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INTRODUCTION
e neuronal ceroid lipofuscinoses 

(NCLs) are a significant cause of neuro-
logical deterioration during childhood 
(18). Collectively, this group of up to 
eight genetically distinct lysosomal storage 
disorders (CLN1-CLN8) is considered the 
most common pediatric neurodegenerative 
disease (15, 25, 38). ese disorders are 
typified by their progressive nature, pre-
senting with visual disturbances leading 
to blindness, neurocognitive and physical 
decline, an increased severity of untreatable 
seizures and ultimately premature death 
(23, 26, 38, 71, 84, 108). Cases usually 
present during childhood with an infantile 
(INCL), late infantile (LINCL) or juvenile 
(JNCL) onset; although rare adult onset 
forms (ANCL) and an increasing number 
of variant forms are also recognized (15, 
38). e hallmark of NCL pathology is the 
aberrant progressive accumulation of pro-
teinaceous storage material in lysosomes, 
with the composition and ultrastructural 
appearance of this material apparently cor-
relating with disease subtype (38). In late-

infantile (CLN2, CLN5, CLN6, CLN8) 
and juvenile forms (CLN3) the major com-
ponent is subunit c of the mitochondrial 
ATP synthase complex (F0F1-ATPase) 
(74). Infantile NCL (CLN1) has a unique 
composition predominated by sphingolipid 
activator proteins A and D (95).  is ac-
cumulation of storage material occurs in 
many cell types, but cell death appears 
specific to central nervous system (CNS) 
neurons and neural retina. Indeed, there is 
no evidence for direct link between storage 
material accumulation and subsequent cell 
death.

e identification of 6 individual “CLN” 
genes mutated in different forms of NCL 
(22, 42, 82, 86, 88, 101, 106) has acceler-
ated research into the underlying patho-
logical mechanisms. Current information 
on the functions of the NCL gene products 
is reviewed elsewhere in this issue. Clon-
ing of these genes has also enabled the 
construction of a variety of mouse models 
that recapitulate each of the major forms of 
human NCL (16, 30, 48, 54, 70). Detailed 
characterization of these models, together 

with newly validated naturally occurring 
mutant mouse (13, 22, 56, 82, 106) and 
large animal models (73) is now underway. 
Despite this activity, the precise events that 
lie downstream of these mutations and 
how these result in the devastating clini-
cal presentation of these disorders remain 
unclear. 

e great advantage of animal models of 
NCL is the ability to study the progressive 
development of neuropathology during the 
course of disease, data which cannot easily 
be obtained in affected individuals. e 
emergence of genetically accurate models 
of the disease has provided a wealth of 
novel data that describe selective events 
that range from regional, through to cellu-
lar and subcellular levels (15). Comparison 
of findings from these models to human 
autopsy material is starting to reveal sig-
nificant information about the selectivity 
of pathological events in the NCL CNS 
(15). Nevertheless, major questions about 
pathogenesis remain unanswered, includ-
ing the precise nature of this selectivity and 
the mechanisms that trigger cell death.

is review focuses upon neuropatho-
logical findings from the recent charac-
terisation of animal models, together with 
emerging data of functional roles for the 
CLN proteins within the CNS. Success-
fully combining this knowledge will be es-
sential for devising new and novel palliative 
or therapeutic treatments. Furthermore, 
a greater understanding of the type and 
selectivity of cell death mechanisms that 
operate in the NCLs will form the basis 
of landmarks by which the therapeutic ef-
ficacy of these approaches will ultimately 
be judged.
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Cloning of the individual genes that are mutated in the neuronal ceroid lipofuscino-
ses (NCLs), or Batten disease, has opened up new avenues of research into the patho-
genesis of these fatal autosomal recessive storage disorders. Genetically accurate 
mouse models have now been generated for each major form of the disorder, together 
with several variant forms. Ongoing analysis of these mice is revealing significant new 
data about the staging and progression of disease phenotypes. Combined with data 
from human autopsy tissues and large animal models, it is now clear that neurodegen-
eration is initially selective in the NCL CNS, targeting specific regions and particular cell 
populations. There is also evidence of selective glial activation that appears to precede 
obvious neurodegeneration, becoming more widespread with disease progression. 
Currently, there is debate over the mechanisms of cell death that operate in each form 
of NCL, with evidence of both apoptosis and autophagy. It is likely that these mecha-
nisms may encompass a spectrum of cell death events, depending upon the specific 
context of each neuronal population. Taken together, these data have significant clini-
cal implications for the development and targeting of appropriate therapeutic strate-
gies, and for providing the landmarks to judge their efficacy.

Brain Pathol 2004;14:86-96.



86     Animal Models in NCL—Mitchison et al Animal Models in NCL—Mitchison et al     87

M
o

u
se m

o
d

el
C

N
S N

eu
ro

p
ath

o
lo

g
y

R
etin

a
R

eferen
ces

G
en

e an
d

 p
ro

tein
 

p
ro

d
u

ct
D

esig
n

, strain
 an

d
 m

u
tatio

n
EM

 u
ltratsru

ctu
re, n

eu
ro

n
al d

eg
en

eratio
n

 
an

d
 lo

ss
R

eactive g
lio

sis
B

rain
 atro

p
hy

R
etin

al d
efects

In
fan

tile N
C

L m
o

u
se m

o
d

els

CLN
1/PPT1; 

Palm
itoyl p

rotein 
thioesterase 1

Knock-out, M
ixed C

57BL/6J-129/Sv.  
N

eo gene p
lus in-fram

e stop
 codon 

in exon 9

C
lassic IN

C
L granular osm

iop
hilic dep

osits.  Bal-
looned hip

p
ocam

p
al and cortical neurons (TU

N
EL 

p
ositive), Purkinje cell loss. Selective interneuron 

loss

W
idesp

read 
astrocytosis, lo-
calized m

icroglial 
activation

C
ortical/sub

cortical 
atrop

hy. Selective 
cortical thinning and 
lam

inar eff
ects

ERG
 dim

inished; p
ossib

ly com
p

rom
ised by p

oor 
vision strain b

ackground

(30) and 
unp

ub
lished 

data

CLN
1/PPT1; 

Palm
itoyl p

rotein 
thioesterase 1

Knock-out
C

lassic IN
C

L granular osm
iop

hilic dep
osits. Loss of 

interneuron p
op

ulations
M

arked cortical 
atrop

hy
Early visual deficits and b

lindness by 3-4 m
o.

(54)

Late-in
fan

tile N
C

L m
o

u
se m

o
d

els

CLN
2/TPP1; Trip

ep
ti-

dyl p
ep

tidase I
Knock-in

D
r D

. Sleat, 
p

ers. com
m

. 
A

lso see (49)

CLN
5; C

LN
5 

Knock-out
LIN

C
L typ

e fingerp
rint and curvilinear p

rofiles
Significant cereb

ellar 
atrop

hy
Visual deficits from

 3-4 m
o.

(54)

CLN
8 (m

nd); C
LN

8 
Sp

ontaneous m
utant C

57BL/6.KB2/
Rn sub

strain. c.267-268insC
.  Fram

e-
shift after Val89 (82) 

Pentalam
inar m

em
b

raneous p
rofiles. Progressive 

loss of hip
p

ocam
p

al and cortical interneuron 
p

op
ulations.

M
arked G

FA
P 

staining at 9 m
o.

A
trop

hy of the cortex, 
b

ut not cereb
ellum

 
at 9 m

o.

Retinal storage and degeneration as early as p
15, 

p
hotorecep

tors nearly all lost by 8 m
o.  ERG

 extin-
guished by 6 m

o.  Blind by 2-5 m
o.

(3, 4, 7, 8, 9, 
13, 67, 76) 

CLN
6 (nclf); C

LN
6

Sp
ontaneous m

utant, M
ixed C

57BL/
6J/10J, C

3H
eB/FeJLe. c.307insC

 
fram

eshift after Pro120 (22, 106) 

Pentalam
inar m

em
b

raneous p
rofiles. N

o necrotic 
or ap

op
totic neurons seen. Progressive loss of 

hip
p

ocam
p

al and cortical interneuron p
op

ula-
tions.

M
arked G

FA
P 

staining at 6 m
o.

C
ortical atrop

hy
Storage accum

ulation in retina by 3 m
o.  Retinal 

degeneration sim
ilar to m

nd b
ut slow

er by ~
2 m

o.
(8)

Ju
ven

ile N
C

L m
o

u
se m

o
d

els

CLN
3; C

LN
3 

Knock-out, 129/Sv inb
red. N

eo gene 
rep

laces exon 1-6

C
lassic JN

C
L m

ultilam
ellar m

em
b

raneous finger-
p

rint p
rofiles. Progressive loss of hip

p
ocam

p
al 

and cortex interneuron p
op

ulations.

A
strocyte/

m
icroglia m

ark-
ers up

regulated 
p

re-sym
p

tom
s

D
elayed cortical atro-

p
hy and thinning

Progressive storage from
 1 m

o.  M
ild p

hotorecep
tor 

ap
op

tosis b
ut no extensive degeneration up

 20 m
o. 

ERG
 norm

al up
 to 11 m

o. O
p

tic nerve degenera-
tion (85)

(70, 87) and 
unp

ub
lished 

data.

CLN
3; C

LN
3

Knock-out, M
ixed C

57BL/6J-129/Sv. 
N

eo gene rep
laces exon 7-8.

11 w
ks stacked m

em
b

rane w
horls in cortical 

neurons
(48)

CLN
3; C

LN
3 

Knock-in, M
ixed 129/Sv-C

D
1. 

D
eletion of exon 7-8, loxP site left in 

intron 6.

C
lassic JN

C
L fingerp

rint p
rofiles.  N

o obvious cell 
changes rep

orted. TU
N

EL staining negative at 
10 m

o.

M
arked G

FA
P 

staining in b
rain 

at 10 m
o.

N
o obvious changes 

in b
rain architecture 

up
 to 17 m

o.

Fluorescent retinal dep
osits from

 P1.5. Retinal 
degeneration w

ith p
hotorecep

tor loss at 10-17 m
o. 

(p
ossib

ly linked to strain b
ackground)

(16)

Tab
le 1.



88     Animal Models in NCL—Mitchison et al Animal Models in NCL—Mitchison et al     89

ANIMAL MODELS OF NCL

Mouse models of NCL. Mice can be 
genetically modified with relative ease 
and have accordingly become the primary 
model organism for investigating NCL 
pathogenesis. At present, 7 different NCL 
mouse strains have been developed which 
carry a “knock-out” mutation to abolish 
gene function or a “knock-in” recreation of 
a human disease-specific mutation (Table 
1). Together with 2 spontaneous mutants 
carrying defined NCL gene mutations, 
these mice represent models for each of the 
6 genetically identified forms of NCL. All 
9 mutant strains have progressive neuronal 
storage disorders that resemble NCL with 
widespread intracellular accumulation of 
autofluorescent material in neurons and 
other cell types (Figure 1), and different 
degrees of neurodegeneration (Table 1). 
e clinical course and age of death in each 

model broadly reflect the corresponding 
human NCL subtype (Table 2). 

Two different PPT1 knock-out mouse 
models of infantile NCL have been pro-
duced using different targeting strategies 
(30, 54). ese models exhibit an aggres-
sive NCL phenotype with severe cortical 
atrophy, retinal degeneration, spontaneous 
seizures and early death by 6 to 10 months 
of age (30, 54). More than one group have 
tried to generate a TPP1 mouse model for 
classic LINCL (49), but this has proved 
technically difficult and due to the local ge-
nomic structure has required a more com-
plicated gene targeting strategy. However, 
this approach has recently been successful 
and TPP1 deficient mice appear to be se-
verely affected with a course characterised 
by motor deficits and early death (Sleat, 
personal communication). 

Mouse models now exist for the variant 
late-infantile NCL forms CLN5, CLN6 
and CLN8. Preliminary data from CLN5 

null mutant mice reveal significant brain 
atrophy, seizures and visual deficits (54), 
although these mice await detailed char-
acterization. ere are 2 spontaneously 
occurring mouse mutants, nclf and mnd, 
which carry severe frameshift truncation 
mutations predicted to severely affect or 
abolish gene function, in the genes ortholo-
gous to CLN6 and CLN8 respectively (22, 
82, 106). e mnd mouse is well charac-
terized with a phenotype of brain atrophy, 
neurological and motor deficits, retinal 
degeneration, and premature death at 10 to 
12 months of age (3, 7, 13, 67, 76). Data 
are more limited for the nclf mouse which 
has a similar but more protracted clinical 
course compared to the mnd mouse, exhib-
iting comparable symptoms with a delay of 
about 2 months (8, 56).

ree mouse models now exist for 
CLN3, with 2 different targeting strate-
gies used to generate CLN3 null mutant 
mice (48, 70), and a knock-in approach 

Mouse model Neurological behavioural disorder References

Gene and protein 
product

General Motor Seizures

Infantile NCL mouse models

CLN1/PPT1; Palmitoyl 
protein thioesterase 1

Viable, fertile.  Lack of grooming from 4-5 
mo.  Aggression and dermatitis. Survival 
50% by 7 mo., all dead by 10 mo.  

Progressive gait abnormality from 5 mo. Progressing to 
hind-limb paralysis.  Clasping phenotype from 21 wks, 
100% by 8 mo.

Frequent myoclonic 
seizures from 3-4 mo. 
Some tonic-clonic 
convulsions

(30) and 
unpublished 
data

CLN1/PPT1; Palmitoyl 
protein thioesterase 1

Viable, fertile. Dead by 6-9 mo. Progressive motor abnormalities (54)

Late-infantile NCL mouse models

CLN2/TPP1; Tripeptidyl 
peptidase I

Early death Ataxia
Dr D. Sleat, 
pers. comm. 
Also see (49)

CLN5; CLN5 Viable, fertile Seizures from 3-4 mo. (54)

CLN8 (mnd); CLN8 
Viable, fertile.   Increased activity and ag-
gression.  Learning and memory deficits.  
Dermatitis.  Dead by 10-12 mo.    

Progressive motor deterioration from 4-5 mo. leading to 
ataxia, paralysis.  Immobile by 9-12 mo.  Rotarod and vari-
ous other deficits, abnormal clasping from 5 mo.

None apparent
(3, 4, 7, 8, 9, 13, 
67, 76) 

CLN6 (nclf); CLN6
Viable, fertile.  Clinically normal until 8 mo. 
Dead by 12 mo.

From 8 mo. develop spastic rear limb paresis progressing 
to paralysis, typical of upper motor neuron degeneration. 
Abnormal clasping   

Death of a few mice 
by terminal seizures 
reported

(8)

Juvenile NCL mouse models

CLN3; CLN3 
Viable, fertile. Autoimmune response (10).  
Dermatitis from 16 mo. with irritation and 
scratching. Dead by 18-20 mo.

Motor deterioration seen by 16 mo. with reduced activity, 
stiff and slow gait

(70, 86) and 
unpublished 
data.

CLN3; CLN3
Viable, fertile.  Lower mating success in 
knockouts.  Some mutants show circling 
behaviour from 8 wks

By 25 wks stiff and slow gait  
No seizures up to 25 
wks

(48)

CLN3; CLN3 
Viable, fertile.  Reduced lifespan from 7 mo., 
80% survival at 10-12 mo.

Abnormal gait at 10-12 mo. 42% show clasping pheno-
type at 10-12 mo. 

(16)

Table 2. 
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used to recreate the major 1 kb deletion 
present in the majority of JNCL patients 
(16). Although this deletion is predicted to 
be a severe frameshift truncation mutation, 
immunohistochemical staining in these 
CLN3Δex7/8 mice suggests that a truncated 
mutant protein is stably expressed, albeit 
at reduced levels. All three CLN3 mutants 
display a later-onset neurodegenerative 
phenotype than the other NCL models 
with retinal and motor deficits, consistent 
with juvenile NCL (16, 29, 48, 70). Neu-
rodegeneration and brain atrophy are seen 
in one of the models (70), but the other 2 
mutants await more detailed neuropatho-
logical characterization.

Taken together, the symptoms and rela-
tive severity of disease in these NCL mouse 
models mice are generally consistent with 
the corresponding form of human NCL. 
Behavioural studies show that all the mice 
have NCL subtype-appropriate degrees of 
progressive psychomotor abnormalities and 
deficits which are demonstrated by poor 
learning and memory skills, and a progres-
sive motor disorder characterised by tremor, 
ataxia and spasticity. ese mice develop a 
variety of seizure types, sometimes causing 
premature death. Over time, the NCL mice 
become progressively more immobile, with 
a lack of grooming and consequent derma-
titis, followed finally by complete paralysis 
in the earlier onset forms.  

However, care must be taken in making 
direct correlations between gene knock-
outs and specific gene mutations (knock-
ins or naturally occurring) in mice and the 
mutation spectrum in affected patients. A 
significant genotype-phenotype correla-
tion has been established for the human 
NCLs, whereby less deleterious muta-
tions can result in milder and protracted 
forms of disease (17, 59, 69, 71, 100). 
Furthermore, differences in the genetic 
background have a clear influence on NCL 
mouse phenotype (68), and it is important 
to note that the majority of these mouse 
models have only been analysed on a mixed 
strain background. As such, efforts are cur-
rently underway to breed NCL mice onto 
a uniform genetic background to facilitate 
future characterization of these mice by a 
variety of morphological, behavioural and 
functional genomic techniques.

Other related mouse models. Recent stud-
ies have defined phenotypes that resemble 

NCL in mice carrying null mutations in 
genes not previously connected with this 
group of disorders (Table 3). Although 
their phenotypes are at odds with the 
known pattern of NCL presentation (Table 
4), these mice are of great interest for their 
potential to provide new insights into lyso-
some function and NCL disease pathology. 
Moreover, it is possible they may represent 
new genes associated with one of the, as yet 
unidentified, forms of human NCL. 

Gene-targeted knock-out mice with mu-
tations in two lysosomal proteases, cathep-
sin D and palmitoyl protein thioesterase 
2 (PPT2), have phenotypes that are most 
consistent with early-onset forms of NCL 
(30, 31, 50, 52, 83). PPT2 is a thioesterase 
related to the infantile NCL protein PPT1. 
PPT2 deficient mice display a similar but 
less aggressive neurodegenerative course 
compared to PPT1 null mutant mice (30), 
with marked extraneural features which 
are not seen in other NCL mice, but are 
more common to other lysosomal storage 
disorders (31). Cathepsin D deficient mice 
have a more severe neurological phenotype 

visible from 2 weeks of age, which is char-
acterized by blindness and frequent seizures 
(50, 52, 83). ese mice also have a vis-
ceral disorder caused by severe intestinal 
necrosis resulting in anorexia, and do not 
survive beyond 27 days (83). Although the 
exact time course of CNS neuropathology 
in cathepsin D null mutant mice awaits 
complete characterisation, cathepsin D de-
ficiency has also been presented as a novel 
NCL form in sheep which display CNS 
cortical atrophy and early death (97). 

e CLC3 gene which codes for a volt-
age-gated chloride ion channel has also 
been connected to NCL pathogenesis 
based on analysis of three separate knock-
out mouse models (19, 90, 110). Although 
one model was reported to exhibit intra-
lysosomal accumulation of mitochondrial 
ATP synthase subunit c (110), this has not 
been confirmed in the other CLC3 null 
mutant mice. Furthermore, while CLC3 
null mutants exhibit an early-onset neuro-
degenerative phenotype (19, 90, 110), the 
course is rather different from the NCLs 
and includes complete degeneration of the 

Figure 1. Accumulation of autofluorescent storage material in murine NCL. Unstained sections through the 
hippocampal formation of 7-month-old PPT1 null mutant mice (A, C, D) viewed by epifluorescence using 
rhodamine (A) and FITC (C) filter sets (merged in D), reveal the prominent intracellular accumulation of 
autofluorescent storage material within neurons in the hilus and dentate gyrus in this model of infantile 
NCL. In comparison, sections from age matched controls (B), contain only few scattered deposits of 
storage material. 
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hippocampal formation that is not a feature 
of the NCLs. 

Large animal models of NCL. As com-
prehensively reviewed elsewhere (46, 49, 
63), an NCL-like phenotype has been de-
scribed in a number of larger domestic ani-
mal species including canine (45, 53, 65, 
75, 93), ovine (12, 43, 44, 73, 92), equine 
(99) and bovine (36, 66) species. ese 
large animal models offer significant advan-
tages over their murine counterparts, with 
a more complex CNS and a prolonged time 
course to study disease progression. e op-
portunity to study the biodistribution and 
penetration of therapeutic molecules over 
time within a CNS of comparable size 
to that of human patients should be very 
valuable for extrapolating these treatments 
to a clinical setting. With advances in the 
molecular genetics of human NCL, and 
increasingly with a view towards thera-
peutic approaches, it will be of growing 
importance to focus on models that have a 
defined genetic defect. 

Although many of these large animal 
models resemble the NCLs neuropatho-
logically, in the majority of instances the 
underlying gene defect has not yet been 
identified. e South Hampshire sheep 
represents the best understood large animal 
NCL model (41, 47, 73), is orthologous 
to CLN6 and is also probably allelic to the 
Australian Merino sheep (12). In only one 
large animal model, the Swedish landrace 
sheep, has the genetic defect been defined 
(98). ese sheep carry a missense allele of 
cathepsin D (D293N) from which a stable 
but inactivated form of the enzyme is ex-
pressed. is mutation gives rise to a severe 
congenital form of NCL with extreme at-
rophy of the cerebral cortex due to massive 
neuronal loss, and an early death (98). e 
genes responsible for disease in the English 
setter dog (62; Lingaas, personal commu-
nication) and the Devon cow (Tammen, 
personal communication) are expected to 
be isolated in the near future and similar 
mapping work is in progress for the Border 
Collie dog (Wilton, personal communica-
tion). Since none of these genes appear to 
be allelic with the known human NCL 
genes, these models may represent novel 
NCL loci.
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SELECTIVITY OF CELL DEATH IN THE NCLs

Neuronal versus somatic cell loss? Since 
the NCLs are progressive neurodegenera-
tive disorders, the majority of pathological 
studies have focused, unsurprisingly, upon 
morphological changes within the CNS 
of affected patients (35). Since the initial 
presentation of many affected children is 
with visual impairment and subsequent 
neurological decline, the retina and brain 
have been studied in more detail than the 
visceral organs (35, 38). Although accumu-
lation of autofluorescent storage material 
is apparently common to virtually all cell 
types in the body (38), it has always been 
assumed that the effects of disease are con-
fined to the CNS. Such preferential target-
ing of the CNS may arise from the fact that 
neurons are post-mitotic and there is very 
limited capacity for renewal of dysfunc-
tional or dying neurons. 

Alternatively, neuron-specific roles for 
several CLN genes have been suggested, 
which may be critical for neuronal survival, 
but are less important for cellular viabil-
ity outside the CNS (1, 60, 64). Indeed, 
given the highly polarized nature of most 
neurons, reported disturbances in the traf-
ficking of mutated CLN gene products are 
likely to have more severe consequences for 
neuronal function than in somatic cells 

(64, 78). Another plausible explanation for 
relative neuronal vulnerability is the exis-
tence of other proteins or enzymes that can 
compensate for the missing gene product 
outside the CNS. For example in LINCL, 
the function of missing TPP1 can be 
compensated in somatic tissue by another 
related lysosomal protease DPP1 (cathepsin 
C) that is apparently not expressed in CNS 
tissues (2). 

Paradoxically, expression of the CLN 
proteins is often very low within the CNS, 
where degenerative effects are most pro-
nounced. Indeed, it is apparent that there is 
no direct relationship between the normal 
physiological expression levels of these pro-
teins and the extent of subsequent patho-
logical change. For example, in LINCL de-
spite the ubiquitous distribution of TPP1 
(51), the deleterious effects of mutations 
apparently manifest only in neuronal cells. 
In CLN3Δex7/8 knock-in mice, the relative 
expression levels of the truncated CLN3 
protein also bear no relation to subsequent 
degenerative events (16). Despite a higher 
expression of truncated CLN3 protein in 
the liver compared to brain in these mice, 
there is no evidence of liver dysfunction 
in these animals, whereas retinal cells that 
express very little truncated CLN3 protein 
are markedly affected (16).

Although each of the CLN gene prod-
ucts is expressed widely outside the CNS, 
it cannot be assumed that somatic and 
visceral organs are completely unaffected 
in these disorders. PPT2 null mutant mice 
that display a mild NCL-like phenotype 
have recently been shown to exhibit sig-
nificant extraneuronal pathology includ-
ing splenomegaly with bone marrow 
infiltration by nonfoamy macrophages and 
multinucleated giant cells (31). ese data 
emphasize the importance of building a de-
tailed pathological history in NCL models 
throughout the body rather than concen-
trating solely upon the CNS. Indeed, if 
CNS directed therapeutic approaches ul-
timately prove effective, it is probable that 
extraneuronal roles for the CLN proteins 
may be unmasked.

Selectivity of pathological effects within 
the CNS. Regional and laminar effects. In 
the NCLs, as in many neurodegenerative 
disorders, there is widespread neuronal loss 
by the later stages of disease, accompanied 
by profound glial activation (35, 38). e 
degree of neuronal loss varies between dif-
ferent types, being most profound in the 
earlier onset forms (5, 6, 32, 33, 37, 96). In 
contrast to the devastating loss of cortical 
neurons and resulting cortical atrophy, sub-
cortical structures are apparently relatively 

Mouse model Neurological behavioural disorder References

Gene and protein 
product

General Motor Seizures

Cathepsin D; CTSD 
(Lysosomal aspartyl 
protease)

Develop normally during the first 2 weeks, stop thriv-
ing in the third week and die in a state of anorexia 
due to intestinal necrosis and reduced feeding at 
P25-27

Tremor, ataxia from P20.

Repetitive seizures from 
P20.  Some mice die from 
tonic seizure/respiratory 
arrest

(50, 52, 83) 

PPT2; PPT2 
(Palmitoyl protein 
thioesterase 2)

Viable, fertile. Increased abdominal girth due to 
visceral defects. Mortality increased, 50% survival at 
11 mo and 10% at 17 mo.

Ataxic gait after clasping phenotype appears.  
Clasping phenotype from 29 wks. 50% by 9 mo., 
100% by 13 mo.

Frequent myoclonic jerks 
without spontaneous 
seizures

(30, 31)

CLCN3. CLCN3 (CLC-
3 chloride channel)

Become smaller than littermates soon after birth. 
Stereotypic circling behaviour.  Overall higher mortal-
ity but most survive over 12 mo.

Open field showed increased locomotor hyperac-
tivity.  Rotarod deficits due to tremor, improved 
with learning.

(90)

CLCN3. CLCN3 (CLC-
3 chloride channel)

Growth deficit soon after birth, 25% reduced body 
weight by 6 weeks with kyphoscoliosis. 30% die after 
weaning, rest can survive at least to 7 mo.

Rotarod deficits, hyperlocomotive activity at 6 
wks. Hanging wire test deficits at 6 wks

(110)

CLCN3. CLCN3 (CLC-
3 chloride channel)

Growth impaired from 1 mo.  Hyperactive from 2-3 
wks, kyphoscoliosis. High mortality, constant death 
rate over first 10 mo, peaks during weaning. 50% 
survival by 6 mo. 

Waddling gait from 2-3 wks.  No evidence of a 
myopathy. Clasping phenotype in most mice.

Occasional generalized 
tonic-clonic seizures seen in 
adults , can cause death

(19)

Table 4.
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spared, but this has not been characterized 
in detail. Pronounced cerebellar loss is a fea-
ture in human NCL, particularly in INCL 
(32, 33), and its variant CLN5 (96).

As already discussed, making compari-
sons between NCL mice is complicated 
by having a range of strain backgrounds, 
but progressive cortical atrophy is a feature 
of all characterized mouse models of NCL 

(13, 16, 30, 48, 56, 70), and is also evident 
in large animal models (73; Oswald, Coo-
per and Palmer, unpublished observations). 
It is now apparent that cortical atrophy is 
not uniform across the cortical mantle, but 
is more pronounced in areas with sensory 
versus motor function and with lamina 
specific events in more than one species. 
As would be expected, cortical atrophy is 
particularly advanced in severely affected 
PPT1 null mutant mice (30, 54), but 
surprisingly these mice also show evidence 
for subcortical atrophy (Bible, Gupta, Hof-
mann and Cooper, unpublished observa-
tions). In contrast to patient derived mate-
rial, mouse models show little evidence for 
cerebellar atrophy. is discrepancy may 
simply reflect that mouse models do not 
live long enough for cerebellar atrophy to 
become apparent, although more subtle 
pathological changes are evident in severely 
affected mice (30). 

Cell type specific effects. Selective neuronal 
vulnerability is a common feature of many 
neurodegenerative disorders and the NCLs 
are no exception, with pronounced loss of 
GABAergic interneurons initially reported 
in both human tissue and canine models 
(105). e involvement of GABAergic 
neurons in lysosomal storage disorders 
(LSDs) has been proposed previously 
(103) and specifically is suggested to occur 
in non-murine models of NCL (65, 73). 
Previous studies of the neocortex of human 
NCL patients described a loss of small stel-
late neurons, which were presumed to be 
GABAergic (5, 6), and a loss of ultrastruc-
turally identified inhibitory synapses (107). 
Golgi studies revealed that many cell types 
exhibit the formation of meganeurites and 
less dendritic spines (6, 104), but exhibit 
a different type of enlargement from that 
which characteristically affects GABAergic 
neurons in other storage disorders (102). 
GABAergic neurons are thought to exhibit 
higher metabolic rates and have greater 
oxygen demand and firing rates than 
other neurons (40, 103) that might render 
them more vulnerable in the NCLs. More 
recently the presence of an autoantibody 
to GAD65, the enzyme necessary for the 
synthesis of GABA, has been reported 
in CLN3-/- mice (10) and JNCL patients 
(10, 11). is raises the possibility of an 
autoimmune component to this selective 
loss of interneurons, although GAD65 
autoantibodies are apparently not present 

Figure 2. Loss of hippocampal neurons in murine NCL. Coronal sections through the hippocampus of 7-
month-old PPT1 -/- and age matched controls (+/+) either Nissl stained (A, B) or immunohistochemically 
stained for the interneuron marker calretinin (C, D).  In this example the CA1 subfield in PPT1 -/- is 
severely thinned (B) and also displays a significant loss of calbindin-positive interneurons (D), together 
with abnormal dendritic morphology in the few persisting interneurons. 

Figure 3. Autophagic neurodegeneration in murine JNCL. Electron micrograph from the cortex of a 
12 month old CLN3 null mutant mouse reveals a degenerating cortical neuron with electron dense 
cytoplasm, containing prominent accumulations of storage material (white *) and typical autophagic 
vacuoles with a range of morphologies (arrows). This neuron is in close contact with a reactive astrocyte 
(black *) and retains an  intact  nucleus (Nu), with none of the ultrastructural features of apoptosis or 
necrosis. Scale bar = 2 µm. Electron micrograph kindly provided by Mark Turmaine, UCL.
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in other forms of NCL (Pearce, personal 
communication).

Several reports now confirm the loss of 
GABAergic interneurons in animal models 
of NCL (13, 14, 56, 70, 73) (Figure 2), and 
in autopsy material from different forms of 
human NCL (Tyynelä, Cooper and Haltia, 
unpublished observations). Mouse models 
of CLN1, CLN3, CLN6 and CLN8 each 
exhibit complex patterns of interneuron 
loss within the hippocampus and cortex 
(13, 14, 56, 70, 73), although the extent 
and timing of interneuron loss varies mark-
edly among different models (15). It is now 
apparent that interneuron subpopulations 
that express a range of calcium binding pro-
teins or neuropeptides exhibit different de-
grees of vulnerability, patterns that are also 
retained in ovine and human NCL (73; 
Tyynelä, Cooper and Haltia, unpublished 
observations). Although these differences 
may reflect the relative buffering ability of 
individual calcium binding proteins (20), 
neuronal populations in the amygdala that 
are immunoreactive for the same calcium 
binding proteins and neuropeptide anti-
gens are not significantly affected even in 
aged Cln3-/- (Chakrabarti, Pearce and Coo-
per, unpublished observations). 

Different forms of human NCL share a 
consistent pattern of neuronal degeneration 
in the hippocampus with heavy involve-
ment of CA2-CA4 but relative sparing of 
CA1 (34), which is distinct from neuronal 
loss in temporal lobe epilepsy. is pattern 
of pyramidal cell loss is closely mirrored 
by subpopulations of interneurons in hu-
man NCL (Tyynelä, Cooper and Haltia, 
unpublished observations), and murine 
NCL where distinct subfield specific inter-
neuron loss is also evident. Interestingly, a 
similar pattern of neuronal loss is evident 
in a CLC3 null mutant mouse reported to 
exhibit NCL-like pathology (19). As such, 
it appears that the cues which determine 
neuronal survival are complex and de-
pend upon precise cellular location rather 
than solely phenotypic identity. Given the 
complex heterogeneity of cell populations 
within the CNS, a detailed understanding 
of the response of each cell type to disease 
will ultimately be required.

Specific events within glial cell popula-
tions. ere is considerable evidence for 
the activation of glial cell populations at 
the end stage of all forms of NCL (27, 33, 

35, 91). Reactive gliosis has also been ob-
served in animal models of NCL (Table 1). 
Such glial activation is common to many 
neurodegenerative disorders, and during 
disease progression reactive astrocytes and 
microglia may serve as early indicators of 
damage within affected areas (24, 55, 89). 
Until recently, little was known regarding 
glial activation and the neuroimmune re-
sponse in relation to neuronal loss in the 
NCLs. Autopsy material derived from indi-
viduals with different forms of NCL shows 
a consistent and regionally specific pattern 
of astrocytosis and microglial activation 
(Tyynelä, Cooper and Haltia, unpublished 
observations). Similar data can be obtained 
from null mutant mouse models, with 
highly restricted microglial activation and 
more widespread astrocytosis (15). Sig-
nificantly, these glial responses are evident 
in presymptomatic animals many months 
before obvious neuronal pathology. e 
underlying molecular cues are presently un-
known and it remains to be demonstrated 
whether these events represent degenerative 
or regenerative responses.

CELL DEATH MECHANISMS IN NCL
It is not known how defects in up to 8 

different genes result in the similar  neu-
rodegenerative phenotype of NCL, albeit 
with widely variable onset and rates of pro-
gression. e precise cues that activate cell 
death are poorly understood, and it is not 
clear whether the build-up of storage mate-
rial is directly associated with neuronal cell 
death. Neuronal cell death can occur by 
at least 3 diverse mechanisms: apoptosis, 
autophagy and necrosis (111). Understand-
ing which mechanisms operate in differ-
ent forms of NCL may have therapeutic 
implications, and these events are now the 
focus of studies in human tissue and animal 
models of NCL. 

Programmed apoptotic cell death, which 
is regulated by a well conserved set of mol-
ecules consisting of the caspase and Bcl-2 
family and Apaf-1 (111), seems to be the 
main mechanism of retinal cell death in 
mouse models of retinitis pigmentosa 
(94). Studies in NCL mouse models also 
support apoptosis as the main cell death 
mechanism in the retina (16, 52, 87). 
Apoptotic neuronal cells were detected in 
human LINCL and JNCL CNS tissue, 
and in South Hampshire sheep using the 
terminal dUDP nick end-labelling (TU-

NEL) staining method, flow cytometry and 
electron microscopy (57). TUNEL positive 
cells were also seen in the cerebellum of 
PPT1 deficient mice (30). A role for CLN3 
in a novel antiapoptotic pathway has also 
been suggested (81), and localized to cer-
tain CLN3 protein motifs in cell culture 
systems (79). 

Although apoptosis has been described 
in several forms of NCL, other mecha-
nisms also appear to operate. Indeed, in 
nclf and juvenile NCL mouse models no 
morphological evidence exists for an apop-
totic mechanism of cell death (8, 16). Fur-
thermore, the ultrastructural characteristics 
of cell death in CLN3 null mutant mice 
are autophagic in nature (Figure 3), with 
TUNEL assays and immunohistochemis-
try proving negative for apoptotic features 
(Mitchison, unpublished data). Autophagic 
cell death in neurons is associated with the 
formation of autophagosomes, electron 
dense membraneous vacuoles and engulf-
ment of entire organelles (58, 80). Recent 
studies in the cathepsin D deficient mouse 
have also raised the possibility of autopha-
gic mechanisms as targets for disruption in 
the ceroid lipofuscinoses, as has also been 
suggested for other forms of neurodegen-
eration (50, 80). 

e debate over which cell death mecha-
nisms operate in the NCLs is mirrored by 
discussions in other neurodegenerative 
conditions (28, 111). Caspase-independent 
programmed cell death mechanisms have 
also recently come to the fore (28, 61). 
Furthermore, it has been shown that au-
tophagic and apoptotic processes can occur 
simultaneously or sequentially in degrading 
neurons, and the mechanisms of degenera-
tion may also differ in different compart-
ments of the cell (21, 109). It is increasing-
ly likely that, as in other neurodegenerative 
disorders, a spectrum of cell death events 
takes place in the NCLs, with considerable 
blurring of categories (28). Indeed, these 
events may vary between subtypes of NCL 
and in different brain regions or cell types 
and it will require detailed investigations to 
resolve this issue.

UNDERSTANDING PATHOGENESIS—THE 
CLINCAL IMPLICATIONS?

Detailed characterization of animal 
models is providing invaluable information 
about the earliest stages of pathogenesis 
and its progressive nature that have direct 
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clinical implications. ese data are helping 
to identify targets that can subsequently be 
linked to surrogate markers (eg, neuroim-
aging with spectral analysis) and potentially 
be applied as non-invasive measures in 
human subjects. In this manner, clini-
cians will be better equipped to monitor 
disease progression in patients and to judge 
therapeutic efficacy of approaches that 
may ultimately reach clinical trials. Better 
understanding of cell death mechanisms in 
the NCLs may also provide avenues to de-
vise novel therapeutic strategies. However, 
before these clinical goals can be realised, 
it is paramount that candidate strategies 
are rigorously tested in appropriate animal 
models that have been thoroughly studied. 
Although many gaps still exist in our un-
derstanding of NCL pathogenesis, these 
animal models will prove a crucial resource 
in making further progress.
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