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Review Article

Neuronal ceroid-lipofuscinoses
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Abstract. The neuronal ceroid-lipofuscinoses (NCLs) are a group of recessively inherited diseases characterized by progres-
sive neuronal loss, accumulation of intracellular lipofuscin-like autofluorescent storage material with distinctive ultrastructural
features, and clinical signs and symptoms of progressive neurodegeneration. Initially classified by the age of onset of clinical
signs and symptoms as well as the ultrastructural morphology of the storage material, the growing family of NCLs can now
also be biologically classified by their underlying genetic defects. For a few NCLs, we now understand the functions of the
proteins encoded by the NCL genes, which has enabled refining of the diagnostic algorithms and ignited hopes for finding
effective treatments in the future. Ongoing research into understanding the functions of the remainder of the NCL proteins as
well as continuing advancements in technology (such as massively-parallel gene sequencing) has and will continue to inform
the clinical approach, diagnostic algorithms, and treatment strategies.
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1. Introduction

The neuronal ceroid-lipofuscinoses (NCLs) are a group of autosomal recessive inherited, neurode-
generative diseases that have the following features in common:

1. progressive neuronal loss;
2. accumulation, in the cytoplasm of neurons and other cells, of lipofuscin-like autofluorescent

storage material that has characteristic ultrastructural appearance;
3. clinical signs and symptoms including progressive loss of vision, myoclonic seizures, loss of

cognitive function, pyramidal and extrapyramidal motor dysfunction, and early demise [1].

2. Biological/functional classification

NCLs were initially classified by the age of onset and the ultrastructural morphology of the storage
material. Since then, the discovery of their molecular attributes has helped to create a biologically
rational classification of the NCLs [2, 3]. Table 1 shows the current classification that is likely to
be updated in the near future as we better understand the pathophysiology and as more biologically
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Table 1
Current biological classification of NCLs

Name Gene

NCLs caused by deficiencies of proteins (enzymes) with known function
CLN1 (INCL, Santavuori-Haltia disease) PPT1 on 1p32
CLN2 (LINCL, Jansky-Bielchowsky disease) TPP1 on 11p15.5
CLN10 (CNCL) CTSD on 11p15.5
CLN13 CTSF on 11q13.2
NCLs caused by deficiencies of proteins without unequivocally

characterized function
CLN3 (JNCL, Batten/Spielmeyer-Vogt-Sjogren disease) CLN3 on 16p12.1
CLN4A (Kufs disease, ANCL, autosomal recessive) CLN6 on 15q21-q23
CLN4B (Parry disease, ANCL, autosomal dominant) DNAJC5 on 20q13.33
CLN5 (LINCL, Finnish variant) CLN5 on 13q21.1-q32
CLN6 (LINCL, Costa Rican/Turkish/Indian/Roma Gypsy/Portugal

variants)
CLN6 on 15q21-q23

CLN7 (INCL, Turkish/Indian variants) MFSD8 on 4q28.1-q28.2
CLN8 (EPMR and LINCL, Turkish variant) CLN8 on 8pter-8p22
CLN9 ?
CLN11 GRN on 17q21.31
CLN12 ? ATP13A2 on 1p36.13
CLN14 KCTD7 on 7q11.21

CLN – Ceroid-lipofuscinosis, Neuronal. INCL – Infantile Neuronal Ceroid-Lipofuscinosis. LINCL –
Late Infantile Neuronal Ceroid-Lipofuscinosis. CNCL – Congenital Neuronal Ceroid-Lipofuscinosis.
JNCL – Juvenile Neuronal Ceroid-Lipofuscinosis. ANCL – Adult Neuronal Ceroid-Lipofuscinosis.
EPMR – Progressive epilepsy with mental retardation.

distinct genetic entities are added to the growing list of NCLs. The table broadly classifies NCLs into
two categories: those caused by deficiencies of proteins (all of which happen to be enzymes) with
defined functions and those caused by deficiencies of proteins with currently debated or unknown
functions. The implication of such a classification is that the diagnosis of the first group of NCLs may
be confirmed by functional enzymatic assays.

As shown in Table 1, four of the characterized human NCLs are caused by deficiencies of soluble
lysosomal proteins with now known enzymatic functions. CLN1 (the traditional Infantile Neuronal
Ceroid-Lipofuscinosis, INCL, Santavuori-Haltia disease) is caused by a deficiency of the soluble lyso-
somal enzyme, palmitoyl-protein thioesterase 1 (PPT1), that cleaves the fatty acid moiety from cysteine
residues of S-palmitolyated proteins [4, 5]. CLN2 (the traditional Late Infantile Neuronal Ceroid-
Lipofuscinosis, LINCL, Jansky-Bielchowsky disease) is caused by a deficiency of a lysosomal serine
protease, tripeptidyl peptidase (TPP1) [6, 7]. CLN10 (Congenital Neuronal Ceroid-Lipofuscinosis,
CNCL) is caused by a deficiency of cathepsin D, a soluble lysosomal cysteine protease [8–10]; and
CLN13, a rare late onset form of NCL, has been recently shown to be caused by mutations in the gene
encoding cathepsin F, also a soluble lysosomal protease [11]. Animal studies suggest that other proteins
of known function may be candidates for yet unclassified human NCLs. For instance, mice deficient in
cathepsin F had previously been shown to develop late-onset neuronal ceroid-lipofuscinosis thus pre-
dicting CLN13 [12], and deficiencies of chloride channel proteins CLC-3, CLC-6, and CLC-7 produce
neuronal ceroid-lipofuscinosis phenotypes in mice [13–15]. A truncating mutation in ATP13A2 that
encodes an ATPase transporter of inorganic cations has been described in Tibetan terriers with adult
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onset NCL [16]. This animal model predicted the human CLN12 disorder which has so far been seen
in only one family with ATP13A2 mutations [17]. Interestingly, the ATP13A2 gene is also associated
with human Parkinsonism [18].

Other neuronal ceroid-lipofuscinoses are caused by mutations in genes that encode proteins whose
functions are either not known or are yet to be unequivocally established. All but one of these proteins
have been predicted to have a transmembrane localization. CLN3 (the traditional Juvenile Neuronal
Ceroid-Lipofuscinosis, JNCL, Batten disease, Spielmeyer-Vogt-Sjogren disease) is caused by muta-
tions in CLN3 [19]. Although JNCL is the most common of all neuronal ceroid-lipofuscinoses and
CLN3 was identified approximately 20 years ago, the highly hydrophobic nature of the CLN3 protein
(CLN3P) has precluded its purification and therefore hindered attempts at direct functional studies.
While the primary function of CLN3P may be debated, its absence affects numerous cellular functions
including pH regulation, arginine transport, organelle or membrane trafficking, and apoptosis [2, 20].
We have suggested that the unifying primary function of CLN3P may be in a novel palmitoyl-protein
�-9 desaturase (PPD) activity, which is present at intermediate levels in heterozygotes. This enzyme
activity could explain all of the various functional abnormalities seen in the JNCL cells [21–23].
Another group of researchers has shown a correlation between the CLN3P expression and the syn-
thesis of bis (monoacylglycerol) phosphate (BMP) and suggested that CLN3P may play a role in the
biosynthesis of BMP [24]. CLN4A (Kufs disease, autosomal recessive) has been shown to be caused
by mutations in the CLN6 gene [25]. CLN4B (Kufs disease, autosomal dominant) has been shown
to be caused by mutations in DNAJC5 that encodes cysteine-string protein alpha (CSP�) [26]. CLN5
(LINCL, Finnish variant) is caused by mutations in CLN5 that encodes a lysosomal protein; it is a
subject of debate whether this protein is membrane-bound or soluble [27, 28]. CLN6 (LINCL, Costa
Rican/Turkish/Indian/Roma Gypsy/Portugal variants) is caused by mutations in CLN6 [29–31]. CLN7
(INCL, Turkish/Indian variants) has been associated with a novel gene, MFSD8, which encodes a
membrane protein belonging to the major facilitator superfamily of transporter proteins [32]. CLN8,
which includes Northern epilepsy or progressive epilepsy with mental retardation (EPMR) and LINCL,
Turkish variant, is caused by mutations in CLN8 [33–35]. CLN9 has not yet been mapped to a gene
locus but the defect has been shown to be one of ceramide metabolism [36]. CLN11 arises from muta-
tions in the progranulin gene GRN, which is also associated with frontotemporal lobar degeneration
[37]. CLN14, a rare infantile NCL, results from mutations in KCTD7 that encodes the potassium
channel tetramerization domain-containing protein 7, which is related to the ubiquitin-proteasome
system [38].

3. Ultrastructural patterns

As noted earlier, NCLs are characterized by storage, in the cytoplasm of neurons as well as non-
neuronal cells such as endothelial cells and skin adnexal epithelial cells, of autofluorescent lipopigment
that has features similar to the wear-and-tear lipofuscin and ceroid pigments that accumulate with aging
in normal cells. The NCL pigment stains bright red with the Periodic acid-Schiff stain, blue with the
Luxol-fast blue stain, is fuschinophilic, and stains with Sudan black-B. The lipopigment shows a
bright yellow autofluorescence under ultraviolet light. Histochemically, lysosomal acid phosphatase
activity is associated with the storage material. Immunohistochemcially, a few extremely hydrophobic
proteins are detected in the lipopigment storage material; these include subunit c of the mitochondrial
ATP synthase and sphingolipid activator proteins (SAPs or saposins) A and D [39–45].

Ultrastructural examination has been a diagnostic cornerstone for NCLs. The storage inclusions
occur not only in central nervous system neurons but have been seen in the peripheral nervous system
neurons and Schwann cells, conjunctival epithelial cells, fibroblasts, endothelial cells, smooth muscle
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Table 2
Ultrastructural morphology of the storage material seen in NCLs

Ultrastructural morphology NCL type

Granular osmiophilic deposit (GROD) CLN1, CLN4B, CLN9, CL10
Curvilinear profiles (CLP) CLN2, CLN5, CLN6, CLN7, CLN8,

CLN9
Fingerprint profiles (FPP) CLN3, CLN4A, CLN5, CLN6,

CLN7, CLN9
Rectilinear profiles (RLP) CLN5, CLN6, CLN7

cells, skeletal muscle cells, trophoblastic cells, eccrine sweat gland epithelial cells, and peripheral
blood lymphocytes. The inclusions in the latter two cell types are especially significant because they
allow for ultrastructural examination of easily accessible skin biopsy and peripheral blood buffy coat
preparations. Other commonly biopsied tissues include skeletal muscle, conjunctiva, and rectal mucosa.
The presence of storage material in trophoblasts allows for examination of first trimester biopsies of
chorionic villi for prenatal diagnosis [46–54].

When examined by transmission electron microscopy, the storage material is seen as cytoplasmic
storage bodies or cytosomes that may be membrane-enclosed suggesting lysosomal accumulation.
Pertinently, as mentioned earlier, lysosomal acid phosphatase activity is associated with the storage
material. Four ultrastructural morphologic patterns are seen, which correlate with the NCL types
(Table 2) [3, 55]. In particular, the traditional INCL or CLN1 is characterized by granular osmiophilic
deposits (GRODs), the traditional LINCL or CLN2 is characterized by curvilinear profiles (CLPs), and
the traditional JNCL or CLN3 is characterized by fingerprint profiles (FPPs). The fourth ultrastructural
pattern is rectilinear profiles (RLPs). Biochemically, GRODs are associated with an accumulation of
sphingolipid activator proteins or saposins A. On the other hand, CLPs, FPPs, and RLPs are associated
with an accumulation of subunit c of the mitochondrial ATP synthase [56]. GRODs are membrane-
enclosed, homogeneous or finely granular rounded bodies that measure 0.5 micron in diameter and
may form aggregates measuring up to 5 micron in diameter (Fig. 1). CLPs are membrane-enclosed
or appear free in the cytoplasmic matrix as small electron-dense, C- or S-shaped alternating dark and
light lines measuring 1.9–2.4 nm in thickness (Fig. 2). RLPs are stacks of straight dark and light bands
measuring 2.8–3.8 nm in thickness. FPPs, usually membrane-enclosed, are compactly bound stacks of
paired parallel dark lines that resemble fingerprints. Each pair of dark lines measures 7.6–9.6 nm in
thickness and is separated from the adjacent pair by 3-4 nm space. Each dark line within a pair may
be separated from each other by 1–3 nm lucent zone (Fig. 3). Mixed patterns of FPPs with CLPs or
RLPs may occur in the same cytosome [57].

4. Clinical presentation

While the biological classification of NCLs is more rational and provides a pathophysiologic basis
for the disease process, it is still useful for the laboratorian to know the clinical course of the disease,
such as the age at onset of the clinical manifestations, to help narrow down the differential diagnosis
(Table 3) [3, 55]. The traditional Infantile, Late Infantile, Juvenile, and Adult forms of NCL correspond
to CLN1, CLN2, CLN3, and CLN4, respectively. However, as is evident from Table 3, there is an overlap
in the clinical presentations. Furthermore, the discovery of newer types of NCLs has also contributed
to the clinical overlap of biologically distinct NCLs.
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Fig. 1. Granular osmiophilic deposits (GRODs) in an endothelial cell. 20,000x magnification.

Fig. 2. Curvilinear profiles (CLPs) in an endothelial cell. 20,000x magnification.
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Fig. 3. Fingerprint profiles (FPPs) in a brain neuron. 80,000x magnification.

Table 3
Classification of NCLs based on the age at the onset of clinical manifestations

Age at onset of clinical disease Chronological name Biological name

At birth CNCL CLN10
Within 1st year INCL CLN1, CLN14
2–4 years LINCL CLN2, CLN1, CLN5, CLN6,

CLN7, CLN8, CLN10
School age JNCL CLN3, CLN1, CLN2, CLN8,

CLN10, CLN9
Adulthood ANCL CLN4, CLN6, CLN1,

CLN10, CLN5, CLN13,
CLN11

Congenital or neonatal onset disease is the earliest and the most aggressive presentation of NCL.
The affected neonates may present with respiratory insufficiency and seizures. Status epilepticus may
occur and the patients die within hours to weeks. Typically, the affected neonate is microcephalic
with a remarkably small brain weighing 15–50% of the expected weight for the gestational age.
Neuropathologic examination shows diffuse gliosis and a subtotal loss of neurons in the cerebral
cortex. The cerebellum is atrophic. Ultrastructural examination of the brain shows GRODs in most
cells [58–64]. CLN10, caused by a deficiency of cathepsin D, is currently the only NCL known to
present in this manner [10].

Infantile onset disease typically manifests in the second half of the first year of life following normal
development up to the age of 6 to 12 months. The clinical pattern is that of mental slowing followed
by arrest of motor development, hypotonia, and ataxia. Visual deterioration becomes manifest around
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the first birthday and progresses to complete vision loss by 2 years. Around this time, myoclonic jerks
appear with generalized convulsions in a minority. Flexion contractures develop after 5 years and the
most severely affected children die by the seventh year. Microcephaly is universal, and at autopsy,
there is diffuse cerebral cortical and cerebellar atrophy. The cortical neuronal loss is accompanied by
gliosis and macrophage accumulation. The cells in the brain, retina, skin, rectum, and the peripheral
blood lymphocytes show GRODs on ultrastructual examination [39, 65–72]. CLN1 (the traditional
Infantile Neuronal Ceroid-Lipofuscinosis, INCL, Santavuori-Haltia disease), caused by a deficiency
of the soluble lysosomal enzyme, palmitoyl-protein thioesterase 1 (PPT1), that cleaves the palmitate
moiety from cysteine residues of S-palmitolyated proteins, classically presents in this manner [4, 5].
CLN14 is a rare infantile NCL.

Late infantile onset disease classically manifests between the ages of 2 and 4 years. The children
first come to medical attention because of seizures that may be myoclonic or generalized tonic-clonic.
This is followed by progressive mental retardation, ataxia, and blindness, with death usually occurring
by the first half of the second decade. Autopsy examination shows cerebral and cerebellar atrophy with
neuronal loss and gliosis. Ultrastructural examination shows CLPs in the cells of the central nervous
system as well as the spleen, colon, skeletal muscle, peripheral nerves, and skin [39, 73–78]. CLN2,
the initially described traditional Late Infantile Neuronal Ceroid-Lipofuscinosis (LINCL, Jansky-
Bielchowsky disease), is caused by a deficiency of a lysosomal serine protease, tripeptidyl peptidase
(TPP1) [6, 7]. Milder mutations of PPT1 (CLN1) and CTSD (CLN10) may also give rise to late
infantile presentation. In addition, variant LINCL (vLINC) occurs with slightly later disease onset at 5
to 7 years with death by late second to third decades [39]. Similar clinical presentations may also occur
in patients with CLN5, CLN6, CLN7, or CLN8, none of which are caused by proteins with currently
known functions.

Juvenile onset disease usually manifests in the first decade of life, typically between the ages of
4 and 8 years. The first symptom is usually a deterioration of visual acuity. However, subtle psy-
chological disturbances may be noticed before problems with vision become manifest. The visual
failure progresses to blindness by the time the patient reaches adolescence. Fundoscopic examina-
tion reveals macular degeneration, optic atrophy, and retinal degeneration with pigment aggregations.
Non-corneal electroretinogram is abolished early. The flash-evoked visual potential is abolished by
the second decade. Cognitive dysfunction is usually discovered when the child starts going to school
and gradually worsens to severe dementia by the second decade. Epileptic seizures of generalized,
complex-partial, or myoclonic type may occur by this time. Motor dysfunction is a combination
of extrapyramidal, pyramidal, and cerebellar disturbances. Compulsive speaking begins around the
mid-second decade and progressively worsens to severe dysarthria. Sleep disturbances may occur.
Psychiatric disturbances may include social, thought, attention problems, somatic complaints, and
aggressive behavior. Electroencephalogram shows nonspecific background disturbance and increased
paroxysmal activity. Magnetic resonance imaging scans detect cerebral and cerebellar atrophy and low
signal intensity in thalami and high signal intensity in periventricular white matter on T2-weighted
images. By late second to early third decades, the patients are nonambulatory. This is followed by
death, usually within a year [39, 40, 79–89]. At autopsy, the brain is small with a moderate to severe
decrease in weight and grey and white matter atrophy. The skull bones are thickened because of the
gradual brain atrophy. There is diffuse loss of neurons, with the few remnant neurons showing disten-
sion of the neuronal cytoplasm by granular lipopigment, such that the neuronal cell bodies become
rounded. The accumulated cytoplasmic lipopigment pushes the nucleus to the periphery; the lipopig-
ment also accumulates in the axon hillock and may extend down the axons and dendrites. This so-called
Shaffer-Spielmeyer process is most prominent in the cortical neurons of the cerebellum and cerebrum,
with the small neurons of layer II and the pyramidal neurons of layer V being the most affected in
the early stages. There may be loss of neuronal melanin in the substantia nigra, correlating with the
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Parkinsonian-like motor disturbance. There is gliosis, and the microglia contain the granular lipopig-
ment, which is also present in the endothelial cells lining the neighboring small blood vessels. Similar
lipopigment is also present systemically in cells other than neurons, most commonly in myocardium,
liver, spleen, intestinal wall, and kidneys. In addition, vacuolated lymphocytes may be seen in the
peripheral blood smear preparations. In the eyes, the retinal neuroepithelium, especially in the central
portion of the retina, shows degenerative changes the earliest. Subsequently, there is extensive loss of
retinal neurons in all layers. On the other hand, lipopigment-containing neurons, gliotic astrocytes,
and melanin-containing macrophages abound [39, 40]. Ultrastructural examination shows FPPs that
may occur alone or in association with CLPs and/or RLPs and rarely GRODs [46–53]. CLN3 (the
traditional Juvenile Neuronal Ceroid-Lipofuscinosis, JNCL, Batten disease, Spielmeyer-Vogt-Sjogren
disease) classically manifests as juvenile onset disease, but other NCLs that may present in this manner
include CLN1, CLN2, CLN8, CLN10, and CLN9.

Adult onset NCL is rare and characterized by sparing of vision, in contrast to all other clinical
presentations of NCL. The traditional adult onset NCL, called Kufs disease, is divided into two over-
lapping clinical presentations. The patients may first come to clinical attention in the second decade
to as late as the sixth decade, but most typically present around the age of 30 years. Kufs disease type
A (CLN4A) is inherited in an autosomal recessive manner and presents with progressive myoclonus.
Kufs disease type B (CLN4B), which presents with dementia and various motor-system signs, is the
only NCL with presumed autosomal dominant inheritance pattern [90–94]. Ultrastructural examination
may show GRODs or FPPs. The putative gene loci CLN4A and CLN4B were only recently mapped.
The autosomal recessive Kufs disease, CLN4A, has been shown to be caused by mutations in the
CLN6 gene [25], while the autosomal dominant Kufs disease, CLN4B, has been shown to be caused
by mutations in DNAJC5 that encodes cysteine-string protein alpha (CSP�) [26]. Other NCLs that
may rarely present with adult onset disease include CLN1, CLN10, CLN5, CLN13, and CLN11.

5. Diagnostic approach

We suggest a step-wise, rather than a shot-gun, logical diagnostic approach based on the current
knowledge of the NCL types (Fig. 4) [55]. The first factor that should be considered when making a
diagnosis is the clinical phenotype including the age at onset of clinical presentation. For example,
CLN10 should be considered in a neonate with microcephaly and seizures. In this scenario, measure-
ment of reduced cathepsin D activity in skin fibroblasts or white blood cells would clinch the diagnosis.
Similarly, CLN1 and CLN2 should be considered in infants with motor delay and visual deterioration.
In this situation, reduced PPT1 activity in white blood cells or skin fibroblasts would be diagnostic of
CLN1 and reduced TPP1 activity in white blood cells or skin fibroblasts would be diagnostic of CLN2.
The enzyme assays can also be performed on chorionic villous cells for prenatal diagnosis [95]. If
the enzyme activities are normal and in older children or adults with suspected NCL, a skin or rectal
biopsy may be performed to look for the storage material by ultrastructural examination. Peripheral
blood smears may be examined for cytoplasmic vacuolations in lymphocytes. Mutational analysis for
the genes involved may then be performed based on the clinical and ultrastructural phenotype and
the results of enzyme assays. Given the increasing number of genes associated with the NCLs and
the decreasing cost of massively-parallel (next generation) sequencing, targeted panels or even whole
exome/genome sequencing are becoming routinely available. Already, a few laboratories (for example,
the genetics laboratories at Children’s Health of Dallas, University of Chicago, and Greenwood Genetic
Center) offer “NCL panels” or cover NCL genes as part of an “epilepsy panel”. Functional enzyme
testing when available will remain an important component of the diagnostic pathway especially when
variants of unknown significance are identified in patients using molecular testing.
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Fig. 4. Suggested diagnostic algorithm for Neuronal Ceroid-Lipofuscinoses (NCLs).

6. Treatment

Currently, none of the NCLs is curable and supportive therapy is the only way to improve the quality
of life for the patients. For NCLs caused by deficiencies of soluble lysosomal enzymes, enzyme replace-
ment therapy, gene therapy, and stem cell therapy approaches to treatment are under evaluation but
so far without demonstrative success [96]. Recently, enzyme replacement therapy with a recombinant
human tripeptidyl peptidase-1 cerliponase alpha (Brineura®) has been approved for CLN2 patients
three years and older by the Food and Drug Administration in the USA and for CLN2 patients of all
ages in the European Union [97]. The only other approved therapies at the present time are to control
signs and symptoms such as seizures and psychiatric problems.
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