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Abstract
Niemann-Pick disease type C (NPC) is a lysosomal storage disorder that presents with a spectrum of clinical manifestations 
from infancy and childhood or in early or mid-adulthood. Progressive neurological symptoms including ataxia, dystonia 
and vertical gaze palsy are a hallmark of the disease, and psychiatric symptoms such as psychosis and mood disorders are 
common. These latter symptoms often present early in the course of NPC and thus these patients are often diagnosed with 
a major psychotic or affective disorder before neurological and cognitive signs present and the diagnosis is revised. The 
commonalities and characteristics of psychotic symptoms in both NPC and schizophrenia may share neuronal pathways 
and mechanisms and provide potential targets for research in both disorders. The neurobiology of NPC and its relationship 
to the pattern of neuropsychiatric and cognitive symptoms is described in this review. A number of neurobiological models 
are proposed as mechanisms by which NPC causes psychiatric and cognitive symptoms, informed from models proposed in 
schizophrenia and other metabolic disorders. There are a number of symptomatic and illness-modifying treatments for NPC 
currently available. The current evidence is discussed; focussing on two medications which have shown promise, miglustat 
and hydroxypropyl-β-cyclodextrin.

Key Points 

Niemann-Pick disease type C is a rare but important 
differential diagnosis in the setting of major psychiatric 
illness with concomitant neurological and cognitive 
impairments.

Psychosis is the most common presentation particularly 
in adolescence and early adulthood.

Early diagnosis is important particularly with the emerg-
ing availability of illness-modifying treatments.

1  Introduction

Niemann-Pick disease type C (NPC) is an autosomal reces-
sive inborn error of lipid metabolism caused by a mutation 
in the NPC1 (GenBank accession no. NM_000271.4) or 
NPC2 (GenBank accession no. NC_000014.9) genes [1], 
with a combined estimated prevalence of approximately 
1:89,000 live births [2]. Recent genetic studies have deter-
mined that a late-onset NPC phenotype has a significantly 
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higher incidence of 1/20,000–39,000 [2]. Alterations to 
the function of NPC1, a large transmembrane protein, and 
NPC2, a much smaller cytosolic protein, result in disruption 
of intracellular cholesterol trafficking, particularly between 
the late endosome and early lysosome [3]. This disruption 
results in accumulation of cholesterol and glycosphingolip-
ids in lysosomes, particularly in the brain, spleen and liver 
[4].

The severity of illness, and its onset, is determined by 
the degree of functional disruption of cholesterol traffick-
ing in NPC. More severe disruptions result in early-life 
onset, but less severe disruption results in later onset, in 
adolescence through to mid-life, with a slower illness course. 
Early-onset forms tend to present with a preponderance of 
visceral symptoms, with adult presentations presenting pre-
dominantly with neurological and neuropsychiatric symp-
toms [1, 5, 6].

Affected patients display marked clinical heterogeneity 
[7], including a range of neurological symptoms (such as 
ataxia, dystonia, vertical gaze palsy, and gelastic cataplexy 
and seizures) and psychiatric illness, particularly psychosis 
[8]. NPC can occur across the lifespan, despite previously 
being mainly recognised as a childhood disease [1, 9, 10], 
although the proportion of newly diagnosed cases with onset 
in adolescence or adulthood has increased [10, 11].

As with other treatable inborn errors of metabolism, it is 
important for the diagnosis of NPC to be made in a timely 
fashion, as delayed treatment may critically impact early life 
neurodevelopment [12]. Although treating for a primary psy-
chiatric illness is not harmful in itself, a delay in commenc-
ing treatment for NPC—shown to be effective for stabilising 
neurological symptoms and improving outcomes [13, 14]—
may result in irreversible illness progression. Diagnosis is 
aided by clinical tools such as the NPC Suspicion Index 
[15], plasma biomarkers such as oxysterols, lyso-SM-509 
and bile acids, and genetic testing via gene panels and next-
generation sequencing [16].

Given that NPC often presents with psychiatric symptoms 
prior to the onset of more frank neurological and cognitive 
symptoms (beyond those associated with ‘typical’ major 
mental illness), it is critical for clinicians to have a frame-
work for detecting the neuropsychiatric symptoms that may 
herald the onset of an ‘organic’ psychotic illness such as 
NPC [17].

The importance of making a timely diagnosis of NPC 
is highlighted by a recent systematic review of psychiatric 
symptoms in NPC by Bonnot et al. [7], which examined the 
temporal course of symptoms in NPC, and the relationship 
between psychiatric and neurological symptoms. They found 
that psychiatric manifestations were present in the major-
ity of patients, with psychosis present in 62% and mood 
symptoms in 38%. Of those with psychosis, half had delu-
sions and approximately a third had visual and/or auditory 

hallucinations. Strikingly, 39% of this patient group had 
been misdiagnosed with schizophrenia at some point, and 
diagnostic delay for some patients has been measured not 
just in years, but in decades. This diagnostic delay inevitably 
results in a delay in instigating treatment, such as miglustat 
(see Sect. 6). As NPC is one of the few neurodegenerative 
disorders with demonstrated illness-modifying treatment 
available, minimising any diagnostic delay is crucial to pre-
vent irreversible damage [18–20].

2 � The Neurobiology of Niemann‑Pick Type C 
(NPC)

The disrupted lipid homeostasis that occurs as a result of 
impaired cholesterol trafficking in NPC affects a number of 
intracellular pathways, including glycosphingolipid synthe-
sis (with the accumulation of toxic levels of GM2 and GM3 
gangliosides), oxidative stress, lysosomal calcium homeo-
stasis, Rab-mediated vesicle trafficking, fusion of lysosomes 
and autophagy [21]. At an ultrastructural level, NPC pre-
sents with changes commonly seen with other lysosomal 
storage disorders (LSDs), including neuronal distension, the 
formation of meganeurites, axonal swelling and formation of 
axonal spheroids, and ectopic dendritogenesis [22].

Interestingly, there are pathological similarities between 
NPC and other neurodegenerative disorders such as Alz-
heimer’s disease (AD). Neurofibrillary tangles (NFTs), tau 
hyperphosphorylation, altered transition metal homeosta-
sis and β-amyloid accumulation occur in both NPC and 
AD [21, 23–25]. Amyloid precursor protein function may 
be modulated by cholesterol levels, and apolipoprotein E 
(APOE), in particular the E4 isoform, influences disease 
progression in both NPC and AD [26, 27]. Recent studies 
have also suggested mutations in NPC genes as risk factors 
for AD, further suggesting bidirectional links between AD 
and NPC [28]. Recent studies, however, have demonstrated 
some differences between NPC and AD. For example, NFTs 
in NPC—otherwise ultrastructurally identical to those seen 
in AD [23, 24, 29]—tend to have a different distribution, 
primarily involving subcortical structures such as the thala-
mus, hippocampus and striatum with sparing of the cerebel-
lum, compared to a more cortical distribution in AD [24, 30, 
31]. Furthermore, it has been suggested that, although NFTs 
are a common feature of NPC, they may be a non-specific 
reaction to abnormal storage material rather than having a 
clearer relation to amyloid pathology, as is the case in AD. 
Finally, although there is β-amyloid accumulation, amyloid 
plaques, one of the hallmarks of AD, are not characteristic 
of NPC [21].

Animal studies have also shown a strong neuroinflam-
matory axis to NPC, with microglial activation and reac-
tive astrocytosis shown to be significant and widespread 
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[32, 33]. Non-steroidal anti-inflammatory medication has 
demonstrated neuroprotective effects in addition to current 
standard treatments [34, 35]. Microglial changes may be a 
primary pathological event in neurodegeneration in NPC, 
as has been suggested for other neurodegenerative diseases. 
Additionally, the formation and maintenance of central nerv-
ous system (CNS) myelin by oligodendrocytes is heavily 
NPC1-dependent, and impaired lipid uptake and intraneu-
ronal transport results in impaired oligodendrocyte matu-
ration [36] and significant and marked hypomyelination of 
white matter [37, 38]. The links between these seemingly 
parallel and distinct pathways of neurodegeneration are far 
from elucidated, but some intriguing relationships have 
emerged, such as increased glial activation resulting in the 
production of interleukins and APOE and the activation of 
p38–mitogen-activated protein kinase (MAPK). This leads 
to hyperphosphorylated tau, destabilisation of the micro-
tubules to which tau binds, and thus ultrastructural change 
to neurons [39] and altered induction of cellular autophagy 
[40].

As in most neurodegenerative diseases, some neuronal 
types, and hence brain regions, are more affected than oth-
ers. In animal and human models, γ-aminobutyric acid 
(GABA)-ergic neuronal populations in the cerebellum, 
brainstem, hippocampus and basal ganglia are particularly 
affected [41] by neuroaxonal dystrophy, and it is in these 
regions that the greatest intracellular storage of gangliosides 
occurs [33, 42], with the most fulminant loss in the cerebel-
lum and thalamus [33, 43, 44]. NFTs also appear to accu-
mulate in these same regions (other than the cerebellum) 
[23, 24], and neuroinflammation also appears to be most 
pronounced in cerebellum, thalamus and basal ganglia [45]. 
This suggests that these regions are where significant cellu-
lar pathological ‘overlap’ occurs, with toxic gangliosidosis, 
tauopathy and ultrastructural morphological change to the 
neuron all converging. An illustration of this convergence, 
and the cellular changes driving this, can be seen in Fig. 1.

These findings have largely been confirmed by human 
neuroimaging studies, which have revealed widespread grey 
and white matter changes in NPC. Diffusion tensor imag-
ing (DTI) analyses have demonstrated altered white matter 
integrity and significant axonal and myelination changes, 
for example decreased fractional anisotropy in major white 
matter tracts such as the corona radiata, cingulate gyrus and, 
in particular, the corpus callosum [46–49]. Slower rates of 
white matter changes have been demonstrated in patients 
treated with miglustat [20, 49]. At a volumetric level, brain 
magnetic resonance imaging (MRI) and voxel-based mor-
phometry studies have demonstrated widespread changes 
such as atrophy in the cerebellum, thalamus, hippocampi, 
caudate nuclei and cortex, an increased pontine-to-midbrain 
ratio and, once again, slowed progression of volume loss in 
patients treated with miglustat [18, 20, 49–54].

3 � Psychiatric Illness in NPC

The delay in diagnosis of NPC is representative of one 
of the key challenges in metabolic disorders, as the key 
symptoms of the disease are non-specific, heterogeneous 
(particularly in adulthood) and may be overshadowed by 
the presentation of psychiatric illness [55]. The visceral 
symptoms seen in childhood are often mild, fluctuating 
and rarely clinically significant in adults, and are likely 
to be overlooked [8]. The motor signs, particularly dysto-
nia, may be attributed to the extrapyramidal side effects 
(EPSE) of antipsychotic medications, ataxia may be dif-
ficult to assess, and vertical gaze palsy is missed more 
often than not [7]. The temporal sequence of events is 
often crucial. The psychiatric presentation of NPC may 
co-occur alongside subtle neurological changes, but com-
monly precedes more frank cognitive or motor symptoms 
by several years, which can lead to an established ‘pri-
mary’ psychiatric diagnosis, with new-onset motor and 
cognitive symptoms often attributed to a psychiatric ill-
ness and/or its treatment.

3.1 � How Common Are Psychiatric Presentations 
of NPC?

The first reports of psychosis as the presenting symptom of 
NPC in adolescents and adults were published more than 
two decades ago. These reports highlighted that NPC often 
presents with adolescent-onset psychosis [3, 56–58], with 
cognitive and neurological symptoms often presenting to 
a degree greater than expected for ‘typical’ schizophrenia. 
The first series of patients published by Walterfang et al. 
[3] focused on the likelihood of subtle disconnection being 
an early feature of neurodegeneration in adolescence and 
early adulthood in NPC, which may have underpinned the 
initial presentation being psychiatric, prior to the obvi-
ous motor and cognitive symptoms that occur with more 
frank neurodegeneration. Since this time, numerous simi-
lar cases have been published [59–68], suggesting that the 
presentation of significant neuropsychiatric illness is com-
mon in later-onset NPC patients.

A number of reviews and larger series of adult NPC 
patients have confirmed an over-representation of psy-
chiatric illness, particularly psychosis, in this age group. 
Sévin et al. [1] described 13 published cases with onset 
after the age of 15 years, with up to 40% of patients pre-
senting with a psychotic illness during young adulthood. 
Maubert et al. [69] reviewed 22 adult patients in France by 
interviewing patients, relatives and their doctors, finding 
that psychiatric illness occurred in 86% of patients, 55% 
with psychotic illness and 36% with depression. When 
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Fig. 1   The progression of neurobiological through to morphological changes in Niemann-Pick disease type C, and the resulting clinical syn-
dromes. a Cellular structural changes; and b key affected brain regions and their relationship to symptom production
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psychiatric diagnoses were made, the chief diagnoses were 
schizophrenia and major depression, and the median age at 
onset of psychiatric symptoms was 20 years. Half of these 
patients had been hospitalised psychiatrically, and most 
had received antipsychotics. In a review of patients entered 
into an international NPC registry, Bonnot et al. [70] found 
that of 386 registry patients, one-third had psychiatric 
symptomatology, with the most common diagnoses being 
of a psychotic illness (43%) and mood disorder (39%). 
The mean age at onset of psychiatric symptoms was 18 
years of age, preceding the confirmed diagnosis of NPC by 
almost 6 years [70] and confirming that diagnostic delay 
after a psychiatric diagnosis is very common. Psychiatric 
manifestations present before or at the onset of neurologi-
cal symptoms in up to 76% of cases [7], suggesting that 
clinical psychiatrists in particular need to be vigilant for 
atypicality of symptoms that occur in psychiatric illness 
that may point to a secondary, rather than primary, ill-
ness (see Table 1).

3.2 � Psychosis

Psychosis is a common manifestation in adolescent/adult 
NPC, occurring in up to half of patients, and less commonly 
can be the sole presenting feature [7, 52]. In cases present-
ing with schizophrenia-like psychosis alone, these patients 
can undergo treatment with neuroleptic medications for 
5–10 years prior to the onset of defining neurological and/
or cognitive symptoms resulting in a diagnosis of NPC being 
made [1, 3, 71].

Distinguishing psychotic symptoms in NPC as compared 
to a primary schizophrenic illness can be extremely diffi-
cult based on phenomenology alone, given the overlap of 
commonly reported symptoms between the disorders, such 
as auditory hallucinations, paranoid delusions and ideas of 
reference [7, 52]. However there may be an elevated rate of 
visual hallucinations in NPC, with international registry data 
finding visual hallucinations reported in 36% of psychotic 
patients [7], which would be otherwise uncommon in schizo-
phrenia. Treatment resistance, usually defined as insufficient 
response to two trials of therapy with a second-generation 

antipsychotic, is common in NPC, occurring in approxi-
mately half of patients, and should be considered a red 
flag for diagnostic revision [7]. Neuroleptic sensitivity has 
also been described [3], and clearly the co-presentation of 
ataxia, vertical gaze palsy and greater-than-expected cogni-
tive impairment are concomitant symptoms that are highly 
suggestive of NPC or another secondary psychotic illness.

3.3 � Mood Disorders

Mood disorders are common in NPC, though less frequent 
than schizophrenia-like psychosis. They are, however, poorly 
quantified in the literature, due to categorisation and report-
ing where the term ‘mood disorder/symptom’ may include 
depression, emotional lability or irritability, or hypomania. 
A recent review of psychiatric symptoms in the international 
registry [70] identified 17 patients with a mood disorder out 
of 94 patients identified as having psychiatric symptoma-
tology. The overall number may have been higher, as only 
56 patients had further information provided other than 
‘abnormal’, with 44 patients having a specific psychiatric 
symptom/disorder.

Whilst a number of studies refer to bipolar affective dis-
order as a possible psychiatric manifestation of NPC [3, 
5], there is only one clearly described case. Sullivan et al. 
[72] published the first case of bipolar affective disorder 
type I in a patient with confirmed infantile-onset NPC in 
2005. This patient presented at age 25 years with a 2-year 
history of mania that would last 2–3 weeks and occurred 
every 1–2 months. Remission was maintained at 18 months’ 
follow-up after commencement of sodium valproate.

3.4 � Other Psychiatric Disorders

A multitude of other neuropsychiatric phenomena are 
reported in NPC, including autism spectrum disorder and 
attention deficit disorder in children, obsessive–compulsive 
disorder, and behavioural problems in childhood and adult-
hood. The recent review by Bonnot et al. [73] found eight 
of 44 patients with documented psychiatric symptoms, pre-
dominately in those over 18 years of age, had an impairment 
in impulse control.

4 � Cognitive Impairment in NPC

Although it may not be part of the initial presentation, pro-
gressive cognitive decline is characteristic of the phenotype 
of NPC [1, 74]. In a third of cases, cognitive dysfunction is 
a presenting symptom of NPC and it is reported in 60–70% 
of cases across all age groups in multiple reviews, including 
those of international registry data [1, 8, 30]. As a late fea-
ture, most if not all NPC patients will experience progressive 

Table 1   Prevalence rates of psychiatric symptoms in different age 
cohorts of Niemann-Pick disease type C patients. Adapted from Bon-
not et al. [7]

Psychiatric symptoms Age cohort

Childhood Young adult Adult

Mood symptoms 1/5 3/8 13/31
Anxiety 1/5 0/8 1/31
Impulse control impairment 1/5 3/8 4/31
Psychosis 1/5 2/8 16/41
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cognitive decline, meeting criteria for dementia. Early rec-
ognition of the cognitive phenotype of adolescent/adult NPC 
is an important aspect of assessment to avoid significant 
diagnostic delay and/or misdiagnosis.

Despite the prevalence of cognitive impairment and its 
negative impacts on functioning and quality of life, detailed 
characterisation of the specific cognitive profile of NPC and 
its progression is scarce and/or inconsistently reported in 
the literature. The literature consists predominantly of case 
reports/series with limited psychometric testing, single-
timepoint assessment and various published methodologies 
resulting in inconclusive findings. For example, many stud-
ies report only global cognitive functioning index scores 
and/or full-scale IQ scores [57]. The Mini-Mental State 
Examination (MMSE) is often used as a rudimentary cogni-
tive screening tool due to its brevity, including in medication 
trials [13]. However, the MMSE is not sensitive to identify-
ing the types of early cognitive impairments found in NPC, 
including changes in higher-order attention and executive 
function. In a cross-sectional study by Walterfang et al. [47] 
in 2010, cognitive impairment was measured by the MMSE 
score and full-scale IQ, with scores ranging from 13 to 30 
and 55 to 76, respectively, as compared to the expected range 
for normal controls of 28+ for the MMSE and 90–110 for 
full-scale IQ. These cognitive measures were also utilised 
in a later study by the same group examining ocular–motor 
function and its relationship to cognition [75]. Two paediat-
ric studies have utilised the MMSE to characterise cognitive 
improvements in patients treated with miglustat [76, 77], 
and the tool has also been shown to demonstrate differences 
between NPC and early-onset AD patients [78]. In a further 
study in 2013, Walterfang et al. [79] used the global score 

of the Neuropsychiatry Unit Cognitive Assessment Tool 
(NUCOG) for nine adult NPC patients as an illness variable 
for imaging analyses [54], demonstrating a range of 49–94 
out of a maximum score of 100 in comparison to the cut-
off score for normal function of 80 or above. To date, only 
four publications have reported a comprehensive neuropsy-
chological battery assessing all major cognitive domains on 
cross-sectional adolescent/adult NPC cohorts, as shown in 
Table 2 [78, 80–82].

4.1 � Is There a Cognitive Profile in NPC?

Careful characterisation of the typical cognitive profile of 
NPC is critical, as impairments in NPC can be mistaken 
for other disorders, including primary psychiatric disorders 
[83] and other neurodegenerative disorders [78]. However, 
the degree and pattern of neuropsychological impairments 
varies considerably in adolescent/adult patients with NPC 
[1, 80, 81]. Neuropsychological testing in adolescent/adult-
onset case reports often reveals a steady decline throughout 
adulthood, with significant deficits in executive function and 
memory [56, 57, 84, 85]. A systematic review of case reports 
based on 23 patients reported executive dysfunction as the 
most frequent deficit in adult NPC patients [30]. In qualita-
tive descriptions of patients’ cognitive profiles, executive 
dysfunction was the most frequent feature (13/23) followed 
by memory disturbance (12/23), visuospatial deficits (6/23) 
and aphasia (4/23). Unfortunately, in these cases, cognitive 
profiles were inconsistently reported, with very few studies 
reporting actual test results.

Hinton et al. [80] reported data on 14 patients with severe 
impairments in verbal fluency, planning and reasoning, and 

Table 2   Studies utilising formal neuropsychological testing batteries in Niemann-Pick disease type C patients

BNT Boston Naming Test, CVLT California Verbal Learning Test, DS digit span, FAB Frontal Assessment Battery, KBIT Kaufman Brief Intelli-
gence Test, MMSE Mini-Mental State Examination, PPVT Peabody Picture Vocabulary Test, RAVLT Rey Auditory Verbal Learning Test, RCFT 
Rey Complex Figure Test, TMT Trail Making Test, VF verbal fluency, WCST Wisconsin Card Sorting Test

Study (year) Attention Speed of pro-
cessing

Language Visuospatial Learning and 
memory

Executive func-
tion

Global function

Hinton et al. 
(2005) [80]

DS PPVT; KBIT 
naming

KBIT matrices; 
Beery test of 
visual motor 
integration

CVLT VF; TMT MMSE

Klarner et al. 
(2007) [81]

Corsi block Grooved peg-
board

BNT Clock drawing; 
mosaic

VF; TMT; simi-
larities

Patterson et al. 
(2007) [13]

MMSE

Johnen et al. 
(2018) [78]

DS RCFT RAVLT VF; TMT; FAB MMSE

Heitz et al. 
(2017) [82]

Verbal 
span; 
visual 
span

BNT RCFT Free and cued 
selective 
reminding test

WCST; VF; 
FAB

MMSE
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memory, as well as impairments in naming, non-verbal rea-
soning and drawing skills. Word knowledge (vocabulary) 
was preserved. All patients exhibited a lack of insight into 
the degree of deficits. Supporting these findings was Klarner 
et al. [81] 2007 pilot study of ten adolescent/adult patients, 
where impairments in verbal fluency, information processing 
speed, divided attention, fine-motor coordination, visuos-
patial organisation and executive functions were reported 
in the early stages of disease. In most patients, there was an 
early decline in executive functioning, with verbal memory 
impairment becoming apparent in the moderate stages of 
illness. Visuospatial working memory was less affected than 
verbal working memory, and not until later stages of disease. 
They also noted a frontal lobe behavioural syndrome, with 
evidence of perseveration and loss of interpersonal distance 
that manifested as excessive familiarity. More recently, 
Heitz et al. [82] conducted a retrospective study of 21 adult 
patients and found that executive functions (85% of the sam-
ple had impairment at baseline) and attention (92% of the 
sample had impairment at baseline) were the most impaired 
cognitive functions. Visual and verbal attention span scores 
on the Frontal Assessment Battery were impaired in the 
majority of patients. The most preserved skill was episodic 
memory (preserved in 61.5% of cases).

4.2 � Cognitive Profile: Differential Diagnoses

Adult-onset NPC is often under-diagnosed, and should be 
considered in young adults with symptoms that include psy-
chosis with cognitive impairment and/or neurological symp-
toms such as ataxia and gaze palsy [83]. Although NPC and 
AD both result in progressive cognitive decline and share 
pathophysiological features, their neuropsychological pro-
files differ. Notably, the cognitive impairments in NPC typi-
cally occur at a younger age than in early-onset AD. The 
cognitive profile in AD is typically characterised by pre-
dominant and early episodic memory dysfunction (largely 
amnestic or rapid forgetting, where recall is not aided by 
cues), followed by impairments in executive, language and 
visuospatial domains (for a review, see Salmon [86]). In con-
trast, the cognitive profile in NPC reflects a more subcortical 
profile reflecting the neuropathology preferentially affecting 
subcortical grey matter nuclei (thalamus, basal ganglia, hip-
pocampus) and cerebellum, and later the neocortex, with 
the resulting disconnection of fronto-striatal circuits. This 
fronto-striatal disconnection leads to psychomotor slow-
ing and prominent executive dysfunction, prior to memory 
and more global impairments developing. This was dem-
onstrated in Johnen et al. [78] paper, which directly com-
pared the neuropsychological profile of adult NPC patients 
with a reference group of adults with confirmed early-onset 
AD. The key neuropsychological difference between NPC 
and early-onset AD was that verbal memory performance 

[as measured by the Rey Auditory Verbal Learning Test 
(RAVLT), a list-learning test] was worse in the AD cohort 
[78], and early-onset AD patients showed wider, more gen-
eralised and severe impairments. Executive functions (as 
measured using Trail Making Test A/B) and word fluency 
(measured by a lexical and semantic fluency task) were the 
most frequently impaired in their NPC cohort.

An additional differential diagnosis worthy of consid-
eration in older adult patients is frontotemporal dementia 
(FTD), which, like NPC, can present with neuropsychiatric 
illness, often associated with early executive impairments, 
before more frank cognitive impairments ensue. Notably, 
accumulation of tau and transactive response DNA binding 
protein 43 kDa proteins seen in FTD has also been described 
in NPC [87, 88]. Psychotic symptoms have been reported 
in both FTD [89] and NPC [3], and—as frequently seen in 
NPC—patients with FTD may be misdiagnosed with schizo-
phrenia or bipolar disorder prior to the accurate diagnosis 
of dementia [90]. However, neurological symptoms such 
as ataxia and gaze palsy would be highly atypical in FTD, 
as would hepatosplenomegaly. However, to date no study 
has compared the executive function findings in FTD with 
NPC to determine if the profile and/or severity of executive 
impairment differs across the two disorders.

Differentiating between the cognitive impairments of 
NPC and a primary psychiatric psychotic disorder such as 
schizophrenia is more challenging. Indeed, cognitive dys-
function is a core feature of schizophrenia and commonly 
includes similar deficits to those seen in NPC, predomi-
nantly in the domains of attention, working memory, verbal 
learning and memory, and executive functions [91]. How-
ever, the impairments seen in schizophrenia are posited to 
exist within a more widespread reduction in general cogni-
tive functioning [92]. Additionally, the cognitive impairment 
of NPC typically progresses at a more rapid rate than that 
of schizophrenia, where cognitive impairment tends to be 
stable throughout the course of the illness in most patients 
[93]. Patients with NPC may be resistant to treatment with 
antipsychotic medications and can also show paradoxical 
worsening as a response [94]. The frank neurological symp-
toms and motor manifestations of NPC (including ataxia, 
vertical supranuclear gaze palsy, dystonia, rigidity, tremor 
and pyramidal signs) should also prompt a review of a pri-
mary psychiatric diagnosis.

5 � The Origin of Psychiatric and Cognitive 
Symptoms in NPC

A number of LSDs present with neuropsychiatric symptoms 
at various stages in the disease process. Neurons, which 
are highly metabolically active cells, are very sensitive to 
derangements in metabolic processes—which may alter the 
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synthesis of cellular components essential to neuronal func-
tion, or result in the accumulation of substances that are neu-
rotoxic [95]. If these disruptions are severe, gross neurode-
velopmental disturbance and encephalopathy occurs, but if 
they are mild and/or slowly progressive, their effects may be 
more subtle and/or delayed. Symptoms that occur as a result 
of derangements to neuronal development and metabolism 
appear to have a hierarchy of sorts, with more basic homeo-
static brain functions requiring severe disruption to cause 
symptoms (such as coma and seizures), whereas mild dis-
ruption to CNS metabolic processes appears to cause more 
subtle alterations to cognition and emotion. The underlying 
maturational state of the CNS also plays a significant role, 
and metabolic disorders whose metabolic effect has a cumu-
lative effect on neuronal function (such as LSDs) will often 
have their impact on later neurodevelopmental processes if 
mild, or very early neurodevelopmental processes if severe 
[96].

It is when the impingement of a progressive disorder 
upon CNS maturational trajectories is later in its onset that 
neuropsychiatric illness is likely to be the first presentation 
[71], and when a (mis)diagnosis of a primary rather than 
secondary psychiatric illness is likely to occur. Three-quar-
ters of all psychiatric illness presents prior to the age of 
24 years [97], and when disruption of neuronal function by 
a metabolic or storage disorder crosses the threshold that 
results in functional impairment of neuronal assemblies dur-
ing the adolescent or early adult period, it is unsurprising 
that disorders that present in this period are more likely to 
be heralded by a psychiatric illness.

The key processes that can be disrupted during this period 
of neurodevelopment include a pruning of over-proliferated 
synapses in a posterior–anterior direction throughout the 
cortex and subcortical grey matter, which results in a reduc-
tion in grey matter volume [98]. Parallel to this is an expan-
sion in white matter volume [99], largely due to increasing 
myelination of connections between prefrontal regions, and 
between dorsolateral prefrontal cortex (DLPFC) and tempo-
roparieto-occipital association areas [100]. The disruption 
to frontotemporal connectivity in particular appears to be 
particularly psychotogenic [101], and disruption between 
DLPFC and association areas produces significant executive 
disturbance [71]. This is particularly relevant in NPC, where 
presentation in adolescence and early adulthood appears to 
result in a markedly elevated rate of psychotic illness [3]. 
A number of models have been proposed to link psychotic 
symptoms to neurobiological changes in both schizophrenia 
and NPC.

5.1 � Dysconnectivity as a Substrate for Psychosis

Walterfang et  al. [3] first proposed dysconnectivity as 
a model for underpinning psychosis in NPC, noting the 

significant evidence for disruptions to both micro- and mac-
roconnectivity in patients and animal models. This model 
was drawn from the dysconnectivity hypothesis for schizo-
phrenia first proposed by Friston and Frith [102] in 1995, 
which focused on altered functional, particularly frontotem-
poral, connectivity in the illness. It was Wernicke [103] who 
first posited that schizophrenia may result from anatomi-
cal disruption of association pathways, and Bleuler [104] 
in coining the term ‘schizophrenia’ described a functional 
“decoupling” of psychological processes underpinning the 
symptoms of the illness. Although the substrate for this 
dysconnectivity was not specified, many studies have con-
firmed that subtle changes in anatomical connectivity exist 
in schizophrenia, and that alterations to either anatomical 
micro-connectivity (at the synaptodendritic level) and mac-
roconnectivity (at the level of axonal integrity and myelina-
tion) may produce psychotic symptoms [105], reflected in 
impaired functional coupling of the default mode network 
(DMN) [106]. As an example, Zalesky et al. [107] exam-
ined cortico–cortico connectivity via axonal fibre bundles, 
utilising DTI in 74 patients with schizophrenia, and found 
evidence of widespread dysconnectivity in white matter 
architecture compared with healthy controls, resulting in a 
cortex that was more sparse and less efficient in its connec-
tivity, which further supports the idea of a ‘hub and spoke’ 
hypothesis contributing to the development of psychosis.

This model for psychosis in NPC is supported by the 
prevalence of psychosis in metachromatic leukodystrophy 
(MLD), a rare genetic neurometabolic disorder caused by 
deficiency of the enzyme arylsulfatase A. Psychosis has been 
found in up to 53% of adolescent and early adult-onset MLD 
patients [108]. The key neuropathology in MLD lesions is 
aberrant myelination, particularly affecting subcortical white 
matter and with a predilection for frontotemporal connecting 
fibres. This loss of cortico–cortical and cortico–subcortical 
connections is postulated to be critical for the development 
of psychosis in these patients, particularly when it occurs 
in the ‘psychotogenic window’ of adolescence and young 
adulthood [52, 108]. Black et al. [109] expand on this model, 
describing a model of psychosis in MLD involving wide-
spread dysconnectivity and functional disruption, particu-
larly in frontal–subcortical circuits.

Another genetic disorder in which schizophrenia-like 
psychosis is over-represented (occurring in 30% of young 
adult patients) is the 22q11.2 deletion syndrome (22Q11DS), 
often referred to as velocardiofacial syndrome (VCFS) [110]. 
White matter studies in VCFS patients using DTI have con-
sistently found reduced white matter integrity, particularly 
in frontotemporal and frontolimbic tracts, including in the 
long tracts of superior longitudinal fasciculus and uncinate 
fasciculus [111].

In NPC, widespread and fulminant white matter changes 
in adults with the disease was first demonstrated by 
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Walterfang et al. [47], and has been subsequently replicated 
by a number of other groups [20, 48, 49, 53], supporting 
this model of impaired macroconnectivity as underpinning 
psychotic illness in NPC patients. However, impairments at 
the level of macroconnectivity, microconnectivity, or con-
necting ‘hubs’ may all be, in part, responsible for psychiatric 
symptoms, particularly psychosis, in NPC.

5.2 � Impaired Macroconnectivity and the Corollary 
Discharge System

If anatomical dysconnectivity at the level of myelinated 
axons is implicated in the pathophysiology of psychosis in 
both schizophrenia and NPC, how does this dysconnectivity 
produce symptoms? One way is through the disruption of the 
corollary discharge system. Corollary discharges refer to an 
efferent, or internal, ‘copy’ of an afferent motor signal. The 
terms corollary discharge and efferent (or efference) copy 
are often used interchangeably. These internal copies are 
thought to be transmitted to areas of the brain associated 
with sensory input as ‘anticipated sensation’ and collated 
with actual sensory input. When these two inputs are closely 
correlated this is thought to suppress the sensation asso-
ciated with self-initiated movement [112]. First Feinberg 
[113] and later Frith [114] developed the idea that some of 
the symptoms of schizophrenia, particularly passivity phe-
nomena and auditory hallucinations, might be explained by 
abnormalities in corollary discharges disrupting a person’s 
ability to distinguish between events initiated by the self 
and by the other; for example, internal thoughts are thus 
‘mislabelled’ as external, or ‘non-self’, and experienced as 
external auditory hallucinations.

This theory was expanded upon by Whitford et al. [115], 
who suggested that structural abnormalities in fasciculi con-
necting motor-initiation areas of the frontal lobe with tem-
poral and parietal cortices contribute to conduction delays in 
the efference signal. These delays then contribute to delays 
in the corollary discharge signals in sensory regions, mean-
ing they occur after the actual sensory input has arrived 
and do not adequately suppress the sensation generated by 
self-initiated movement. Studies of auditory function in 
patients with schizophrenia have found a lack of attenuated 
response in the auditory cortex, which may account for audi-
tory hallucinatory phenomena [116]. Similarly, this has been 
demonstrated in studies of patients with auditory hallucina-
tions, passivity phenomena and high levels of schizotypy, 
who are more likely to experience a ‘ticklish’ sensation 
from self-applied tactile stimulation [117]. The plausibil-
ity for this hypothesis contributing to psychosis in NPC is 
based on two observations. Firstly, from extrapolating evi-
dence of disrupted white matter integrity in NPC, and how 
in patients with schizophrenia this results in delayed corol-
lary discharges and an inability to suppress consequences 

of willed actions [115]; and, secondly, from the recognised 
impairments in saccadic eye movements in NPC, which rely 
on efference copies for normal function [118, 119]. Given 
that white matter disruptions are widespread throughout the 
brain in both schizophrenia [120] and NPC [47], this makes 
anatomical dysconnectivity due to impairments to axons 
and their myelination an attractive substrate for psychosis-
causing dysconnectivity in both illnesses.

5.3 � Impaired Microconnectivity and Altered 
Synaptic Functioning

The current understanding of Friston et al.’s [121] ‘discon-
nection hypothesis’, however, focuses on impairments at the 
level of the synapse, particularly in disruptions to modula-
tion of NMDA (N-methyl-d-aspartate)-mediated synaptic 
plasticity and efficacy. The allied ‘glutamatergic hypoth-
esis’, which has usurped the older dopaminergic hypothesis 
of psychotic symptoms in schizophrenia, posits that gluta-
matergic over-activity in the prefrontal cortex causes wide-
spread downstream dopaminergic dysfunction in cortical and 
subcortical regions [122]. There is abundant evidence that 
synaptic disruption occurs in NPC; NPC1 and NPC2 are 
richly located in synapses [123, 124] and neurodegenera-
tion tends to occur in nerve terminals and then distal axons 
before affecting the neuronal soma [42]. Alterations in the 
glycosphingolipid:cholesterol ratio affect lipid rafts, which 
alter transductive signalling processes, particularly gluta-
matergic transmission [125]. Depletions of cholesterol are 
known to impact synaptic plasticity and transmission in the 
CA1 region of the hippocampus [126]. In NPC mice, impair-
ments in long-term potentiation (LTP) in the hippocampus 
have been demonstrated, with a consequent reduction in 
synaptic plasticity and enhanced glutamatergic transmission 
[127, 128]. This may in part be due to altered synaptic vesi-
cle turnover in the setting of NPC1 deficit, affecting inhibi-
tory more than excitatory synapses [129], but also impaired 
lipid domain organisation affecting the NMDA-R (NMDA 
receptor) transduction pathway, thus affecting LTP induction 
via defective regulation of AMPA (α-amino-3-hydroxy-5-
methyl-4-isoxazoleproprionic acid) receptor trafficking 
[128]. Notably, these changes have been shown to be at least 
partially reversible in the mouse model with the imino sugar 
miglustat [128]. NPC1 deficit appears to particularly impair 
presynaptic input to Purkinje cells in the cerebellum, one of 
the key regions of neuronal loss in NPC [130].

How might this synaptic impairment lead to psycho-
sis? The dysconnectivity hypothesis posits that psychotic 
symptoms such as hallucinations, delusions and passivity 
phenomena result from the brain generating faulty ‘infer-
ences’ to process and understand sensory phenomena [121]. 
Impaired modulation of synaptic efficacy, or postsynaptic 
gain, results in an inability to either augment or ignore the 
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encoded precision (or uncertainty) of sensory evidence to 
allow for the selection of salient information that contextu-
alises and updates our experiences [131]. Thus, the failure 
to precisely contextualise sensory evidence results in inter-
nal experiences being experienced as external, or beliefs or 
experiences being ascribed an abnormal (faulty) salience 
that results in ideas of reference or persecutory delusions 
[132]. These symptoms are seen in patients with schizophre-
nia, in addition to NPC patients with psychosis.

5.4 � Impairment to Key Regional ‘Hubs’ Disrupting 
Network Activity

The large-scale networks that facilitate connectivity in the 
brain between disparate brain regions are composed of more 
than the axons that form the ‘wiring’ of these pathways: a 
number of richly connected network ‘hubs’ have a key role 
in the global topology of brain networks [133]. Crossley 
et al. [134] used DTI analysis in healthy volunteers to show 
that the most connected nodes were located in posterior 
cingulate cortex, thalamus, basal ganglia and hippocampus. 
They also showed computationally that when these nodes 
were affected, they disproportionately affected (and func-
tionally degraded) these complex networks, and found that 
these nodes, in addition to insula, anterior cingulate, dor-
solateral prefrontal and superior parietal cortex, tended to 
be preferentially affected in brain disorders such as schizo-
phrenia and AD. The reason that these nodes may be more 
vulnerable to illness may be as they are more biologically 
‘expensive’, with higher blood flow, glucose metabolism and 
longer connection distance [135]; thus, they may be prefer-
entially affected in brain-wide disorders of metabolism, as 
they are the most metabolically active. Similarly, a disease 
that disrupts long-distance axonal projections or transport 
mechanisms may similarly disproportionately affect these 
hubs. It is known that this is characterised by a selective dys-
connectivity amongst these central hub regions of the brain 
[120, 136], and in NPC these regions appear to be those 
most affected by altered cholesterol metabolism: axonal 
spheroids occurring in hippocampus, basal ganglia and 
cortex [41]; excess GM2/3 ganglioside storage occurring in 
thalamus, hippocampus, brainstem and cerebellum [42, 137, 
138]; and NFTs in basal ganglia, hippocampus and cortex 
[23, 24]. These are also the regions of greatest grey matter 
tissue loss seen on MRI scans in NPC patients [47], and 
that neuropathological changes are greatest in these ‘hub’ 
regions may reflect their vulnerability to the metabolic and 
cellular derangements that occur with impaired intracellular 
cholesterol trafficking.

The cerebellum is the region where neuronal loss in 
NPC is the most fulminant [139], and this is reflected in 
the marked ataxia and ocular–motor impairments seen in 
adult and paediatric patients with the disease [6]. Cerebellar 

changes may at least partially underpin the executive changes 
seen in NPC patients [30]. The cerebellum is linked to the 
cerebrum through the cerebral peduncles and, through its 
rich connectivity to cortical and subcortical structures, has 
distinct contributions to a number of intrinsic connectivity 
networks including bilateral executive control networks, the 
salience network and the DMN [140]. Impairments in cer-
ebellar functional connectivity, particularly to the thalamus 
and frontal cortex, have been demonstrated in schizophrenia 
[141], and suggests that the significant cerebellar neuronal 
loss that occurs in NPC patients may disrupt DMN connec-
tivity and contribute to the genesis of psychotic symptoms.

Similarly, limbic structures in the medial temporal lobe 
have also been intimately implicated in the pathophysiol-
ogy of schizophrenia, and have been seen as central to the 
neuropathology of the illness—particularly the hippocampus 
[142]. The hippocampus plays a central role in the forma-
tion of new declarative memories, and is particularly spe-
cialised for conjunctive memory formation (where inputs 
from multiple cortical regions are bound into an integrated 
memory trace) and pattern completion (where an extended 
representation is retrieved from a partial input). It is known 
to be particularly affected in schizophrenia at a neuronal 
[143], macroscopic [144] and functional [145] level. Cur-
rent hypotheses focus on dysregulation of glutamatergic 
transmission affecting the CA1 region of the hippocampus 
(a subfield which has a high density of NMDA and AMPA 
receptors) which induces attenuated psychotic symptoms 
through CA1 hyperactivity, and progresses to psychosis as 
this dysregulation expands to projection fields within the 
hippocampus and also the frontal cortex, with reduced hip-
pocampus and insula neuropil and interneurons [146]. Addi-
tionally, overactivity in the CA3 region of the hippocampus 
in schizophrenia, which situates objects within space and 
time, may lead to inappropriate binding of weakly related 
sensory representations, thus leading to hallucinations [147]. 
The dysregulation across these regions may produce patho-
logical pattern completion, and its converse, pattern separa-
tion, resulting in false associations, referential thinking and 
delusional ideas [142]. The hippocampus is a convergent 
site of cholesterol accumulation, particularly in the CA3 
region [148], as it is for ganglioside excess, NFT formation 
and neuronal loss in NPC, and volumetric reductions of the 
hippocampus have been shown in adult NPC patients [47, 
51]. Enhanced glutamatergic neurotransmission has been 
shown in NPC mouse models [149], and the resultant hyper-
excitable hippocampal neuronal populations may underpin 
seizure activity in the disorder, but could equally underpin 
psychotic symptoms. Additionally, hippocampal subfields 
in adult NPC patients have been examined, demonstrat-
ing prominent reductions in volume in CA1 and CA3, but 
not CA2, regions over time (Walterfang et al., unpublished 
data). Other medial temporal lobe structures may play an 
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additional role. The insula plays a key role in processing of 
sensory inputs and with visual–tactile and auditory–visual 
integration [150] and shows reduced surface area in schizo-
phrenia [151] with abnormal activation apparent on fMRI 
(functional MRI) in auditory hallucinations [152]. Addition-
ally, this is an area of significant NFT accumulation [153] 
and regional volume loss in adult NPC patients. Abnormal 
activation of the insula results in unbalanced sensory–mem-
ory integration in hallucinations, and may contribute to the 
deficits in discriminating ‘self’ from ‘other’ in schizophrenia 
[150]. Other subcortical ‘hub’ regions that have been shown 
to be sites of significant neuronal loss and NFT formation 
in NPC such as the thalamus and basal ganglia [23, 24, 45, 
47, 51] have similarly been demonstrated as key regions of 
pathology in, and implicit in psychiatric and cognitive symp-
toms of, schizophrenia [154, 155].

5.5 � The Origins of Cognitive Impairment

The currently available, albeit limited, literature suggests 
that NPC results in a progressive dementia, with the predom-
inant cognitive profile being an early and prominent impair-
ment in executive and attention domains that progresses to 
involve other cognitive domains (including memory, visuos-
patial skills, language and psychomotor speed). The loss of 
cortico–cortical and cortico–subcortical connections involv-
ing the fronto-striatal circuits has been postulated to be the 
key reason for cognitive dysfunction in these patients, with 
thalamic and hippocampal reductions underpinning memory 
deficits, and cerebellar and striatal pathology, in combina-
tion with frontal cortical changes, interacting synergistically 
to lead to the prominent and early executive deficits seen in 
adult NPC [30, 52].

Given that the cerebellum is the site of most fulminant 
neuronal loss in NPC [43, 44, 137], despite the absence of 
NFTs in this brain structure (possibly due to lower levels of 
tau in Purkinje neurons [31]), it is likely that its contribu-
tion to cognitive impairment in NPC is significant. It has 
long been known that the cerebellum contributes input to the 
prefrontal cortex in the same way as it does the motor cortex 
[156], although the polysynaptic circuitry (entering cerebel-
lum via a relay station in the pons, and exiting via relay 
stations in deep cerebellar nuclei and the thalamus) [157] 
connecting it to frontal cortex meant that antero/retrograde 
tracing techniques—which were predicated on monosynap-
tic connections—prevented its deep connectivity to frontal 
cortical regions being recognised for many years [158]. As 
noted by Schmahmann [159] almost three decades ago, in 
outlining the concept of cognitive dysmetria, “in the same 
way as the cerebellum regulates the rate, force, rhythm, and 
accuracy of movements, so may it regulate the speed, capac-
ity, consistency, and appropriateness of mental or cognitive 
processes”. Thus, the striking loss of cerebellar neurons 

that occurs in NPC causes not only ataxia but dysmetria of 
thought, including altered executive control, working mem-
ory and language function [160]. The ‘cerebellar cognitive 
affective syndrome’ was described in patients with cerebellar 
damage, and consists of impairments in planning, flexibil-
ity, abstract reasoning, verbal fluency and working memory, 
particularly when the posterior cerebellum was most affected 
[161]. Notably, these corticocerebellar loops also pass 
through the thalamus, perhaps the next most significant site 
of neuronal loss in NPC [41, 43, 44], suggesting that these 
loops are further compromised by thalamic pathology in the 
disease. The thalamus itself is also intimately involved in 
cognitive control. Once thought to passively relay informa-
tion to the cortex, thalamic neurons are known to modulate 
neural processing along pathways according to behavioural 
context. As such, they contribute to attentional control and 
new learning [162], and lesions to higher-order thalamic 
nuclei are known to produce severe attentional and memory 
deficits [163], in addition to impaired cognitive flexibility 
[164]. In NPC, this could be seen to compound the memory 
and executive deficits secondary to cerebellar pathology. 
Other areas of significant neuronal loss in NPC, including 
the hippocampus and basal ganglia, would be expected to 
result in declarative memory disturbance due to the former 
and executive dyscontrol and slowed information process-
ing from the latter. When dysfunction in these key relay and 
modulation ‘hubs’ is considered, the pattern of cognitive 
impairment that could be expected—and which has largely 
been demonstrated in the small number of studies reviewed 
here—reveals itself as leading with executive disturbance, 
attentional impairment and cognitive slowing before more 
frank memory impairment emerges [30].

However, one apparent paradox to these models is that, 
whilst all patients with NPC will develop significant motor 
and cognitive impairment as the illness progresses, psychi-
atric illness is not integral: that is, it does not present in all 
patients who develop the disease. Psychosis may present in 
up to half of adolescent or young adult patients (markedly 
and significantly higher than the rate of schizophrenia in the 
non-NPC population—an 0.5% lifetime prevalence [165]), 
but psychotic symptoms rarely present in younger patients 
or those patients older than 40 years of age [3] (Table 1). 
One possible explanation for this may be drawn from other 
neurometabolic disorders that present with markedly higher 
rates of schizophrenia-like psychosis. MLD, a predominant 
disorder of anterior myelination, presents with a markedly 
elevated rate of psychosis in young adult patients [108]. 
Similarly, GM2 gangliosidosis (Tay Sach’s disease [TSD]) 
is a disorder of hexosaminidase A metabolism that leads to 
the neurotoxic accumulation of GM2 gangliosides, one of 
the gangliosides stored to excess in NPC, and where cer-
ebellar and thalamic neurons are particularly affected and 
rates of psychosis, which often precedes motor symptoms 
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by some years, in young adult patients approach 30–50% 
[166]. In both TSD and MLD, as in NPC, pre-adolescent 
patients show developmental delay and seizures [167, 168], 
but rarely psychosis; older patients also tend to present with 
cognitive and motor impairment, but again psychosis is rare 
[71]. These two disorders, with white matter and cerebellar/
thalamic pathology, respectively, have significant neuro-
pathological overlap with NPC, and present with similarly 
elevated rates of schizophrenia-like psychosis that frequently 
precedes cognitive and/or motor decline—but generally only 
when onset occurs between 15 and 30 years of age, described 
as the ‘psychotogenic window’ for neurometabolic disease 
[71]. Although the pathology of NPC, TSD and MLD differs 
significantly at a cellular level, the strikingly homologous 
elevations in psychosis in these disorders suggests that the 
commonality may be the late neurodevelopmental processes 
that are disrupted, rather than the metabolic processes them-
selves, which are ‘psychotogenic’. Alterations to frontotem-
poral and fronto-subcortical myelination, prefrontal dopa-
minergic fibre and transporter density increases and pruning, 
and frontotemporal pruning of NMDA receptors all occur 
during this phase; thus, the onset of significant pathology 
during this window could underpin the propensity towards 
psychosis seen in this period, but not before or after it. How-
ever, even when onset occurs during this period, psychosis is 
not inevitable; it is feasible that some individuals may have 
protective factors, which may include genetic modifiers at a 
cellular level or developmental or acquired ‘redundancies’ 
in disrupted networks that render them more robust to devel-
opmental disruptions.

An integrative model that connects changes in NPC 
patients at a cellular level through to altered micro- and 
macroconnectivity at the level of ‘hubs’ (subcortical grey 
matter regions) and ‘spokes’ (interconnecting white matter 
fibres) and their associated networks, resulting in cognitive 
and psychiatric symptoms, is outlined in Fig. 1.

6 � Management of Psychiatric and Cognitive 
Symptoms in NPC

6.1 � Symptomatic Treatments

Treatment of the most common neuropsychiatric presenta-
tion of NPC—a schizophrenia-like psychosis—has been 
described in numerous published case reports. High doses of 
antipsychotics are often required to achieve remission, which 
is often partial at best [1, 3, 62, 169]. Typical antipsychotics, 
in particular, are more likely to cause EPSE, particularly 
dystonia, which is generally a progressive and emergent neu-
rological feature of the disease itself [62, 169]. Depression, 
when present, has been reported to respond to traditional 
antidepressant therapy, such as selective serotonin reuptake 

inhibitors [60], and hypomania has been shown to respond to 
sodium valproate [3, 72]. However, the limited data available 
limits the generalisability of these findings, and the effec-
tiveness of symptomatic treatments for psychiatric illness 
in NPC remains largely unknown [69]. Although treatment 
with donepezil, a cholinesterase inhibitor that can improve 
cognitive impairment in AD, has been shown to enhance 
Purkinje cell survival in a murine NPC model, to date this 
agent has not been formally trialled as a symptomatic treat-
ment for cognitive impairment in NPC [170].

6.2 � Illness‑Modifying Treatments

Unlike many neurodegenerative disorders, but like a number 
of other neurometabolic disorders, some illness-modifying 
treatments are available for NPC. Miglustat, an imino sugar 
that inhibits glucosylceramide synthase and thus reduces the 
toxic accumulation of GM2 and GM3 gangliosides, has been 
shown to improve or stabilise several neurological illness 
markers in NPC and was first granted regulatory approval 
in 2009 [13, 18–20, 171]. It has been shown to stabilise or 
slow cerebellar and thalamic volume loss on neuroimaging 
measures [18] and slow the loss of white matter micro-integ-
rity in adult patients [20]. An orally available medication, 
it is usually administered up to 200 mg three times daily, 
with the chief adverse effect being diarrhoea in the setting 
of disaccharide intake (such as sucrose) as miglustat inhib-
its disaccharidases in the gut. Psychosis has been shown to 
respond to miglustat treatment alone in two patients. In the 
first reported patient, a florid psychosis presented at the age 
of 20 years and did not respond to treatment with olanzapine 
20 mg/day; haloperidol and aripiprazole both caused sig-
nificant dystonia and were withdrawn. Miglustat was then 
started, and after 3 months this patient was psychosis-free 
[65]. One further 27-year-old patient, originally diagnosed 
with schizophrenia, has been described as presenting with 
treatment-refractory psychosis and dystonia attributed to 
antipsychotic medication; however, treatment with miglus-
tat resolved psychotic symptoms and improved neurological 
symptoms, and allowed antipsychotics to be ceased [63]. 
One paediatric patient who presented with depression along-
side typical neurological features showed resolution of mood 
symptoms after 12 months’ treatment with miglustat [172]. 
This suggests that inasmuch as the psychotic symptoms of 
NPC are secondary to the underlying progressive neurobi-
ology of the disease, addressing this pathology directly can 
result in a secondary improvement in psychotic symptoms, 
and that NPC should be considered in treatment-resistant 
psychotic illness with atypical features [63, 70].

The effect of miglustat on cognition has also been exam-
ined in a number of studies. Heitz et al. [82] did not find any 
significant improvement, or decline, in cognitive measures 
in 12 patients receiving up to 24 months of treatment in a 
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retrospective case series. Patterson et al. [13] showed some 
improvement in MMSE scores over the course of 12 months 
of treatment in 20 patients over the age of 12 years treated 
with miglustat compared with nine patients receiving 
standard care. Two further studies showed stabilisation or 
improvement in most patients under treatment, although 
without control arms [173, 174].

Hydroxypropyl-β-cyclodextrin (HPCD), originally ser-
endipitously discovered in animal trials for pregnanalone 
in preclinical models, has been shown to markedly improve 
neuronal cholesterol homeostasis and decrease neuronal 
pathology with intra-thecal administration [175, 176], and 
shows promise in slowing disease progression in humans 
[177]. Although not yet approved, a current phase IIb/III 
international trial is currently underway in adult and paedi-
atric patients with NPC [180]. This compound shows great 
promise in treating the range of CNS manifestations of NPC, 
but as yet there have been no reports of psychiatric symp-
tomatology in the disease responding to HPCD. However, 
the phase I–II trial data showed significantly decreased pro-
gression of cognitive impairment in HPCD-treated patients, 
suggesting that other disease-related manifestations, such 
as psychiatric symptoms, may also respond to treatment. 
A series of three patients treated with HPCD for 2–3 years 
showed stable or improved scores in all three patients using 
standardised IQ measures and computerised cognitive 
tasks [178]. Finally, a review of 16 early published cases of 
HPCD-treated NPC patients suggested that cognition sta-
bilises or improves in most patients [179]. This suggests 
that, as in miglustat treatment, disease-modifying treatments 
that target the metabolic aspects of disease can improve the 
secondary (cognitive and/or psychiatric) symptoms of NPC 
disease.

7 � Conclusions

NPC is a prototypical neurometabolic disorder that presents 
across the lifespan and, although metabolic in its origins, 
is fundamentally neurodegenerative in nature. Like other 
metabolic disorders that affect neurodevelopment, its pro-
tean age of onset means that some patients’ pathology affects 
neuronal function during a key window in late adolescent 
and early adulthood neurodevelopment that appears critical 
to its propensity to result in elevated rates of schizophrenia-
like psychosis, with lesser rates of other psychiatric pres-
entations; however, cognitive impairment is an inevitable 
and progressive symptom of the illness. There appear to be 
many pathways to psychosis in NPC, including alterations to 
connectivity at the level of the synapse but also myelinated 
axons, and also disrupted function of key grey matter ‘hubs’ 
in more distributed cortico-subcortical networks. Recog-
nition of NPC as a possible cause of schizophrenia-like 

psychosis is important, as this and other metabolic disorders 
have specific treatments that address the metabolic defect 
or cellular consequences of this defect. Whilst symptomatic 
treatment can be partially effective, it may be that new ill-
ness-modifying treatments may also be crucial to treatment 
of psychiatric symptoms in addition to slowing disease pro-
gression. Clinicians’ awareness of NPC and related disorders 
that present with elevated rates of psychosis is critical to 
ensuring that presentations of ‘secondary’ psychiatric illness 
are appropriately diagnosed and treated.
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