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Niemann–Pick type C disease is a fatal lysosomal storage disorder caused by loss of NPC1 function. The disorder severely affects multiple
body systems, particularly the nervous system. To test whether rescue of NPC1 activity in neurons, astrocytes, or other cell types can
correct the neurological defects, a Tet-inducible Npc1-YFP transgene was introduced into Npc1 �/� mice for the cell type-specific rescue
of NPC1 loss. NPC1-YFP produced in neurons prevented neuron degeneration, slowed reactive glial activity, and ameliorated the disease.
NPC1-YFP produced in astrocytes or in cells of visceral tissue did not. These results suggest that loss of NPC1 activity from neurons is the
primary cause of the neuropathology and that rescue of NPC1 function in neurons is sufficient to mitigate the disease. The ability of
neurons to survive and function in a cell-autonomous fashion allowed the use of this newly engineered rescue system to further define the
brain regions or neuron populations required to ameliorate a neurological symptom. NPC1-YFP produced specifically in cerebellar
Purkinje neurons reduced ataxia, increased weight, and prolonged life, but it did not prevent the eventual decline and premature death of
Npc1 �/� mice. Significant increase in lifespan correlated with sustained reduction of inflammation in the thalamus. Neuron rescue of
other forebrain areas provided little benefit. Future work targeting increasingly discrete neuronal networks should reveal which CNS
areas are critical for survival. This work may have broad implications for understanding the anatomical and cellular basis of neurological
signs and symptoms of other neurodegenerative and lysosomal disorders.

Introduction
Niemann–Pick disease, type C (NPC), is an inherited cholesterol
storage disorder. Clinical presentations mostly relate to the pro-
gressive widespread neurological deterioration (Imrie et al., 2007).
Symptoms include, but are not limited to, dementia, ataxia, dysar-
thria, dystonia, and epilepsy (Fink et al., 1989). Patients suffer symp-
toms for many years before death, and the increasing severity of
neurological problems adds to the health care burden.

The majority (95%) of NPC cases result from loss-of-function
mutations in the NPC1 gene (Park et al., 2003). NPC1 encodes a
sterol-binding 13-pass membrane protein required to prevent
the intracellular accumulation of lipids (Infante et al., 2008). Al-
though the genetic cause of the disease has been identified, an
understanding of the cellular basis of the neurological symptoms
remains limited.

Previous attempts to identify the cell types responsible for
the disease pathology have used a mouse model with a mutant

Npc1 allele, npcnih (Npc1�) (Loftus et al., 1997). Considerable
disease correction was observed when functional NPC1 pro-
tein was produced in Npc1�/� mice using a prion (Loftus et al.,
2002) or a glial fibrillary acidic protein (GFAP) promoter-
driven transgene (Zhang et al., 2008; Donohue et al., 2009;
Kapur et al., 2009). The prion promoter directed high expres-
sion of Npc1 in the brain, both in neurons and glia (Loftus et
al., 2002). Although GFAP can be found in neurons (Hol et al.,
2003), the GFAP promoter has been extensively used to drive
transgene expression in astrocytes (Lee et al., 2008). Prior
mammalian studies have revealed NPC1 predominantly local-
ized in glia (Patel et al., 1999), and both astrocytes and micro-
glia have been suggested to mediate inflammation and
neurodegeneration in NPC mice (Baudry et al., 2003; Chen et
al., 2007). Based on these data, it is reasonable to infer that
glial loss of NPC1 function is the primary cause of the
neuropathology.

Although glial dysfunction has been implicated in the disease
process, two independent studies using a mouse chimera or a
conditional knock-out of Npc1 have demonstrated the cell-
autonomous death of NPC1-deficient neurons (Ko et al., 2005;
Elrick et al., 2010). However, neuron-specific NPC1 rescue in an
otherwise Npc1�/� animal had not been tested. We hypothesized
that neuron survival could also be cell-autonomous, in which
case, NPC1 function in neurons would be sufficient to correct
neurological disorder. To test our hypothesis, we created a novel
NPC rescue model that takes advantage of the powerful and ver-
satile Tet system for inducible and cell type-specific gene expres-
sion in mice (Zhu et al., 2002).
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To identify the cell type responsible for disease pathogenesis,
we produced traceable and functional NPC1 protein in CNS neu-
rons, astrocytes, or visceral tissue of Npc1�/� mice. We found
that neuronal NPC1 function is sufficient for neuron survival and
that neuron-specific rescue corrected neurological dysfunction
in anatomically defined brain regions. Differences in the signs
and symptoms of the disease and its rate of progression depended
on which neuron populations were rescued.

Materials and Methods
Engineered tetO-Npc1-YFP reporter mouse line. To build the tetO-Npc1-
YFP transgene construct, the Npc1-FP (Ko et al., 2001) coding region in
a pEYFP-N3 vector (Clontech) was inserted into a pcDNA3.1� vector
(Invitrogen) between the hCMV promoter and the BGH poly(A) site.
The hCMV promoter was then replaced with a Tet-O CMVmin sequence
from pUHD 10 –3 (Gossen and Bujard, 1992). The FVB-Tg(tetO-Npc1-
YFP) strain was produced in-house (Stanford Transgenic Research Cen-
ter) by DNA microinjection into FVB/N embryos. Nine founders were
identified, and only the one selected for this work exhibited good induc-
tion of NPC1-YFP specifically in the Purkinje neuron (PN) layer of the
mouse cerebellum, when crossed with a Pcp2-tTA driver line.

Acquired mouse lines and backcross onto the FVB strain. FVB/N, BALB/c-
Npc1�/�, FVB-Tg(Pcp2-tTA), B6;CBA-Tg(Camk2a-tTA), B6.Cg-Tg(Eno2-
tTA), B6.Cg-Tg(GFAP-tTA), and B6.Cg-Gt(ROSA)26Sortm1(rtTA*M2 ) were
obtained from The Jackson Laboratory. The BALB/c-Npc1�/� strain was
backcrossed for �10 generations to develop a congenic FVB-Npc1�/�. The
B6 transgenic lines were backcrossed five generations to develop incipient
congenic FVB lines. For all congenic lines, strain coat color consistently
remained albino as expected for a FVB stock, and PCR tests verified homozy-
gosity for the retinal degeneration allele Pde6brd1/rd1 (Giménez and Monto-
liu, 2001), which is unique to FVB.

Mouse genotyping. Ear clips (1–2 mM) were dissolved in 75 �l of 50 mM

NaOH at 95°C for 30 min. Two microliters were used to run standard PCR:
35 cycles of 95°C for 30 s denaturing, 56°C for 30 s annealing, and 72°C for
30 s extension. For identifying homozygotes, 0.05 �g of genomic DNA was
used in a 21-cycle PCR. Novel primer combinations used for genotyping are
listed 5� to 3�. Primers ACTTACAGATCGCCATTGAAAGCATC, CGAT-
GCACATCTGGTTCCATCTAC, and TGTGTCTTTCAAGGTTGTTC-
CAGA produced a 325 bp amplicon for Npc1� and 199 bp for
Npc1�. GACGTAAACGGCCACAAGTTC and CTTCAGCTCGATGCG-
GTTCAC generated a 300 bp amplicon for YFP, and CAACCCGTA-
AACTCGCCCAG and GGCTCTGCACCTTGGTGATC generated a 450 bp
amplicon for tTA. For ROSA-rtTA, see Jackson Laboratory genotyping pro-
tocols for strain name B6.Cg-Gt(ROSA)26Sortm1(rtTA*M2 )Jae/J.

Mouse care, handling, and behavioral data analysis. Under U.S. federal
law concerning animal welfare, all procedures are in compliance with
regulations set by Stanford’s Institutional Animal Care and Use Commit-
tee. The behavioral assays undertaken have been chosen for their mini-
mum mouse handling. Prism5 GraphPad software was used to generate
graphs and perform statistics. Only the data from mice with verified
NPC1-YFP expression at endpoint were incorporated into the analysis.
To induce reporter expression with rtTA, Dox was administered via
drinking water at 1 mg/ml in 5% sucrose every 3 d.

Parallel rod walkway test for ataxia. The parallel rod floor test for ataxia
(Kamens and Crabbe, 2007) was modified. A transparent narrow tunnel
was suspended 30 cm above the floor. The floor of the tunnel was com-
posed of evenly spaced parallel rods similar to the original floor test. The
mouse, while inside the tunnel, traveled back and forth from one end to
the other traversing the rods. Foot slips and distance traveled were re-
corded using a Sony HDR-HC9 camcorder. The data are reported as
errors/cm � 100 as previously described (Kamens et al., 2005).

Weight and survival measurements. Mouse weight was recorded ev-
ery 2–7 d. Lifespan was calculated as the average age of death for male
and female mice from a particular strain. Day of death was noted as
the day the mice were killed. A mouse was killed when body weight
dropped below 14 g, the mouse exhibited a slow response to stimuli,
and the mouse had a dehydrated, frail appearance. The Gehan–

Breslow–Wilcoxon test was used to evaluate statistical significance
between mean lifespans.

Nest-building performance. A nestlet (Ancare), a 5 � 5 � 0.65 cm
square of compressed cotton fiber, was placed on the center of the home
cage of 58- to 60-d-old single-housed male mice. Mice were not exposed
to nestlets before that age. On the third day, the quality of nest built was
scored as described in Figure 7 and based on previous methods (Deacon,
2006).

Dystonic features. To observe hindlimb posture, mice were placed in an
open Nalgene 500 ml screw cap container and filmed while rearing. The
foot positions in relation to the pelvis and trunk were scored as described
in Figure 7. The best score achievable was recorded for each mouse.

Immunoblot analysis. Whole or half portions of the cerebellum, brain-
stem, interbrain, and cortex were isolated and snap-frozen. Frozen sam-
ples were homogenized in 3 ml per gram of tissue in cold RIPA buffer
supplemented with complete Mini, EDTA-free, protease inhibitor cock-
tail tablets (Roche). After 30 min incubation on ice, samples were centri-
fuged twice at 10,000 � g for 10 min at 4°C. Supernatants were stored at
�20°C in Laemmli protein sample buffer. Before gel electrophoresis in
4 –15% or 4 –20% Tris-HCl gradient gels (Bio-Rad), protein samples
were not heated above 37°C. PBS solution containing 2% BSA� 0.1%
Tween 20 was used for blocking and wash steps. Blots were incubated for
1 h at room temperature or 4°C overnight with primary antibodies:
chicken anti-GFP (Aves), rabbit anti-NPC1 (Novus), rabbit anti-
Calbindin-D28K (Sigma), rabbit GFAP (Abcam), rat anti-myelin basic
protein (MBP) (Abcam), and mouse anti-actin (Millipore). Blots were
incubated with secondary HRP-conjugated antibodies (Invitrogen and
Aves) for 30 min at room temperature. The HRP chemiluminescence
produced by adding SuperSignal West Pico Chemiluminescent Substrate
(Thermo Scientific) was detected and analyzed using a ChemiDoc XRS
System (Bio-Rad).

Immunocytochemistry and filipin staining. Whole brains were fixed in
4% paraformaldehyde:PBS overnight at 4°C. Tissues were washed in PBS
and sectioned with a Vibratome. Fifty micrometer sagittal sections were
processed free floating in 2% BSA� 0.2% Triton X-100:PBS solution
through all blocking, antibody incubation, and wash steps. Sections were
incubated overnight at 4°C with primary antibodies: chicken anti-GFP
(Aves), rabbit GFAP (Abcam), rat CD68 (AbD Serotec), rabbit anti-
Calbindin-D28K (Sigma), rabbit anti-MAP2 (Millipore), and mouse
anti-S100 (Abcam). After washes, sections were incubated with sec-
ondary Alexa-conjugated antibodies (Invitrogen) and filipin complex
(Sigma) overnight at 4°C. Tissue sections were brush-transferred and
mounted on slides with Fluoromount-G (SouthernBiotech). Epifluores-
cent images were obtained using a Zeiss Axioplan2 fluorescent micro-
scope equipped with an AxioCam HRc CCD camera. A 10% neutral
density filter was used to prevent photobleaching of filipin stain at high
magnification. Confocal images were obtained with a Leica TCS SP2
laser-scanning microscope. Images were processed using Volocity imag-
ing software.

Microglia concentration and location. Sagittal vibratome sections
through the whole brain of male and female mice of each strain were
immunostained with anti-CD68. With ImageJ software, CD68 fluores-
cence was converted to binary data by manual thresholding so that the
space occupied by the resulting black image approximated the area of
fluorescence. The percentage area occupied by black pixels was then
measured and the SEM reported. To generate a whole-brain volume image,
40 �m coronal cryosections were individually stained with anti-CD68 and
Hoechst (Invitrogen). Images were taken using a Leica MZ FLIII scope
equipped with a Leica DFC500 color camera. Image sequences were loaded
into ImageJ and aligned using MultiStackReg v1.45 plugin (B. L. Busse;
http://www.stanford.edu/�bbusse/work/downloads.html).

Results
Conditional rescue of NPC1 loss
The Tet system is a bitransgenic system requiring the use of re-
porter and driver transgene combination for gene expression
control (Zhu et al., 2002). The bitransgenic nature of the Tet
system and the breeding strategy used allowed for a single, newly
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created, mouse reporter line to be crossed to several previously
established mouse driver lines (Fig. 1A,B). We obtained mouse
driver lines harboring transgenes that would direct expression of
the reporter tetO-Npc1-YFP transgene (N) in specific cell popu-
lations in the brain or visceral tissue, either constitutively or when
induced with Dox. Mice harboring the driver Pcp2-tTA transgene
(P) are known to drive tetO reporter gene expression specifically
in PNs of the cerebellum (Zu et al., 2004). The Eno2-tTA trans-
gene (E) drives reporter expression in neurons throughout the
CNS (Chen et al., 1998). Camk2a-tTA (C) driven reporter ex-
pression is restricted to predominantly forebrain neurons (May-
ford et al., 1996). GFAP-tTA (G) drives reporter expression in
astrocytes (Wang et al., 2004), and ROSA-rtTA (R), in the pres-
ence of Dox, can induce tetO reporter gene expression in a ma-
jority of visceral tissues (Hochedlinger et al., 2005).

Ideally, NPC1-YFP expression in N; Npc1�/� mice should
be dependent only on the driver transgene. Leaky expression
could confound rescue results. To test for baseline expression
of NPC1-YFP in the absence of a driver, extensive immunoblot
and immunofluorescence analysis was performed. Out of nine
tetO-Npc1-YFP reporter lines generated, only one line was cho-
sen. In N; Npc1�/� mice, NPC1-YFP was undetectable by immu-
noblot (Fig. 1C). Figure 1C shows the immunoblot analysis for
brainstem, but a detailed analysis of other tissues was done as well
(data not shown). All tissue data show that N was generally silent
without a driver transgene. In addition, there was no statistically
significant difference ( p � 0.437) in the mean survival age of N;
Npc1�/� mice (78.5 d, n � 12) compared to Npc1�/� mice (76.0
d, n � 9). Thus, without a driver, N alone did not alter disease
progression. As a result, any changes in disease phenotypes of P,
G, C, E, or R; N; Npc1�/� mice can be attributed to the effect of
NPC1-YFP expression driven by the driver transgenes.

Cell type and tissue-specific production
of NPC1-YFP
To accurately observe the location and
cell-type specificity of NPC1 within a tis-
sue, NPC1-YFP, a fluorescent protein-
tagged version of NPC1, was necessary.
The following is a summary of the NPC1-
YFP expression profiles for the Tet active
bitransgenic mouse lines used in this
study.

G; N mice produced NPC1-YFP in
S100-positive cells (Fig. 2 A). Immuno-
reactive S100 protein marks the cyto-
plasm of astrocytes and Bergmann glia,
specialized astrocytes that surround PNs.
In the cerebellum, NPC1-YFP high-
lighted Bergmann glia but was absent
from PNs (Fig. 2 B). Based on immuno-
blot analysis, NPC1-YFP could be de-
tected throughout the CNS (Fig. 2C).
Indeed, astrocytes populate a large frac-
tion of the brain.

P; N mice produced NPC1-YFP
specifically in PNs (Fig. 2 A, B). PN
cytoplasm was marked by Calbindin-
D28K immunoreactivity (D28K). In
these mice, NPC1-YFP was detectable
by immunoblot only in the cerebellum
(Fig. 2C).

E; N mice produced NPC1-YFP in
MAP2-positive cells in the thalamus (Fig.

2D). MAP2 is specific for neurons and NPC1-YFP was detected
in the majority of neurons throughout the brain, although at
varying levels. Lowest expression occurred in the thalamus and
expression was mostly absent from CA3 neurons of the hip-
pocampus (Fig. 3A). Highest expression was detected in the PN
layer of the cerebellum and striatum (Fig. 2E). This matched the
previous reported expression profile for Eno2-tTA (Chen et al.,
1998). For a more complete representation of the expected ex-
pression profile for this line, see Figure 4C.

C; N mice produced NPC1-YFP predominantly in neurons
of the cortex, hippocampus, and striatum (Fig. 2 F). This
matched the previously reported forebrain expression profile
for Camk2a-tTA (Mayford et al., 1996). Expression was mostly
absent from the thalamus and cerebellum. For a more com-
plete representation of the expected expression profile for this
line, see Figure 4 B.

R; N mice, after induction with Dox in the drinking water,
produced NPC1-YFP in various visceral tissues, including
liver and intestine. Target gene expression with this driver has
previously been reported to be detectable in the liver, stomach,
intestine, skin, heart, lungs, kidney, and thymus, but not in
the brain (Hochedlinger et al., 2005). In the brain, NPC1-YFP
can be detected only in the olfactory bulb and choroid plexus
(Fig. 2G).

Neuron-specific NPC1-YFP corrects sterol accumulation in
the CNS of NPC mice
To determine whether NPC1-YFP produced in astrocytes or neu-
rons can correct the neuronal cholesterol accumulation pheno-
type of the disease, we used filipin stain of sagittal brain sections,
followed by fluorescent microscopy. Filipin, a fluorescent poly-
ene macrolide that binds specifically to unesterified membrane

Figure 1. Conditional rescue of NPC1 loss. A, Diagram of mating scheme used to generate mice with Tet-inducible
NPC1-YFP. The combination of a reporter transgene, N, and a driver transgene, X, allows production of NPC1-YFP in place
of NPC1 in a Npc1 �/� mouse. B, List of abbreviations for the driver transgenes found in the mouse strains acquired from
the Jackson Laboratory and their cell type specificity. Transgenes that drive gene expression in neurons are highlighted. C,
Representative immunoblot of brainstem lysate from an Npc1�/�, Npc1�/�, N; Npc1�/�, and G; N; Npc1�/� mouse
shows driver-dependent production of NPC1-YFP protein. Blots were probed with an antibody against NPC1 or GFP. The
higher molecular weight of NPC1-YFP compared with NPC1 is due to the YFP tag. Anti-actin was used to determine equal
loading of total protein.
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cholesterol and related sterols, is used
clinically in the study and diagnosis of
NPC disease (Vanier et al., 1991). It has
been previously used to reveal cholesterol
accumulation in PNs deficient in NPC1
(Elrick et al., 2010). PNs with endogenous
NPC1 did not accumulate sterols.

We chose to test the ability of NPC1-
YFP to correct cholesterol accumulation
in hippocampus for two reasons. Filipin
staining is evident in the CA3 neuron re-
gion of the Npc1�/� mouse (Fig. 3A), and
the feedforward organization of the hip-
pocampus made it feasible to test whether
cholesterol accumulation in these neurons
can be suppressed by rescue of presynaptic
or postsynaptic neuron neighbors— gran-
ule cells in the dentate gyrus (DG) make
direct contact with CA3 pyramidal cells,
which synapse with CA1 pyramidal cells
(Yeckel and Berger, 1990).

We found that NPC1-YFP could res-
cue the NPC disease phenotype of CA3
neurons only when directly expressed in
CA3 neurons. In an E; N; Npc1�/� mouse,
NPC1-YFP produced by neurons in the
CA1 and DG did not reduce the filipin
stain in the CA3 region, where NPC1-YFP
was, for the most part, not found (Fig.
3A). The few CA3 neurons that produced
NPC1-YFP did not reduce the appearance
of strong filipin staining (Fig. 3B). CA3
filipin staining was also not reduced in P;
N; Npc1�/� mice, which did not produce
NPC1-YFP in any CA3 neurons. Reduced
filipin staining in the CA3 neuron region
was seen only in C; N; Npc1�/� mice that
produced NPC1-YFP in a majority of CA3
neurons.

Astrocyte NPC1-YFP did not prevent
the cholesterol accumulation in neu-
rons despite the production of NPC1-
YFP throughout the CA3 neuron region
in G; N; Npc1�/� mice (Fig. 3B). The
lack of rescue in G; N; Npc1�/� mice and
the different neuronal expression pat-
terns of NPC1-YFP in the brains of P, C,
or E; N; Npc1�/� mice demonstrated the
neuron-autonomous action of NPC1.
This neuron-autonomous rescue of the
NPC disease phenotype allowed brain
region-specific rescue of sterol accumu-
lation. In C; N; Npc1�/� mice, where NPC1-YFP expression is
predominantly found in forebrain neurons of the cortex and
striatum, but not the thalamus, filipin staining is generally
reduced in the forebrain with the exception of the thalamus
(Fig. 4 A, B). By comparison, in E; N; Npc1�/� mice, which
produced NPC1-YFP in forebrain neurons of the cortex, stria-
tum, and thalamus, filipin staining is reduced in all these brain
regions (Fig. 4 B, C). Thus, anatomically defined CNS rescue of
the disease can be achieved using the tetO-Npc1-YFP trans-
genic mouse strain to target NPC1-YFP to neurons in specific
brain regions.

Cell-autonomous survival of cerebellar Purkinje neurons
To test whether neuron-specific rescue of NPC1 is sufficient to
prevent neuron degeneration in an Npc1�/� mouse, we drove
NPC1-YFP expression exclusively in cerebellar PNs. In NPC dis-
ease, cerebellar PNs are highly susceptible to loss of NPC1 and are
among the first neurons to degenerate (German et al., 2001).
Thus, PN survival in an NPC disease environment offered a sen-
sitive assay for neuron survival.

PN degeneration occurs in stripes, with the most severe loss
beginning in the anterior portion of the cerebellum (Sarna et al.,
2003). This patterned loss is detected as loss of D28K staining.

Figure 2. Cell type and tissue-specific expression of NPC1-YFP. A, Immunofluorescent confocal analysis of NPC1-YFP
(GFP) localization within astrocytes (S100) or PNs (D28K) in the cerebellum. NPC1-YFP localizes to astrocytes in a G; N
mouse and within PN in a P; N mouse (arrows). NPC1-YFP did not localize to other cells. Nuclei were labeled with Hoechst.
B, Epifluorescent microscopy showing the distribution of NPC1-YFP relative to PNs. NPC1-YFP colocalizes with PNs in a P; N
but not in a G; N mouse cerebellum. C, Immunoblot analysis shows expression of NPC1-YFP throughout the brain in G; N
mice. Expression of NPC1-YFP in P; N mice is restricted to the cerebellum. Anti-actin was used as a loading control. D,
Immunofluorescent confocal microscopy shows localization of NPC1-YFP (GFP) to MAP2-positive cells in the thalamus of an
E; N mouse. E, For contrast, grayscale, inverted images were created using Photoshop. Black pixels are positive for fluores-
cence, gray is tissue background, and white represents no signal. Immunofluorescent signal from sagittal brain sections
showed strong NPC1-YFP accumulation in the striatum (STR) and in the PN layer (arrow) of the cerebellum (CB). Relatively,
weak NPC1-YFP immunofluorescence is detectable in the cortex (CTX). The level of NPC1-YFP in the cortex is representative
of other CNS regions that are not shown. F, In a C; N mouse, the predominant NPC1-YFP expression is localized to the
forebrain areas including hippocampus (HP), but little and sparse NPC1-YFP is found in the thalamus (TH). Also, the
majority of cerebellar PNs do not produce NPC1-YFP in this mouse strain. G, NPC1-YFP is detected only in the olfactory bulb
(OB) and choroid plexus (CP, arrow) of the brain of R; N mice. Aside from brain, NPC1-YFP is detected in multiple viscera
tissue. Sections of liver and intestine are shown.
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With age, almost complete loss of D28K staining is seen through-
out the cerebellum with the exception of lobule X (Ko et al.,
2005). To compare the amount of PN loss in P; N and G; N;
Npc1�/� mice, we stained midline cerebellar sections with D28K.

In P; N; Npc1�/� mice, the patterned loss of PNs was abol-
ished (Fig. 5A). The survival of PNs by PN-specific NPC1-YFP
was striking in the context of the ages of the mice and the amount
of NPC1-YFP produced in the cerebellum. The cerebella of G; N;
Npc1�/� mice, in comparison with P; N; Npc1�/�, exhibited
more widespread NPC1-YFP, yet the cerebellum of a postnatal
day 90 (P90) P; N; Npc1�/� mouse showed more continuous
D28K staining than either a P65 or P80 G; N; Npc1�/� mouse.
These results confirm the cell-autonomous survival of PNs in P;
N; Npc1�/� mice.

In G; N; Npc1�/� mice, despite the
more extensive production of NPC1-YFP
in the cerebellum in comparison to P; N;
Npc1�/� mice, PN loss was not halted.
Immunoblots using whole cerebellum
protein samples showed no obvious in-
crease in the amount of D28K protein
level in samples taken from G; N; Npc1�/�

mice as compared to age-matched Npc1�/�

mice (Fig. 5B). In addition, MBP levels
were assessed. Myelin, which is present on
PN axons and is important for neuron
survival and function, has been previously
shown to decrease in Npc1�/� mice. Neu-
ronal axon injury has been suggested as
the most likely explanation for the hypo-
myelination seen as the disease progresses
(Takikita et al., 2004). The reduced MBP
level in G; N; Npc1�/� mice cerebella (Fig.
5B) further demonstrated that astrocyte
NPC1-YFP provides little benefit to neu-
rons. NPC1-YFP in neurons, even though
neurons occupy a smaller fraction of the
brain than glial cells, is enough to prevent
neuron loss and demyelination.

Autonomous neuron rescue paralleled
by nonautonomous glial activity
In Npc1�/� mice but not wild-type mice,
reactive astrocytes and microglial are per-
vasive throughout the CNS during devel-
opment and before neuron degeneration
occurs (Baudry et al., 2003). It has pre-
viously been suggested that proinflam-
matory signals that can trigger glial
inflammatory responses originate from
astrocytes as a consequence of NPC1 loss
in these cells (Suzuki et al., 2007). How-
ever, in the cerebella of Npc1�/� mice, gli-
osis was not seen in areas where PNs were
still present (Fig. 6A). In the molecular
layer, reactive astrocytes and microglia
marked by intense GFAP and CD68 im-
munoreactivity (Ritz and Hausmann,
2008) were concentrated only in or near
sites of PN loss, despite the abundance of
reactive astrocytes and microglia in the
granule layer, the layer containing PN
axon projections. This suggests that glial

cell activity remains responsive to neurons and does not occur
solely because of NPC1 loss in glia or in response to inflammatory
processes nearby.

Neuron-specific rescue in Npc1�/� mice allowed us the op-
portunity to verify that gliosis was a result of neuron degenera-
tion and not because of loss of NPC1 function from the astrocytes
themselves. Changes in astrocyte activity were analyzed by pro-
tein blots of whole cerebellum lysates from mice of various ages
(Fig. 6B). In P64 –P70 mice, approximately threefold more GFAP
immunoreactivity was detected in Npc1�/� compared to control
Npc1�/� cerebellum. Cerebella from P62–P63 P; N; Npc1�/�

mice contained less GFAP than age-matched G; N; Npc1�/�

mice. Although there was an increase in GFAP immunoreactivity
in the cerebella of P100 P; N; Npc1�/� mice as compared to P62

Figure 3. Neuron-autonomous correction of the CNS cholesterol storage defect in Npc1�/� mice. Immunofluorescence with
anti-GFP marks neuron or astrocyte regions of the hippocampus that are positive for NPC1-YFP. Filipin marks hippocampus areas
that are positive for accumulated free cholesterol. A, Sagittal sections of the hippocampus from an adult Npc1�/� mouse had
substantial filipin staining in the CA3 neuron region. In an E; N; Npc1�/� mouse, NPC1-YFP produced in the DG or CA1 neurons did
not reduce cholesterol accumulation in CA3 neurons, where NPC1-YFP expression was weak or absent. B, NPC1-YFP present in CA3
neurons (bottom) reduced CA3 cholesterol accumulation (top) in a C; N; Npc1�/� mouse. Despite NPC1-YFP production through-
out the hippocampus in a G; N; Npc1�/� mouse, cholesterol accumulation was not reduced in CA3 neurons or elsewhere in the
surrounding area.
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mice, the amount of GFAP remained the same as P62–P63 G; N;
Npc1�/� mice. The amount of GFAP in P100 P; N; Npc1�/� mice
also remained below the level of GFAP in P64 –P70 Npc1�/�

cerebella. These results demonstrate that PN survival alone sig-
nificantly delayed gliosis in the cerebellum. Lowered astrocyte
activity in the thalamus was also observed in E; N; Npc1�/� mice
(Fig. 6C), which demonstrates that neuron influence on astrocyte
activity is not limited to PNs in the cerebellum.

As we observed with astrocytes, microglia in Npc1�/� mice
proliferated and occupied areas of neuronal loss or degeneration
(Fig. 6A). Unlike GFAP, which was also present in nonactivated
astrocytes, CD68 staining was limited to reactive microglia,
which facilitated quantitation. To identify brain regions most

affected in Npc1�/� mice, we quantified the amount of tissue area
occupied by CD68-positive microglia throughout the brain. In
P65 Npc1�/� mice, the highest concentration of CD68 immuno-
reactivity was found in the cerebellum and thalamus as compared
to other regions of the CNS (Fig. 6D,E). In comparison to G; N;
Npc1�/� mice, fewer CD68-positive microglia occupied the thal-
amus and cerebellum of E; N; Npc1�/� mice at P60. In contrast to
G; N; Npc1�/� mice, microglia activity in E; N; Npc1�/� mice in
both the thalamus and cerebellum remained low despite age (Fig.
6E). Microglia activity increased mostly in the hindbrain region
of E; N; Npc1�/� mice with age. This is likely a result of the
variable, and sparse NPC1-YFP expression observed in this re-
gion (Fig. 4C).

Figure 4. CNS region-specific neuron rescue of NPC disease in Npc1�/� mice. Sagittal brain sections of adult Npc1�/� mice were stained with filipin to reveal cholesterol accumulation in specific
regions. The brain regions shown are portions of cortex (CTX), striatum (STR), thalamus (TH), hypothalamus (HT), midbrain (MB), cerebellum lobule (CB), pons (PO), and medulla (MD). Shown on the
right of the images is an outline of the sagittal cross section of the mouse brain depicting the range of NPC1-YFP protein expression in green. Light green represents weak or variable expression based
on the average pattern seen. A, In a representative male P70 N; Npc1�/� mouse, speckled and abundant filipin staining was noticeable in all brain areas. B, In a male P80 C; N; Npc1�/� mouse,
decreased filipin staining was noticeable in the CTX, STR, and MB areas. Little to no decrease in filipin staining was noted in HT, PO, and MD. Note that there is a difference in expression profile in mice
of the opposite sex. Greater NPC1-YFP coverage and more reduced filipin staining in HT, TH, PO, and MD areas can be seen in female C; N; Npc1�/� mice (data not shown). C, In a male P220 E; N;
Npc1�/� mouse, filipin staining was largely absent from most brain regions except the HT, MD, and some of the basal forebrain located to the left of the TH.
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Local reduction of inflammation as an indicator of
region-specific rescue
The activity of microglia in Npc1�/� mice appeared highly com-
partmentalized and locally controlled; lowering inflammation in
one area of the brain did not alter the level of inflammation in
another. For example, in P; N; Npc1�/� mice, we have shown that
NPC1-YFP expression is restricted to cerebellar PNs (Figs. 2A–C,
5A). As a result, substantially fewer CD68-positive microglia oc-
cupied the cerebellum, but the percentage of CD68 remained
unchanged in the thalamus (Fig. 7A). Thus, we used the amount
of CD68-positive cells present in a tissue as an indicator of which
injured areas of the brain were rescued with NPC1-YFP. The level
of reactive macrophages in the liver, also marked by CD68, was
used to determine disease rescue in visceral tissue. The liver
expresses the highest amounts of NPC1 in the body and, in
Npc1�/� mice liver, dysfunction and accumulation of cholesterol
is prominent (Garver et al., 2007).

As expected, in both C; N; Npc1�/� and E; N; Npc1�/� mice,
reduced liver inflammation was not observed since expression of
NPC1-YFP was not identified outside of the brain in these ani-
mals. Both mouse strains did have reduced inflammation in the
thalamus. In E; N; Npc1�/� mice, however, microglia activity was
lowered to levels comparable to areas of brain with the lowest
CD68 percentage, such as the midbrain (Figs. 6E, 7A). In R; N;
Npc1�/� mice, which produced NPC1-YFP in liver but not in the
brain, CD68 levels in the liver were low, but full diseased levels
were still seen in the brain.

Neuron rescue ameliorates NPC disease
To determine the effect of neuron rescue
on NPC neurological phenotypes, two
disease signs were measured that present
as clinical symptoms of NPC disease
in humans: ataxia and dystonia. Ataxia in
mice was assessed by measuring motor in-
coordination (Kamens et al., 2005), and
dystonia was characterized by limb hyper-
extension and rigidity, plus hypotonia of
the lumbosacral trunk region.

To quantify the overall benefit to the
health-related quality of life of the animal,
mouse weight and nest building were
used. Weight monitoring allowed us to
plot disease progression and assess im-
provements in lifespan. Retention of
nest-building activity, which requires
recognition of bedding material, suffi-
cient motor agility for shredding of nest
material, and the desire to organize the
bedding into a nest structure for protec-
tion and warmth, would imply the con-
tinued use of coordinated higher mental
and motor functions (Deacon, 2006).

First, production of NPC1-YFP in liver
and other tissues of the body, excluding
neurons of the CNS (Figs. 2E, 7A), did not
prevent weight loss or discernibly delay
disease progression of R; N; Npc1�/� mice
(Fig. 7B). These mice were fed doxycy-
cline in the drinking water continuously
from birth to induce NPC1-YFP produc-
tion during their entire postnatal lifespan.
A similar tetracycline, minocycline, a
more effective antibiotic than doxycy-

cline, has been shown to not alter the course of the disease in
Npc1�/� mice (Erickson and Bernard, 2002). Skin biopsies were
used to check for continuous NPC1-YFP induction (data not
shown).

Second, producing NPC1-YFP in astrocytes only slightly
modified disease progression, causing a lifespan increase of only 1
week for G; N; Npc1�/� mice (85.5 d, n � 6) in comparison with
N; Npc1�/� mice (78.5 d, n � 12). The difference was not statis-
tically significant ( p � 0.28) (Fig. 7C). However, G; N; Npc1�/�

mice at age P60 did weigh more than N; Npc1�/� mice (21.99 g,
n � 8 for G; N; Npc1�/� mice, 17.67 g, n � 10 for N; Npc1�/�

mice; p � 0.0005). Despite improved weight gain, G; N;
Npc1�/� mice failed to build nests (score 1.1, n � 8), as did N;
Npc1�/� mice (score 1.4, n � 7) at age P60. Dystonic features
similar to that of C; N; Npc1�/� mice (Fig. 8 B) were noticeable
at age P70 (date not shown) and mice appeared ataxic al-
though motor coordination was not measured.

Third, despite production of NPC1-YFP in neurons in various
areas of the brain in C; N; Npc1�/� mice (Figs. 2D, 4B), weight
gain was not improved (Fig. 7B) and increase in lifespan was
comparable to P; N; Npc1�/� mice, although it varied between
male and female C; N; Npc1�/� mice (Fig. 7C). No improvement
in motor coordination and only a slight correction of dystonia
was seen (Fig. 8A,C). Surprisingly, despite motor deficits, the
nest-building performance of C; N; Npc1�/� mice at P60 (score
3.1, n � 7) was similar to P; N; Npc1�/� mice (score 2.9, n � 14)
(Fig. 8B). Both lines approached wild-type nest-building activity

Figure 5. Cell-autonomous survival of Purkinje neurons. A, Sagittal, midline sections of the cerebellum were stained
with anti-D28K to mark remaining PNs and anti-GFP to locate NPC1-YFP expression. At age P65, in a G; N; Npc1�/� mouse,
patterned loss of PNs (loss of D28K stain from lobules) can be seen. At age P80, significant loss of PNs is noticeable. At age
P90, in a P; N; Npc1�/� mouse, PNs remain and NPC1-YFP is localized to the PN layer (boxed region and zoomed in inset).
Note that lobule X was used as a landmark for section comparison since PNs in lobule X are unaffected. B, Representative
immunoblot comparing the levels of D28K and MBP in whole cerebellum samples from P; N; Npc1�/� and G; N; Npc1�/�

mice to Npc1�/� and Npc1�/� mice. MBP isoforms at 21.5, 18, and 17 kDa are shown. Notice the much larger amount of
NPC1-YFP produced in a G; N; Npc1�/� mouse cerebellum compared to an age-matched P; N; Npc1�/� mouse; despite
this, there is no obvious rescue of MBP and D28K level in a G; N; Npc1�/� mouse sample, but there is in a P; N; Npc1�/�

mouse sample.

Lopez et al. • Neuron-Autonomous Rescue of NPC Disorder J. Neurosci., March 23, 2011 • 31(12):4367– 4378 • 4373



(score 4.5, n � 13). Although C; N;
Npc1�/� mice appeared slightly more ad-
ept at shredding the material, P; N;
Npc1�/� mice seemed to more readily
build a nest pocket even with nonshred-
ded material.

Considerable extension of lifespan,
weight gain, and improved motor coordi-
nation was seen in both P; N; Npc1�/� and
E; N; Npc1�/� mice (Figs. 7B,C, 8A,B). In
comparison to the lifespan and nesting
habits of E; N; Npc1�/� mice (�120 d,
n � 4 and score 4.0, n � 8), P; N; Npc1�/�

mice showed only modest improvements
(98 d, n � 12 and score 2.9, n � 14) (Figs.
7B, 8B). P; N; Npc1�/� mice showed no
correction of dystonia at P70 (Fig. 8C).
The hindlimb dystonic feature was con-
siderably suppressed only in E; N;
Npc1�/� mice. E; N; Npc1�/� mice were
also the only mice to have a sustained re-
duction of inflammation in the thalamus
(Fig. 7A).

Discussion
We have shown that neuron-targeted
gene rescue in a mouse model of NPC
disease is sufficient to correct CNS cho-
lesterol accumulation, prevent neuro-
degeneration, reduce glial activity, and
significantly improve the health of the
animal. Thus, we conclude, loss of
NPC1 function in neurons is predomi-
nantly responsible for the CNS patho-
genesis in mice. Therapies including
enzyme replacement to correct second-
ary enzyme defects (Devlin et al., 2010)
and future genetic interventions that
target neurons in an NPC1 disease pa-
tient may prove optimal for treatment.

The neuron-mediated progression of
neurodegenerative disease is surprising
considering that defects in glia-to-neuron
interaction may be involved (Rossi and
Volterra, 2009). Previous studies on NPC
disease have documented glial dysfunc-
tion such as defective steroidogenesis
(Chen et al., 2007) and abnormal lipid
trafficking (Lloyd-Evans et al., 2008) that
can negatively affect neurons. Also, it has
been reported that an astrocyte-targeted
GFAP promoter-driven Npc1 transgene
(GFAPNpc1) can triple the lifespan of
Npc1�/� mice (Zhang et al., 2008). How-
ever, since transgenes are subject to varie-
gating and nontarget expression (Martin
and Whitelaw, 1996; Bao-Cutrona and
Moral, 2009), neurons in these mice could
have produced some NPC1, especially
since neuronal cholesterol was reported as
reduced; moreover, GFAPNpc1 was not tagged to allow for more
precise cellular detection of NPC1 within tissue. Thus, it may not
have been astrocyte rescue alone that ameliorated the disease.

To test whether neuron rescue is sufficient to correct the dis-
ease, we generated various neuron-specific rescue lines using the
Tet system. This system was chosen over other gene induction
systems because of the wide commercial and academic availabil-

Figure 6. Neuronal NPC1-YFP suppresses CNS inflammation. A, Extended focus derived from confocal image stacks
showing location of PNs (D28K), with reactive astrocytes (GFAP) and microglia (CD68), in the cerebellum of Npc1�/� mice.
CD68-positive microglia were not present in Npc1�/� mice (data not shown), but populated the granule layer (GL) of
Npc1�/� mice. Reactive microglia crossed into the molecular layer (ML) in areas of PN loss (PNs are underlined with a
yellow bar). In the ML, reactive microglia associated closely with reactive astrocyte processes (arrows). Scale bar, 50 �m.
B, Quantitative immunoblot comparisons of GFAP levels in the cerebellum of P; N; Npc1�/� and G; N; Npc1�/� mice at
different ages demonstrate decreasing astrocyte reactivity in P; N; Npc1�/� but little change in G; N; Npc1�/� mice. GFAP
intensity among samples was normalized against actin on the same blot and compared to the average GFAP levels in
cerebella of P64 Npc1�/� mice. C, GFAP immunofluorescence in sagittal sections through thalamus and hippocampus of an
N; Npc1�/� mouse compared to an age-matched E; N; Npc1�/� mouse. Notice the reduction in GFAP abundance in the
thalamus of an E; N; Npc1�/� mouse, with little change in the hippocampus, which already had low levels of astrocyte
activity. D, A fluorescence 3D opacity image was rendered from a sequence of registered coronal sections through the brain
of an N; Npc1�/� mouse. Intense CD68-positive regions were located in the thalamus (TH) and cerebellar (CB) regions of
the brain (circles). E, Percentage area of brain region that was CD68-positive in P60 N; Npc1�/� mice was quantified by
threshold and graphed. The dashed horizontal line at 10% is an arbitrary reference for comparing the extent of inflamma-
tion. Anything below 10% is considered low and above high. The highest levels of reactive microglia occurred in the
thalamus and cerebellum, while lower levels were observed in the midbrain and remaining forebrain and hindbrain
regions. In G; N; Npc1�/� mice, reduction of CD68 was seen throughout the brain at age P60, but these improvements
disappeared with age. In contrast, stable reduction of CD68, at least in the thalamus and cerebellum, was seen in E; N;
Npc1�/� mice at ages P60 and P125�. The P125� data were generated by averaging values from P125, P175, and P220
E; N; Npc1�/� mice.
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ity of driver transgenes for the targeted expression of a single
reporter transgene. We chose drivers whose cell type specificity
and expression profiles have been previously reported (Fig. 1B).
Although we cannot be absolutely certain that NPC1-YFP was
absent from all other cell types except neurons, the use of multi-
ple mouse lines with different drivers to induce varied NPC1-YFP
expression patterns in the brain allowed the demonstration of full
neuron autonomy. In an Npc1�/� mouse, NPC1-YFP produced
in a specific neuron population corrected the cholesterol accu-
mulation phenotype only within those neurons (Fig. 3A) and the
production of NPC1-YFP in neighboring astrocytes did not
change neuronal cholesterol accumulation (Fig. 3B). Along with
the reduction of cholesterol in the specific brain areas (Fig. 4), the
anatomical location of neuron rescue in Npc1�/� mice could be
identified by local reduction of inflammation (Fig. 6). In addi-

tion, the lack of improvement in weight
and lifespan of the R; N; Npc1�/� mice
(Fig. 7), which produced NPC1-YFP in
virtually all tissues except the brain (Fig.
2), allowed us to exclude potential con-
founding effects of non-nervous system
rescue.

Our study does not exclude the possi-
bility that glial NPC1 is required for the
overall health of neurons, but it appears
that the loss of NPC1 does not signifi-
cantly affect glial function that is critical
for neuron survival. Prior work has shown
that the secretion of sterols was not inhib-
ited in Npc1�/� astrocytes. Lipoproteins
generated by Npc1�/� glia were capable of
supporting axon elongation in vitro
(Mutka et al., 2004; Karten et al., 2005).
Prior work has also demonstrated the cell-
autonomous death of PNs by using chi-
meric mice, mice comprised of a mixture
of wild-type and Npc1�/� cells (Ko et al.,
2005), and conditional knock-out mice,
wild-type mice with Npc1 gene deletion in
PNs (Elrick et al., 2010). However, these
studies did not address whether PNs can
survive alone despite the loss of NPC1
from all other neurons, glia cells, or other
cells of the body. Here we show in vivo that
despite glial NPC1 deficiency, cerebellar
PNs, which are sensitive to many genetic
and acquired disorders as well as toxic en-
vironmental factors (Sarna and Hawkes,
2003), survived as long as they produced
NPC1-YFP (Fig. 5).

The targeted rescue of PNs in an
Npc1�/� mouse allowed us to observe the
benefit cerebellar improvements alone
could have on NPC disease. PNs are the
sole neuronal output of the cerebellar cor-
tex, and loss of PNs in an otherwise nor-
mal brain has long been known to cause
motor abnormalities. Current research
has begun to suggest that the cerebellum
can regulate nonmotor brain functions
as well (Strick et al., 2009), including the
early development of the whole brain.
Thus, rescuing cerebellar function in a

disease that also affects the cerebellum could have broad and
significantly beneficial therapeutic outcomes. The benefit PN
rescue alone had on weight gain, nest-building activity, motor
ability, and lifespan in P; N; Npc1�/� mice supports this view
and points to an important cerebellar involvement in the se-
verity of NPC disease progression.

Despite significant benefits, cerebellar PN survival ultimately
did not halt disease progression or prevent premature death of P;
N; Npc1�/� mice. Improved motor coordination in these mice
was temporary as ataxia seemed to eventually increase with age
(Fig. 8A), and weight gain was unsustainable (Fig. 7B). E; N;
Npc1�/� mice also showed a similar worsening of condition with
age, but these mice exhibited an extraordinary increase in lifespan
marked by a more delayed and gradual weight loss (Fig. 7B). The
broad neuronal rescue in E; N; Npc1�/� mice would suggest that

Figure 7. Lifespan extended with neuron-specific rescue. A, Graphs of the percentage area of thalamus, cerebellum, and liver
occupied by CD68-positive cells are shown for G, P, C, E and R; N; Npc1�/� mice strains at age P60. As in Figure 6 E, the dotted line
on the graph represents an arbitrary cutoff for low (�10% CD68-positive tissue area) and high (�10% CD68-positive tissue area)
microglial activity. B, Weight curves and SD for each strain and sex were plotted and compared with the weight progression of
Npc1�/� and Npc1�/� male mice. C, The mean survival age and 95% confidence limits were graphed for each transgenic line
with the exception of E; N; Npc1�/� mice (asterisk). E; N; Npc1�/� mice were killed for tissue analysis before signs of severe
morbidity. Age of death for this line is not known, but mice with the expected NPC1-YFP expression profile (Figs. 2 D, E, 4C) and
reduced inflammation (Fig. 6 E) readily surpass 100 d (vertical line).
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P; N; Npc1�/� mice eventually succumb
to the effect of neurological deterioration
of other brain regions.

With the given data, we conclude that
rescue of thalamic pathways is essential
for the prolonged survival of Npc1�/�

mice. This deduction is based, in part, on
the persistent inflammation in the thala-
mus of P; N; Npc1�/� and C; N; Npc1�/�

mice but not in E; N; Npc1�/� mice,
which can survive several weeks longer
than either P; N; Npc1�/� or C; N;
Npc1�/� mice (Figs. 6E, 7A–C). There-
fore, rescue of neurons that are present or
synapse in the thalamic region correlated
with the most pronounced effect on
lifespan.

Caution is necessary in attributing all
the survival effect to thalamic rescue.
Considering the complexity and intercon-
nectivity of the nervous system, it is likely
that other brain regions rescued in E; N;
Npc1�/� mice may have contributed to
improved lifespan. Nevertheless, it is rea-
sonable to conclude that thalamic rescue
would be beneficial. Thalamic atrophy,
which occurs in many common neurode-
generative diseases, including Parkinson’s
and multiple sclerosis (Halliday, 2009;
Rocca et al., 2010), can affect motor func-
tions, consciousness, arousal, and sleep.
In NPC disease mice, it is known that the
sensory thalamus is extremely vulnerable
(Yamada et al., 2001), with degeneration
of thalamic neurons starting early in life
and possibly preceding a dying-back type
degeneration of afferent neurons in the
brainstem or elsewhere (Ohara et al.,
2004). It would be interesting to deter-
mine whether thalamus-specific neuron
rescue would be sufficient to extend ani-
mal lifespan and to document the behav-
ioral consequence of correcting only the thalamus.

Using the tetO-Npc1-YFP transgenic mouse strain generated
for this study, future studies can take advantage of gene delivery
of a tTA transgene, or other existing mouse driver lines, to target
the thalamus or other CNS areas affected in Npc1�/� mice, such
as the brainstem (Luan et al., 2008). The targeting of increasingly
discrete neuronal networks and the development of assays to
measure specific behaviors will be useful to associate rescue of a
particular neural circuit with improvements to health-related
quality of life, prolonged lifespan, and inhibition of neurological
signs. For example, dystonia, which can be caused by damage to
multiple brain regions, including the basal ganglia, thalamus,
brainstem, and cerebellum (Breakefield et al., 2008), was not
greatly suppressed in P; N; Npc1�/� mice, despite improvements
in cerebellar pathology (Fig. 5), or in C; N; Npc1�/� mice, even
though NPC1-YFP was produced in major areas of the forebrain
and other brain regions (Fig. 4B). Thus, it remains unclear which
neuronal networks are necessary to reduce dystonia. More pre-
cise region-specific control over neuron rescue and more quan-
titative criteria for measuring dystonia may begin to address this
issue.

Our work may be relevant to other lysosomal storage dis-
orders that cause neurological disease. Recent genetic studies
on a mouse model of Gaucher disease determined that micro-
glia are not the primary determinant of CNS pathology (En-
quist et al., 2007). For NPC disease, we have observed that the
inflammatory process is selective and responds to local neu-
ronal dysfunction and degeneration without inevitably harm-
ing healthy or functional neurons. This is exemplified in the
cerebellum, where the presence of reactive glia in the molecu-
lar layer occurs almost exclusively in areas of PN loss, despite
accumulation of reactive microglia and astrocytes in the gran-
ule layer (Fig. 6). Although correction of NPC1 loss in astro-
cytes did curtail glial reactivity, increased inflammation and
neuron loss was unavoidable unless neuronal NPC1 loss was
corrected. In other lysosomal storage diseases and, possibly,
more common neurological disorders with lysosomal system
dysfunction such as Alzheimer’s and Parkinson’s (Nixon et al.,
2001; Dehay et al., 2010), defects within neurons themselves
may be the central cause of neurological decay. Restoring or
enhancing the right cellular function in neurons may prove to
be the best neuroprotective strategy.

Figure 8. The effect of neuron rescue on neurological signs and behavior. A, The degree of motor coordination deficit, or ataxia,
is represented here as the number of leg slips recorded in relation to travel distance on a parallel rod walkway (see Materials and
Methods). The progression of ataxia for Npc1�/�, Npc1�/�, and neuron-rescued Npc1�/� mouse lines are shown for compar-
ison. The projected average and range of the SDs are shown from ages P45 to P70. B, The ability of Npc1�/� mice to recognize,
shred, and build a nest from nestlets was measured. Mice were given nestlets at P60 when N; Npc1�/� mice consistently began to
score a 1. A score of 1 means the nestlet was left untouched. A score of 2 means it was chewed on; 3, the nestlet was partially
shredded; 4, the nestlet was fully shredded; 5, the shredded material was shaped into a nest pocket. The graph shows the average
(white bar) and range of nest scores for the neuron-rescue lines (black) compared to controls (gray). C, At age P70, hindlimb
dystonic postures were readily noticeable in N; Npc1�/� mice. Of all Npc1�/� mice strains, only the E; N; Npc1�/� mouse showed
a significant correction of stance while rearing. The extent of dystonia was scored as represented by still images. A score of 0
signifies a normal stance could be achieved. A score of 1 means either one or both limbs would hyperextend, preventing a normal
stance; 2, limb hyperextension along with hypotonia of the lumbosacral trunk region was noticeable; 3, severe limb hyperexten-
sion and rigidity. Graph shows the average and SD of dystonia scores for the neuron-rescued lines.
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