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The neuronal ceroid lipofuscinoses (NCLs, Batten disease) are fatal inherited lysos-
omal storage diseases of children characterized by increasing blindness, seizures
and profound neurodegeneration but the mechanisms leading to these pathological
changes remain unclear. Sheep with a CLN6 form that have a human-like brain and
disease progression are invaluable for studying pathogenesis. A study of preclinical
pathology in these sheep revealed localized glial activation at only 12 days of age,
particularly in cortical regions that subsequently degenerate. This has been extended
by examining fetal tissue from 60 days of gestation onwards. A striking feature was the
presence of reactive astrocytes and the hypertrophy and proliferation of perivascular
cells noted within the developing white matter of the cerebral cortex 40 days before
birth. Astrocytic activation was evident within the cortical gray matter 20 days before
birth, and was confined to the superficial laminae 12 days after birth. Clusters of acti-
vated microglia were detected in upper neocortical gray matter laminae shortly after
birth. Neuronal development in affected sheep was undisturbed at these early ages.
This prenatal activation of non-neuronal cells within the affected brain indicates the
onset of pathogenesis during brain development and that an ordered sequence of glial
activation precedes neurodegeneration.

Brain Pathol 2006;16:110–116.

INTRODUCTION

The neuronal ceroid lipofuscinoses
(NCLs, Batten disease) are a group of fatal
inherited lysosomal storage diseases (5, 9,
10, 32). Most forms are progressive
neurodegenerative diseases of children,
characterized by blindness, seizures and
a relentless psychomotor and cognitive
decline, ending in a premature death. A
number of disease causing mutations have
been found in a separate gene for each
form, resulting in a range of ages of onset
and rates of disease progression (30, 32;
http://www.ucl.ac.uk/ncl). Despite consid-
erable efforts to determine mechanistic
links to pathological changes, it is still
unclear how the mutations in these genes
lead to the devastating effects of these
diseases.

Naturally occurring forms of NCL have
been found in a number of animals,
including sheep and dogs which have been
bred and studied as models of the human

disease (16–20, 24, 26). Genetically accu-
rate mouse models of a number of forms
are now available (29) and a number of
invertebrate models are being studied. The
naturally occurring sheep models are espe-
cially valuable for neuropathology studies,
because their larger and more complex
brain more closely resembles the human
brain, and the disease progression more
accurately reflects the human pathology,
particularly the severe cortical atrophy,
profound neuronal loss and retinal degen-
eration. Most extensively characterized is
the form in New Zealand South Hamp-
shire sheep, which present with clinical
symptoms that resemble human CLN6
(16, 19, 26). Linkage analysis localized the
disease-associated gene to a region on
sheep chromosome 7 orthologous with the
15q21–23 human region, containing the
human CLN6 gene, FLJ 20561 (4, 8, 50).

A common feature of all but one human
form of NCL is the specific lysosomal stor-

age of subunit c of mitochondrial adenos-
ine triphosphate synthase, first described
in South Hampshire sheep (7, 38), and
subsequently in human CLN2, CLN3,
CLN5, CLN8 and a range of animal forms
(18, 24, 25, 37, 48). Storage body accu-
mulation is scattered throughout the
affected South Hampshire sheep brain
from early ages (36). In contrast early
neurodegeneration displays a remarkable
regional selectivity (35, 36). These
neuronal changes are preceded by marked
astrocytosis and microglial activation in
discrete focal clusters in superficial laminae
of occipital and somatosensory cortical
regions already evident in presymptomatic
sheep at only 12 days of age. Perivascular
cells (perivascular macrophages) are also
activated (36). These findings were surpris-
ing, particularly as myelination is still in
progress during this early postnatal period,
and prompted us to investigate affected
fetal sheep brains to determine the onset
and progression of reactive changes. A suc-
cession of prenatal reactive changes was
observed.

METHODS

Animals. Animal procedures accorded
to National Institutes of Health guidelines
and the New Zealand Animal Welfare Act,
1999. Affected embryos were generated by
super-ovulation and artificial insemination
of affected South Hampshire sheep main-
tained under New Zealand pastoral condi-
tions, and surgically transferred to normal
surrogate Coopworth ewes 6 days later
(21). Pregnancies were confirmed by ultra-
sound scanning after 50 days (51). Control
Coopworth breed fetuses were generated
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by artificial insemination of synchronized
ewes. Fetal ages were calculated from the
day of insemination.

Tissue processing and sampling of
sections.Fetuses were obtained after 60, 80,
100, 110, 130, and 150 days of gestation
(within 24 h of birth) and 12 days after
birth, exsanguinated, the brains removed,
weighed, divided down the midline and
immersion fixed in 10% buffered formalin
(1 : 10 dilution of 37% formaldehyde),
pH 7.0. After at least 2 weeks’ fixation, the
right cerebral hemispheres were cut sagit-
tally into 10 mm thick slices, equilibrated
at 4°C in cryoprotectant [15% sucrose,
30% ethylene glycol, in 0.05 M phosphate
buffered saline (PBS), pH 6.8] and stored
at −130°C. Subsequently, 50 µm serial
sagittal sections were cut on a freezing
microtome and collected sequentially in
96-well plates in cryoprotectant and stored
at −20°C, as previously described (36).
Based on the relative mediolateral adult
positions of structures (http://www.msu.
edu/user/brains/sheepatlas), sections from
each age were selected that included the
occipital and frontal lobes, corpus callo-
sum and cerebellum.

Histology and immunohistochemistry.
Nissl staining, immunohistochemical and
lectin histochemical procedures were car-
ried out as previously described (36). Sec-
tions mounted on gelatine chrome alum
coated glass slides were stained with the
Nissl dye cresyl fast violet, dehydrated and
mounted in DePeX (DPX, NWR, Poole,
UK). Free-floating sections were washed
and stained with rabbit anti-cow antibod-
ies to glial fibrillary acidic protein (GFAP)
(1 : 25 000, Dako, Carpinteria, CA, USA),
the class II major histocompatibility
complex (MHC-II) antigen (monoclonal
1 : 200, Veterinary Preclinical Centre,
Parkville, Victoria, Australia) or with bioti-
nylated α-D-galactose specific isolectin I-
B4 from Griffonia simplicifolia (GSB4)
(1 : 500, Vector Laboratories, Peterbor-
ough, UK). Immunoreactivity was
detected using appropriate biotinylated
secondary antibodies and Extravidin-horse
radish peroxidase (HRP) (1 : 1000, Sigma,
St Louis, MO, USA) and diaminobenzi-
dine tetrahydrochloride (DAB), in 0.1 M
acetate buffer at pH 6.0. Washing and
incubation of sections were carried out at

4°C in PBS containing 1% normal goat
serum and 0.2% Triton X100. Bound lec-
tin was detected using Extravidin-HRP
and DAB (36). Sections were then
mounted onto slides, air-dried, dehydrated
and coverslips attached with DPX. Appro-
priate negative controls were included in
each staining run, ie, omission of primary
antisera (immunohistochemistry) or GSB4
lectin (histochemistry).

RESULTS

General organization and development
of the CLN6 sheep brain.The marked dif-
ferences in the activation of a variety of cell
types between control and affected brains
in the prenatal period studied (60–150
days gestation, E60–E150) noted below
were not accompanied by any gross differ-
ences in the rapid growth, increasing struc-
tural organization or apparent maturation
of the developing brain. At E60 both
affected and normal brains weighed only
a little over 2 g (Figure 1), approximately
2% of the average adult brain weight, and
the brain surface was smooth. The brains
grew rapidly from then on, to 60% of the
adult mass 12 days after birth (Figure 1),
and the adult brain structure emerged over
this period. Gyral patterning of the cere-
brum noted around E100 became more
complex and the hippocampus was first
evident from E80. The laminar and spatial
organization of the cerebral cortex seen in
Nissl stained sections of affected brains
appeared to be similar to that of control
brains. Neuronal migration was well
underway in both control and affected
brains by E60, neocortical layers were
clearly defined by E100 and large pyrami-
dal neurons could be distinguished from
this age onwards. The gross and cellular
development of the affected cerebellum
was also normal.

Cellular reactivity within the cerebral
cortex. In contrast to apparently normal
neuronal development, significant changes
were apparent in non-neuronal cells within
the developing affected sheep brain.
Activation of GFAP-positive astrocytes
(intensely stained GFAP-positive cell bod-
ies and thickened processes) was evident
within the developing white matter of
affected brains from E110–E130 days

(Figure 2E–H,M–P) compared with con-
trol brains (Figure 2A–D,I–L). A propor-
tion of astrocytes surrounding blood
vessels were also intensely labeled within
the white matter of affected fetuses (arrow-
heads, Figure 2E–H). In contrast GFAP
staining of cerebellar white matter astro-
cytes and Bergmann glia was similar in
affected and control animals at all ages.

Astrocytic activation was detected
within the cortical gray matter of affected
sheep 20 days before birth (E130) and
was well established at birth (E150)
(Figure 3A,B). This astrocytosis in affected
gray matter rapidly intensified and became
most prominent in the upper cortical lay-
ers by 12 days after birth (Figure 3C vs. D)
and was more pronounced in occipital and
somatosensory cortices than other regions.
GFAP immunoreactivity was detected at
the pial surface in both control and
affected animals over the range of ages
(Figure 3A–D), whereas radial glial pro-
cesses were weakly labeled.

MHC class II immunoreactivity was
largely absent within both affected and
control brains up to birth (E150), but was
prominent in microglia in affected brains
12 days later (Figure 3E vs. G), particularly
within the upper neocortical layers II and
III in the occipital and somatosensory cor-
tex. A proportion of these cells were rami-
fied, whereas others lacked processes, and
clusters of MHC class II reactive cells were
scattered throughout these upper layers of
the cerebral cortex (inset of Figure 3E).
MHC class II staining of microglia was not

Figure 1. Progressive increase in brain weight dur-
ing fetal development, and 12 days after birth (P12).
The weights of CLN6 affected brains taken for this
set of experiments (———), and of control brains
(----------).
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observed in the control sheep (Figure 3G).
The pattern of GSB4 lectin staining was
similar. Foci of activated microglia clearly
evident in the upper layers of the affected
neocortex 12 days after birth (Figure 3F)
were not found in control cortical gray
matter (Figure 3H).

Clear differences in morphology and
labeling intensity of GSB4 labeled perivas-
cular cells in control and affected brains
became apparent from an early age. These
cells were first detected in cortical white
matter around E100–E110 days in
both affected and control animals
(Figure 4A,E,I). GSB4 positive perivascu-
lar cells continued to increase in size and

labeling intensity in the affected brains as
they developed, and also appeared to pro-
liferate (Figure 4F–H,J–L), whereas they
became less conspicuous in developing
control brains (Figure 4B–D).

GSB4 lectin also labeled vesicle-laden
macrophages within the leptomeninges
covering the cerebral hemispheres, vascular
endothelium, amoeboid microglia and
perivascular cell populations in control and
affected brains. The numbers of GSB4 pos-
itive leptomeningeal macrophages declined
between E60 and E150, but showed a
marked increase 12 days after birth (P12)
in animals of both genotypes. Vascular
endothelia in both control and affected

animals were labeled with GSB4 to varying
degrees from around E60. Capillaries and
newly formed vessels were more intensely
labeled. This staining of endothelial cells
also decreased with development and was
virtually absent by postnatal day 12.

Amoeboid microglia were present
within sub-ependymal regions of the
lateral ventricles, corpus callosum
(Figure 4A,E), internal and external cap-
sules between E60–E110 in both affected
and control animals. The number of amoe-
boid microglia subsequently declined and
they disappeared by the time of birth.
Ramifying microglia could be detected
particularly towards the boundaries

Figure 2. Astrocytic activation in the cortical white matter of CLN6 sheep. Immunohistochemical staining for GFAP reveals progressive astrocytosis in the cortical
white matter (WM) of CLN6 sheep (arrowheads E–H arrowheads, M–P) compared with age matched controls (A–D,I–L) and more detailed morphology shown
in higher magnification insets. At gestational day 110 (E110), GFAP immunoreactivity was already more prominent in affected sheep (E,M) than controls (A,I)
with astrocytes exhibiting numerous thickened GFAP positive processes (M). This morphology was maintained in the white matter of affected sheep during
subsequent development with intense GFAP immunoreactivity evident in hypertrophied astrocytes at 130 days (E130, F,N), at birth (E150, G,O) and postnatal
day 12 (P12, H,P), compared with age matched controls (E130, B,J; E150, C,K; P12, D,L). At these ages prominent GFAP-positive astrocytes were frequent
around blood vessels within the cerebral white matter of affected sheep (F–H,N–P), but not in age matched controls (B–D,J–L). Scale bars: 200 µm (A–H),
50 µm (I–P), 10 µm (insets in I–P).
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between the white and gray matter in ani-
mals of both genotypes.

DISCUSSION

The prenatal activation of non-
neuronal cells within the ovine CLN6
brain indicates that the onset of pathogen-
esis occurs earlier than previously consid-
ered. Reactive changes in non-neuronal
cells are usually interpreted as a response to
neurodegeneration so the precocity of the
cascade of reactive changes observed was
unexpected. Changes were discrete and
regionally defined, markers of astrocytosis,
perivascular cell and microglial activation
becoming apparent at different times. Acti-
vated astrocytes appeared in developing
white matter 40–20 days before birth and
astrocytic activation within the gray matter
20 days before birth. Hypertrophy and
proliferation of perivascular cells in white
matter was noticeable 40 days before birth.
Clusters of activated microglia were
detected in upper cortical gray matter lay-
ers shortly after birth.

These reactive changes began during
the period of most rapid brain growth
and development. Consistent with previ-
ous studies (27), the brain of the sheep
showed a 25x increase in mass from E60
to birth (Figure 1), at which time the brain
is close to 50% of adult brain mass. The
adult brain architecture and lamellar struc-
ture emerges during this period and the
vascular network is formed.

There is growing evidence for early
neuro-inflammatory responses in a variety
of lysosomal storage disorders (15, 34, 49).
As we recently reported, presymptomatic
CLN6 affected South Hampshire sheep
display reactive changes within the brain
during the early postnatal period (36),
spreading from discrete foci during disease
progression. The distribution of microglial
clusters at 12 days of age accurately pre-
dicts the cortical regions subsequently
most vulnerable to neurodegeneration. A
low level activation of astrocytes and
microglia preceding widespread loss of
neurons by many months has also been
observed in a murine juvenile NCL
(JNCL) model (40), suggesting that early
glial activation may be a common feature
of the NCLs. A re-examination of these
and other models is warranted, to deter-
mine if activation during brain develop-
ment is a common feature.

Reactive changes in cortical gray matter.
The prenatal activation of astrocytes and
microglia in the gray matter occurs pre-
dominantly within superficial laminae
(Figure 3), MHC class II and GSB4 posi-
tive microglia becoming evident after the

appearance of GFAP positive activated
astrocytes. These changes lead on to post-
natal reactive changes (36), first evident
within superficial laminae of occipital and
somatosensory cortex, and spread to suc-
cessively deeper laminae. It is not clear why

Figure 3. Prenatal reactive changes in the cortical gray matter of CLN6 sheep. Immunohistochemical stain-
ing for the astrocyte marker glial fibrillary acidic protein (GFAP) (A–D), the microglial marker the class II
major histocompatibility complex (MHC-II) (E,G) or α-D-galactose specific isolectin I-B4 (GSB4) lectin
immunohistochemistry (F,H) in the occipital cortex of control (D,G–H) and affected (A–C,E–F) sheep
brains. GFAP immunoreactivity was initially confined to the pial surface of affected CLN6 sheep brains
at 130 days gestation (E130, A). Subsequently GFAP immunoreactivity was detected particularly within
the occipital cortex of affected sheep at birth (E150, B) and was prominent within superficial laminae
of affected brain by postnatal day 12 (P12, C), but not in the age matched control (D). Microglial
activation within the cortical gray matter (MHC II and GSB4 lectin reactivity) was relatively delayed.
Clusters of MHC-II immunoreactive (E) and GSB4 positive (F) microglia were first detected in the occipital
cortex of affected sheep at 12 days of age, but not were present in age matched controls (G,H). Scale
bar: 250 µm (A–H), 50 µm (higher magnification insets in E,F).
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these events should originate within the
more superficial laminae, but localized glial
responses are typically considered a sensi-
tive indicator of neuronal damage or dys-
function (23, 41, 45). An investigation of
other pathological changes within these
superficial laminae may reveal the trigger-
ing events.

Reactive changes in developing white
matter. In addition to labeling microglia in
their various morphological states (44, 46),
GSB4 lectin histochemistry also labels
perivascular cells and other mononuclear
phagocytes associated with the central ner-
vous system (39).

Perivascular macrophages are strategi-
cally placed, being intimately close to both
the systemic circulation and the brain

parenchyma (41). The increased numbers
of hypertrophied GSB4 positive perivascu-
lar cells (Figure 4), and perivascular mac-
rophage and astrocytic activation within
the white matter, may occur in response
to systemic inflammation or as part of an
attempted neuro-immune response (22).
Nevertheless, we found no evidence for
microglial activation within developing
white matter tracts and the perivascular
cells, although hypertrophied and more
numerous, did not express MHC class II
antigens more typically associated with an
“immune”—activated phenotype.

An alternative hypothesis is that the acti-
vation of perivascular cells reflects some
other process that occurs early in CLN6
pathogenesis. These cells appear to invest
blood vessels around the time that a blood-

brain barrier is established (42) but little is
known about the specific roles they play
during brain development.

Development of the ovine CLN6 brain.
It has been assumed that development of
the NCL brain is relatively normal and
that the characteristic disease phenotypes
become evident later. The brain weight
increase, (Figure 1), gross morphological
structure and anatomy of the developing
ovine CLN6 brain support this notion.
The histological assessment of cortical
development revealed no overt differences
between affected and control animals, and
the formation of the laminae followed
descriptions in the literature (1, 2, 13).
Normal migration of cortical neurons from
the germinal layer on radial glia (12) was
seen in both genotypes in the early stages
of development, the development of lami-
nae in the cerebellum was the same and the
distribution of amoeboid microglia within
the developing white matter was in keep-
ing with previous descriptions (12). These
cells are considered to participate in axonal
guidance (3) and represent a developmen-
tal rather than a pathologically activated
state of microglia. None of these data sug-
gest that neuronal development is signifi-
cantly disturbed at early ages nevertheless
more subtle pathological changes may be
underway.

Progressive reactive events early in
CLN6 pathogenesis. Collectively our data
provide novel evidence for successive and
localized reactive events during the prena-
tal development of ovine CLN6. These
events are not directly associated with stor-
age. Storage of subunit c of mitochondrial
ATPase has been detected shortly before
birth in murine JNCL (6), and prenatal
lysosomal storage in South Hampshire
sheep reported (19), but these storage bod-
ies are sparse, even at birth. Unlike the
prenatal activation of glial cell populations
(Figures 2–4), or activation in the immedi-
ate postnatal period (36), the distribution
of this storage material is not focal. This
lack of a temporal or regional correlation
between storage body accumulation and
glial activation argues against the idea that
activation occurs in a direct response to the
presence of storage bodies or to neuronal
damage caused by excessive amounts of
subunit c.

Figure 4. Perivascular cell activation in the cortical white matter of affected sheep. α-D-galactose specific
isolectin I-B4 lectin histochemistry revealed numerous perivascular macrophages (perivascular cells) in
the cortical white matter of both affected (E–L) and control (A–D) sheep from gestational day 100 (E100)
until postnatal day 12 (P12). These cells maintained a flattened morphology in control animals between
E100 and E130 (A, E130, B, E100 and C, E110). In affected brains they had the morphology of hypertro-
phied perivascular macrophages and were more numerous at these ages (E–G, E110, I, E100 and J–K,
E110) and continued to increase in number, size and labeling intensity (H–L, P12) whereas they were no
longer present in age matched control brains (D, P12). Scale bar: 100 µm (A, E, I), 50 µm (B–D,F–H,J–L),
20 µm (inset in L).
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The identity and cellular origin of the
underlying molecular cues responsible for
these events remain unknown, and it is
unclear how they may be linked. Perivas-
cular cell activation in developing white
matter could be a separate event to glial
activation within the gray matter and may
be initiated by blood borne cues. Nor
do these studies indicate any link to the
biochemical lesion, absence of an endo-
plasmic reticulum resident protein (11,
31), which may affect pre-lysosome
vesicular transport, as indicted by its affect
on arylsulfatase A endocytosis via the
plasma membrane 300 kDa mannose-6-
phosphate receptor (11). It is also possible
that the apparent initial activation is not
signaled by any external event but arises
intracellularly as a direct consequence of
the genetic defect.

The spread of glial activation through
the affected brain (36) may signify an
ongoing inflammatory response initiated
early during pathogenesis. A chronic
inflammatory response is damaging to
neurons (41, 43, 47), and given that glial
responses are evident as early as 40 days
before birth (Figures 2 and 4), it is surpris-
ing how long the development of the
affected sheep brains follows a normal
path. Glial activation has been reported
in various other neurodegenerative
conditions including multiple sclerosis,
Alzheimer disease, Parkinson’s disease,
HIV-associated dementia, scrapie, trauma
and ischemia (14, 33). These are mainly
acute disease studies and it has been
assumed that the responses are initiated by
dying neurons or some ligand such as
abnormally deposited β-amyloid protein
(28, 43), but there is mounting evidence
that inflammation plays a pathogenic role
in other storage diseases. For instance, sup-
pression of microglial activation, as a side
effect of bone marrow transplantation,
suppressed neurodegeneration in a mouse
model of Sandhoff disease (49). Deletion
of a macrophage inflammatory protein,
MIP-1α, had the same effect, directly
implicating inflammation in pathogenesis
(52). These studies suggest that suppres-
sion of inflammation may be a valuable
adjunct to other therapies based on replac-
ing the mutated gene product with a func-
tional protein. Our data argue that
inflammatory events are initiated before
birth, but follow an orderly cascade. Deter-

mining when this cascade becomes fatally
damaging to neurons will have important
implications for the timing and delivery of
therapeutic interventions in this pro-
foundly disabling disorder.
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