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Abstract
Infantile neuronal ceroid lipofuscinosis (INCL) is caused by deficiency of the lysosomal enzyme,
palmitoyl protein thioesterase 1 (PPT1). We have investigated the onset and progression of
pathological changes in Ppt1-deficient mice (Ppt1−/−) and the development of their seizure
phenotype. Surprisingly, cortical atrophy and neuron loss occurred only late in disease progression,
but were preceded by localized astrocytosis within individual thalamic nuclei and the progressive
loss of thalamic neurons that relay different sensory modalities to the cortex. This thalamic neuron
loss occurred first within the visual system and only subsequently in auditory and somatosensory
relay nuclei or the inhibitory reticular thalamic nucleus. The loss of granule neurons and GABAergic
interneurons followed in each corresponding cortical region, before the onset of seizure activity.
These findings provide novel evidence for successive neuron loss within the thalamus and cortex in
Ppt1−/− mice, revealing the thalamus as an important early focus of INCL pathogenesis.
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Introduction
Batten disease, or Neuronal Ceroid Lipofuscinosis (NCL), is the most frequent autosomal-
recessive storage disorder of childhood (Cooper, 2003). At least eight forms of this fatal
neurodegenerative disorder exist, each due to mutations in a different gene and characterized
by the accumulation of autofluorescent storage material (Cooper, 2003; Mole et al., 2005). The
different forms of NCL are typically classified by age of onset, with infantile NCL (INCL)
exhibiting the earliest onset and most rapid course (Haltia et al., 1973a, 1973b; Santavuori et
al., 1973). Affected children develop normally until 12 months, but subsequently undergo
complete retinal degeneration and blindness, cognitive and motor deficits, seizures and a flat
electroencephalogram by 3 years. These children remain in a vegetative state for several years
and with no effective treatment available will invariably die (Santavuori et al., 1973; Mole et
al., 2005). At autopsy these patients show massive neuronal degeneration that is most
pronounced, but not confined, to the cortex (Haltia et al., 1973a, 1973b).

INCL is caused by mutations in the CLN1 gene encoding palmitoyl protein thioesterase 1
(PPT1) a soluble lysosomal enzyme (Vesa et al., 1995), whose function is to remove long-
chain fatty acids from modified cysteine residues (Hofmann et al., 2001; Lu et al., 2002).
However, the precise role of PPT1 in the CNS is uncertain and the mechanisms by which PPT1
deficiency leads to the devastating clinical profile of INCL remains poorly understood. Ppt1
null mutant mice (Ppt1−/−) are a valuable tool for investigating these issues and display an
INCL-like phenotype with marked neurodegeneration and glial responses, visual, motor and
cognitive deficits and the development of spontaneous seizures (Gupta et al., 2001; Bible et
al., 2004; Griffey et al., 2005, 2006).

We have previously described the pathological phenotype of severely affected Ppt1−/− mice,
and revealed graded effects on neuron survival depending upon cellular location and phenotype
(Bible et al., 2004). Recent data suggest that endoplasmic reticulum stress and activation of
the unfolded protein response (Kim et al., 2006; Zhang et al., 2006), or effects upon synaptic
vesicle pool size (Virmani et al., 2005), may be contributory factors leading to neuron loss in
Ppt1−/− mice. We have now investigated the onset and progression of glial activation, thalamic
and cortical neuron loss, and correlated these events in Ppt1−/− mice with the development of
their seizure phenotype. Our data reveal an early astrocytic activation followed by selective
neuronal loss and microglial responses. These events were particularly localized to the
thalamus with the progressive loss of relay neurons in different thalamic nuclei and the
successive death of different classes of interneurons and of granule neurons in the cortex,
followed by the onset of spontaneous seizure activity. These effects upon neuron survival were
more pronounced at an earlier age within the visual system, than in pathways relaying other
sensory modalities. These findings provide novel data for the thalamus as a particular
pathological focus in the early stages of INCL and have important implications for
understanding the pathogenesis of this profoundly disabling disorder.

Materials and Methods
Ppt1-deficient mice

The Ppt1-deficient mice (Ppt1−/−) used in this study were originally created through a targeted
disruption strategy which eliminates the last exon in the coding sequence of Ppt1 (Gupta et al.,
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2001). These mice were subsequently backcrossed for 10 generations with C57BL/6 control
mice, which is generally considered sufficient to be congenic on this strain background.
C57BL/6 congenic Ppt1−/− mice and age matched C57BL/6 control mice were bred and housed
in a barrier facility at Washington University School of Medicine (St. Louis, MO). All animal
procedures were carried out in accordance with NIH guidelines and the Institutional Animal
Care and Use Committee regulations of Washington University.

Histological analysis
Ppt1−/− mice present with an INCL related phenotype and usually die around 8-8.5 months of
age (Gupta et al., 2001). To analyze the progression of pathological changes in the Ppt1−/−

deficient CNS, the brains of Ppt1−/− mice and C57BL/6 controls were harvested at 1, 3, 5 and
7 months of age (n=3 Ppt1−/− and C57BL/6 control mice at each age). These brains were
immersion fixed for at least one week in 4% paraformaldehyde in 0.1 M phosphate-buffered
saline, cryoprotected in a solution of 30% sucrose in Tris buffered saline (TBS: 50mM Tris,
pH 7.6, 150 mM NaCl) and 40μm frozen coronal sections cut through the rostrocaudal extent
of the cortical mantle (Bible et al., 2004; Griffey et al., 2004, 2005). Sections were collected
one per well into 96 well plates containing a cryoprotectant solution (TBS/ 30% ethylene
glycol/ 15% sucrose/ 0.05% sodium azide) and stored at −40°C prior to histological processing.
For quantifying autofluorescence, every sixth section from each brain was mounted on
Superfrost microscope slides and coverslipped with Vectashield (Vector Laboratories,
Peterborough, UK) (Griffey et al., 2004). To provide direct visualization of neuronal
morphology each adjacent section was slide mounted and Nissl stained as described previously
(Bible et al., 2004). All histological processing and subsequent analyses were performed with
no prior knowledge of genotype or treatment group.

Quantification of Autofluorescent Storage Material
To quantify the accumulation of autofluorescent storage material during disease progression
we used a previously published thresholding image analysis method to analyze confocal images
collected from different CNS regions (Griffey et al., 2004). Briefly fifteen non-overlapping
confocal images per section were collected from three sections through the somatosensory
barrelfield cortex and thalamus, for a total of 45 images per sampling site. All images were
captured using the 543 nm laser line and 40x objective on a Zeiss Pascal LSM 5 microscope
(Carl Zeiss Ltd, Welwyn Garden City, UK), maintaining a consistent relative relationship
between amplitude offset and detector gain between animals. Confocal images were then
subjected to thresholding image analysis to determine the area of pixels in each image that
contained autofluorescent material using Image Pro Plus image analysis software (Media
Cybernetics, Chicago, IL). At each age, averages were determined for each genotype and region
and then significance was determined using ANOVA with post-hoc Bonferroni.

Immunohistochemical staining
To survey the survival of cortical interneurons and to assess the degree of astrocytic and
microglial activation, a one in six series of sections was immunohistochemically stained for
the interneuron markers parvalbumin (PV) and somatostatin (SOM), glial fibrillary associated
protein (GFAP, astrocytes) or the microglial marker F4/80 via a previously published protocol
(Bible et al., 2004). These reactions used the following polyclonal primary antisera (polyclonal
rabbit anti-PV, Swant, Bellinzona, Switzerland, 1:5000; rabbit anti-SOM, Peninsula Labs,
Belmont, CA, USA, 1:2000; polyclonal rabbit anti-cow GFAP, DAKO, Cambridge, UK,
1:1000; monoclonal rat anti-mouse F4/80, Serotec, Oxford, UK, 1:100). Sections were then
rinsed in TBS with subsequent incubation in secondary anti-serum (swine anti-rabbit [PV,
SOM and GFAP], Vector Laboratories, 1:400 and mouse adsorbed rabbit anti-rat [F4/80],
Vector Laboratories, 1:1000) followed by avidin-biotin-peroxidase complex (Vectastain Elite
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ABC kit, Vector Laboratories). Immunoreactivity was visualised by a standard DAB reaction
and sections were mounted onto slides, air dried, cleared in xylene and coverslipped with DPX
(VWR, Dorset, UK).

Measurements of cortical thickness
Cortical thicknesses measurements were obtained from Nissl stained sections using
StereoInvestigator software (Microbrightfield Inc., Williston VT), as described previously
(Bible et. al., 2004; Griffey et al., 2004, 2005). These measurements from the pial surface to
white matter in cortical regions that serve different functional roles including the primary motor
(M1) and somatosensory barrelfield (S1BF) cortex, primary visual (V1) and primary auditory
cortex (Au1) and the lateral entorhinal cortex (LEnt). As detailed previously (Bible et al., 2005;
Pontikis et al., 2005), the boundaries of each cortical region were defined according to
neuroanatomical landmarks described by Paxinos and Franklin (2001). In each of these cortical
regions, 10 individual thickness measurements were made in each of three sections, and the
mean cortical thickness of each region determined for each mouse.

Counts of neuronal number
To examine neuronal survival within individual thalamic nuclei and their target regions we
used StereoInvestigator software to obtain unbiased optical fractionator estimates of neuronal
number from PV stained (reticular thalamic nucleus and cortical interneurons), SOM stained
(cortical interneurons) and Nissl stained sections (all other nuclei). These estimates were
obtained for the ventral posterior nucleus (VPM/VPL), dorsal lateral geniculate nucleus
(LGNd), medial geniculate nucleus (MGN), central medial (CM), reticular thalamic nucleus
(Rt), PV and SOM positive interneurons and lamina IV granule neurons of S1BF and V1, with
the location of each thalamic nucleus and cortical region depicted in Figure 1. These measures
were performed exactly as described previously (Bible et al., 2004;Pontikis et al., 2005), with
a random starting section chosen, followed by every sixth Nissl stained, PV or SOM stained
section thereafter.

Quantitative analysis of glial phenotype
The optical density of GFAP and F4/80 immunoreactivity was assessed using a semi-automated
thresholding image analysis, as previously described (Bible et al., 2004; Pontikis et al., 2004,
2005). Forty non-overlapping images were captured, on three consecutive sections, through
the somatosensory barrelfield (S1BF) cortex and thalamus. All parameters including lamp
intensity, video camera setup and calibration were maintained constant throughout image
capturing. Images were subsequently analyzed using Image Pro Plus image analysis software
(Media Cybernetics, Chicago, IL), using an appropriate threshold that selected the foreground
immunoreactivity above background. This threshold was then applied as a constant to all
subsequent images analyzed per batch of animals and reagent used to determine the specific
area of immunoreactivity for each antigen in each region. Data were plotted graphically as the
mean percentage area of immunoreactivity per field ± SEM for each region.

Assessment of seizures via electroencephalography (EEG)
C57Bl/6 controls (n=4) and Ppt1−/− mice at 6 (n=4), 6.5 (n=6), 7 (n=6) and 7.5 (n=7) months
of age were monitored for interictal EEG activity and clinical-electrographic seizures by
simultaneous video/EEG recording using chronically implanted epidural screw electrodes, as
described previously (Griffey et al., 2006). At each age EEG and video data were collected
during a single, continuous 48 hour monitoring session with Post-hoc analysis of seizures and
interictal EEG background activity performed using Axoscope software (Molecular devices,
Sunnyvale CA) by a board-certified clinical electro-encephalographer blinded to both genotype
and treatment. Seizures were identified as discrete events with stereotypical clinical and
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electrographic features, as reported previously (Griffey et al., 2006). Clinically, seizures were
typically characterized by head bobbing, rearing with forelimb clonus, and occasionally
generalized convulsive activity. Electrographically, the clinical manifestations were time-
locked to a stereotypical EEG discharge involving a sudden tonic spike discharge which
evolved in frequency and amplitude and lasted approximately 30-40 seconds (See Figure 9A).
Average seizure frequency (number of seizures/48 hour period) and number of animals with
seizures were calculated for each genotype and age, including the number of mice that did
not exhibit seizures in this calculation. Statistical analysis was performed using Kruskal-
Wallis non-parametric ANOVA. For analysis of the interictal EEG background, one-minute
segments obtained from every four hr of the 48 hr EEG record were randomly selected and
graded with a previously described scale (Griffey et al., 2006) comprising: Grade 1 (Normal)
– normal background theta rhythm with no epileptiform spikes, Grade 2 (Mildly Abnormal) –
mostly normal background with some epileptiform spikes, Grade 3 (Moderately Abnormal) –
mostly abnormal background with frequent epileptiform spikes, Grade 4 (Severely Abnormal)
– burst-suppression pattern. A mean interictal EEG grade was calculated for each genotype
and statistical comparisons were made using ANOVA with Tukey-Kramer multiple
comparison post-hoc test.

Statistical analysis
The statistical significance of differences between genotypes of all quantitative data was
assessed using a one-way ANOVA (SPSS 11.5 software, SPSS Inc, Chicago, IL), with
statistical significance considered at P≤ 0.05. The mean co-efficient of error (CE) for all
individual optical fractionator and Cavalieri estimates was calculated according to the method
of Gundersen and Jensen (1987) and was less than 0.08 in all these analyses.

Results
Atrophy of the cortex occurs late in disease progression

Cortical atrophy is profound in INCL brains at autopsy (Haltia et al., 1973a), but
this cortical thinning does not occur uniformly in Ppt1−/− mice and is evident to
different extents in sensory vs. motor cortex (Bible et al., 2004)—To determine at
which stage of disease progression these selective effects upon the cortex first become apparent,
we performed thickness measurements in the primary motor cortex (M1), somatosensory
barrelfield cortex (S1BF), primary visual cortex (V1), primary auditory cortex (Au1) and lateral
entorhinal cortex (LEnt) of Ppt1−/− mice and age matched controls between 1 and 7 months
of age. Effects upon cortical thickness in Ppt1−/− mice occurred at different rates between
cortical subfields that receive information of different sensory modalities (Figure 2). The first
region to be affected was V1 which was significantly thinner in Ppt1−/− mice from 5 months
of age onwards (Figure 2). A similar pattern of progressive thinning was apparent in the other
cortical regions of Ppt1−/− mice, but this thinning did not become significant in Au1 and M1
until 7 months of age, and did not reach significance even at 7 months of age in S1BF and LEnt
(Figure 2). Taken together these data highlight that the atrophy of the cortex that is
characteristic of murine INCL occurs relatively late in disease progression and reinforce that
thinning of the Ppt1−/− cortex is not uniform and occurs first in the visual cortex.

Progressive accumulation of storage material in Ppt1−/− mice
The pathological hallmark of the NCLs is the intralysosomal accumulation of autofluorescent
storage material (Cooper, 2003; Mole et al., 2005), but there is no direct evidence that this
build up of lipopigments is linked to other pathological events. Focusing upon the thalamus
and cortex as regions that display atrophy in Ppt1−/− mice (Bible et al., 2004), we used a
thresholding image analysis method to quantify the progressive accumulation of storage
material in confocal images through these regions (Griffey et al., 2004). Consistent with our
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previous findings (Bible et al., 2004; Griffey et al., 2004), there was a profound accumulation
of autofluorescent storage material throughout the Ppt1−/− brain, that was virtually absent from
control mice of any age (Figure 3). Quantitative analysis of this autofluorescence showed a
significant increase in storage material in the somatosensory barrelfield cortex and thalamus
of Ppt1−/− mice at 3 months of age (Figure 3), which continued to accumulate dramatically
with increasing age reaching up to 14 times the level in age-matched controls by 7 months of
age. A direct comparison of the accumulation of storage material between S1BF and the
thalamus revealed a remarkably similar profile of accumulation over time, suggesting that this
build-up occurred at comparable rates in these two regions (Figure 3).

Localized astrocytosis occurs early in disease progression
Astrocytosis classically accompanies neuronal loss, but may also serve as an early marker of
on-going neuronal damage or dysfunction (Raivich et al., 1999). Indeed, upregulation of the
astrocytic marker GFAP occurs several months before overt neuronal loss in the Cln3 null
mutant mouse model of juvenile NCL (Pontikis et al., 2004) and the South Hampshire sheep
model of CLN6 (Oswald et al., 2005). In order to investigate the sequence of events leading
to the widespread astrocytosis seen in severely affected Ppt1−/− mice (Bible et al. 2004) we
examined sections from control and mutant mice between 1 and 7 months of age stained with
the astrocytic marker GFAP, and used thresholding image analysis to quantify the expression
of this marker concentrating upon the cortex and thalamus.

Progressively more widespread and intense GFAP immunoreactivity was apparent with
increased age in the cortex and thalamus of Ppt1−/− mice, but changed little in distribution or
intensity in age-matched control mice (Figure 4A, 4C). Although appearing similar in
Ppt1−/− mice and controls at 1 month of age, a marked difference in GFAP immunoreactivity
was already evident between genotypes at 3 months of age. At this age intensely stained GFAP
positive astrocytes were present across all laminae of M1, S1BF, and, subsequently appearing
more intensely stained with increased age (Figure 4A). Initially, in Ppt1−/− mice at 3 months
of age this GFAP immunoreactivity appeared more prominent in the deeper laminae of each
cortical subfield, but with disease progression this laminar specificity became less evident.
Quantitative analysis confirmed that GFAP-immunoreactivity in S1BF was indistinguishable
between genotypes at 1 month of age, but was significantly increased in Ppt1−/− mice at 3
months of age and continued to increase in intensity at 5 and 7 months of age (Figure 5A).

In contrast to the cortex, astrocytosis was markedly more localized within the thalamus of
Ppt1−/− mice and was confined to individual thalamic nuclei at 3 months of age, but was
virtually absent from adjacent nuclei (Figure 4B). At 3 months of age GFAP immunoreactivity
was present in the ventral posterior nucleus (VPM/VPL), the dorsal lateral geniculate nucleus
(LGNd), the medial geniculate (MGN), mediodorsal nucleus (MD), central medial (CM) and
reticular thalamic nucleus (Rt) (Figure 4B). With increased age GFAP immunoreactivity in
the Ppt1−/− thalamus spread to involve successively more thalamic nuclei (Figure 4C), but
nevertheless, even at 7 months of age the same thalamic nuclei which initially displayed
prominent GFAP immunoreactivity exhibited more intense staining than surrounding nuclei.

Microglial activation occurs during the later stages of disease progression
Compared to astrocytosis, we have previously shown that microglial activation is considerably
more localized in severely affected Ppt1−/− mice (Bible et al., 2004). The progressive and
graded activation of microglia includes their transformation from ramified to brain
macrophage-like morphology (Raivich et al., 1999), and may represent a sensitive marker of
local neuronal damage (Streit, 2000; 2002). To determine when such microglial activation is
first apparent in disease progression, we also immunohistochemically stained sections from
control and mutant mice with the microglial marker F4/80. With increased age, F4/80
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immunoreactivity revealed progressive microglial activation in Ppt1−/− mice compared to
controls, but was comparatively delayed compared to astrocytic activation. Quantitative
thresholding image analysis revealed that F4/80 immunoreactivity did not become significantly
different from age matched controls until 5 months of age (Figure 5B), subsequently exhibiting
a progressive increase in the expression of this marker with increased age.

Until 5 months of age staining for F4/80 was very subtle, but nonetheless revealed faintly
immunoreactive microglia within the thalamus and cortex of animals of both genotypes. At 5
months of age F4/80 immunoreactivity was more prominent in the deeper laminae of the
cortical mantle of Ppt1−/− mice, but with only occasional F4/80 immunoreactive microglia
with brain macrophage like morphology present. In contrast, at 7 months of age microglia in
Ppt1−/− mice exhibited more intense F4/80 immunoreactivity within microglia scattered within
both deeper and more superficial laminae of M1, S1BF and V1 (Figure 6A), and most
prominently in individual thalamic nuclei including VPM/VPL, LGNd, and MGN (Figure 6B).
In these CNS regions F4/80 immunoreactive microglia displayed a range of morphologies
including those with numerous ramified processes, but most prominently in microglia with
brain macrophage like morphology exhibiting more swollen soma and short thickened
processes (Figure 6B).

Progressive changes in thalamic neuron number precede loss of cortical neurons
Such early and spatially restricted glial responses may be indicative of an ongoing
neurodegenerative process occurring within individual components of the thalamocortical
system. To investigate this issue further we used unbiased stereology to document the extent
of neuronal loss in Nissl stained sections within three thalamic relay nuclei that displayed
prominent astrocytic activation and relay different sensory modalities to the cortex
(somatosensory, ventral posterior thalamic nucleus VPM/VPL; visual, dorsal lateral geniculate
nucleus LGNd; auditory, medial geniculate nucleus MGN). These thalamic sensory relay
nuclei each exhibited a progressive loss of neurons in Ppt1−/− mice, but neuron loss within
these nuclei first became significant at different ages and progressed at different rates (Figure
7).

Significant loss of neurons within LGNd of Ppt1−/− mice was first evident at 3 months, and
was more pronounced at 5 and 7 months of age (Figure 7). In contrast, loss of MGN and VPM/
VPL neurons in Ppt1−/− mice was relatively delayed and did not become significant until 5
months (Figure 7). We also investigated the survival of parvalbumin positive neurons of the
reticular thalamic nucleus (Rt) which provide the major inhibitory input to the thalamus in
mice and is implicated in certain forms of seizure generation (Fuentealba and Steriade,
2005). There were significantly fewer of these inhibitory Rt neurons in 7 month old Ppt1−/−

mice, compared to either age-matched control mice or mutant mice at 5 months of age (Figure
7). We next investigated the survival of neurons within the central media1 thalamic nucleus
(CM), that is also implicated in seizure generation and projects predominantly to the striatum
and prelimbic cortex (Velasco et al., 2001). The CM nucleus also exhibited intense GFAP
immunoreactivity in Ppt1−/− mice from 3 months of age onwards (Figure 4C), but displayed
no significant loss of thalamic neurons, even in 7 month old Ppt1−/− mice (data not shown).

These changes in thalamic neuron number occurred several months before
thinning of the corresponding target regions of sensory cortex (Figure 2)—To
investigate the relative timing of thalamic relay neuron loss to the survival of their target
neurons or interneurons within the cortex we next obtained optical fractionator estimates of
neuronal number of Nissl stained lamina IV granule neurons and SOM- and PV-positive
interneurons. These data were collected in both S1BF and V1, representative cortical regions
whose afferent thalamic relay neurons populations degenerate at different stages of disease
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progression, occurring first within visual relay neurons of LGNd (Figure 7). This analysis
revealed that loss of both cortical granule and interneuron populations became significant at
an earlier age within the visual system (Figure 8). A significant loss of lamina IV granule
neurons was first evident in V1 at 5 months of age, but was not apparent in S1BF until 7 months
of age (Figure 8). Counts of the number of GABAergic interneurons in these cortical regions
revealed the same temporal pattern, being affected first in V1 and then in S1BF (Figure 8). As
in other mouse models of NCL, cortical interneurons in Ppt1−/− mice displayed graded effects
upon interneuron survival with SOM-positive neurons more severely affected at an earlier age
than PV-positive neurons in S1BF (Figure 8). In contrast, both interneuron populations were
already significantly affected by 5 months of age in V1 of Ppt1−/− mice.

Taken together these data reveal that neuronal loss within the thalamocortical system of
Ppt1−/− mice is initiated within the thalamus, with neurons relaying different sensory
modalities and inhibitory neurons in Rt affected at different stages of disease progression.
Irrespective of the sensory modality, the loss of thalamic relay neurons always preceded the
loss of interneuron populations and the subsequent loss of their corresponding target granule
neurons that were only significantly affected in the later stages of disease progression.

Spontaneous seizure activity first occurs late in disease progression
The loss of neurons in the thalamic reticular nucleus or populations of GABAergic interneurons
may each lead to the generation of epileptiform discharges (Fuentealba and Steriade, 2005;
Magloczky and Freund, 2005). In the light of our data that these neuron populations are
progressively lost in Ppt1−/− mice (Figures 7 and 8), we next explored the onset and nature of
spontaneous seizure activity in these mice by EEG recordings made via chronic epidural
electrodes. No seizure activity was evident until 7 months of age when 50% of the Ppt1−/−

mice displayed seizures, with this number increasing to 100% of mutant mice at 7.5 months
(Figure 9B). All seizures had stereotypical clinical and electrographic features (Figure 9A), as
described previously (Griffey et al., 2006). Although there was no significant difference in the
number of seizures per animal or the seizure duration at 7 or 7.5 months (Figure 9B), there was
markedly less variation in seizure number with increased age. To investigate progressive
changes in interictal EEG activity associated with these seizures we used a previously described
graded scoring system (Griffey et al., 2006), to score EEG recording traces in Ppt1−/− mice.
These traces revealed that Ppt1−/− mice display progressive abnormalities in the interictal EEG
pattern (Figure 9B), with a significantly increased interictal EEG grade in mutant mice older
than 7 months of age compared to control mice or Ppt1−/− mice at 6 or 6.5 months of age.
These data reveal that the onset of background EEG abnormalities and associated seizure
activity only occurs once the significant loss of thalamic and cortical neuron populations is
already underway in Ppt1−/− mice.

Discussion
This study provides the first detailed description of progressive pathological changes and
seizure generation in the CNS of Ppt1 deficient mice. The cortex has always been considered
as the principle pathological target in INCL, but our data reveal successive waves of neuronal
loss within the thalamus and its cortical target regions. This loss of thalamic relay neurons and
the subsequent loss of cortical neurons were both most pronounced in the visual system. Graded
effects on interneuron populations in each cortical region preceded the loss of lamina IV granule
neurons and finally the development of seizures in Ppt1−/− mice at the end stages of disease
progression. These data reveal the thalamus as an important pathological target in INCL
pathogenesis and have important implications for understanding the progressive pathogenesis
of this fatal pediatric disorder.
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The thalamus as an early target in INCL
As in other forms of NCL, the cortex has been considered the main focus of INCL pathology
with neuron loss essentially complete in the cortex and hippocampus at autopsy (Haltia et al.,
1973a; Mole et al. 2005). The cortex is also severely affected in 7 month old −/− mice exhibiting
profound atrophy and thinning of multiple subregions (Bible et al., 2004). In this study we
provide novel evidence that these regionally selective effects and neuronal loss in the cortical
mantle of Ppt1−/−mice occur relatively late in disease progression (Figures 2 and 8). Indeed
these events in the cortex are accompanied by, or in many instances appear to be preceded
by, the loss of thalamic relay neurons in each sensory system (Figure 7). Nevertheless, it
remains unclear whether any mechanistic link exists between these successive waves of
progressive neuron loss in these interconnected brain regions.

Our observations of profound effects upon the thalamus are consistent with data of early
thalamic hypointensity in MRI studies of INCL patients (Autti et al., 1997). Identifying the
molecular mechanisms that underlie the particular vulnerability of thalamic relay neurons will
be of paramount importance, but lies beyond the scope of this study. Nevertheless, our data
suggest that cortical neuronal loss may occur only after reduced afferent input from the
thalamus. With recent data for reorganization of synapses in Ppt1 deficient neurons (Virmani
et al., 2005), it will be informative to relate such events at the synapse with neuron loss within
the thalamocortical system.

Differential effects on individual thalamic nuclei in INCL have been described at autopsy
(Haltia et al., 1973a), but our data now reveal that thalamic neurons relaying different sensory
modalities are lost at different stages of disease progression in −/− mice (Figure 7). The earliest
and most pronounced effects occurred within the visual system (significant loss of LGNd
neurons at 3 months), followed by loss of relay neurons within auditory and somatosensory
nuclei (MGN and VPM/VPL, 5 months). The relationship between electroretinogram deficits
and neurodegenerative changes in the retina or optic nerve of Ppt1−/− mice remains unclear
(Griffey et al., 2005, Lei et al., 2006), but these events accompany the period of progressive
loss of visual relay neurons in LGNd in these mutant mice (Figure 7). A similar early loss of
LGNd neurons is evident in Cln3 deficient mice and may underlie the visual defects
characteristic of JNCL (Weimer et al., 2006). Taken together these data suggest that the primary
site of pathology in multiple forms of NCL is not within the retina itself, although effects upon
the optic nerve itself cannot be excluded.

The significant loss of MGN neurons in −/− mice is more surprising as there are no direct reports
of auditory dysfunction in INCL patients. However these individuals are considered
unresponsive after 3 years of age and auditory failure may contribute to this presentation.
Although there are no gross or obvious abnormalities in auditory evoked brainstem responses
in 7 month old −/− mice (Donsante A and Sands M, unpublished observations), there may be
more subtle auditory deficits in −/− mice that are undetectable via this methodology.
Nevertheless, the auditory system and other sensory relay nuclei display particularly prominent
silver staining in a mouse model of late-infantile NCL (Sleat et al., 2004). Moreover, evoked
somatosensory potentials are altered in patients with CLN5, INCL and JNCL (Tackmann and
Kuhlendahl, 1979; Vercruyssen et al., 1982; Vanhanen et al., 1997; Lauronen et al., 1997) and
it will be informative to determine if similar functional correlates can be found in Ppt1-deficient
mice.

Progressive pathological changes in the thalamocortical system
Early and localized glial activation are apparent in Cln3 deficient mice (Pontikis et al., 2004)
and in CLN6 deficient sheep (Oswald et al., 2005), many months before these animals become
symptomatic. Taken together with evidence from human autopsy material, it is apparent that
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neuron-glia interactions are remarkably localized in multiple forms of NCL (Tyynelä et al.,
2004), unlike the widespread accumulation of autofluorescent storage material that
characterizes these disorders. Our present findings extend these observations and reveal the
early activation of astrocytes within individual thalamic nuclei, followed by neuronal loss and
microglial activation (Figures 4-7). Several lines of evidence suggest that astrocytes are not
merely reactive, but instead play a more dynamic role influencing brain function, especially at
the synapse (Perea and Araque, 2005 and 2006; Allen and Barres 2005). As such, the localized
and early activation of astrocytes within thalamic nuclei that subsequently exhibit neuron loss
highlight the importance of neuron-astrocyte interactions in the early stages of INCL
pathogenesis. It will be important to determine whether these early astrocytic responses in
Ppt1−/− mice are protective in nature, as has been suggested by the encircling of persisting
neurons by GFAP positive processes in human NCL autopsy material (Tyynelä et al., 2004),
a feature that is not apparent in other lysosomal disorders.

Microglial activation is generally considered a sensitive indicator of ongoing neuron
dysfunction (Raivich et al., 1999; Streit 2000, 2002). The distribution of microglial activation
within the thalamus in Ppt1−/− mice was very similar to that of astrocytosis, but accompanied
significant neuronal loss, becoming more pronounced in the later stages of disease progression.
However, a first wave of localized microglial activation also occurs before birth in CLN6
deficient sheep (Kay et al., 2006), before declining in the early postnatal period (Oswald et al.,
2005). The significance of such early microglial responses in NCL pathogenesis remains
unclear, but the distribution of this early microglial activation accurately predicts where
neuronal loss subsequently occurs (Oswald et al., 2005).

Thalamocortical neuron loss and clinical presentation of INCL
Deterioration of vision is typically the first clinical manifestation in children with multiple
forms of NCL (Santavuori et al., 1973; Mole et al., 2005). Consistent with data from a mouse
model of JNCL (Weimer et al., 2006), our present data reveal that visual relay neurons in
Ppt1−/− mice are affected before neurons relaying other sensory modalities. Another major
clinical sign in children with INCL is the development of progressively worsening seizure
activity (Santavuori et al., 1973; Mole et al., 2005), which we have now detailed for the first
time in Ppt1−/− mice. Although the precise cellular basis for these seizures is not yet known,
our present data suggest several candidate mechanisms of epileptogenesis including the death
or dysfunction of different neuron subpopulations. The onset of spontaneous seizures in
Ppt1−/− mice only occurs after the loss of populations of cortical interneurons, which are also
affected in multiple forms of NCL (Cooper et al., 1999; Oswald et al., 2004; Bible et al.,
2004; Pontikis et al., 2004; Tyynelä et al., 2004). Such a loss of inhibitory interneurons is
frequently hypothesized as a central mechanism of epileptogenesis in human epilepsy
(Magloczky and Freund, 2005) and is likely to have a significant impact upon cortical
excitability in Ppt1−/− mice. It is also possible that the earlier loss of neurons in the thalamus
may also contribute to seizure generation, with a significant loss of neurons in the reticular
thalamic nucleus which is implicated in some forms of seizure activity (Fuentealba and
Steriade, 2004). Indeed, given the inhibitory influence of the reticular nucleus upon
thalamocortical projections, the selective loss of these neurons may have more significant
implications for cortical activity in Ppt1−/− mice (Fuentealba and Steriade, 2004). In addition
to the effects of neuronal death, the dysfunction of surviving neurons due to a loss of Ppt1
activity could also contribute to neuronal hyperexcitability and seizures. Furthermore, instead
of being caused solely by neuronal abnormalities, epileptic discharges may also have a non-
neuronal origin as there is considerable evidence for the modulatory influence of astrocytes
upon neuronal excitability (Voltera and Meldolesi, 2005). Indeed, recent studies indicate that
astrocyte dysfunction may play a central role in seizure generation (Tian et al., 2005). Although,
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the early and progressive astrocytosis in Ppt1−/− mice may promote seizures, it will be
important to address the specific mechanisms of epileptogenesis in these mice more directly.

Our data have provided novel evidence for a pathological cascade that is initiated within the
thalamus, only subsequently impacting the cerebral cortex. These pathological changes are
mirrored by the progressive development of visual defects (Griffey et al., 2005) and delayed
advent of seizure activity (this study). Data of this type are particularly important for
understanding pathogenesis and linking pathology to functional and behavioral changes. These
data will also be essential for optimizing and fine-tuning therapeutic approaches for INCL.
Indeed, placing additional injections of virus directly into the thalamus, before the damage in
this brain region becomes irreversible, may provide a means to improve the therapeutic efficacy
of gene transfer experiments in Ppt1 deficient mice (Griffey et al., 2004, 2006).
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Figure 1.
Schematic diagram of the thalamic nuclei and cortical regions analyzed in Ppt1−/− mice.
Measurements of cortical thickness were made in primary motor (M1) and somatosensory
barrelfield (S1BF) cortex, primary visual (V1) and primary auditory cortex (Au1) and the
lateral entorhinal cortex (LEnt), together with optical fractionator estimates of the number of
lamina IV granule neurons and parvalbumin or somatostatin positive interneurons in S1BF and
V1. The same unbiased stereological method was used to investigate the survival of thalamic
relay neurons in the ventral posterior nucleus (VPM/VPL), dorsal lateral geniculate nucleus
(LGNd), medial geniculate nucleus (MGN), central medial (CM), and of parvalbumin positive
inhibitory neurons in the reticular thalamic nucleus (Rt, darker shading) at different stages of
disease progression.
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Figure 2.
Progressive cortical atrophy in Ppt1−/− mice. Cortical thickness measurements reveal
progressive thinning of the cortical mantle that occurs at different rates between subfields that
serve different functions. Compared with age matched controls (+/+), significant thinning of
the cortical mantle in Ppt1−/− mice was first evident in the primary visual cortex (V1) at 5
months of age and was subsequently observed in the primary auditory cortex (Au1) and primary
motor (M1) at 7 months of age (** p<0.01). A similar decline in the thickness of the
somatosensory barrelfield (S1BF) cortex was also evident in Ppt1−/− mice, but did not reach
statistical significance. In contrast, cortical atrophy in the entorhinal (LEnt) cortex was less
pronounced in Ppt1−/− mice.
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Figure 3.
Progressive accumulation of autofluorescent storage material in Ppt1−/− mice. Graphs of the
relative amount of autofluorescent storage material over time reveal the progressive increase
in storage material in the somatosensory barrelfield cortex (S1BF) and thalamus of Ppt1−/−

mice compared with age-matched controls (+/+). Direct comparison of storage material
accumulation revealed the similar rates of its accumulation in both regions.
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Figure 4.
Progressive astrocytosis in Ppt1−/− mice. (A) Immunohistochemical staining for glial fibrillary
associated protein (GFAP) reveals the pronounced upregulation of this marker of astrocytosis
with increased age in the primary motor cortex (M1), somatosensory barrelfield cortex (S1BF)
and primary visual cortex (V1) of Ppt1−/− mice compared to age matched controls (+/+). GFAP
immunoreactive astrocytes were evident within all laminae of M1, S1BF and V1 of mutant
mice from 3 months of age onwards, initially most prominently in deeper laminae, but
spreading to involve all laminae and increasing in intensity with disease progression. Laminar
boundaries are indicated by roman numerals. (B) At 3 months of age Ppt1−/− mice exhibit
pronounced astrocytosis that is confined to individual thalamic nuclei, with GFAP-positive
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astrocytes prominent in the reticular (Rt), ventral posterior (VPM/VPL), lateral dorsal
geniculate (LGNd) and medial geniculate (MGN) nuclei. The boundaries of these nuclei are
indicated by white dashed lines. (C) Progressive accumulation of GFAP staining in the
thalamus of Ppt1−/− mice compared to age matched controls at 1, 3, 5 and 7 months of age.
Scale bar = 400 μm in A; 200 μm in B and C.
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Figure 5.
Quantitative thresholding image analysis of GFAP (A) and F4/80 (B) immunoreactivity in the
somatosensory barrelfield cortex (S1BF) demonstrates the progressive increase in these
markers with disease progression in Ppt1−/− mice compared with age matched controls (+/+).
(A) GFAP immunoreactivity was first significantly elevated in Ppt1−/− mice at 3 months of
age and continued to increase during disease progression. (B) F4/80 immunoreactivity in
Ppt1−/− mice was first significantly elevated in Ppt1−/− mice at 5 months of age and increased
further at 7 months of age. (***, p<0.001, ANOVA with post-hoc Bonferroni analysis).
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Figure 6.
(A) Activation of microglia in 7 month old Ppt1−/− mice. Immunohistochemical staining for
the microglial marker F4/80 reveals activated microglia within all laminae of the primary motor
cortex (M1), somatosensory cortex (S1BF) and primary visual cortex (V1) of Ppt1−/− mice at
7 months of age compared to age matched control mice (+/+). Many F4/80 immunoreactive
microglia with swollen soma and retracted processes were present in mutant mice, but were
absent in controls. Laminar boundaries are indicated by roman numerals. (B) Localized
microglial activation within individual thalamic nuclei of 7 month old Ppt1−/− mice is also
revealed by F4/80 immunoreactivity. In these mutant mice, intensely stained F4/80 positive
microglia with brain macrophage like morphology were present in the ventral posterior (VPM/

Kielar et al. Page 20

Neurobiol Dis. Author manuscript; available in PMC 2008 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



VPL), dorsal lateral geniculate (LGNd) and medial geniculate (MGN) nuclei, but were virtually
absent from adjacent thalamic nuclei and were not present in age matched controls. The
boundaries of these nuclei are indicated by white dashed lines. Scale bar = 300 μm in A, B;
100 μm in inserts in A, B.
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Figure 7.
Progressive loss of thalamic neurons in Ppt1−/− mice. Histograms of unbiased optical
fractionator estimates of the number of Nissl stained thalamic relay neurons in the dorsal lateral
geniculate nucleus (LGNd), medial geniculate nucleus (MGN), ventral posterior nucleus
(VPM/VPL) and parvalbumin stained inhibitory neurons in the reticular thalamic nucleus (Rt
PV) of Ppt1−/− mice and age-matched controls (+/+) at different stages of disease progression.
The number of neurons in each of these thalamic nuclei declined in Ppt1−/− mice with increased
age, but this occurred at different rates between nuclei. Neuron loss in mutant mice first became
significant within the visual system (LGNd) at 3 months of age, but was relatively delayed in
somatosensory (VPM/VPL) or auditory (MGN) relay nuclei and for inhibitory neurons (Rt).
(* p<0.05; ** p<0.01; *** p<0.001, ANOVA with post-hoc Bonferroni analysis).
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Figure 8.
Progressive loss of cortical neurons in Ppt1−/− mice. Histograms of unbiased optical
fractionator estimates of the number of Nissl stained lamina IV granule neurons and
somatostatin- (SOM) and parvalbumin- (PV) positive neurons in the primary visual (V1) and
somatosensory barrelfield (S1BF) cortex of Ppt1−/− mice and age-matched controls (+/+) at
different stages of disease progression. In V1 of mutant mice a significant loss of lamina IV
granule neurons and SOM- or PV-positive interneurons was already evident at 5 months of
age. SOM-positive interneurons were also significantly reduced in number at 5 months of age
in S1BF of Ppt1−/− mice, but the significant loss of PV-positive interneurons and granule
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neuron populations in S1BF did not occur until 7 months of age. (** p<0.01; *** p<0.001,
ANOVA with post-hoc Bonferroni analysis).
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Figure 9.
Progressive development of the seizure phenotype of Ppt1−/− mice. (A, B)
electroencephalogram (EEG) recordings made via chronically implanted epidural screw
electrodes revealed the onset and nature of spontaneous seizure activity in Ppt1−/− mice with
increased age. (A) Representative example of a seizure recorded in a Ppt1−/− mouse by two
channel EEG. (B) Seizures were not evident in Ppt1−/− mice until 7 months of age and were
present in all mutant mice by 7.5 months of age, but were not present in age matched controls
(+/+). There was no significant difference between mutant mice in the frequency or duration
of seizures at 7 and 7.5 months of age. Graded scoring of EEG recording traces also revealed
a significant worsening of the interictal background EEG in mutant mice above 7 months of
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age, compared to mutant mice at 6 and 6.5 months of age and age-matched controls. (***
p<0.001, ANOVA with post-hoc Tukey-Kramer multiple comparisons).
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