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INTRODUCTION
The neuronal ceroid-lipofuscinoses 

(NCLs) are a genetically and clinically 
heterogeneous group of at least 8 fatal 
childhood brain disorders (9, 15, 19, 20, 
28, 29). The NCLs typically show an auto-
somal recessive pattern of inheritance with 
an estimated global incidence of 7 to 8 per 
100 000 live births (20, 29). Two early-
onset clinical types, CLN1 and CLN2, are 
marked by deficiencies of the lysosomal 
enzymes palmitoyl-protein thioesterase 
1 (PPT1; 39) and tripeptidyl peptidase I 
(TPPI; 37), respectively. PPT1 is a 35 to 37 
kDa glycoprotein, which removes fatty acids 
from various acylated proteins and peptides 
in vitro (2, 6, 10). In the central nervous 
system (CNS), PPT1 has recently been 
found to localize to synaptic vesicles (23, 
38) and to be trafficked to axons (1, 35). 
PPT1 knock-out mice exhibit an NCL-like 
neurologic phenotype and neuropathologic 

markers typical of NCL (3, 16). TPPI is a 
pepstatin-insensitive lysosomal serine pro-
tease, cleaving the N-terminal tripeptides 
from peptides and small proteins (41, 42), 
and may have a nonredundant role in the 
brains (43). In contrast, 4 other types of 
NCL (CLN3, CLN5, CLN6, and CLN8) 
are marked by mutations in genes encoding 
novel proteins (14, 21, 33, 36, 44). The 
physiological functions of these proteins 
remain to be elucidated (22, 24, 25, 40). 

Despite this genetic heterogeneity, the 
NCLs share a relatively uniform neuro-
pathologic phenotype, characterized by 
widespread intracellular accumulation of 
ceroid- and lipofuscin-like proteinaceous 
material (9, 19, 20). All forms of NCLs are 
further characterized by selective and pro-
gressive neuronal loss within the CNS and 
usually also in the retina (19, 20, 27). The 
extent of neurodegeneration is most severe 
in the early-onset forms of NCL, includ-

ing infantile onset CLN1 and late-infantile 
onset CLN2, in which there are few surviv-
ing neurons in the neocortex at the time of 
autopsy (15, 17, 18, 19).

The main clinical characteristics of the 
NCLs are mental deterioration, visual im-
pairment (except in CLN4 and CLN8), 
loss of motor skills, and epilepsy. Indeed, 
epileptic seizures are a main symptom in 
all forms of NCL and the leading sign in 
CLN2, and CLN8 (19, 20). These seizures 
may be partial or complex and may be 
controlled by a combination of drugs, with 
varied efficacy across different forms of 
NCL (Åberg, Santavuori, Vanhanen, per-
sonal communication). The pathogenesis 
of epilepsy in the NCLs remains largely 
unknown although the loss of interneurons 
observed in murine models of NCL may 
contribute to this phenotype (3, 8, 9, 26). 
At the terminal stage, the hippocampus 
is almost completely destroyed in CLN1 
(17, 18), but very little information is 
available for other forms of NCL. The aim 
of this study was to analyze hippocampal 
pathology in different forms of NCL, as 
an initial step towards understanding the 
mechanisms that underlie neuronal death 
and seizure generation. 

MATERIALS AND METHODS

Tissue specimens. Paraffin-embedded 
tissue samples were obtained from the 
archives of Helsinki University Depart-
ment of Pathology and the MRC London 
Neurodegenerative Diseases Brain Bank. 
These specimens were obtained at routine 
autopsies of NCL patients or age-matched 
controls with informed written consent 
from their families. At autopsy, tissues 
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were fixed immediately by immersion in 
4% neutral buffered formaldehyde and 
subsequently processed and embedded in 
paraffin. We analyzed autopsy specimens 
of the temporal lobe of NCL patients with 
CLN1 (n = 3; ages at death 5, 10, and 11 

years), CLN2 (n = 1; age 26 years), CLN3 
(n = 4; ages 16, 19, 23, and 28 years), 
CLN5 (n = 2; ages 15, and 22 years), and 
CLN8 (n = 3; ages 23 [accidental death], 
38, and 60 years); controls (n = 3; ages 2, 
25, and 26 years). This study was approved 

by the Ethical Research Committee of the 
Institute of Psychiatry (approval numbers 
223/00, 181/02).

Histological and histochemical methods. 
To reveal neuronal morphology and stain 
for pathological markers associated with 
NCL, adjacent 4-µm paraffin sections from 
each case were dewaxed and stained with 
hematoxylin and eosin, Luxol Fast Blue-
cresyl violet, periodic acid Schiff and Sudan 
Black B methods using standard protocols. 
The extent of neuronal loss in each hip-
pocampal subfield and the subiculum was 
scored in a semi-quantitative manner rang-
ing from 0 (no cell loss) to 4 (total cell loss) 
(Table 1).

Confocal microscopy. Confocal microsco-
py was used to demonstrate the distribution 
of autofluorescent storage material in each 
case. Briefly, 4-µm paraffin sections were 
dewaxed, rehydrated through a graded se-
ries of ethanols, rinsed in TBS (0.05M Tris, 
0.15M NaCl, pH = 7.6), and coverslipped 
using Vectashield (Vector Laboratories, 
Peterborough, United Kingdom). Subse-
quently, the extent of autofluorescent stor-
age material was revealed by single channel 
confocal microscopy (Zeiss LSM 5 Pascal, 
Carl Zeiss Ltd, United Kingdom) using the 
488-nm laser line, maintaining a consistent 
relative relationship between detector gain 
and amplitude offset between samples. The 
extent of storage material accumulation in 
each hippocampal subfield and the subicu-
lum was scored semi-quantitatively ranging 
from 0 (no accumulation) to 4 (remaining 
cells extremely distended with accumulated 
storage material) (Table 2).

Immunohistochemical staining for mark-
ers of glial and interneuron phenotype. A 
series of adjacent 4-µm paraffin sections 
from each case were immunohistochemi-
cally stained for markers of astrocytosis 
(GFAP), microglial activation (CD68), 
and for calcium binding proteins that mark 
different subpopulations of interneurons, 
essentially as described (8). Sections were 
dewaxed in xylene and pretreated either 
with 0.5% trypsin at 37°C for 40 minutes 
(GFAP staining), or with 4% (w/v) pepsin 
in 1% (v/v) HCl at 37°C for 20 minutes 
(CD68) or processed with no pre-treatment 
(interneuron markers). All sections were 
subsequently rinsed in PBS (glial mark-

NEURONAL LOSS

SUB CA1 CA2 CA3 CA4 DG

CLN1 (n = 1)1 1-2 3-4 4 4 3 3

CLN1 (n = 2)2 3-4 4 4 4 4 4

CLN2 (n = 1)3 3-4 4 4 4 4 4

CLN3 (n = 4)4 0 0-1 2-3 3-4 2-3 0-1

CLN5 (n = 1)5 1 1 2 1 1 0

CLN5 (n = 1)6 0-1 1 3 4 4 3-4

CLN8 (n = 2)7 0 0 1-3 0-1 0-1 0

CLN8 (n = 1)8 0 0 3-4 1 1 0

1 Early stage pathology, death at 5 years; 2advanced pathology, death at 10 and 11 years; 3advanced pathology, 
death at 26 years; 4advanced pathology, death at 16, 19, 23, and 28 years; 5early stage pathology, death at 15 years; 
6advanced pathology, death at 22 years; 7early stage pathology, death at 23 and 38 years; 8advanced pathology, 
death at 60 years.

Table 1. 

NEURONAL STORAGE

SUB CA1 CA2 CA3 CA4 DG

CLN1 (n = 1)1 3 2 - - 4 3

CLN1 (n = 2)2 - - - - - -

CLN2 (n = 1)3 - - - - - -

CLN3 (n = 4)4 1-2 1-2 3-4 2-3 2-3 1-2

CLN5 (n = 1)5 2-3 1 4 3 3 2

CLN5 (n = 1)6 3 1 4 - - 2

CLN8 (n = 2)7 0-3 0-1 3-4 1-3 1-3 1-2

CLN8 (n = 1)8 1-3 0-1 3 3 2 2

1Early stage pathology, death at 5 years; 2advanced pathology, death at 10 and 11 years; 3advanced pathology, death 
at 26 years; 4advanced pathology, death at 16, 19, 23, and 28 years; 5early stage pathology, death at 15 years; 6ad-
vanced pathology, death at 22 years; 7early stage pathology, death at 23 and 38 years; 8advanced pathology, death 
at 60 years

- in areas with total neuronal loss the storage in neurons could not be determined

Table 2. 

MICROGLIAL ACTIVATION

SUB CA1 CA2 CA3 CA4 DG

CLN1 (n = 1)1 2 3 4 4 4 4

CLN1 (n = 2)2 1 1 1 1 1 1

CLN2 (n = 1)3 1-2 2 1 1 1 1

CLN3 (n = 4)4 1 1-2 2-3 2-3 2-3 1-2

CLN5 (n = 1)5 1 1 2 2 1 0

CLN5 (n = 1)6 0-1 1 1 2 1 2

CLN8 (n = 2)7 1-2 0-1 2 3 2 2

CLN8 (n = 1)8 0-1 0 2 1 1 0

1Early stage pathology, death at 5 years; 2advanced pathology, death at 10 and 11 years; 3advanced pathology, 
death at 26 years, 4advanced pathology, death at 16, 19, 23, and 28 years; 5early stage pathology, death at 15 years, 
6advanced pathology, death at 22 years; 7early stage pathology, death at 23 and 38 years, 8advanced pathology, 
death at 60 years

Table 3. 
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ers) or TBS (interneuron markers), and 
endogenous peroxidase activity blocked by 
incubating the sections in methanol con-
taining 1.6 % hydrogen peroxide at room 
temperature (RT) for 30 minutes. Sections 
were then rinsed and blocked in 15% 
normal serum (NS) (normal goat serum 
for GFAP; normal horse serum for CD68; 
normal swine serum and 0.3% Triton X-
100 for interneuron markers) at RT for 
30 minutes, before overnight incubation 
at 4°C with primary antiserum diluted in 
buffer containing 10% NS (polyclonal rab-
bit anti-GFAP, 1:10,000 and monoclonal 
mouse anti-CD68, clone PG-M1, 1:800, 
both from Dako; rabbit anti-parvalbumin, 
1:1000; anti-calbindin 1:5,000, anti-cal-
retinin, 1:2,500 from Swant, Bellinzona, 
Switzerland). Pre-immune serum or buffer 
was used instead of primary antibodies to 
verify the specificity of each antiserum. 
Immunostaining was continued using the 
appropriate rabbit, mouse or swine Vecta-
stain Elite ABC kit (components diluted at 
1:200; Vector Laboratories, Peterborough, 
United Kingdom), and immunoreactivity 
was visualized using either 3-amino-9-eth-
ylcarbazole (GFAP and CD68) or diamino-
benzidine tetrahydrochloride (interneuron 
markers) and hydrogen peroxide and coun-
terstained with hematoxylin. 

The extent of glial activation in each hip-
pocampal subfield and the subiculum was 
scored semi-quantitatively ranging from 0 
(no activation) to 4 (extreme activation) 
(CD68 Table 3; GFAP Table 4), as was 
the loss of interneurons, scored from 0 (no 
interneuron loss) to 4 (total loss of inter-
neurons) (Table 5). 

RESULTS
The overall pattern of neuronal loss 

demonstrated subfield-specific changes and 
a spectrum of severity in different forms of 
NCL. In the early-onset forms of NCL, 
CLN1 and CLN2, the extreme neuronal 
loss lead to a complete breakdown of 
the normal hippocampal architecture as 
compared to age-matched controls (Table 
1). Luxol Fast Blue staining revealed the 
remnants of the hippocampal formation, 
which could only be recognized by a dense 
band of remaining glial cells (Figure 1). In 
these cases, profound neurodegeneration 
also extended into the adjacent subicu-
lum and neighboring cortical regions of 
the temporal lobe. In CLN3, CLN5 and 

CLN8 cases, the hippocampal formation 
was better preserved showing a distinct 
pattern of neuronal loss within different 
subfields (Figure 1; Table 1). There was also 
less neuronal loss in the subiculum of these 
later onset cases, compared to the extent 
of cell loss in the hippocampal formation. 
In CLN3 cases, neurodegeneration was 
most pronounced in the hilus and became 
progressively less severe moving through 
CA3 and CA2 with relative sparing of CA1 
(Figure 1). This pattern of neurodegenera-
tion was less evident in CLN5 and entirely 
absent in CLN8 where a unique pattern of 
regional neuronal loss involving CA2 was 
present (Figure 1). As in the less advanced 
case of CLN1 and all CLN3 cases, CA1 
was relatively well preserved in both CLN5 
and CLN8 cases (Table 1). 

Similarly, the degree of neuronal storage 
varied in different subfields of the hippo-
campus of NCL cases (Table 2), as visual-
ized by Luxol Fast Blue staining (Figure 

1) or confocal microscopy (Figure 2). The 
appropriately aged control cases exhibited 
minimal storage material in all regions of 
the hippocampus, as would be expected 
(Figure 1). In CLN1 and CLN2 cases, it 
was not possible to estimate the degree of 
storage in neurons because of the complete 
neuronal loss, except in one CLN1 case 
(age at death 5 years), which represented an 
earlier stage of the degenerative process. In 
this less advanced CLN1 case, the remain-
ing neurons were profoundly ballooned 
with only very few thickened processes 
visible (Figure 2). In CLN3, CLN5 and 
CLN8, storage was most pronounced in 
neurons and macrophages within CA2, 
and marked in CA3 and CA4 (Figure 2). In 
certain cases, moderate storage was also ob-
served in the small granular neurons of the 
dentate gyrus, resulting in an elongation 
of their soma (Figure 2). There was com-
paratively little storage in the neurons of 
CA1 in all forms of NCL (Figure 2), while 

ASTROCYTIC ACTIVATION

SUB CA1 CA2 CA3 CA4 DG

CLN1 (n = 1)1 3 3 4 3 3 2

CLN1 (n = 2)2 2 2 2-3 2-3 1 2

CLN2 (n = 1)3 2-3 1 1 1 2 3

CLN3 (n = 4)4 1-2 2 2-3 2-3 2 1

CLN5 (n = 1)5 2 1 3 2 2 1

CLN5 (n = 1)6 2-3 2 2 1 1 2

CLN8 (n = 2)7 2 0 0-3 1-2 1-3 0-2

CLN8 (n = 1)8 2 1† 2 2 2 1†

1early stage pathology, death at 5 years; 2advanced pathology, death at 10 and 11 years; 3advanced pathology, death 
at 26 years; 4advanced pathology, death at 16, 19, 23, and 28 years; 5early stage pathology, death at 15 years; 6ad-
vanced pathology, death at 22 years; 7early stage pathology, death at 23 and 38 years; 8advanced pathology, death 
at 60 years; †pronounced activation was found in stratum oriens adjacent to CA1 principal neurons and adjacent to 
the granular neurons of DG.

Table 4. 

INTERNEURON LOSS 
PV, Cb, CR

SUB CA1 CA2 CA3 CA4 DG

CLN1 (n=1)1 3, 3, 3 4, 3, 3 4, 4, 3 4, 4, 4 -, -, - 4, -, -

CLN1 (n=1)2 4, 3, 3 4, 4, 4 4, 4, 4 4, 4, 4 -, -, - 4, -, -

CLN2 (n=1)3 4, 3, 3 4, 4, 4 4, 4, 4 4, 4, 4 -, -, - 4, -, -

CLN3 (n=3)4 1, 0, 0 2, 1, 1 3, 3, 2 2, 3, 2 -, -, - 2, -, -

CLN5 (n=1)5 2, 3, 2 2, 3, 3 4, 4, 4 3, 4, 4 -, -, - 3, -, -

CLN5 (n=1)6 3, 3, 3 3, 3, 3 4, 4, 4 4, 4, 4 -, -, - 4, -, -

CLN8 (n=1)7 1, 1, 1 2, 2, 1 4, 4, 4 3, 2, 2 -, -, - 3, -, -

1early stage pathology, death at 5 years; 2advanced pathology, death at 10 and 11 years; 3advanced pathology, 
death at 26 years, 4advanced pathology, death at 19, 23, and 28y; 5early stage pathology, death at 15y, 6advanced 
pathology, death at 22y; 7early stage pathology, death at 38y; - indicates antigen not expressed in interneurons in 
this sub-field

Table 5. 
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the build-up of storage material was quite 
pronounced in the entorhinal cortex and 
subiculum. In the subiculum, the distribu-
tion of storage material was not uniform, 
being largely confined to the deeper layers 
(data not shown). 

To map regional differences in microg-
lial activation, we stained each case for the 

macrophage marker CD68 (Table 3). In 
cases of CLN1 and CLN2 where neuronal 
loss was most pronounced, the macrophage 
response had already subsided with very 
few CD68 immunoreactive microglia 
present. In contrast, in a less advanced case 
of CLN1 where neuronal loss was still in 
progress, CD68-positive microglia were 

abundant but to varying degrees in each 
hippocampal subfield. Comparing patients 
with CLN1 and CLN5 at different ages, 
the macrophage reaction was most severe in 
CA2 in younger patients but became more 
pronounced in CA3 and CA4 with increas-
ing age, suggesting that neuronal death 
may initially occur in CA2 and sequentially 
spread towards CA3 and CA4. There was 
relatively little variation in the pathological 
profiles of the four CLN3 cases. In these 
cases, CD68 staining was most pronounced 
in CA3, which showed the greatest ongo-
ing neuronal loss, and least evident in CA1 
where neurons were better preserved (Fig-
ure 3). CD68 immunoreactive microglia 
exhibited a range of morphologies, but 
were most often spherical or macrophage-
like and found in clusters. Microglial acti-
vation in CLN5 and CLN8 cases reflected 
the relative degree of regional neuronal loss 
(Table 3). In CLN8, a number of CD68-
positive cells were observed in the vicinity 
of CA2, which exhibited the most severe 
neuronal death. However, this correlation 
between neuronal loss and microglial acti-
vation was not maintained in all subfields. 
For example, in CLN3 and one CLN8 
case, pronounced microglial activation 
was present in the dentate gyrus with no 
obvious neuronal loss (Figure 3). Control 
tissue typically exhibited very little CD68 
immunoreactivity with only occasional 
CD68 positive microglia present within 
the hippocampus (data not shown).

Immunohistochemical staining for 
GFAP revealed that subfield-specific 
changes also existed for astrocytic activa-
tion across all forms of NCL (Table 4; 
Figure 3). In addition to areas with on-go-
ing neuronal loss, hypertrophic astrocytes 
were observed in areas where neuronal 
loss was least evident. For example, CA1 
which showed most neuronal preservation 
also showed most pronounced astrocyte 
hypertrophy. Adjacent to CA1, differences 
in the extent of astrocyte activation were 
also observed, with the stratum oriens 
containing more GFAP-positive cells than 
the stratum radiatum. An intense band of 
GFAP-positive astrocytes was often pres-
ent in the hilar formation, immediately 
adjacent to the dentate gyrus, which itself 
showed a variable degree of astrocytosis. In 
one case of CLN5 where severe ballooning 
of the surviving CA2 neurons was evident, 
the neuronal soma appeared encircled by 

Figure 1. Neuronal loss in the NCL hippocampus. Luxol Fast Blue—cresyl violet staining revealed specific 
patterns of neuronal loss and storage deposition in different forms of NCL. The normal hippocampal 
architecture displayed by control cases was completely disrupted in pathologically advanced cases of 
CLN1, with only a dense band of glial scaring (arrows) remaining to mark the position of the dentate 
gyrus (DG). In contrast, hippocampal subfields showed different degrees of degeneration in CLN3 cases, 
with the hilus and CA3 exhibiting most profound loss of neurons and with relative preservation of CA1. 
CLN8 cases exhibited a characteristic selective degeneration of neurons in CA2, with relative preservation 
of other subfields. Scale bar = 100 µm. 
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GFAP immunoreactive processes (Figure 
4). Indeed, with the exception of CLN1 
and CLN2 cases, GFAP-positive processes 
were often found in close apposition to sur-
viving neurons (Figure 4). GFAP-positive 
astrocytes present in the hippocampus of 
control cases exhibited no signs of hyper-
trophy or hyperplasia.

To survey changes in the survival of pop-
ulations of GABAergic interneurons, we 
stained for calcium binding proteins that 
mark different subpopulations of interneu-
rons (13). Compared with control cases, 
loss of interneurons was almost complete in 
cases of CLN1 and CLN2, but persisting 
interneurons were evident in other forms of 
NCL (Table 5) (Figure 5). CLN3 cases con-
tained relatively more interneurons positive 
for each antigen than any other form of 
NCL (Table 5). Interneurons were more se-
verely affected in CLN5 than CLN8 (Table 
5). Subfields that showed most pronounced 
pyramidal cell loss also exhibited the great-
est loss of interneurons, except for CLN3 
cases, where the interneuron loss was far 
less evident across all subfields. Interest-
ingly, loss of GABAergic interneurons was 
more profound in the stratum oriens than 
in the stratum radiatum, thus correlating 
with the relative levels of astrocytic acti-
vation in these subfields. Regional effects 
on interneuron survival were also present 
in the subiculum and adjacent entorhinal 
cortex, which showed relatively little loss of 
interneurons compared to the hippocampal 
formation across all forms of NCL. Never-
theless, in CLN1 and CLN2, interneuron 
loss was so severe in the cortex that only few 
ballooned interneurons could be found. 

In all studied NCL cases, persisting in-
terneurons also exhibited a phenotype-spe-
cific survival effect, with calretinin-positive 
interneurons most spared across all regions. 
Calbindin is also expressed by granular 
neurons of the dentate gyrus and their fiber 
projections. These calbindin-positive gran-
ule neurons were best preserved in CLN3 
and CLN8, but were almost entirely absent 
in other forms of NCL. Comparison of the 
morphology of interneurons revealed com-
mon themes between the different forms of 
NCL (Figure 6). Hypertrophy of the soma 
of interneurons was most pronounced in 
CLN1 and CLN2 where only few immu-
noreactive interneurons were present in the 
hippocampus and adjacent subiculum. In 
these neurons, the prominent accumula-

tion of storage material often resulted in 
redistribution of immunoreactive calcium 
binding proteins. In contrast, in CLN3 
cases the hypertrophy of interneurons 
was not as severe. In CLN5 and CLN8, 
interneurons showed more morphological 
variation. 

DISCUSSION
This systematic survey of neuronal de-

generation and glial activation across dif-
ferent forms of NCL has revealed distinct 
patterns in the degeneration of pyramidal 
and interneuron populations and the ex-
tent of microglial and astrocyte activation 

Figure 2. Accumulation of autofluorescent storage material in the NCL hippocampus. Single channel 
confocal microscope images revealed the extent of storage material accumulation in CLN1, CLN3, CLN5 
and CLN8 cases. In a pathologically less advanced CLN1 case, all remaining neurons were filled with 
storage material. In CLN3 and CLN5 cases, the accumulation of storage material was most pronounced 
within CA2, and was also marked in CA3 and the hilus compared to the subiculum. This pattern of 
storage deposition was similar in CLN8 cases, with the exception of CA2 where neuronal loss was 
essentially complete. There was comparatively little storage material in CA1 neurons in all forms of NCL. 
DG = dentate gyrus. Scale bar = 20 µm.
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in different hippocampal subfields. Archi-
val material of the type used in this study 
is of very limited availability, and the small 
number of cases currently available largely 
precludes more detailed quantitative analy-
sis. However, systematic semi-quantitative 
analyses provide invaluable information 
about pathologic themes across different 
forms of NCL. With an increasing number 
of murine and large animal models avail-
able for different forms of NCL (9, 27), it 
will be essential to validate these models by 

performing comparative analysis with the 
few post mortem samples that exist from 
NCL patients.

A consistent finding across all forms 
of NCL was the relative sparing of both 
pyramidal neurons and interneurons in 
CA1 compared to other subfields of the 
hippocampus. This characteristic pattern 
is markedly distinct from the pattern of 
neuron loss seen in the majority of tem-
poral lobe epilepsies (11). As such, this 
NCL-specific pattern of neuronal loss is 

unlikely to be a mere consequence of sei-
zure activity but rather reflects a distinctive 
feature of NCL pathogenesis. The absence 
of correlation between the extent of storage 
material accumulation and neuronal loss 
suggests that storage deposition is not itself 
directly responsible for neuronal death. In-
stead, other mechanisms are likely to have 
significant influence on determining neu-
ronal survival. The marked similarity in the 
patterns of pyramidal neuron and interneu-
ron loss in each subfield suggests that the 
balance between excitatory and inhibitory 
influences is not maintained in the NCLs, 
as has recently been demonstrated in a 
mouse model of CLN3 (7). Our findings 
further emphasize that the balance between 
these excitatory and inhibitory cell types 
is potentially of key importance in NCL 
pathogenesis. Such excitatory/inhibitory 
imbalance may lead not only to excitatory 
neuronal death but possibly also to abnor-
mal synaptic circuitry between persisting 
neuronal populations. 

Previous studies of the neocortex of hu-
man NCL patients described a loss of small 
stellate neurons, which were presumed to 
be GABAergic (4, 5), and a loss of ultra-
structurally identified inhibitory synapses 
(45), suggesting that GABAergic neuronal 
populations may be severely affected in at 
least some forms of NCL. It is now evident 
that interneuron populations are lost in 
multiple murine and ovine models of NCL 
(8, 9, 26, 27, 31). However, the present 
study is the first systematic demonstra-
tion that immunohistochemical markers 
of interneuron phenotype are also affected 
in human NCL. The relative resistance of 
calretinin-positive interneurons in mul-
tiple forms of NCL is also characteristic of 
animal models (3, 9), and may reflect their 
relative resistance to long-term excitotoxic 

Figure 3. Subfield specific microglial and astrocytic activation in CLN3. Immunohistochemical staining 
for CD68 revealed that CD68-positive microglia were frequent in the dentate gyrus (DG), CA3 and CA2 
hippocampal subfields, where ongoing neuronal loss was most marked. CD68-immunoreactive cells 
were less frequent in CA1, where neurons were best preserved. In contrast, immunohistochemical 
staining for GFAP showed that GFAP-positive astrocytes were present in all subfields, but were more 
frequent in CA1 and CA2. Comparing these regions, astrocyte hypertrophy was particularly prominent in 
CA1 with enlarged soma and numerous thickened processes. Scale bar = 20 µm.

Figure 4. Astrocytic activation and neuron survival 
in the NCL hippocampus. GFAP-positive processes 
were frequently found in close apposition to 
surviving neurons, as shown for neurons in the 
CA2 hippocampal subfield of a CLN3 case (arrows). 
In one CLN5 case, GFAP-positive processes 
completely encircled the persisting neurons in 
CA2 (arrowheads). Scale bar = 20 µm.
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stress. Indeed, the relative resistance of 
calretinin- versus parvalbumin- and calbin-
din- positive interneurons has recently been 
reported in vitro (12).

The regional differences in neuronal loss 
were accompanied by regionally selective 
microglial activation in different hippocam-
pal subfields in all forms of NCL, a feature 
that is also evident in a mouse model of 
CLN1 (3). Microglial activation correlated 
with on-going neuronal loss across all cases 
of NCL examined, being most prominent 
during early stages of neurodegeneration 
and then subsiding once neuronal loss is 
complete, as with the pathologically ad-
vanced cases of CLN1 and CLN2. The ab-
sence of prolonged microglial activation in 
these cases may represent an NCL-specific 
mechanism in which these cells are them-
selves targeted as part of the disease process. 
These temporal and regional changes may 
reflect differential expression of cytokines 
or other signalling molecules that influence 
microglial activation and/or recruitment 
(34).

In many neurodegenerative conditions 
reactive astrocytosis often accompanies 
neuronal loss and serves as an early indi-
cator of damage within affected areas. As 
such, the mechanisms controlling astrocy-
tosis in areas, where neuronal degeneration 
is not evident remain to be elucidated. For 
example, astrocytic activation was often 
pronounced in the stratum oriens imme-
diately adjacent to CA1, and also extended 
into this cell layer. Astrocytes not only 
play an important role in controlling the 
microenvironment surrounding neurons, 
but also directly influence neuronal activity 
(30, 32). Importantly, the degree of astro-
cyte coverage is important for the clear-
ance of glutamate, thereby controlling the 
extracellular glutamate concentration (30). 
In this context, the observation of GFAP 
immunoreactive processes completely 
encircling or in close apposition to bal-
looned neurons may represent a protective 
astrocytic response to excitatory imbalances 
in NCL. Indeed, this feature of astrocytosis 
may be unique to the NCLs as we have not 
seen this phenomenon in a range of other 
storage diseases, including GM1 and GM2 
gangliosidoses, Nieman-Pick C and Gau-
cher diseases, Arylsulfatase deficiency, and 
different forms of MPS.

The interplay of cellular responses in 
the NCLs produces a characteristic neu-

ropathological profile that is distinct from 
classical temporal lobe epilepsies. This 
specific pattern of neuronal loss may reflect 
cellular connectivity or individual neuronal 
vulnerability to molecular events that are, 
as yet, unidentified. In this respect, it is in-
teresting to note that the pathologic chang-
es in CLN1, CLN2 and CLN5, caused by 
defects in soluble proteins, are more severe 
than those in CLN3 and CLN8 which are 
caused by defects in transmembrane pro-
teins. These findings are consistent with 
the hypothesis that the functions of PPT1, 
TPP1 and CLN5 are nonredundant in the 
CNS, as has been suggested for TPP1 (43). 
Elucidation of the basic mechanisms that 
underlie the morphological changes by de-
tailed analysis of the NCL animal models 

will be central to our future understanding 
of NCL pathogenesis.
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