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A b s t r a c t

Neuronal ceroid lipofuscinoses (NCLs) are a growing group of neurodegenerative storage diseases, in which specific features 
are sought to facilitate the creation of a universal diagnostic algorithm in the future. In our ultrastructural studies, the group of 
NCLs was represented by the CLN2 disease caused by a defect in the TPP1 gene encoding the enzyme tripeptidyl-peptidase 1. 
A 3.5-year-old girl was affected by this disease. Due to diagnostic difficulties, the spectrum of clinical, enzymatic, and genetic 
tests was extended to include analysis of the ultrastructure of cells from a rectal biopsy. The aim of our research was to search 
for pathognomonic features of CLN2 and to analyse the mitochondrial damage accompanying the disease. In the examined 
cells of the rectal mucosa, as expected, filamentous deposits of the curvilinear profile (CVP) type were found, which dominated 
quantitatively. Mixed deposits of the CVP/fingerprint profile (FPP) type were observed less frequently in the examined cells. 
A form of inclusions of unknown origin, not described so far in CLN2 disease, were wads of osmophilic material (WOMs). 
They occurred alone or co-formed mixed deposits. In addition, atypically damaged mitochondria were observed in muscularis 
mucosae. Their deformed cristae had contact with inclusions that looked like CVPs. Considering the confirmed role of the  
c subunit of the mitochondrial ATP synthase in the formation of filamentous lipopigment deposits in the group of NCLs, we 
suggest the possible significance of other mitochondrial proteins, such as mitochondrial contact site and cristae organizing 
system (MICOS), in the formation of these deposits. The presence of WOMs in the context of searching for ultrastructural 
pathognomonic features in CLN2 disease also requires further research.
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Introduction
The neuronal ceroid lipofuscinoses (NCLs) are a ge- 

netically heterogeneous group of inherited and pro-
gressive neurodegenerative diseases of children and 
occasionally adults [19,22]. Clinically, the NCLs manifest 

early impairment of vision, progressive decline in cog-
nitive and motor functions, seizures, and a  shortened 
lifespan [23]. NCLs belong to the group of lysosomal 
storage disorders (LSD). These disorders exhibit a com-
mon hallmark of intracellular accumulation of autoflu-
orescent lipoprotein aggregates (lipopigments) called 
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ceroid lipofuscin, which has a  typical ultrastructural 
appearance under electron microscopy. The lipopro-
tein aggregates are observed in neurons and other cell 
types also outside the central nervous system [14]. For 
example, visceral storage of lipopigments was present 
in gut, liver, cardiomyocytes, skeletal muscle, and in the 
eccrine glands of skin [16,24,28]. By light microscopy, 
the NCLs lipopigments are brownish in haematoxy-
lin-eosin-stained sections. These lipopigments stain 
with periodic acid-Schiff (PAS) and are bluish when 
stained with Luxol-fast blue (LFB). The presence of lipid 
in lipopigment may give a black appearance in Sudan 
black stain and a reddish appearance in oil red-O stain 
[2,12,13,30]. Morphologically, NCLs are marked by loss 
of nerve cells, foremost in the cerebral and cerebellar 
cortices and also in the retina, resulting in cerebral, cer-
ebellar, and retinal atrophy [2,13]. Among extracerebral 
tissues, lymphocytes, skin, rectum, skeletal muscle, and 
occasionally conjunctiva are possible guiding targets 
for diagnostic identification of NCLs [2,30]. Mutations 
in distinct genes, called CLNs cause various subtypes of 
NCLs (CLN1 to CLN14). Recent work suggests that muta-
tion in TBC1 domain-containing kinase (TBCK)/CLN15 
may cause a new subtype of NCL referred to as CLN15 
disease [14]. Most NCL subtypes are present mainly in 
the first decade of life and follow an autosomal-reces-
sive mode of inheritance [2,4]. The diagnosis of NCL is 
based on mutation analysis, but CLN1 and CLN2 are also 
diagnosed by enzymatic analyses. Often, precise defini-
tion is confirmed by morphological findings, which are 
characteristic storage deposits of lipopigment found in 
NCLs subtypes. NCL-specific ultrastructural patterns 
encompass GRODs (granular osmiophilic deposits) and 
non-GROD patterns, such as curvilinear profiles (CVPs), 
rectilinear profiles (RLPs), or fingerprint profiles (FPPs) 
appearing separate or in combination as mixed forms, 
and which are observed in most NCL subtypes [2,9,30]. 
The CLN2 disease comes under the umbrella of the 
group of NCLs, and it is an autosomal recessive disorder 
caused by pathogenic variants in the tripeptidyl-pepti-
dase1 (TPP1) gene. The TPP1/CLN2 gene is located on 
the short arm of chromosome 11 (11p15), consisting 
of 13 exons and 12 introns. Mutations associated with 
CLN2 disease result in either reduced activity or inacti-
vation of the lysosomal enzyme tripeptidyl peptidase 1 
(TPP1), causing the accumulation of ceroid lipofuscin in 
the lysosomes, and massive glial activation and neuro-
nal loss [4,10,21]. Ultrastructural analysis of lysosomal 
storage in CLN2 disease reveals typical CVPs, which are 
a morphological sign of this particular NCL disorder and 
occasionally also contain fragmentary FPPs and GRODs 
[17,22]. The disease starts between the age of 2 and  
4 years (classic late-infantile phenotype). Early symp-
toms include seizures accompanied by ataxia in com-

bination with a history of language delay, progressive 
cognitive and motor dysfunction, and visual impair-
ment later in the disease course. To confirm a clinical 
suspicion of CLN2 disease, the diagnostic study should 
include enzyme assay (TPP1), molecular genetics, and 
morphological assessment [2,11,21]. The gold standard 
for laboratory diagnosis is the demonstration of defi-
cient TPP1 enzyme activity in leukocytes, fibroblasts, 
or dried blood spots (DBS) and the identification of 
pathogenic variants in both alleles of the TPP1/CLN2 
gene [21]. Prenatal diagnosis is generally provided by 
enzyme assay and mutational analysis. Ultrastructural 
study of biological material from biopsy obtained at 
12-15 weeks’ gestation allows for the detection of 
CVP inclusions in subtrophoblastic endothelial cells 
of blood vessels [2]. No effective cure for NCL has yet 
been found. Proposed therapeutic attempts, including 
enzyme supplementation (enzyme replacement ther-
apy – ERT), gene therapy, stem cell therapy, and anti- 
inflammatories, are mostly in the early stages of clin-
ical development. Further clinical trials aim to make 
a faster diagnosis that will enable children to be treat-
ed before symptoms develop and will provide timely 
genetic information [17,19,21].

The aim of our study was to characterize the ultra-
structure of intracellular lipopigment deposits in CLN2 
disease in the cells of rectal mucosa, showing atypical 
mitochondria damage accompanying these deposits 
and indicating the importance of rectal biopsy in the 
diagnosis of NCLs.

Material and methods
The ultrastructural studies were performed on sam-

ples taken from a biopsy of the rectal mucosa of the 
3.5-year-old girl with clinically suspected CLN2 disease. 
For electron microscope evaluation, small fragments of 
tissues were fixed in 2.5% glutaraldehyde solution in 
cacodylate buffer pH 7.4 and postfixed in 1% osmium 
tetroxide solution in the same buffer. After dehydration 
in a graded ethanol alcohol series and propylene oxide, 
specimens were embedded in Spurr resin. Semithin 
sections were stained with toluidine blue to choose the 
appropriate areas. Ultrathin sections were contrasted 
with uranyl acetate and lead citrate. The sections were 
examined and photographed with a transmission elec-
tron microscope (TEM) JEOL model 140 at the Nencki 
Institute of Experimental Biology PAS in Warsaw.

Clinical presentation
A girl aged 3.5 years was born as first child to non-con-

sanguineous parents, with normal birth parameters. She 
was admitted to the Children’s Neurological Department 
(Institute of Mother and Child) with suspicion of NCL. 
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The development of the sick girl was disharmonious. 
From the age of 2 years her parents observed clumsi-
ness, falls, tripping, and she had sleep disturbances. 
From the age of 35 months polymorphic seizures start-
ed, and a treatment with valproic acid was introduced 
followed by levetiracetam. EEG revealed focal temporal 
sharp and slow waves bilaterally with a  tendency of 
generalization. The MRI showed no major abnormal-
ities. Additionally, a  quick dried blood spot detection 
CLN2 test was performed, which showed decreased 
TPP1 activity of 0.9 umol/l/h (cut-off value > 4.5), but 
molecular analysis did not confirm the disease. The next 
EEG, conducted at the age of 40 months, showed deteri-
oration of notation with paroxysmal activity and signifi-
cant photosensitivity. It was decided to extend the diag-
nostics by assessing the activity of lysosomal enzymes 
in peripheral blood leukocytes. The study showed resid-
ual TPP1 activity of 0.9 umol/l/h. Additionally, a biop-
sy of the rectal mucosa was performed to confirm the 
diagnosis. The CVP deposits often seen in CLN2 disease 
were detected by TEM in study specimens. The whole 
exome sequencing isolated from the patient’s blood 
revealed a mutation c.622C>T/c.509-1G>C in the TPP1 
gene, finally confirming the disease. Reanalysis of DNA 
isolated from dried blood spot confirmed the result; the 
researcher performing the study admitted that it was 
human error. In the sick girl, from the age of 4 years, 
progressive developmental regression was revealed. 
The atonic, absence and myoclonic seizures occurred. 
A broad-based gait and ataxia with frequent falls were 
observed on neurological examination; deep reflexes 
were preserved. Also, her fine motor skills worsened. 
Her speech understanding worsened during one year 
of observation. Paling of fundus oculi bilaterally was 

detected. Early diagnosis of CLN2, i.e. before the devel-
opment of full-blown disease, as was the case with our 
patient, enables quick action. It involves of the inclusion 
of enzyme replacement therapy (ERT) and thus stops 
the progression of the disease.

Results
Ultrastructural observations were made of selected 

groups of cells of the rectal mucosa, i.e. muscularis muco-
sae, connective tissue cells, nerve fibres, and small blood 
vessels. Abnormal mitochondria and deposits of NCL 
lipopigment, which differed in morphology, were found 
in most of the examined cells. Three types of inclusions 
were observed among the examined deposits: curvilin-
ear profiles (CVP), fingerprint profiles (FPP), and inclu-
sions resembling wads of osmophilic material (WOM). 
Curvilinear profiles (CVPs) were present in cells either 
as separate inclusions, usually surrounded by a  mem-
brane, or as mixed inclusions in various configurations 
with other types, for example CVPs/FPPs or CVPs/FPPs/
WOMs. Regardless of the presence of mixed inclusions 
in the cells, WOM deposits also occurred separately.

Rectal mucosa cells

Muscularis mucosae

Numerous deposits of curvilinear profiles (CVPs) were 
often observed in the muscularis mucosae. Most often 
they were clusters of hook-shaped or semicircular osmo-
philic fibrils forming densities. The filamentous inclu-
sions were mostly sheathed for membranes (Figs. 1, 2). 
Branching and dilated channels of the rough endoplas-
mic reticulum (RER) often bordered the inclusions near 

Fig. 1. Inclusions of curvilinear profiles (CVPs) 
surrounded by membranes, bordering the dilat-
ed channels of the RER in muscularis mucosae 
(SMC). Nucleus (N), mitochondria (M). Orig. 
magn. 30,000×.

Fig. 2. Curvilinear profiles (CVPs) arranged in  
an alternating pattern with mitochondria (M) 
with partially disappeared cristae and hetero-
geneous matrix in muscularis mucosae (SMC). 
Vacuole (V), collagen (C). Orig. magn. 30,000×.
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the nucleus (Fig. 1). Surrounded by CVPs deposits, there 
were damaged mitochondria with cristae defects and 
heterogeneous matrix. In addition, in the cytoplasm of 
muscularis mucosae, vacuolar vesicles of various sizes, 
bright or electron-dense, were observed (Fig. 2). Atypi-
cally deformed mitochondria associated with CVP-like 
filaments were found in some sectors of the muscle 
cell cytoplasm. The osmophilic hook-shaped filaments 
of these CVPs looked like they were anchored in mito-
chondria at sites of damaged cristae (Fig. 3). Occasion-
ally, loosely distributed osmophilic semicircular CVP-
like filaments were also found in indentations formed 
in residue of mitochondria (Fig. 4).

Connective tissue cells

Curvilinear profile inclusions were observed not only 
in muscularis mucosae, but also in mononuclear, spin-
dle-shaped connective tissue cells, mainly in fibroblasts 

and fibrocytes, and in macrophage-like cells. Clusters of 
CVPs were visible in the cytoplasm of long fibroblast pro-
cesses abundantly filled with dilated RER channels and 
mitochondria with heterogeneous matrix. In addition to 
the RER, elongated, sometimes wide channels and ves-
icles of the Golgi apparatus (GA) were also observed in 
the cytoplasm of fibroblasts (Fig. 5). Among the connec-
tive tissue cells in which CVP inclusions were observed, 
there were cells resembling fibrocytes in morphology. 
The protrusions of these cells were short, with deficient 
RER and GA channels and mitochondria in cytoplasm. 
Unlike fibroblasts, they were quite tightly enclosed by 
numerous collagen fibrils (Fig. 6). Elongated or rounded 
cells, sometimes without a visible cell nucleus, with cyto-
plasmic processes and vacuoles, mainly in the periphery, 
were also found in the connective tissue. The cytoplasm 
of these cells was filled with dense, osmophilic inclu-
sions of the CVP type. The interconnected CVP inclusions 

Fig. 5. Curvilinear profiles (CVPs) in contact with 
mitochondria (M) partially devoid of cristae and 
with heterogeneous matrix, and dilated RER chan-
nels in fibroblast processes. Nucleus (N), Golgi 
apparatus (GA), collagen (C). Orig. magn. 15,000×.

Fig. 3. Atypically deformed mitochondria (arrow) 
in contact with curvilinear profile (CVP)-like fil-
aments in the muscularis mucosa (SMC). Mito-
chondria (M). Orig. magn. 50,000×.

Fig. 6. Curvilinear profiles (CVPs) in the cyto-
plasm of fibrocyte, surrounded by densely 
arranged collagen fibrils (C). Nucleus (N), mito-
chondria (M). Orig. magn. 40,000×.

Fig. 4. Vestigial mitochondria (arrow) fused 
with osmophilic semicircular curvilinear pro-
file (CVP)-like filaments in muscularis mucosae 
(SMC). Mitochondria (M). Orig. magn. 50,000×.
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formed confluent mega inclusions with grey lipid-like 
structures that resembled deposits in the remodeling/
degradation stage (Fig. 7).

Nerve fibres

Two types of nerve fibres in the biopsy samples, 
unmyelinated (Fig. 8) and myelinated (Fig. 9), were 
found. In unmyelinated nerve fibres, in the cytoplasm of 
Schwann cells with large nuclei located medially, CVPs 
were visible, and in their vicinity were RER channels. Axi-
al fibres (axons) surrounded the Schwann cell and were 
also distributed in the concavities of the neurolemma 
of these cells (Fig. 8). On the other hand, in myelinated 
nerve fibres, osmophilic bundles were observed, which 
were located within the axons (Fig. 9). These inclusions 
were observed in peripheral locations, close to the dam-
age axon myelin sheaths. In Figure 9, two osmophilic 
bundles are visible. One of them is located on the outer 

side of the axon in the cytoplasm of the Schwann cell 
and is separated from the deformed myelin sheath.  
The second osmophilic bundle is visible inside the myelin-
ated axon, in the space formed by the spread myelin 
sheets with which it is partially continuous (Fig. 9).

Small blood vessels

Curvilinear profiles were observed in all types of 
small blood vessels: capillaries, venules, and arterioles. 
Other types of inclusions, i.e. fingerprint profiles (FPPs), 
were less common there and were always mixed with 
CVPs. Wads of osmophilic material (WOMs) have also 
been found occasionally. The morphology and distribu-
tion of inclusions in the cells of small vessels is shown 
on the examples of arterioles and venules. In arterioles, 
CVPs were found in both endothelial and smooth mus-
cle cells, where they were usually located in clusters 
formed by several deposits (Fig. 10). In the endotheli-

Fig. 9. Bundles of osmophilic material (arrows) 
near the myelin sheath (My) in a  myelinated 
nerve fibre (Ax). Mitochondria (M). Orig. magn. 
25,000×.

Fig. 7. Multiple curvilinear profiles (CVPs) inclu-
sions (arrow) with visible remodeling or disinte-
gration and lipid-load in a  macrophage-like cell. 
Mitochondria (M), rough endoplasmic reticulum 
(RER), vacuole (V). Orig. magn. 15,000×.

Fig. 10. Bundles of curvilinear profiles (CVPs) 
next to mitochondria (M) in a vascular smooth 
muscle cell (VSMC). Internal elastic lamina (IEL), 
endothelial cell (EC), lumen (L). Orig. magn. 
20,000×.

Fig. 8. Curvilinear profiles (CVPs) in the cyto-
plasm of a  Schwann cell in an unmyelinated 
nerve fibre. Nucleus (N), axon (arrow), colla- 
gen (C). Orig. magn. 15,000×.
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um of arterioles, as well as CVPs, mixed inclusions were 
also observed. In this type of structure, hemispherical 
CVPs fibres interspersed with short, highly osmophilic 
fragments of FPPs predominated quantitatively. On the 
periphery of these mixed inclusions, variously shaped 
WOMs were typically found (Fig. 11). In venules, as in 
arterioles, inclusions were observed both in narrow 
smooth muscle cells and in endothelial cells (Fig. 12). 
The appearance of the endothelium was sometimes 
different from typical due to the presence of numer-
ous protoplasmic protrusions that were located on 
both the luminal and abluminal sides. CVP inclusions, 
sometimes surrounded by membranes, were observed 
in the cytoplasm of these cells. In addition, ECs con-

tained mitochondria, osmophilic Weibel-Palade bodies 
in transverse and longitudinal sections, and vesicles 
of various sizes, including pinocytic vesicles (Fig. 12). 
Mixed inclusions of CVPs/FPPs and differently shaped 
wads of osmophilic material (WOMs) adhering to them 
were visible in some venous endothels (Fig. 13). Some-
times mixed inclusions were a mosaic of hemispherical 
CVPs fibrils and highly osmophilic fingerprint profiles 
(FPPs) surrounded by a distinct membrane separating 
them from the cytoplasm (Fig. 14). Lipid droplet-like 
structures were found inside such inclusions. Curvilin-
ear profiles were observed not only inside vascular cells, 
but also extracellularly. In the lumen of the venules, 

Fig. 13. Mixed inclusions formed by deposits 
of curvilinear profiles (CVPs), fragments of fin-
gerprint profiles (FPPs), and wads of osmophilic 
material (WOMs) (arrow) in the endothelial cell 
(EC) of the venule. Nucleus (N), mitochondria (M). 
Orig. magn. 30,000×.

Fig. 11. Mixed inclusions formed by curvilinear 
profiles (CVPs) and fingerprint profiles (FPPs) and 
wads of osmophilic material (WOMs) (arrow) in 
the endothelial cell (EC) of the arteriole. Mitochon-
dria (M), endoplasmic reticulum (ER), lumen (L). 
Orig. magn. 50,000×.

Fig. 14. Mixed inclusions formed by curvilinear 
profiles (CVPs) and fingerprint profiles (FPPs) 
surrounded by a membrane in the endothelial 
cell (EC) of the venule. Mitochondria (M), rough 
endoplasmic reticulum (RER), lumen (L). Orig. 
magn. 50,000×. 

Fig. 12. Curvilinear profiles (CVPs) in the endothe-
lial cell (EC) of the venule. Mitochondria (M), Wei-
bel-Palade bodies (WPBs), protrusions of endothe-
lium (arrow), vascular smooth muscle cell (VSMC), 
lumen (L). Orig. magn. 25,000×.
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loosely distributed deposits of CVPs were visible in the 
vicinity of the ECs (Fig. 15).

Discussion
The neuronal ceroid lipofuscinoses, including the 

CLN2 disease we studied, may be classified according 
to various criteria, for example, by the age of onset of 
clinical signs and symptoms as well as by their under-
lying genetic defects, biochemical phenotype, or the 
ultrastructural morphology of the storage material [25]. 
It is difficult to indicate a universal criterion for classi-
fying individual forms of NCL, taking into account the 
occurrence of mutations as a source of their variabili-
ty. The growing family of NCL subtypes forces gradual 
changes in their ordering.

The 3.5-year-old girl described herein, suspected 
of having NCL, was generally within the limits of the 
presentation of classic (late-infantile) CLN2 disease.  
The presentation of the classic disease form of CLN2 
is generally considered to be consistent and uniform, 
being well defined by age of onset (late-infantile) and 
multiple neurological symptoms, as well as specific 
electrophysiological findings and pathological changes 
in MRI. However, in some patients the course of the 
disease may differ from the typical clinical pattern, sug-
gesting that there is a wide spectrum of CLN2 disease 
in terms of symptoms [17]. Interestingly, TPP1 muta-
tions were identified in patients with ataxia, including 
spinocerebellar ataxia 7 (SCAR7), which has a  later 
onset and more restricted phenotype without epilepsy, 
cognitive regression, and ophthalmologic abnormali-
ties [7]. Thus, TPP1 mutations may be associated with 
late-infantile phenotype NCL (LINCL) (as in our female 
patient), juvenile phenotype NCL (JNCL), or spinocere-
bellar ataxia 7 (SCAR7) [18]. The variable phenotypes 
probably depend on the functional impact of TPP1 
mutations, which cause complete or partial TPP1 defi-
ciencies that were correlated with neuronal loss in cell 
subpopulations of the brain [7,8]. 

In our girl, who was suspected with clinical fea-
tures of CLN2 disease, the diagnostics was extended 
to include molecular and enzymatic tests. Difficulties 
in finding pathognomonic features in CLN2 disease 
were the premise for extending the research with ultra-
structural observations. The fact that the whole-exome 
sequencing (WES) in clinical conditions of inborn meta-
bolic diseases (IMD) allows the detection of pathogenic 
mutations in nearly half of patients was also in favour 
of deeper diagnostics. Therefore, there is still a group of 
patients without diagnosis or requiring repeat molecu-
lar tests [37], as in the case of our girl. For ultrastruc-
tural studies, biological material from a biopsy of the 
rectal mucosa of female patient was used.

Among the most common biopsy methods of 
diagnosing lysosomal diseases, biopsies of the skin 
and conjunctiva are mentioned first, and then biop-
sies of skeletal muscles and peripheral nerves. From 
extracerebral biopsies, the rectal biopsy is one of the 
less frequently used [5] and still not fully appreciated 
diagnostic methods, despite being less invasive than, 
for example, skin-muscle biopsy. An important advan-
tage of this biopsy is easy access to neuronal tissue 
in the myenteric ganglia. A  rectal biopsy is simple to 
perform, scarcely traumatic, and cost-effective. As well 
as the epithelial and endocrine components, it includes 
numerous cytotypes, e.g. inflammatory cells, vascular 
cells, smooth muscle cells, Schwann cells, and ganglion 
cells, which can accumulate specific lipopigment inclu-
sions. Diagnostic difficulties exist when the biopsy is 
not deep enough to allow the sampling of ganglion and 
smooth muscle cells [2,26]. In addition, the differentia-
tion efficiency of lipofuscin and pathological deposits 
in the NCL in the case of rectal biopsy is comparable to 
other types of biopsy or even surpasses them [2].

The aim of our study was to analyse the ultrastruc-
ture of selected cells of the rectal mucosa in search of 
CVP deposits, the presence of which was expected in 
CLN2 disease. In a  transmission electron microscope 
(TEM) the following were examined: smooth muscle 
cells, connective tissue cells (fibroblasts, fibrocytes and 
macrophage-like cells), and nerve fibres (myelinated 
and unmyelinated). Cells of small blood vessels (cap-
illaries, venules, and arterioles) were also subjected to 
analysis. Accumulation of CVP deposits was observed in 
the examined cells, which were the quantitatively dom-
inant type of inclusions in the CLN2 disease in our girl.

Fig. 15. Curvilinear profiles (CVPs) in the cyto-
plasm of endothelial cell (EC) and in the lumen 
(L) of the venule. Nucleus (N), mitochondria 
(M), protrusions of endothelium (arrow), vas-
cular smooth muscle cell (VSMC). Orig. magn. 
15,000×.
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According to the literature, among the 15 different 
types of NCL described to date [14] CLN1 and CLN10 
are marked mostly by GROD lipopigment [30]. In the 
CLN2 type, CVPs and sometimes fragmentary FPPs or 
mixed inclusions are present [2,11,25,30]. In turn, in 
the case of subtypes CLN3 and CLN11, most often FPPs 
are found [25]. The other forms of NCL generally exhib-
it a combination of different morphological features of 
inclusions, for instance, in CLN6 and CLN7 it is a mix of 
FPPs, RLPs, and CVPs, which can be found in neurons 
[25,30]. On the other hands, the majority of CLN14 dis-
ease cases occur without the storage material that is 
classic for NCL type [14].

In the examined cells of the rectal mucosa, CVPs 
inclusions were found in muscularis mucosae, in con-
nective tissue cells, in some nerve fibres and in the cells 
of small blood vessels. In addition to deposits of CVPs, 
small FPPs inclusions have been detected mixed with 
CVPs, surrounded by the common membrane. These 
mixed inclusions were most often observed in the cyto-
plasm of endothelial cells and also in fibroblasts and 
in the nerve fibres. Ultrastructural diagnosis of CLN2 
disease, as well as other types of NCL, is hampered by 
the lack of pathognomonic features. It is known that 
the presence of CVPs inclusions was most frequent-
ly found in our studies. However, treating them as an 
ultrastructural determinant of CLN2 disease may raise 
doubts because these inclusions can also be found in 
such types as CLN5, CLN6, CLN7, or CLN8 [25,30]. Types 
of NCL inclusions presented in the literature, which 
include CVPs, FPPs, RCLs, GRODs, and mixed inclusions 
[2,13,20], constitute a pool of morphological features of 
NCLs, which in various combinations and with varying 
intensity may manifest themselves in individual types 
of NCL. However, comprehensive studies are required to 
determine the specific type of NCL. Therefore, it seems 
very important to combine various research methods 
and improve NCL diagnostic algorithms that will help 
distinguish the types.

Certain hopes related to the search for specific fea-
tures of the ultrastructure of CLN2 may be raised by the 
presence of unusual looking deposits detected by us in 
some cells from the rectal mucosa. These were WOMs 
that accompanied inclusions of CVPs and/or FPPs, and 
were also present as separate inclusions. They looked 
like irregularly folded accumulations of membranes. 
They have been observed, for example, in muscularis 
mucosae, in endothelial cells, and in some nerve fibres. 
Perhaps they represent a  less common phenotype of 
storage deposits in CLN2 disease, but further research 
is required in this area.

It is known that intracytoplasmic accumulation of 
autofluorescent material is generally a  pathogenetic 
hallmark of the NCL whole family, and it is ascribed 

to the abnormal storage of ceroid, a  pathologically 
derived material, with similar biochemical properties 
to lipofuscin, the “aging pigment” [33]. The forms of 
NCL can be classified into 2 main categories based 
on the chemical identity of the predominant storage 
protein: those storing subunit c of the mitochondrial 
ATP synthase (SCMAS) and those storing sphingolipid 
activator proteins (SAPs) (saposins) A  and D. Storage 
of sphingolipid activator proteins is invariably associ-
ated with GRODs, while storage of subunit c is associ-
ated with various filamentous CVP, RLP, or FPP deposits 
seen in TEM [2,13,20,33]. Loss of TPP1 activity leads to 
neuropeptide degradation failure and significant accu-
mulation of subunit c of ATP synthase. Accumulation 
of subunit c has been identified not only in CLN2 dis-
ease but also in most forms of NCL, suggesting that 
this may not be the primary metabolic error in TPP1 
deficiency [10], and confirming the non-specific nature 
of the described accumulations of storage material in 
the NCL.

If the common component of filamentous inclu-
sions such as CVP, FPP, and RP is the subunit c of mito-
chondrial ATP synthase (SCMAS) [13], what biochemi-
cal components can morphologically differentiate NCL 
deposits? Considering the involvement of mitochondria 
in the pathogenesis of NCL, it should be assumed that 
other mitochondrial proteins, apart from SCMAS, may 
be involved in this process.

In the literature, in CLN2 disease, a TPP1 deficien-
cy in fibroblasts induces a fragmentation of the mito-
chondrial network, probably due to a reduction in the 
abundance of both mitofusin 1(Mfn1) and mitofusin 2 
(Mfn2), which are embedded in the outer membrane of 
the mitochondria [6,35].

The results of our study revealed unusual defor-
mations of the mitochondria. It appears that the inner 
membranes of the mitochondria were in contact with 
filamentous structures that looked like CVP inclusions 
occupying the sites of the mitochondrial cristae. 

The cristae morphology and functions are con-
trolled by various factors, such as MICOS complex 
(mitochondrial contact site and cristae organizing 
system), the dynamin-like GTPase OPA1, the F1 F0 ATP 
synthase, and cardiolipin. Depletion of subcomplexes 
Mic10 or Mic60, which form MICOS complex, dramat-
ically alter the cristae ultrastructure. In turn, loss of 
OPA1 oligomers, which tighten the crista junctions and 
maintain a  negative crista junction curvature, causes 
mitochondrial fragmentation, and abnormal cristae 
architecture and dynamics. Dysfunction or loss of F1 F0 
ATP-synthase induces concentric onion-like or bal-
loon-like cristae morphology. Similarly, phospholipids 
such as cardiolipin play an essential role in shaping of 
the mitochondrial inner membrane [34,38]. Aberrant 
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cristae structures result in various neurodegenerative 
diseases, such as Parkinson’s disease, frontotemporal 
dementia/Alzheimer’s disease, and others [38]. As is 
known, NCLs are also classified as neurodegenerative 
disorder [20]. Moreover, there is a  mutual functional 
interaction between the proteins shaping the architec-
ture of the mitochondrial cristae, such as the MICOS 
complex, OPA1 protein, and ATP synthase [1]. It can 
be assumed that, apart from the confirmed presence 
of the subunit c of mitochondrial ATP synthase in NCL 
filamentous deposits, other proteins controlling the 
architecture of the mitochondrial cristae may co-form 
lipopigment deposits under pathological conditions, 
possibly determining the shapes of inclusions. The con- 
tinuity of mitochondrial membranes with CVP-like 
filaments observed by us, suggesting a  possible rela-
tionship between the morphology of NCL deposits and  
the deformations of the cristae, requires verification in 
the course of further research.

 It is known that NCLs are characterized by the accu-
mulation of undegraded material in lysosomes and by 
lysosomal dysfunction [29]. Our research showed that 
the observed CVP inclusions, as well as mixed CVP/FPP 
inclusions in CLN2 disease, were usually surrounded by 
a single membrane and resembled dysfunctional lyso-
somes loaded with heterogeneous material.

There are functional connections between mito-
chondria and lysosomes. Neurodegenerative diseases, 
such as NCLs are tightly linked to mutations in mito-
chondrial and lysosomal regulators. In this context, 
mitochondrial dysfunction leads to lysosomal impair-
ment and build-up of autophagy by-products, where-
as lysosomal imperfections trigger functional and 
morphological mitochondrial defects. Different path-
ways of communication between mitochondria and 
lysosomes have been described, including mitophagy, 
mitochondria-derived vesicles (MDVs), mitochondria- 
derived compartments (MDCs), and membrane con-
tact site (MCS). The last of them, i.e. MCS, represent 
the known mechanism of physical interaction between 
mitochondria and lysosomes. This interaction allows 
the exchange of lipids and metabolites between these 
compartments [3]. 

This form of communication seems to be important 
also for the process of lipopigment accumulation in the 
lysosomes in CLN2 disease and perhaps for the trans-
port of dysfunctional mitochondrial proteins, such as 
SCMAS, which contribute to the formation of lipopig-
ment deposits in lysosomes.

Endolysosomal disorders are associated with the 
pathogenesis of virtually all lysosomal storage diseases 
(LSDs) including NCLs. Dysregulation of the endocytic 
and autophagic pathways in NCLs contributes to the 
accumulation of lipopigments [23]. In cells under physi-

ological conditions, lysosomal protein TPP1 (CLN2/TPP1) 
with enzyme function represents a  peptidase contrib-
uting to N-terminal protein degradation. Upon fusion 
of autophagosomes and late endosomal vesicles with 
lysosomal vesicles, lysosomal enzymes including TPP1 
enable digestion of macromolecules [4]. In NCLs family, 
impaired or missing lysosomal acid hydrolases or failure 
of endosome-lysosome and autophagosome-lysosome 
fusions may result in the accumulation of undigested 
cargo in the lysosome, leading to LSDs [23].

Connective tissue cells may play an important role 
in the accumulation of NCL lipopigment deposits, as 
shown by our ultrastructural studies. CVP inclusions 
were observed in the cytoplasm of fibroblasts and 
fibrocytes, but the most numerous inclusions were 
found in macrophage-like cells. Moreover, these depos-
its of CVPs were interconnected into electron-dense, 
multi-shaped mega inclusions. Lipid-like confluent grey 
structures were observed within mega inclusions.

In the connective tissue, which connects and sup-
ports all other tissues, macrophages are mobile cells 
originating from monocytes. They are equipped with 
phagocytic properties and contain abundant lysosomes 
and phagosomes [27].

In the analysed macrophage-like cells in TEM, the 
occurrence of the above-mentioned confluent grey 
lipid-like deposits may indicate not only the abundant 
accumulation of the NCL lipopigment in these cells, but 
also its remodeling/rearrangement. Moreover, such 
confluent mega inclusions have not been found in oth-
er types of rectal mucosa cells.

For comparison, in another lysosomal disorder, 
Farber’s disease, where ceramide accumulates in lyso-
somes, macrophages contain numerous, large, irregu-
larly shaped inclusions with ceramide so-called Farber 
bodies, which are bound by lysosomal membranes [27]. 
Our research revealed that it is difficult to indicate the 
relationship between the amount of lipopigment in the 
examined cells from the rectal biopsy and the severi-
ty of clinical symptoms in the analysed type of CLN2. 
During the course of the disease, the mechanisms of 
remodeling and degradation of NCL deposits accumu-
lated in lysosomes are probably activated in cells. If we 
assume that the studied macrophage-like cells may 
be involved in the process of lipopigment removal, the 
justification of the correlation becomes problematic. At 
the ultrastructural level, the essence of CLN2 disease 
progression seems to be a disturbed balance between 
the intensity of lipopigment degradation processes and 
the intensity of its accumulation in cells.

During our research we found the presence of 
lipopigment deposits in small blood vessels in CLN2 
disease. Lipopigment deposits were present both in 
endothelium (ECs) and pericytes (PCs) of capillaries, 
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as well as in smooth muscle cells (VSMCs) and in 
ECs of arterioles and venules. These were most often 
CVPs and mixed deposits. For example, CVPs were 
observed in the EC of the arteriole, accompanied by 
 fragmentary FPPs and WOMs. In turn, in ECs of 
veins, CVPs were found in the company of WOMs. 
According to the literature, in CLN2 disease, CVP pro-
files were observed in ECs [2] and in dermal VSMCs 
[2,36]. A  similar localization of deposits concerned 
CLN1 disease, where granular lipopigment was sub-
ject to storage [12,36]. In turn, in the case of CLN3 and 
CLN6 diseases, lipopigment, i.e. CVPs, FPPs, and RLPs, 
were found in both ECs and VSMCs in skin biopsies, 
and in CLN3 disease also in rectal biopsies [12].

Own research and literature data indicate that var-
ious lipopigment inclusions are found in various cells 
of small vessels, i.e. ECs, PCs, and VSMCs, regardless of 
the type of NCLs, which may suggest the lack of tissue 
specificity of the deposits and the resulting diagnostic 
difficulties.

 We also found CVP inclusions together with various 
cellular organelles, e.g. mitochondria, in the lumen of 
small vessels. This location of deposits may result from 
damage/rupture of vascular cells the contents of which 
have penetrated into the vessel. 

Among the NCL deposits described in the literature, 
i.e. granular (GRODs) and filamentous (RLPs, FPPs, and 
CVPs), the latter, i.e. CVPs, are the smallest of them all. 
They reach a thickness of 1.9-2.4 nm [12,30]. Their deli-
cate structure can be important in the context of move-
ment. For comparison, the size of mitochondria ranges 
from 0.5 µm to approximately 3 µm, depending on the 
type of cell [32], which means that they are larger than 
the fibrils of CVPs.

The NCL diagnostic algorithms developed so far 
include, among others: the age of onset of the first 
clinical symptoms of the disease, the level of activi-
ty of specific groups of enzymes and the analysis of 
mutations in genes involved in the specific NCL sub-
type [15,30,31]. However, the difficulties associated 
with detecting different types of NCL, such as the CLN2 
disease we studied, are due to the lack of knowledge 
about the specificity of these storage diseases. Such 
limitations encourage the expansion of the spectrum 
of clinical, genetic, and enzymatic tests to include ultra-
structural diagnostics of biological material from biop-
sies. If an ambiguous result is obtained, TEM examina-
tion may determine the diagnosis of the disease.

Conclusions
Rectal biopsy is a useful method of obtaining cells 

with large morphological and functional diversity, 
which facilitates the analysis of different stages of the 
pathogenesis of CLN2.

The performed studies of cell ultrastructure from rec-
tal biopsy aimed to determine the pathognomonic fea-
tures of CLN2 disease. It was shown that:

– CVPs inclusions were present in all cell types of 
rectal mucosa studied. They were the dominant but 
non-pathognomonic type of inclusion in CLN2 disease 
and could determine its detection only in the case of 
combined use of clinical, genetic, and ultrastructural 
investigations. Less common, mixed deposits of CVPs/
FPPs were predominantly found in the cells of small 
blood vessels;

– The WOMs, which occurred alone or in combina-
tion with other types of deposits, were probably the spe-
cific ultrastructural feature of CLN2 disease that require 
confirmation in the course of further research; 

– The observed continuity of mitochondrial cristae 
with CVP-like filaments in muscularis mucosae may in- 
dicate the participation of mitochondria in the process 
of their remodeling;

– The found macrophage-like cells loaded with 
mega inclusions of NCL lipopigment may make it diffi-
cult to determine the correlation between the severity 
of clinical symptoms and the amount of accumulated 
lipopigment, assuming that mega inclusions undergo 
rearrangement/degradation.
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