinesterase (AchE; Affinity Bioreagents, Inc.,
Golden, CO, USA), tyrosine hydroxylase (TH; Affinity
Bioreagents, Inc.), parvalbumin (PV; Novocastra Labo-
ratories, Newcastle upon Tyne, UK), calbindin-D28K
(CD; Novocastra Laboratories), and calretinin (CR;
Novocastra Laboratories) at the following concentra-
tions: 1:100 (MAP2, PV, CD, and CR), 1:250 (AchE),
and 1:400 (TH). Antibody binding was visualized using
the avidin-biotin-immunoperoxidase complex method
(Nichirei, Tokyo, Japan) according to the manufac-
turer’s protocol. No staining was detected in the sections
in the absence of antibody. '

2.3. Quantitative evaluation and data analysis

From the second to the fourth layers in the cerebral
cortex, the number of cells immunoreactive for MAP2
and each calcium-binding protein was counted in 6 non-
overlapping microscopic subfields at a 100-fold magnifi-
cation using a counting box (1 mm?) to obtain the
density of immunoreactive cells. The percentages of cells
immunoreactive for each calcium-binding protein
relative to those immunoreactive for MAP2 were also

Table 1
Summary of subjects.
Age (years) Sex Cause of death Post-mortem time (h) Brain weight (g)
Controls
1 9 Male Acute leukemia 4 n/A
2 16 Male Pneumonia 6 1505
3 29 Female Guilain-Barre syndrome 4 n/A
4 36 Female Thrombotic thromeytopenic purpura 2 1475
5 47 Male Acute leukemia 10 1400
Xeroderma pigmentosum group A
1 19 Male Candidiasis 2 580
2 19 Male Renal failure 2 610
3 21 Male Pneumonia 18 720
4 23 Female Pneumonia 9 580
5 24 Female Pneumonia 4 500
6 26 Female Pneumonia 5 530

Abbreviations: N/A, not accessed.
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calculated. In the NM, all AchE-immunoreactive cells
were counted ventral to the globus pallidus. The PPN
was identified dorsolateral to the rostral superior cerebel-
lar peduncle and the medial lemniscus in the lower mid-
brain, following the atlas of Olszewski and Baxter [13].
The PPN is composed of clusters of moderately large
neurons (pars compacta) and the more widespread pars
dissipata in the rostral and medial regions [9]. In the pars
compacta of the PPN, the number of cells immunoreac-
tive for MAP2, AchE, TH, and CD were determined
after the manual labeling of appropriate cells with nucle-
oli in 2 serial sections, and the mean value was calcu-
lated. The percentages of cells immunoreactive for
AchE, TH, and CD relative to those immunoreactive
for MAP2 were also calculated. All data are presented
as the mean + SD and analyzed using the nonparametric
Mann-Whitney U test in order to compare the results
between the XPA cases and controls for a quantitative
evaluation of immunoreactive cells. The level of signifi-
cance was set at P <0.05 to adjust for comparisons.

3. Results

In the cerebral cortex, interneurons immunoreactive
for CD, PV, and CR were identified in the second and
third layers, near the fourth layer, and from the second
to the fourth layers, respectively (Fig. 1A). The density
of neurons immunoreactive for MAP2 in the superior
frontal cortex and inferior temporal cortex in cases of
XP-A did not differ from the average density of that in
controls (Table 2). Nevertheless, the density and per-
centages of neurons immunoreactive for both CD and
PV was significantly reduced in the frontal and temporal
cortices in cases of XP-A (Fig. 1B). The number and
percentage of neurons immunoreactive for CR were
reduced in the middle temporal cortex, whereas these
values were comparatively preserved in the superior
frontal cortex (Table 2). The data suggest a selective
impairment of GABAIs in the cerebral cortex in cases
of XP-A. In the NM, the mean + SD of the total num-
ber of neurons immunoreactive for AchE was
91.7 4 25.7 in controls (Fig. 1C), and that in XP-A cases
was 0.4 + 0.8, indicating a significant loss of AchNs
(P <0.01) (Fig. 1D). In the PPN, the number of neurons
immunoreactive for MAP2 in cases of XP-A was
reduced to fewer than half of those in controls (Table 3).
The numbers and percentages of both AchNs and
CANs, which are immunoreactive for AchE and TH
( Fig. 1E and F), respectively, were reduced in XP-A
cases (Table 3), whereas those immunoreactive for CD
remained consistent.

4. Discussion

We previously reported a reduction of CD- and
PV-immunoreactive GABAIs in the cerebral cortex in

samples from patients with various developmental disor-
ders, including neuronal ceroid lipofuscinosis (NCL) [6],
dentatorubral-pallidoluysian atrophy (DRPLA) [8], and
mucopolysaccharidosis (MPS) [7]. This reduction may
be related to the epileptogenesis of progressive myo-
clonic epilepsy in NCL and DRPLA and the mental dis-
abilities in MPS, respectively. A similar reduction of
CD- and PV-immunoreactive GABAIs in the cerebral
cortex was observed in XP-A cases. XP-A cases exhib-
ited severe brain atrophy (Table 1), and the total num-
ber of cerebral neurons was lower than that in
controls. However, there was no difference in the density
of neurons immunoreactive for MAP2 between controls
and XP-A cases (Table 2).

We previously reported that neuronal loss was
observed throughout the cerebral cortex in cases of
XP-A, and there was no difference in the density of
the remaining pyramidal cells between the layers [4].
However, this analysis demonstrated that GABAIs are
more vulnerable than pyramidal neurons from the sec-
ond layer to the fourth layers in the cerebral cortex.
Evaluating neuronal loss in the brain according to indi-
vidual subgroups is important for XP-A cases, although
the lesion appears to be diffuse and extensive. It is
known that GABA receptor-mediated postsynaptic inhi-
bition has important roles in normal cortical function
and in controlling events implicated in epileptogenesis,
and the decreases in numbers of GABAIs and/or post-
synaptic inhibition have been reported in the epilepto-
genic hippocampus and neocortex [14]. The selective
loss of CD- and PV-immunoreactive cells was reported
in the temporal cortex in Alzheimer’s disease and in
the prefrontal cortex in schizophrenia [15,16]. The
reduction of inhibitory GABAis may be involved in
the progressive mental disturbances and the higher
occurrence of epilepsyin patients with XP-A. Concur-
rently, GABAergic anticonvulsants should be used care-
fully in patients considering the selective reduction of
GABA:Is in the cerebral cortex.

PPN, which is in the lower midbrain, contains cholin-
ergic and noncholinergic neurons and has afferent and
efferent connections to the basal ganglia and spinal cord.
The cholinergic innervation from the PPN to the thala-
mus and pons is involved in the generation of muscle
tone and rapid eye movement (REM) sleep, and the
PPN is believed to be a part of the mesencephalic loco-
motor region [17]. In controls, there was an age-depen-
dent change in the percentages of AchNs and CANs in
the PPN. Cases of perinatal brain damage showed a
reduced percentage of AchNs with a compensatory
increased percentage of CANs [9]. AchNs were reduced
in the PPN in patients with Prader-Willi syndrome,
although GABAIs in the cerebral cortex, in addition to
AchN in the NM, were relatively well-preserved [18].

This analysis revealed a severe reduction in the per-
centage of AchNs and CANs in the PPN in cases of




Fig. 1. Representative illustrations of immunohistochemistry in controls and cases of xeroderma pigmentosum group A (XP-A). Immunoreactivities
for parvalbumin were found in the interneurons and neuropil around the fourth layer of frontal cortex in control 2 (A), whereas those were reduced
in XP-A case 2 (B). Bars =200 um. Neurons with cytoplasmic granules immunoreactive for acetylcholine esterase were observed in the nucleus
basalis of Meynert in control 3 (C) but not in XP-A case 3 (D). Bars = 100 um. The pedunculopontine tegmental nucleus had neurons and neuronal
processes immunoreactive for tyrosine hydroxylase in control 2 (E), which were reduced in XP-A case 3 (F). Bars = 400 um.

XP-A, whereas GABAIis immunoreactive for CD were
relatively spared (Table 3). Unlike the AchNs in Prad-
er-Willi syndrome [18], AchNs were also damaged in
the NM. Impairment of CANs seem to occur through-
out the CNS, given the reduction of CAN in the basal
ganglia and brainstem that we reported previously [5].
Interestingly, a disturbance of motor inhibition during
REM sleep was identified in patients with XP-A [19].
Damage of the monoaminergic neurons in the brain-
stem, including the PPN, may be involved in abnormal-
ities of muscle tone and/or REM sleep, in addition to
mental disturbances in patients with XP-A. Recently,

we reported successful treatment with low-dose levo-
dopa for laryngeal dystonia, from which many aged
patients with XP-A generally suffer [20]. Low-dose
levodopa is thought to alleviate dopamine receptor
supersensitivity in the basal ganglia. Treatment with
donepezil, an acetylcholinergic agent, corrected REM
sleep abnormalities in patients with Alzheimer’s disease
[21] and ameliorated REM sleep behavior disorders in
cases of dementia with Lewy bodies [22]. Recently,
donepezil has been tested in young adults with Down
syndrome [23], in which AchNs were impaired [10,11].
Scores in modified International Classification of




Table 2

M. Hayashi et al. | Brain & Development xxx (2011) xxx—xxx

Summary of quantitative analysis in the cerebral cortex.

Superior frontal cortex

Middle temporal cortex

Controls XP-A Mann-Whitney Controls XP-A Mann-Whitney
(mean £ SD) (mean £ SD) test (p value) (mean + SD) (mean £ SD) test (p value)
Microtubule 122413 121 £2 ns 124 £ 8 110 +8 ns
associated protein 2
Calbindin-D28K 3347 8§+7 <0.01 3344 9+4 <0.01
(%) 31£5 12412 <0.05 2744 8+3 <0.01
Parvalbumin 27+4 154+10 <0.05 241 5+4 <0.01
(%) 2642 1238 <0.05 1742 5+3 <0.01
Calretinin 49+5 44 £ 11 ns 507 36+6 <0.05
(%) 42+5 36+9 ns 41+ 4 3245 <0.05

Abbreviations: XP-A, xeroderma pigmentosum group A; ns, not significant.

Table 3
Summary of quantitative analysis in the pedunculopontine tegmental nucleus.
Controls XP-A Mann-Whitney
(mean + SD) (mean + SD) test (p value)
Microtubule associated protein 2 244 £ 445 96 £ 16 <0.01
Acetylcholine esterase 68.2 + 18 0 <0.01
(%) 294+9.6 02+£04 <0.01
Tyrosine hydroxylase 24.8 4+ 14.6 34+28 <0.01
(%) 102 +4.8 33425 <0.05
Calbindin-D28K 26.8 £18.2 20+ 12 ns
(%) 10.7+£ 6.9 20.1+123 ns

Abbreviations: XP-A, xeroderma pigmentosum group A; ns, not significant.

Functioning, Disability and Health scaling system sig-
nificantly increased without any adverse effects in
patients with Down syndrome treated with donepezil
in comparison to those in placebo controls in a 24-week
randomized, double-blind, placebo-controlled trial [24].
We hypothesize that donepezil may be effective for treat-
ing mental disturbances and/or REM sleep abnormali-
ties in patients with XP-A, although donepezil has
never been used in these patients.

The pathogenesis of the lesions of the cortical
GABAis and AchNs in cases of XP-Ais not clear. We
observed the involvement of apoptotic neuronal loss
and oxidative stress with disturbed glutamate transport
in the degeneration of the cerebellar cortex and the basal
ganglia, respectively, in XP-A [25-27]. However, neither
apoptotic neuronal loss nor oxidative stress was
observed in the cerebral cortex, the NM, or the PPN.
It is possible that the disturbed NER and/or null expres-
sion of XP-A protein may affect the development and/or
survival of specific neuronal groups in the brain.
Nevertheless, Xpa gene-knockout mice, an animal
model of XP-A, are deficient in NER and sensitive to
ultraviolet-induced skin carcinogenesis, but they are
behaviorally normal and lack significant neuronal loss
in the brain [28]. Further research in mice using a condi-
tional knock-out of the Xpa gene in the brain may be
helpful to clarify the pathogenesis of the impairment
of specific neuron groups in XP-A.
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