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 Niemann-Pick type C (NPC) disease is one of many lyso-
somal storage disorders that arise because of inheritance 
of a mutation inactivating one of the critical enzymes 
or transporters that operate within the late endosomal/
lysosomal (E/L) complex ( 1 ). This disorder becomes clin-
ically manifest primarily in children who may present with 
signs and symptoms of liver or pulmonary disease and/or 
with various syndromes associated with progressive neuro-
degeneration ( 2–4 ). The molecular defects in NPC disease 
have been identifi ed as mutations that inactivate either of 
two proteins, NPC1 (95% of cases) or NPC2 (5% of cases), 
which normally act in concert to promote the movement 
of unesterifi ed cholesterol out of the E/L compartment to 
the cytosolic compartment where it can be metabolized 
and excreted from the cells ( 5–9 ). As a consequence of 
this transport defect in NPC1 disease, two kinds of patho-
logical alterations are typically found in the organs of hu-
mans and mice carrying the  npc1  � / �    genotype. First, there 
is an elevation of the concentration of unesterifi ed choles-
terol in the E/L compartment of all cells in the body that 
increases with age ( 10, 11 ). In the central nervous system 
(CNS) of these individuals, there is also accumulation of 
GM2 and GM3 gangliosides in neurons ( 12 ). Second, this 
mutation results in macrophage invasion and activation in 
many tissues like the spleen, liver, and lung, as well as acti-
vation of glial cells within the CNS ( 1, 13 ). These activated 
monocyte-derived cells synthesize and release many pro-
infl ammatory proteins into each of these organs ( 14, 15 ). 
Presumably, it is the combined effect of these two differ-
ent pathological lesions that ultimately leads to parenchy-
mal cell death and clinical disease. 

       Abstract   A mutation in NPC1 leads to sequestration of 
unesterifi ed cholesterol in the late endosomal/lysosomal 
compartment of every cell culminating in the development 
of pulmonary, hepatic, and neurodegenerative disease. 
Acute administration of 2-hydroxypropyl- � -cyclodextrin 
(CYCLO) rapidly overcomes this transport defect in both 
the 7-day-old pup and 49-day-old mature  npc1  � / �    mouse, 
even though this compound is cleared from the body and 
plasma six times faster in the mature mouse than in the neo-
natal animal. The liberated cholesterol fl ows into the cyto-
solic ester pool, suppresses sterol synthesis, down-regulates 
SREBP2 and its target genes, and reduces expression of 
macrophage-associated infl ammatory genes. These effects 
are seen in the liver and brain, as well as in peripheral 
organs like the spleen and kidney. Only the lung appears 
to be resistant to these effects. Forty-eight h after CYCLO 
administration to the 49-day-old animals, fecal acidic, but 
not neutral, sterol output increases, whole-animal choles-
terol burden is reduced, and the hepatic and neurological 
infl ammation is ameliorated. However, lifespan is extended 
only when the CYCLO is administered to the 7-day-old ani-
mals.   These studies demonstrate that CYCLO administra-
tion acutely reverses the cholesterol transport defect seen in 
the NPC1 mouse at any age, and this reversal allows the se-
questered sterol to be excreted from the body as bile acid.  —
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new information in four specifi c areas. First, while the re-
ported studies were carried out only in very young mice 
( 27 ), it was essential to determine how the age of the ani-
mals affected the plasma level and excretion rate of the 
CYCLO molecule. Second, it was also critical to determine 
if age had any effect on the ability of CYCLO to reverse the 
transport defect in the  npc1  � / �    mice. This was particularly 
important with respect to correction of the transport 
defect in the CNS where permeability of the blood brain 
barrier (BBB) might change with aging. Third, following 
CYCLO administration, the total body burden of choles-
terol was known to be reduced, so studies were undertaken 
to identify which pathway was utilized to excrete this se-
questered cholesterol from the treated mice. Fourth, while 
CYCLO administration corrected the biochemical defect 
in many tissues at any age, it was important to establish 
whether the age of the mice at the time of treatment ulti-
mately affected the lifespan of the mutant animals. To-
gether, these studies provide new information on several 
important aspects of the correction of the transport defect 
in NPC disease by CYCLO. 

 MATERIALS AND METHODS 

 Animals 
 Control ( npc1 +/+ )  and homozygous mutant ( npc1  � / �  )  mice 

were generated from heterozygous ( npc1 +/ �  )  animals with a pure 
BALB/c background ( 7, 26 ). Most pups were genotyped at 19 
days of age except in those experiments utilizing 7-day-old ani-
mals where the pups were genotyped at 5 days of age. All animals 
were housed in plastic colony cages in rooms with alternating 
12 h periods of dark and light, and were studied in the fed state 
at the end of the dark phase. For the experiments using 49-day-
old mice, with one exception, there were comparable numbers of 
males and females in each group. In the experiment measuring 
fecal neutral and acidic sterols, only male mice were used. All 
experimental protocols were approved by the Institutional 
Animal Care and Use Committee of the University of Texas 
Southwestern Medical School. 

 Treatment and diets 
 All animals except the heterozygous breeding stock were fed 

ad libitum a cereal-based, low-cholesterol (0.02% w/w) diet (no. 
7001; Harland Teklad, Madison, WI) upon weaning at 19 days of 
age. The breeding stock was maintained on a different formula-
tion with a higher fat content (No. 7002; Harlan Teklad, Madi-
son, WI). Mice were administered a single subcutaneous injection 
during the late dark phase (09:00 h) at the scruff of the neck at 
either 7 or 49 days of age, of a 20% (w/v, in saline) solution of 
2-hydroxypropyl- � -cyclodextrin (4000 mg/kg body weight) 
(Sigma; product H107) ( 26, 27 ). Matching mice injected with 
saline alone served as controls. 

 CYCLO pharmacokinetics and plasma concentrations 
 Whole-body CYCLO clearance was measured in 7- and 49-day-

old  npc1 +/+   and  npc1  � / �    mice using  14 C-labeled 2-hydroxypropyl-
 � -cyclodextrin with an average degree of substitution of 5.15 and 
a specifi c activity of 6.95 mCi/g (Cyclodextrin Technologies De-
velopment, Inc, High Springs, FL). The stock [ 14 C]CYCLO solu-
tion contained 1.0 mCi in 1.0 mL of water. Aliquots of the stock 
solution were added to a 20% (w/v) solution of non–radio-
labeled CYCLO giving approximately 40,000 cpm/ � L that was 

 The cholesterol that becomes sequestered in the E/L 
compartment of cells in NPC1 disease comes from several 
sources, depending upon the tissue. Many organs utilize 
the low density lipoprotein receptor (LDLR) to take up 
lipoproteins carrying either apoB 100  or apoE through 
receptor-mediated endocytosis ( 16 ). This process is par-
ticularly important in liver and adrenal gland which have 
high levels of LDLR activity ( 17 ). Other organs like the 
spleen and lung rely more on bulk-phase endocytosis for 
lipoprotein uptake ( 13 ). Unlike all other organs, the cells 
of the CNS do not have access to plasma lipoproteins ( 18, 19 ) 
but take up unesterifi ed cholesterol complexed to apoE 
that has been synthesized in astrocytes ( 20–22 ). Regard-
less of the source, this sterol becomes sequestered in the 
E/L compartment of all of these different cells. In gen-
eral, the severity of organ damage is proportional to the 
amount of cholesterol reaching the cells. Thus, the level of 
disease in a particular tissue is made worse when more cho-
lesterol is forced into an organ through either receptor-
mediated or bulk-phase endocytosis ( 13, 23 ), whereas the 
disorder is ameliorated when the uptake of lipoprotein- or 
apoE-associated cholesterol is reduced ( 23, 24 ). 

 An alternative approach to reversing NPC1 disease 
recently came from the observation that administration 
of the cholesterol-binding agent, 2-hydroxypropyl- � -
cyclodextrin (CYCLO), to the NPC1 mouse signifi cantly 
improved the liver and CNS disease and prolonged life 
( 25–27 ). Because this agent is known to extract cholesterol 
from the plasma membrane of cells in vitro ( 28, 29 ), it was 
assumed that this molecule might somehow extract the se-
questered cholesterol from the E/L compartment of cells 
in vivo and carry it to the kidney for excretion in the urine 
( 30 ). However, no known pathway exists for rapidly mov-
ing sequestered lysosomal sterol to the plasma membrane, 
and further, recent observations strongly suggested that 
after CYCLO administration, the unesterifi ed cholesterol 
moved rapidly into the cytosolic compartment for process-
ing. Twenty-four h after administration of CYCLO, there 
was a decrease in the concentration of unesterifi ed choles-
terol in cells throughout the body, an increased concen-
tration of cholesteryl esters, an increase in the relative 
mRNA levels for liver X receptor (LXR) regulated target 
genes, and inhibition of sterol regulatory element binding 
protein (SREBP) and its target genes ( 27 ). Apparently 
CYCLO had overcome the transport defect brought about 
by the NPC1 mutation and allowed the unesterifi ed cho-
lesterol in the E/L compartment to reach the cytosol for 
esterifi cation by ACAT, the nucleus to activate the LXR 
system ( 31, 32 ) and the endoplasmic reticulum (ER) to 
suppress the SREBP sterol-sensing apparatus ( 33, 34 ). 

 This observation that CYCLO acutely overcame the 
transport defect was particularly important as it not only 
identifi ed a potential therapy that might be useful in re-
versing the NPC1 defect, but it also provided a possible 
approach to better understanding the molecular events 
whereby NPC1 and NPC2 interact to promote unesterifi ed 
cholesterol movement from the E/L complex to the cyto-
solic compartment. The current studies were designed to 
further explore this important observation and to obtain 



Reversal of the NPC1 transport defect 935

 Relative mRNA levels 
 The liver and brain of each animal were collected, snap-frozen in 

liquid nitrogen, and stored at  � 85°C. Total RNA was isolated from 
these tissues using RNA STAT-60 (Tel-Test, Inc.). RNA concentra-
tions were determined by absorbance at 260 nm with a Thermo 
Scientifi c Nanodrop 100 Spectrophotometer. The total RNA 
was treated with RNase-free DNase (Roche) and reverse-transcribed 
into cDNA with SuperScript II reagents (Invitrogen) as previously 
described ( 38 ). Quantitative real-time PCR was performed using 
an Applied Biosystems 7900HT sequence detection system and 
SYBR-green chemistry ( 39 ). The nucleotide sequences of the vari-
ous primers used were published ( 15, 27 ). The mRNA levels are 
expressed relative to the housekeeping gene, cyclophilin, calculated 
by the comparative C T  method ( 40 ) and mathematically adjusted 
to express the controls in each age group with a unit of 1.0. 

 Liver function test 
 Plasma was sent to a commercial laboratory for measurements 

of the liver function test, alanine aminotransferase (ALT). 

 Fecal neutral sterol and bile acid excretion 
 All mice were individually housed for performing stool collec-

tions. Prior to initiation of the stool collections, the mice were 
acclimated to individual housing conditions for a period of at 
least 5 days. A 3-day baseline stool collection was then performed 
for each animal between 46–48 days of age. At 49 days of age, the 
mice were administered either a 20% (w/v) solution of CYCLO 
or saline alone subcutaneously at the scruff of the neck. Stool 
from each animal was then collected every 24 h for a total of 6 
days after the CYCLO injection. Fecal neutral and acidic sterol 
excretion was measured as previously described ( 35 ). These 
values were expressed as the mg of sterol excreted per day per 
kg body weight (mg/day/kg). 

 Survival studies 
 The general clinical condition of the mice was monitored 

daily. Once the animals began to show diffi culty accessing the 
pelleted diet, they were provided access to a powdered form of 
the diet. When mice were no longer able to take in food or water, 
they were euthanized, and this was considered the day of death. 

 Data analysis 
 All data are presented as the mean ± SEM. Differences between 

these mean values were tested for statistical signifi cance ( P  < 0.05) 
using one-way ANOVA, followed by the Newman-Keuls multiple 
comparison test (Graph-Pad Software, Inc., San Diego, CA). Sig-
nifi cant differences between groups are designated with different 
letters. Statistical differences among survival curves were deter-
mined utilizing the Wilcoxon-Gehard and log-rank analyses. 

 RESULTS 

 Before exploring the specifi c effects of CYCLO in new-
born and mature mice with the NPC1 mutation, it was fi rst 
necessary to defi ne how the parameters of disordered cho-
lesterol physiology changed with animal age and, second, 
to establish if the pharmacokinetics of CYCLO varied in 
the young and mature animals. 

 Natural history of the  npc1  � / �    mouse 
 While previous publications have described some of the 

changes in sterol metabolism seen with aging of  npc1  � / �    
animals ( 10, 11 ), it was important to better defi ne these 

used in the 7-day-old mice, or 10,000 cpm/ � L that was used in 
the 49-day-old mice. At each time point 2–4 animals were stud-
ied. The mice were given a subcutaneous injection of the 
[ 14 C]CYCLO solution (4000 mg/kg) at the scruff of the neck and 
then studied at various time points. Some mice were terminated 
immediately upon completion of the injections. Such animals 
served as “zero time” controls. The other mice that were killed 
later were returned to their cages following administration of the 
[ 14 C]CYCLO. At the time of study, the mice were euthanized, 
rinsed with ethanol to remove contaminating [ 14 C]CYCLO on 
the skin and fur, and saponifi ed in alcoholic KOH. The carcasses 
were digested on a steam bath, transferred into 100 mL fl asks, 
and the volume brought to 100 mL with ethanol. Duplicate 1.0 
mL aliquots of the liquefi ed carcass were transferred into glass 
counting vials to which was added 15 mL of Cytoscint (MP 
Biomedicals, Irvine, CA). The total body counts, normalized to 
body weight, recovered from animals terminated at each time 
point and were expressed as a percentage of the normalized 
counts that were present in the tissues of the “zero time” control 
animals. These percentage recoveries were used to calculate the 
proportion of the administered dose of [ 14 C]CYCLO that had 
been cleared from the animal over each time interval. These data 
were taken as a measure of the “whole-animal” turnover rate of 
CYCLO in the 7- and 49-day-old mice. 

 Plasma CYCLO concentrations were also determined in 7- and 
49-day-old mice. Aliquots of the stock solution of [ 14 C]CYCLO were 
added to the 20% (w/v) solution of non–radio-labeled CYCLO 
giving approximately 400,000 cpm/ � L, which was used in the 
7-day-old mice, and 10,000 cpm/ � L, which was used in the 49-day-
old mice. The mice were administered a subcutaneous injection of 
CYCLO at the scruff of the neck and then studied at various time 
points. At the time of study, the mice were euthanized, and blood 
was collected from the inferior vena cava of each animal and placed 
in centrifuge tubes. In the 7-day-old mice, 15–30  � L of plasma was 
collected, and in the 49-day-old mice, 100  � L of plasma was col-
lected. The plasma was then transferred into glass counting vials 
containing 15 mL of Cytoscint and counted. From the stock solution 
specifi c activity, plasma CYCLO concentrations were determined 
and were expressed as the mg of CYCLO per mL of plasma. 

 Tissue cholesterol concentrations and synthesis rates 
 Both the 7- and 49-day-old mice were studied 24 h after the 

injection of CYCLO. At the time of study they were exsanguinated. 
In 7-day-old mice, the liver, brain, and remaining carcass were 
collected; in 49-day-old mice, the liver, brain, adrenal, spleen, 
kidney, lung, and remaining carcass were harvested. These tis-
sues were saponifi ed in alcoholic KOH and the cholesterol was 
extracted and quantitated by gas chromatography using stigmas-
tanol as the internal standard ( 35 ). The tissue cholesterol levels 
were expressed as either mg of cholesterol per g wet weight of 
tissue (mg/g) or mg of cholesterol per whole organ (mg/tissue). 
The total cholesterol values found in every tissue were summed 
to give whole-animal cholesterol contents, and these values were 
expressed as mg of cholesterol per kg body weight (mg/kg). The 
rates of cholesterol synthesis in all of the tissues were measured 
in vivo as previously described ( 35 ). Each animal was adminis-
tered a bolus of [ 3 H]water and studied 1 h later. These rates were 
expressed as the amount of [ 3 H]water incorporated into sterols 
per h per g wet weight of tissue (nmol/h/g). The [ 3 H]water 
incorporation rates in all organs were summed and used to calcu-
late the whole-animal synthesis rates. These rates were then 
converted to the absolute mg of cholesterol synthesized each day 
per kg body weight (mg/day/kg) ( 36, 37 ). Unesterifi ed and es-
terifi ed cholesterol levels in tissues were measured as previously 
described ( 23 ) and were expressed as the mg of unesterifi ed or 
esterifi ed cholesterol per g wet weight of tissue (mg/g). 
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was progressive accumulation of cholesterol in the liver of 
the  npc1  � / �   mice with the cholesterol content reaching 
nearly 30 mg (A). This change was due to both the accu-
mulation of sterol within individual cells as well as to an 
increase in relative liver size from 5.8% of body weight to 
8.5%. Accumulation of cholesterol in the remaining or-
gans of the carcass was less dramatic since these tissues 
take up smaller amounts of lipoprotein cholesterol than 

baseline changes before exploring the effects of CYCLO. 
As seen in   Fig. 1  ,  the hallmark of the NPC1 mutation is 
accumulation of cholesterol in nearly all tissues of the 
body. As the liver is responsible for the uptake of most 
plasma lipoproteins, it bears the brunt of this mutation. 
While hepatic cholesterol content only increased from 0.6 
mg at birth to 3.2 mg at 49 days of age in the  npc1 +/+   mice, 
changes that refl ected in the growth of this organ, there 

  Fig.   1.  Natural history of the changes in sterol metabolism and clinical fi ndings in  npc1 +/+   and  npc1  � / �    
mice as a function of age. The fi rst set of panels illustrate the changes in cholesterol content of the liver (A), 
carcass (B), brain (C) and whole animal (D) at different ages, and the second set shows the rates of choles-
terol synthesis measured in vivo in these same tissues (E–H). The data in panels D and H are normalized to 
a whole-animal weight of 1 kg. The changes in relative mRNA levels of various macrophage-associated pro-
teins in the liver (I) and cerebellum (J) are also shown as a function of age as is the liver function test ALT 
(K) and relative Purkinje cell number in the cerebellum (L). These various curves were constructed from 
data obtained in the current study as well as in previously reported investigations. Each value represents the 
mean ± 1 SEM for 4–8 animals at each age. NPC, Niemann-Pick type C.   
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and these remained high for nearly 6 h. Of note, these 
fi ndings were identical in both the  npc1 +/+   and  npc1  � / �    ani-
mals. From the areas under these two curves it could be 
calculated that in animals given the same 4,000 mg/kg 
dose, the exposure time of the cells of the body to CYCLO 
in the plasma was 6 times greater in the 7-day-old mice 
than in the mature animals. Thus, it could be anticipated 
that the metabolic effects of this dose of CYCLO might be 
very different in these two groups of animals. In a parallel 
group of mice, the rate of cholesterol excretion in the 
urine after administration of the CYCLO was also quanti-
tated. While nearly all of the [ 14 C]CYCLO was recovered 
in the urine, the total output of cholesterol was less than 
1.0 mg/day/kg (less than 0.5% of the sterol excreted in 
the feces during this 24 h period). 

 Effects of CYCLO in the liver of the  npc1  � / �    mice 
 As the liver exhibits the most profound abnormalities in 

cholesterol metabolism in the  npc1  � / �    mice and as the re-
fl ection coeffi cient for CYCLO in the liver sinusoids is 
likely to be zero, the effect of this compound on the hepa-
tocytes and macrophages of this organ was next explored. 
As seen in   Fig. 3  ,  the concentration of unesterifi ed choles-
terol was markedly elevated (Fig. 3A, B) while the concen-
tration of cholesteryl esters was lower (Fig. 3C, D) in the 
 npc1  � / �    mice that were either 7 or 49 days of age, com-
pared with the control mice. Twenty-four h after treatment 
with CYCLO there was a similar decrease in the concentra-
tion of unesterifi ed cholesterol in these two groups (Fig. 
3A, B), and there was a similar, marked increase in the 
concentration of cholesteryl esters (Fig. 3C, D). The rates 
of cholesterol synthesis were signifi cantly higher in the 49-
day-old  npc1 +/+   mice than in the younger control animals 
(Fig. 3E, F) so that the relative increase seen in synthesis 
was greater in the 7-day-old  npc1  � / �    mutants than in the 
49-day-old animals (Fig. 3E, F). Nevertheless, treatment 
with CYCLO suppressed the rate of cholesterol synthesis in 
both age groups to nearly zero. Of interest, these same ef-
fects were seen regardless of whether the CYCLO was pre-
pared and administered in plastic or glass containers. Also 
of importance, CYCLO administration had no effect on ei-
ther the concentration of unesterifi ed or esterifi ed choles-
terol (Fig. 3A–D) or on the rate of cholesterol synthesis 
(Fig. 3E, F) in the  npc1 +/+   mice of either age. 

 While these fi ndings indicated that 24 h after CYCLO 
administration, sterol from the sequestered pool had 
moved to the cytosolic compartment and been esterifi ed, 
a portion of this unesterifi ed cholesterol also had inter-
digitated into the ER and affected expression of SREBP2 
and its target genes ( 33, 34 ). The relative mRNA levels of 
the genes for SREBP2, HMG-CoA SYN, and LDLR tended 
to be elevated in the untreated,  npc1  � / �    mice of both ages 
(Fig. 3G–L), presumably refl ecting the low levels of choles-
terol in the cytosolic compartment of these mutant mice. 
Following CYCLO treatment, however, these mRNA levels 
were all markedly suppressed. Finally, the mRNA levels of 
the macrophage markers CD11c (Itgax), CD68 (macrosia-
lin), and MIP-1 �  (Ccl3) were markedly elevated in the 49-
day-old, but not the 7-day-old,  npc1  � / �    mice (Fig. 3M–R). 

the liver (Fig. 1B). The brain is the one tissue that behaved 
differently. The cholesterol content of this organ in the 
 npc1 +/+   mice increased from 0.2 mg to 6.1 mg over 49 days, 
whereas, in the  npc1  � / �    animals, this increase in content 
was slightly less (Fig. 1C). Even though cholesterol also ac-
cumulates in the glia and neurons of the brain ( 11, 12 ), 
this small decline in content refl ected both early demyelin-
ation and a small reduction in brain weight. As a result of 
all of these changes, the whole-animal cholesterol pool 
progressively rose to nearly 5,800 mg/kg in the  npc1  � / �    
mice, while it remained essentially constant at about 2,300 
mg/kg in the  npc1 +/+   animals over these 7 weeks of life 
(Fig. 1D). The rates of cholesterol synthesis also varied 
markedly with age. Because of the perceived shortage of 
sterol in the cytosolic compartment of all cells, rates of 
cholesterol synthesis were higher at every age in the 
 npc1  � / �    mice compared with the control animals (Fig. 1E, 
F). Again, the brain was the exception as synthesis tended 
to be slightly reduced in this organ in the older mutant 
mice (Fig. 1G). Nevertheless, overall, by 49 days of age 
when the cholesterol pool in the  npc1  � / �    mice had ex-
panded 2.6-fold, the rate of whole-animal synthesis was still 
nearly double that seen in the  npc1 +/+   animals (Fig. 1H). 

 Associated with these changes in cholesterol metabolism 
were age-dependent changes in the molecular markers of 
macrophage infi ltration and activation, and the appear-
ance of clinical disease. In the liver, for example, there was 
a progressive rise of the mRNA levels of CD11c and MIP-1 �  
(Fig. 1I) and in the cerebellum, of the infl ammatory mark-
ers TNF � , GFAP, and CD11c as the  npc1  � / �    animals aged 
(Fig. 1J). At the same time, the liver function test ALT 
abruptly increased, particularly after 28 days of age (Fig. 
1K), and there was progressive loss of Purkinje cells in the 
cerebellum (Fig. 1L). Thus, it was clear from these prelimi-
nary investigations that the baseline values for all of these 
parameters of cholesterol metabolism, macrophage infi l-
tration, and clinical disease were very different in the 
young, 7-day-old and mature, 49-day-old  npc1  � / �    mice. 

 Pharmacokinetics of CYCLO in young and mature mice 
 Since CYCLO is known to be cleared from the plasma 

almost entirely by the kidneys ( 41 ), it was next important 
to determine if maturation of renal function signifi cantly 
altered the time this molecule would be in the plasma and, 
thus, accessible to the tissues of the body. As shown in   Fig. 
2  ,  there were marked differences in the rates of clearance 
of CYCLO in the 7-day-old and 49-day-old mice. At a dose 
of 4,000 mg/kg, only about 40% of the CYCLO had been 
cleared from the body of the 7-day-old mice 6 h after the 
subcutaneous injection, while more than 90% had been 
removed in the 49-day-old animals (Fig. 2A). These marked 
differences in whole-body clearance were refl ected in the 
concentration CYCLO achieved in the plasma. Following 
administration of the compound to the 49-day-old mice, 
the plasma concentration of CYCLO reached only 1.87 
mg/mL (1.34 mM) within 0.5 h of administration and 
then rapidly fell to near 0 by 3 h (Fig. 2B). In contrast, in 
the immature, 7-day-old mice, the concentration reached 
values nearly three times higher (5.12 mg/mL, 3.67 mM) 
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altered cholesterol metabolism in the other major organs. 
In the 49-day-old  npc1  � / �    animals, the concentration of 
unesterifi ed cholesterol (Fig. 5A–D, G, J) and the rates of 
cholesterol synthesis (Fig. 5C, F, I, L) were elevated in tis-
sues like the adrenal, spleen, kidney, and lung. Twenty-
four h after CYCLO administration, the adrenal, spleen, 
and kidney responded with a reduction in the concentra-
tion of unesterifi ed cholesterol, an increase in cholesteryl 
esters (Fig. 5B, E, H), and marked suppression of sterol 
synthesis (Fig. 5C, F, I). Of importance, the lung was rela-
tively unresponsive in that there was no signifi cant change 
in the level of unesterifi ed cholesterol (Fig. 5J) and no 
suppression of cholesterol synthesis (Fig. 5L), even though 
a small increase in the concentration of cholesteryl esters 
occurred (Fig. 5K). Conceivably, this different response 
may have refl ected intra-alveolar macrophages that did 
not have access to plasma CYCLO. 

 Effect of CYCLO on whole-animal cholesterol metabolism 
 These effects of CYCLO seen in individual organs should 

refl ect major shifts in whole-animal cholesterol metabo-
lism. This was found to be the case, as illustrated in   Fig. 6  .  
The whole-animal cholesterol pool was essentially the 
same in 7-day-old  npc1  +/+  mice (2,347 mg/kg) (Fig. 6A) 
and in 49-day-old animals (2,410 mg/kg) (Fig. 6B), even 
though whole-animal cholesterol synthesis was twice as 
high (150 mg/day/kg) in the young mice (Fig. 6C) as in 
the mature animals (84 mg/day/kg) (Fig. 6D). This re-
fl ected the need for plasma membrane cholesterol in the 
rapidly growing, 7-day-old mice. Importantly, CYCLO ad-
ministration to these control animals did not alter either 
parameter of whole-body cholesterol metabolism. Whole-
animal cholesterol synthesis rates were signifi cantly in-
creased in both the 7-day-old (296 mg/day/kg) (Fig. 6C) 
and 49-day-old (124 mg/day/kg) (Fig. 6D)  npc1  � / �    ani-
mals, as were the cholesterol pools (Fig. 6A, B). Within 24 
h, administration of CYCLO reduced the whole-animal 
cholesterol pool in the 7-day-old mice by 469 mg/kg (Fig. 
6A) but by only 105 mg/kg (Fig. 6B) in the older animals. 
Nevertheless, in both instances, whole-animal cholesterol 
synthesis was markedly suppressed (Fig. 6C, D). Thus, the 
acute effects of CYCLO seen in the individual organs had 
caused signifi cant changes in whole-animal cholesterol 
metabolism within just 24 h. 

Twenty-four h after administration of CYCLO, these levels 
of expression were all suppressed. Surprisingly, even the 
very abnormal liver function test ALT was nearly normal-
ized by this treatment (Fig. 3T). 

 Effects of CYCLO in the brain of the  npc1  � / �    mice 
 Of particular importance was whether CYCLO could 

reach the brain equally well in the young and old animals 
given the fi ndings that the concentration this compound 
achieved in the plasma was much less ( Fig. 2 ) and the re-
fl ection coeffi cient for the molecule likely approached 1.0 
in the 49-day-old  npc1  � / �    mouse brain. As is evident in   Fig. 
4  ,  the baseline fi ndings in the brain were very different in 
the young and old mice. The concentration of unesteri-
fi ed cholesterol increased markedly from approximately 4 
mg/g in the 7-day-old  npc1  +/+  animals to nearly 15 mg/g in 
the mature control mice as the brain became fully mye-
linated (Fig. 4A, B). The level of cholesteryl esters was 
extremely low (Fig. 4C, D), compared with the liver, and 
there was a marked decline in the rate of sterol synthesis as 
the CNS reached maturity (Fig. 4E, F). In the untreated 
 npc1  � / �    animals, in contrast to the liver, there were rela-
tively small differences found in these three parameters of 
sterol metabolism, although as previously reported ( 24 ), 
there was a trend for the concentration of unesterifi ed 
cholesterol and the rate of synthesis to be slightly lower in 
the brain of the 49-day-old mutant animals. This presum-
ably refl ected both the mild demylination and neuron loss 
known to be present in these older animals. Following 
CYCLO administration there was little change in the con-
centration of unesterifi ed cholesterol in either age group 
(Fig. 4A, B), but there was a signifi cant increase in the 
level of cholesteryl esters (Fig. 4C, D) and suppression of 
synthesis (Fig. 4E, F) in both the 7- and 49-day-old  npc1  � / �    
mice. Similarly, the relative mRNA levels of SREBP2 (Fig. 
4G,  H), HMG-CoA SYN (Fig. 4I, J), and CD11c (Fig. 4K, 
L) were all signifi cantly lower following CYCLO adminis-
tration, and the relative level of this suppression was ap-
proximately the same in both age groups. 

 Effects of CYCLO in the other extrahepatic organs of the 
 npc1  � / �    mice 

 Not only did CYCLO reverse the transport defect in the 
liver and brain, but as seen in   Fig. 5 ,   it also signifi cantly 

  Fig.   2.  Time course for the clearance of CYCLO 
from the whole animal (A) and plasma (B). These 
data were determined in 7- and 49-day-old  npc1 +/+   
and  npc1  � / �    mice injected at time 0 with a subcutane-
ous bolus of CYCLO (4,000 mg/kg) also containing 
[ 14 C]CYCLO. Groups of animals were then killed 0, 
0.5, 1, 2, 3, 6, and 24 h after the injection, and the 
total body pool and plasma concentration of CYCLO 
were determined. As data from the two genotypes 
were the same, they have been combined in this fi g-
ure. Each data point represents the mean ± SEM for 
4–6 animals in each group. CYCLO, 2-hydroxypropyl-
 � -cyclodextrin.   
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sterols. To explore this possibility, detailed external sterol 
balance studies were undertaken in these four groups of 
49-day-old mice. As shown in   Fig. 7  ,  in  npc1  +/+  animals 46–
48 days of age, the basal rate of total fecal sterol excretion 
equaled 126 mg/day/kg, 69 mg of which was as neutral 
sterols (Fig. 7A) while 57 mg was as acidic sterols (Fig. 7B). 
As has been previously reported ( 42 ) in the  npc1  � / �    mice, 

 Effect of CYCLO on fecal sterol excretion 
 If CYCLO administration to the  npc1  � / �    mice reversed 

the block in cholesterol transport and allowed the seques-
tered unesterifi ed sterol to be metabolized normally in the 
cytosolic compartment of cells, then this cholesterol ulti-
mately must be excreted from the body either as fecal neu-
tral sterols or after conversion to bile acid, as fecal acidic 

  Fig.   3.  Comparison of the acute effects of CYCLO in the liver of 7- and 49-day-old  npc1 +/+   and  npc1  � / �    mice. Each animal was given a 
single, subcutaneous dose of CYCLO (4,000 mg/kg) and studied 24 h later. The concentrations of hepatic unesterifi ed cholesterol (A, B) 
and cholesteryl esters (C, D), as well as rates of cholesterol synthesis (E–F) were determined. The relative mRNA levels of SREBP2 and its 
target genes (G–L) and various macrophage-associated proteins (M–R) were also measured. The liver function test ALT was quantitated in 
the 49-day-old (T), but not in the 7-day-old (S) animals. Each column represents the mean ± SEM for 6 animals in each group. Signifi cant 
differences among groups are designated by different letters in each panel. CE, cholesteryl ester; CYCLO, 2-hydroxypropyl- � -cyclodextrin; 
LDLR, low density lipoprotein receptor; ND, not determined; NPC, Niemann-Pick type C; SREBP, sterol regulatory element-binding pro-
tein; UC, unesterifi ed cholesterol.   
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100 days of age with a median life span of 88 days. In those 
animals given CYCLO at 7 days of age, median survival was 
signifi cantly increased to 118 days, while those mice treated 
at 49 days of age had no signifi cant benefi t. Thus, while the 
transport defect could be reversed in the older animals, 
these mice already had severe tissue damage ( Fig. 1 ) that 
could not be rescued by CYCLO administration. 

 DISCUSSION 

 These studies provide new information on the charac-
teristics of the process whereby administration of the 
cholesterol-binding agent CYCLO reverses the lysosomal 
transport defect found in NPC1 disease. Even though the 
mature, 49-day-old animals cleared CYCLO from the blood 
more quickly than the 7-day-old mice ( Fig. 2 ), both groups 
of animals responded well to this treatment, with signals 
that the sequestered unesterifi ed cholesterol from the E/L 
compartment had fl owed into the cytosolic compartment 
of cells in most tissues. There was an increase in the con-
centration of cholesteryl esters and suppression of sterol 
synthesis and SREBP2 target genes in most organs, includ-
ing the CNS ( Figs. 3–5 ). In both the 7-day-old and 49-day-
old  npc1  � / �    mice, this treatment resulted in a reduction of 

basal total sterol excretion was higher (199 mg/day/kg), 
principally because the excretion of neutral sterols (134 
mg/day/kg) was elevated (Fig. 7C) while acidic sterol out-
put (65 mg/day/kg) was about the same (Fig. 7D) as seen 
in the  npc1  +/+  mice. Very importantly, administration of 
CYCLO to the  npc1  +/+  animals lacking the sequestered 
pool of unesterifi ed cholesterol in the E/L compartment 
had no effect on fecal sterol output (Fig. 7A, B). In con-
trast, 48 h after CYCLO administration to the  npc1  � / �    
mice, fecal acidic sterol excretion had increased to over 
100 mg/day/kg (Fig. 7D) before returning to normal val-
ues six days after administration of the CYCLO. The excre-
tion of neutral sterols, however, was unaffected by this 
treatment (Fig. 7C). From these data it could be calculated 
that the administration of CYCLO to the  npc1  � / �    mice in-
creased total sterol output by approximately 150 mg/kg 
over this six-day period. 

 Effect of age at treatment on prolongation of life 
 Finally, while all of these studies indicated that CYCLO 

did reverse the transport defect in NPC1 disease and led to 
a reduction in whole-animal cholesterol burden, the overall 
effect of these favorable changes on animal longevity had to 
be examined. As shown in   Fig. 8  ,  control  npc1  � / �    mice 
treated with only saline spontaneously died between 80 and 

  Fig.   4.  Comparison of the acute effects of CYCLO in the brain of 7- and 49-day-old  npc1 +/+   and  npc1  � / �    mice. Each animal was given a 
single, subcutaneous dose of CYCLO (4,000 mg/kg) and studied 24 h later. The concentrations of unesterifi ed cholesterol (A, B) and 
cholesteryl esters (C, D), as well as rates of cholesterol synthesis (E–F) in the whole brain were determined. The relative mRNA levels of 
SREBP2 (G–H), HMG-CoA SYN (I, J), and the infl ammatory protein CD11c (K, L) were also quantifi ed. Each column represents the mean ± 
SEM for 6 animals in each group. Signifi cant differences among groups are designated by different letters in each panel. CE, cholesteryl 
ester; CYCLO, 2-hydroxypropyl- � -cyclodextrin ; NPC, Niemann-Pick type C; SREBP, sterol regulatory element-binding protein; UC, unes-
terifi ed cholesterol.   
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 Second, if this interpretation is correct, it implies that 
CYCLO actually is taken up by the tissues, reaches the E/L 
compartment of cells throughout the body, and facilitates 
the movement of unesterifi ed cholesterol across the limit-
ing membrane of the lysosomes. Clearly, molecules such 
as LDL or CYCLO can reach the E/L compartment by two 
mechanisms, receptor-mediated and/or bulk-phase endo-
cytosis. In some organs, like the liver and adrenal, LDL 
clearance is very high (250-500  � L/hr/g) because LDL 
binds to the LDLR and is concentrated within the endo-
cytic vesicles ( 13, 43 ). The cells of all tissues, however, take 
up LDL, even when interaction with the LDLR is blocked 
by methylation ( 44, 45 ) or when the LDLR is inactivated 
( 13, 43 ). In the mouse, the clearance rate of such receptor-
independent or bulk-phase endocytosis varies from about 
1 to about 20  � L/hr/g in various tissues of the body 
( 13, 43 ). Nevertheless, when NPC1 is mutated, LDL-
cholesterol taken up by either receptor-mediated or bulk-
phase endocytosis reaches the E/L compartment and is 
sequestered ( 13 ). Other molecules present in the bulk-
phase of the pericellular fl uid such as sucrose, albumin, 
or, presumably, CYCLO, would also be taken up into cells 
through this process and reach the E/L compartment. 

 The concentration of this CYCLO molecule in the bulk-
phase of the endocytic vesicles is determined largely by the 
sieving effect of the capillary membranes in a particular 
organ. In the liver sinusoids where the capillary membrane 

whole-body cholesterol burden ( Fig. 6)  ( 27 ) that, in the 
older animals, was brought about by fecal excretion of ex-
cessive amounts of bile acid ( Fig. 7 ). When this acute re-
duction in cellular cholesterol content was carried out in 
young 7-day-old animals before there was severe tissue 
damage, lifespan was signifi cantly prolonged ( Fig. 8 ). 

 In addition to these general features, however, these 
studies provide important quantitative information on fi ve 
aspects of this process whereby CYCLO overcame the de-
fect in intracellular cholesterol transport caused by the 
mutation in NPC1. First, these studies support the concept 
that in vivo CYCLO works by enhancing cholesterol trans-
port out of the lysosome and not by extracting sterol from 
plasma membranes, as it does in cells studied in culture 
( 28, 29 ). Administration of this compound to  npc1  +/+  ani-
mals did not increase the rate of cholesterol synthesis, ac-
tivate SREBP2 target genes, or alter fecal sterol excretion 
( Figs. 3, 5, 7 ). Only when sequestered pools of unesterifi ed 
cholesterol were present, as in the cells of the  npc1  � / �    ani-
mals, did treatment with CYCLO release the excess sterol 
to fl ow into the cytosolic compartment to be esterifi ed, to 
regulate SREBP2 target genes, and ultimately, to be ex-
creted in the feces. Presumably the pool of unesterifi ed 
cholesterol in the lysosomes of normal mice was very small 
because of effective operation of the NPC1/NPC2 com-
plex, so that sterol homeostasis in the tissues of these ani-
mals was unaffected by administration of CYCLO. 

  Fig.   5.  Comparison of the acute effects of CYCLO in the adrenal gland, spleen, kidney, and lung 49-day-old  npc1 +/+   and  npc1  � / �    mice. Each 
animal was given a single, subcutaneous dose of CYCLO (4,000 mg/kg) and studied 24 h later. The concentration of unesterifi ed cholesterol 
(A, D, G, J) and cholesteryl esters (B, E, H, K), as well as rates of cholesterol synthesis (C, F, I, L) were measured in each of these organs. Each 
column represents the mean ± SEM for 6 animals in each group. Signifi cant differences among groups are designated by different letters in 
each panel. CE, cholesteryl ester; CYCLO, 2-hydroxypropyl- � -cyclodextrin ; NPC, Niemann-Pick type C; UC, unesterifi ed cholesterol.   
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the 7-day-old and 49-day-old mice was at the 1–3 mM level, 
a concentration range where CYCLO has been shown in 
vitro to act as an effective shuttle for moving cholesterol 
between cell membranes and lipoproteins ( 46 ). As it is 
likely that the concentration of CYCLO in the endocytic 
vesicles throughout the body was in the range of 0.1–3 mM, 
this ability to shuttle cholesterol through an aqueous phase 
may conceivably be the mechanism whereby this com-
pound overcomes the transport defect in  npc1  � / �    mice. 

is fenestrated, for example, the refl ection coeffi cient for 
CYCLO is zero, and its concentration in the endocytic ves-
icles should equal its concentration in the plasma. The 
capillaries of other organs, and importantly, the capillaries 
of the CNS offer greater resistance to molecular diffusion 
so that the concentration of CYCLO in the pericellular 
fl uid and endocytic vesicles may be less than the concen-
tration in the plasma. Nevertheless, it is of interest that the 
concentration of CYCLO achieved in the plasma both in 

  Fig.   6.  Whole-animal cholesterol pools and synthe-
sis rates in  npc1 +/+   and  npc1  � / �    mice given CYCLO at 
either 7 or 49 days of age. These animals were admin-
istered either saline or CYCLO at 7 or 49 days of age 
and then studied 24 h later. The whole-animal choles-
terol pools were measured in the 8 groups of mice 
(A, B) as were the rates of whole-animal cholesterol 
synthesis (C, D). These values represent the mg of 
cholesterol per kg body weight and the mg of sterol 
synthesized per day per kg body weight, respectively. 
Each bar shows the mean ± SEM for 6 animals, and 
signifi cant differences are indicated by different let-
ters. CYCLO, 2-hydroxypropyl- � -cyclodextrin ; NPC, 
Niemann-Pick type C.   

  Fig.   7.  Fecal neutral and acidic sterol output in  npc1 +/+   and  npc1  � / 
�

    mice after administration of CYCLO. 
The fi rst point in each panel represents the baseline level of sterol output measured over the 3 days (days 
46–48) prior to administration of either saline or CYCLO to mice at 49 days of age (indicated by arrows). 
Feces were collected in daily aliquots over the next 6 days. The amount of neutral (A, C) and acidic (B, D) 
sterol in each sample was then determined. Each point represents the mean ± SEM for 6 animals. CYCLO, 
2-hydroxypropyl- � -cyclodextrin ; NPC, Niemann-Pick type C.   
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lesterol in peripheral organs must necessarily have been 
transported to the liver where it, along with sterol released 
from hepatic lysosomes, could be excreted from the body as 
fecal sterols. Given the published observation that following 
CYCLO administration the mRNA level for the LXR target 
gene CYP7A1 was increased in the liver whereas those for 
ABCG5/8 were not (27), it was not surprising that the out-
put of acidic, but not neutral, fecal sterols accounted for the 
reduction in the total-animal cholesterol pool ( Fig. 7 ). Ap-
parently, the times required for reversal of the transport 
defect and for the movement of this sequestered sterol 
through the various metabolic pathways for excretion were 
very different. The movement of unesterifi ed cholesterol 
from the E/L compartment with the formation of choles-
teryl esters and suppression of sterol synthesis could be de-
tected within a few h of administration of the CYCLO. This 
excess sterol was then temporarily stored as esters in the 
peripheral organs, and these were only slowly hydrolyzed so 
the cholesterol could be moved to the liver through the 
HDL pathway. There the excess pool of cholesterol from 
these peripheral organs and from the liver was converted to 
bile acids, and ultimately, these were excreted through the 
enterohepatic circulation into the feces. Thus, following 
CYCLO administration, reversal of the transport defect in 
the E/L compartment was apparently very rapid, whereas 
movement of the released pool of cholesterol out of the 
body required several days. 

 CONCLUSION 

 While these studies demonstrated that CYCLO reversed 
the intracellular transport defect brought about by a muta-
tion in the NPC1 protein in the young and mature ani-
mals, they raised several important questions that will 
require further investigation. First, would repetitive ad-
ministration of CYCLO from birth fully normalize the cho-
lesterol pools in every organ in the body and in the whole 
animal? Second, if so, would such treatment completely 
prevent clinical disease in the  npc1  � / �    mice or would or-
gans like the lung and, particularly, the CNS still show pro-
gressive, although delayed, cell damage? Finally, is the 
concentration of CYCLO achieved in the pericellular fl uid 
of the CNS adequately high to totally prevent neurodegen-
eration, or will direct introduction of this molecule into 
the brain be required? The answers to these important 
questions remain to be elucidated.  
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