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Abstract Niemann-Pick type C disease is an inherited autosomal recessive neurodegenerative disorder characterised by
the accumulation of unesterified cholesterol and sphingolipids
within the endosomal/lysosomal compartments. It has been
observed that the administration of hydroxypropyl-βcyclodextrin (HPBCD) delays onset of clinical symptoms
and reduces accumulation of cholesterol and gangliosides
within neuronal cells. It was assumed that HPBCD exerts its
action by readily entering the CNS and directly interacting
with neurones and other brain cells to facilitate removal of
stored cholesterol from the late endosomal/lysosomal compartment. Here, we present evidence that refutes this hypothesis. We use two well established techniques for accurately
measuring brain uptake of solutes from blood and show that
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there is no significant crossing of HPBCD into the brain. The
two techniques are brain in situ perfusion and intraperitoneal
injection followed by multi-time-point regression analysis.
Neither study demonstrates significant, time-dependent uptake of HPBCD in either adult or neonatal mice. However,
the volume of distribution available to HPBCD (0.113±
0.010 ml/g) exceeds the accepted values for plasma and
vascular volume of the brain. In fact, it is nearly three times
larger than that for sucrose (0.039±0.006 ml/g). We propose
that this indicates cell surface binding of HPBCD to the
endothelium of the cerebral vasculature and may provide a
mechanism for the mobilisation and clearance of cholesterol
from the CNS.

Introduction
Niemann-Pick C disease (NPC) is an autosomal recessive
neurodegenerative disease caused by mutations in either the
NPC1 or NPC2 genes resulting in the accumulation of
unesterified cholesterol and multiple sphingolipid species
in the late endocytic system (Pentchev et al. 1985; Patterson
et al. 2001; Walkley and Suzuki 2004). Specific treatment
for this condition is currently limited to substrate reduction
therapy using the drug miglustat which slows the course of
NPC disease and is approved in Europe for treating CNS
manifestations in NPC patients. Recently, it was reported
(Griffin et al. 2004) that the neurosteroid allopregnanolone,
complexed with hydroxypropyl-β-cyclodextrin (HPBCD),
delayed the onset of neurodegeneration and reduced the
storage of GM2 and GM3 gangliosides in Npc1−/− mice.
However, subsequent studies showed that HPBCD alone
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was effective in reducing neurodegeneration and cholesterol
and ganglioside storage, and prolonging the life-span of
Npc1−/− mice (Davidson et al. 2009; Liu et al. 2009). As a
consequence, attention shifted to cyclodextrins as possible
treatments for NPC, as they have been shown in cell-based
systems to mediate efflux of cholesterol from within the cell
(Yancey et al. 1996; Atger et al. 1997). HPBCD is a complex cyclic carbohydrate composed of seven glycosidic
residues assembled into a ring structure (Szejtli 1998).
Cyclodextrins form inclusion complexes with many smaller
molecules within the hydrophobic cavity formed by the
sugar ring (Dodzuik 2006). They readily complex with the
sterol cholesterol and have been shown to deplete intracellular cholesterol from macrophages in tissue culture
(Kilsdonk et al. 1995). It was assumed that HPBCD was
effective in brain because it crossed the blood–brain barrier
(BBB) and facilitated clearance of cholesterol from brain
cells. In this view, the HPBCD/cholesterol complex would
then be cleared from the CNS by bulk flow and drainage of
the cerebrospinal fluid to blood from which it could be
eliminated by the kidney. However, other smaller carbohydrates that are not transported across the BBB, for example
sucrose (350 Da) and inulin (∼6000 Da) remain almost
exclusively in the cerebral vascular compartment and do
not enter brain (Smith et al. 1988). It was therefore imperative to investigate the interaction of HPBCD (MW
1394 Da) with the BBB to clarify its mechanism of action
in clearing CNS cholesterol in NPC disease.

Methods
Wild type BALB/c (Npc1+/+) mice and Npc1−/− were generated by heterozygous mating of BALB/c/NPCnih mice.
The radiolabelled HPBCD had an average degree of substitution of propyl groups 5.1 and was obtained from the same
source as the radiolabelled HPCD used in the study of
Camargo et al. (2001), the unlabelled HPCD used in this
study was obtained from the same source, Sigma-Aldrich
(H107) as for the study of Davidson et al. (2009) and had a
quoted degree of substitution of propyl groups of 5.6 to 4.2.
2-hydroxypropyl-[ 14 C]-propyl-β-cyclodextrin ([ 14 C]HPBCD), was purchased from Cyclodextrin Technologies
Development Inc, Florida 32843, USA at a specific activity
6.95 mCi/g. Radioactivity eluted as a single peak on a
Sephadex G25 column. Brain uptake was determined in
Npc1+/+ and Npc1−/− mice using two methods: in situ brain
perfusion and multi-time-point regression analysis following intraperitoneal administration. For in situ brain perfusion a cannula was inserted into the aorta via the left
ventricle, the descending aorta tied off, the jugular veins
opened, and the upper part of the animal perfused at a rate of
10 ml/min with a buffered saline solution containing tracer
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[14C]-HPBCD at a radioactive concentration of 0.3 μCi/ml.
We have established in a separate series of experiments,
using diazepam as a flow marker, that this perfusion rate
gives physiological rates of flow of perfusate in all of the
brain regions examined (unpublished results). After 2 or
4 min of perfusion the experiment was terminated by decapitation and the brain removed from the skull. Brain
regions were then manually dissected out and their radioactivity determined by scintillation counting. Under these
conditions a volume of distribution (Vd) is given by the
expression Vd =Cbr/Cp, where Cbr is the HPBCD radioactive
concentration in brain, Cp the radioactive concentration of
HPBCD in the perfusate. Units are ml/g. For multi-timepoint regression analysis animals were injected intraperitoneally with 10 μCi of [14C]-cyclodextrin and the experiment
terminated by decapitation after varied times of up to 1 h.
The Vd in brain at different experimental times were then
plotted against experimental time (min). A rising slope of
the resultant line indicates brain uptake with time and the
slope of the line gives a unidirectional influx constant (Kin)
and the intercept represents an instantaneous volume of
distribution (Vi) or approximates to the plasma volume if
the tracer is restricted to the vascular compartment and does
not bind to the blood–brain barrier (Smith et al. 1988;
Begley 1999; Smith 2003). For the high dose experiments
the tracer [14C]-cyclodextrin was combined with “cold”
HPBCD, purchased from Sigma –Aldrich (H107), at a dose
of 4000 mg/kg. This is equivalent to the subcutaneous dose
given to mice in previous studies (Camargo et al. 2001;
Davidson et al. 2009). All experiments were conducted
under general anaesthesia using a mixture of medetomidine
HCl 1 mg/kg and ketamine HCl 75 mg/kg under the provisions of the Animals Scientific Procedures Act 1986 and
Home Office Project Licence 70/6381.

Results
Brain perfusion studies with HPCD
These studies were conducted for either a 2 or 4 min duration. The volume of distribution (Vd) for sucrose at 2 min
was 0.039 ml/g of brain tissue in both Npc1+/+ and Npc1−/−
mice indicating that this tracer occupies a total brain vascular volume of approximately 4.0 % at 6–8 weeks of age in
both the wild type and the genetically modified mice
(Fig. 1a). In Npc1+/+ mice the volume of distribution for
HPBCD at 2 min was 0.113 ml/g of tissue and did not
increase significantly after 4 min of perfusion. The addition
of 2 mM HPBCD to the perfusate containing radiolabelled
tracer sucrose had no effect on the Vd of sucrose in Npc1+/+
mice but when added to the perfusate containing tracer
levels of cyclodextrin, the Vd for HPBCD was significantly
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reduced (p<0.01) to 0.082 ml/g. The volume of distribution
for tracer cyclodextrin in Npc1−/− mice was significantly
lower (p<0.001) than in the Npc1+/+ mice, but conversely
the addition of a 2 mM competing concentration of HPCD
had no significant effect on the Vd in these mice (Fig. 1b).
Intraperitoneal administration of HPBCD
This second approach was adopted to allow longer term
CNS uptake to be determined for time periods of up to
1 h. Intraperitoneal administration of tracer levels of
HPBCD resulted in rapid rise in plasma levels of cyclodextrin which were sustained over the 1 h experimental period
(Fig. 2). Plasma levels of high dose cyclodextrin rose more
slowly after intraperitoneal injection than tracer quantities,
probably as a result of slower absorption of the more viscous mixture. Multiple time point plots of the Vd of cyclodextrin in 6–8 week old Npc1+/+ and Npc1−/− mice resulted
in a mean of 15 to 20 % in all brain regions with no increase
in Vd with time, indicating no penetration of the cyclodextrin into brain during the time course of the experiment
(Fig. 3). There was no significant difference between the
Npc1+/+ and Npc1−/− mice. With the high dose studies again
there was no discernible entry of the cyclodextrin into brain
with time (Fig. 4). In the high dose studies the multi-time
point plots resulted in a slightly negative slope as a result of
the slower entry into plasma of the injected material from
the peritoneum due to the increased viscosity of the injectate. However, at the 1 h time point the volumes of
*

a

P<0.01

distribution for cyclodextrin at both tracer levels and at high
dose were the same. Identical experiments performed with
7 day Npc1+/+ mice resulted in exactly the same result as in
Npc1+/+ and Npc1−/− 6–8 week old mice with a 15–20 % Vd
with no evidence of brain accumulation with time (Fig. 5).
These data indicate that the BBB to HPBCD is equally
robust in both newborn and adult mice and that HPBCD
does not significantly cross the BBB at either age.

Discussion
The experimental techniques used in this study to examine
possible brain penetration of HPBCD are well-established
methods for determining the brain uptake of both slow and
rapidly penetrating tracers (Begley 1999; Smith 2003). The
results obtained indicate no significant penetration of the
HPBCD into any of the examined brain regions with time.
With the in situ perfusion studies the Vd of sucrose after
2 min is 0.039 ml/g (3.9 %) which equates well with the
expected intravascular space, determined with albumin under similar conditions (Urayama et al. 2004). In Npc1+/+
mice the V d for HPBCD was larger than sucrose at
0.113 ml/g (11.3 %) even though it is a much larger molecule. When the perfusion time was extended to 4 min there
was no increase in the Vd for the HPBCD. When 2 mM
excess unlabelled cyclodextrin was added to the perfusate in
Npc1+/+ mice there was a significant (p<0.01) displacement
of the radiolabelled HPBCD with a reduction of some 25 %
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Fig. 1 Data from in situ brain perfusion studies. a From left to right;
volumes of distribution (Vd) for sucrose, 2 min (0.039±0.006 ml/g);
Vd for cyclodextrin 2 min perfusion (0.113 ±0.010 ml/g); Vd for
cyclodextrin 4 min perfusion (0.106±0.005 ml/g) Vd for cyclodextrin
2 min in the presence of 2 mM cyclodextrin (0.082±0.006 ml/g); Vd of
sucrose 2 min in the presence of 2 mM cyclodextrin (0.044±0.009 ml/
g). All data Npc1+/+. (n=4–6 for each column ± SEM, significance 1-

P<0.0001

way anova). b From left to right; volumes of distribution (Vd) for
cyclodextrin 2 min Npc1+/+ (0.113±0.010 ml/g); Vd for cyclodextrin
2 min Npc1−/− (0.071±0.002 ml/g); Vd for cyclodextrin 2 min in the
presence of 2 mM cyclodextrin Npc1−/− (0.083±0.003 ml/g); Vd for
sucrose, 2 min Npc1+/+ (0.039±0.006 ml/g); Vd for sucrose, 2 min
Npc1−/− (0.047±0.005 ml/g). (n=4–6 for each column ± SEM, significance 1-way anova)
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Fig. 2 Plasma radioactivity
(cpm/50 μl) with time after
intraperitoneal injection of
tracer quantities of [14C]cyclodextrin or at high dose
(same radioactive quantity
mixed with 4000 mg
cyclodextrin/kg, in Npc1+/+ and
Npc1−/− mice. (n=3 for each
time point)
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in the measured Vd. The addition of 2 mM HPBCD to a
perfusate containing tracer sucrose had no effect on the Vd
of sucrose indicating no competition for binding to the
vasculature. The fact that sucrose exhibits a Vd similar to
the expected vascular volume indicated little or no binding
Fig. 3 Volumes of distribution
(Vd) of cyclodextrin after
intraperitoneal injection of
tracer levels with time in whole
brain, cortex, medulla, olfactory
bulb, cerebellum and midbrain
in Npc1+/+ and Npc1−/− mice.
(n=3 for each time point)
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for this molecule. The much larger Vd for HPBCD suggests
a significant binding of HPBCD to the brain vasculature
even though there is no further transport across the BBB
into brain tissue in wild-type mice. The displacement of
radiolabelled HPBCD by an excess of unlabelled cyclodextrin
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Fig. 4 Volumes of distribution
(Vd) of cyclodextrin after
intraperitoneal injection of high
dose with time in whole brain,
cortex, medulla, olfactory bulb,
cerebellum and midbrain in
Npc1+/+ and Npc1−/− mice.
(n=3 for each time point)
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indicates reversible binding to the luminal surface of the brain
vasculature, possibly to the proteoglycan/glycosphingolipid/glycosaminoglycan-rich glycocalyx which lines the microvessels of the brain (Van den Berg et al. 2006). This
glycocalyx is approximately 0.5 μm in thickness. A significant non-specific adsorption of the HPBCD to this layer could
result in the observed initial Vd, significantly larger than the
intravascular space, as exemplified by the sucrose Vd, that
does not increase with time. The ready displaceability of the
adsorbed tracer HPBCD with excess HPBCD is consistent

Fig. 5 Volumes of distribution
(Vd) of cyclodextrin after
intraperitoneal injection of
tracer levels with time in whole
brain, hind brain and left and
right hemispheres in Npc1+/+ at
7 days of age. (n=3 for each
time point)
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with very little internalisation of the molecule into the endothelium of the microvasculature.
In contrast, in the Npc1−/− mice the initial Vd is significantly smaller (p<0.0001) than in the Npc1+/+ mice and was
not significantly displaced with excess 2 mM HPBCD. This
observation is interesting as the glycocalyx is known to thin
in acute hyperglycaemia and other inflammatory conditions
affecting the microvasculature (Nieuwdorp et al. 2008). A
change in glycocalyx thickness or composition in NPC may
explain the reduced binding of HPBCD to the BBB and
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perhaps changes in the affinity of the binding, altering the
displaceabilty of the labelled material.
These results and conclusions are fully supported by the
intraperitoneal injection studies over periods of up to 1 h.
The results of these longer-term studies are the same for
Npc1+/+ and Npc1−/− mice at 6 to 8 weeks of age and in P7
neonatal mice. The multi-time point regression studies suggest larger initial volumes of distribution for HPBCD than
the short time period in situ perfusion studies but this
difference is probably not significant and results from systemic differences in the two protocols used. The volumes of
distribution for HPBCD obtained are again well in excess
of, in this case, the expected plasma volume as the mice are
auto-perfusing, and are again consistent with binding of
HPBCD to the walls of the vasculature. The plots of the
volumes of distribution with time do not show a sustained
upward slope which would indicate penetration of the labelled material into brain (Begley 1999; Smith 2003).
An earlier study (Camargo et al. 2001) also suggested
that there was little brain penetration of HPBCD from blood.
However the results of that study are difficult to interpret as
the authors measured the total brain content of HPBCD and
sucrose, 1 h after intravenous injection, and did not relate
this brain concentration to the brain plasma volume or
plasma HPBCD concentration. That study (Camargo et al.
2001) also suggested a doubling of the brain content for
both sucrose and HPBCD in Npc1−/− mice compared to
Npc1+/+ mice. However, this may be due to different plasma
concentrations of tracer achieved in the two groups of mice
after 1 h and thus simply reflect radiolabel trapped in the
cerebral vasculature.
Taken together, both methods used in this current study
to examine the interaction of HPBCD with the BBB indicate
a significant and rapid binding of HPBCD to the blood
vessel walls but no further penetration into the CNS in both
6 to 8 week old Npc1+/+ and Npc1−/− mice and in 7 day old
mice. It has been suggested (Liu et al. 2009) that treatment
early in life with HPBCD was the most effective as the BBB
might be more permeable in the neonatal mammal. However, this suggestion is not supported by this study as the BBB
to HPBCD is just as robust in the 7 day old mice as in the
adult mice. Numerous other studies with a variety of intravascular tracers (reviewed by Saunders et al. 1999) have
also refuted the idea that the BBB is leaky in neonates. The
greater efficacy of early initiation of treatment with HPBCD
in NPC is probably due to the fact that any neurological
damage is less advanced in the neonate, neuronal plasticity
is maximal, and the arrest or slowing of further damage to
the CNS thus becomes more apparent.
The present study indicates no significant penetration of
HPBCD into the CNS and raises the crucial question of how
does this agent actually reduce the observed storage in
neurons of Npc1−/− mice. Studies with HPBCD with cells
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in vitro have suggested that cyclodextrin may be able to
extract cholesterol directly from the cell membrane (Yancey
et al. 1996). A recent study has suggested that HPBCD can
induce exocytosis of endosomal vesicles containing cholesterol in cells derived from the liver of Npc1−/− mice in a
calcium dependent manner (Chen et al. 2010). A further
study (Rosenbaum et al. 2010) employing NPC fibroblasts
suggests that both methyl-β-cyclodextrin and HPBCD are
taken up by the cells and sequestered into the lysosomal
compartment. However, these studies were conducted over
24 h and the cells were fibroblasts not cerebral endothelial
cells. A further study by Plazzo et al. (2012) has also
indicated a progressive uptake of fluorescent methyl-βcyclodextrin in HeLa cells and hamster kidney cells over a
2 h period. It is possible that some HPBCD is internalised by
the cerebral endothelial cells in vivo in our study as only
about 25 % of the HPBCD can be displaced by 2 mM
HPBCD. However, in the brain perfusion studies there was
no significant difference in the Vd between 2 and 4 min of
perfusion. Also, in the experiments conducted over 1 h there
was no continued uptake of HPBCD with time. The total
volume of the endothelial cells in brain capillaries is less
than 1 % of the total brain volume. Thus, achieving a Vd of
15–20 % for HPBCD in brain in vivo (greatly in excess of
that for sucrose) would require a considerable concentration
of HPBCD within endothelial cells relative to that present in
plasma. It would seem unlikely that endothelial cells could
take up sufficient HPBCD into their endosomal/lysosomal
compartment to achieve this ratio. A similarly large intracellular concentration would have to be reached, by 2 min,
within the endothelium compared to perfusate concentrations in the short-term in situ perfusion studies in order to
achieve the observed result. The most likely explanation for
the large Vd is that there is a rapid binding of HPBCD to the
cell surface by a non-specific interaction with the glycocalyx. Earlier studies (Monnaert et al. 2004a, b) with monolayers of bovine cerebral endothelial cells in vitro suggested
some movement of both methyl-β-cyclodextrin and
HPBCD across the cell monolayers when up to 1 mM concentrations of the appropriate cyclodextrin were applied.
With concentrations of cyclodextrin in the medium of
2 mM the permeability of the monolayer to sucrose was
increased by a factor of 2 to 5 times suggesting a disruption
of tight junctions. One of these in vitro studies (Monnaert et
al. 2004a) using a monolayer of bovine cerebral endothelial
cells indicated that the permeability of the monolayer to
hydroxpropyl-γ-cyclodextrin was the same as inulin up to
a concentration of 10 mM cyclodextrin, after which permeability to both the cyclodextrin and inulin increased. Permeability to the smaller molecular weight inulin began to
increase at a lower cyclodextrin concentration than with
cyclodextrin itself, suggesting molecular weight selectivity.
The authors suggest that this phenomenon is probably
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related to cholesterol removal from the cell membrane by
the cyclodextrin with subsequent disruption of tight junctions (Monnaert et al. 2004a). No changes in BBB permeability were noted in the present in vivo study to either
HPBCD or sucrose in doses up to the 2 mM dose ranges
used in in situ perfusion. It is thus concluded that under
these conditions the integrity of the tight junctions is not
affected at these concentrations of HPBCD.
In the present high dose studies conducted with a dose of
4000 mg/kg HPBCD intraperitoneally “spiked” with radioactive HPBCD, the same dose as administered subcutaneously in previous studies (Griffin et al. 2004; Davidson et al.
2009), we calculate from the plasma radioactivity that the
plasma HPBCD concentration achieved in mice in the high
dose study was approximately 0.36 mM. If HPBCD binds to
the glycocalyx of the brain vasculature, it would result in a
relatively high concentration of HPBCD immediately adjacent to the endothelial cell membrane. Given the thickness
of the normal glycocalyx (0.5 μm) and the observation that
the apparent vascular volumes for HPBCD are three to four
times larger than expected, then by adsorption the local
endothelial cell surface concentrations of HPBCD could be
maintained at high levels. If the HPBCD bound to the
endothelium can exchange with circulating HPBCD as the
binding is displaceable, this might form sink conditions thus
removing cholesterol from the endothelium. However, it has
been recently suggested (Taylor et al. 2012) that HPBCD
may not simply mobilise cholesterol from cells by a sink
action from the cell membrane and thus need not necessarily
act principally as a carrier of cholesterol from tissue to the
kidney for excretion. It is possible that the reduction of
cholesterol initiated by HPBCD within the capillary endothelium may then further catalyse shifts in cholesterol content between other brain cells and facilitate overall clearance
of the sterol out of the brain. Taylor et al. (2012) have
demonstrated that HPBCD can trigger the movement of
cholesterol from the late-endosome/lysosome to the cytosol
thus allowing further normal sterol processing and metabolism. In the brain, mobilisation of cholesterol within the
endothelium may then initiate cholesterol release from the
late-endosomal lysosomal compartments of other brain cells
via cell-cell contact or signalling (Chen et al. 2010; Taylor et
al. 2012). Glial cells are well positioned to achieve this as they
form direct cellular pathways between the capillary endothelial cells, neurones and other brain cells (Begley 2012)
and can, for example, transmit calcium waves over large
areas.
HPBCD is certainly most active in slowing disease progression and in clearing cholesterol from the brain if it is
injected intrathecally (Ward et al. 2010) or intraventricularly
(Aqul et al. 2011) and thus direct contact with brain cells is
clearly most effective. However, it is still debateable whether HPBCD needs to be internalised into a cell to catalyse the
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export of cholesterol from the late-endosomal/lysosomal
compartment or whether further intracellular or extracellar
messengers are involved (Chen et al. 2010; Taylor et al.
2012). A mechanism depleting the brain capillary endothelial late endosomal/lysosomal compartment of cholesterol
may also allow the brain to more effectively clear further
cholesterol to the periphery by the synthesis and export of
24S-hydroxycholesterol from the CNS by the oatp2 transporter (Ohtsuki et al. 2007). However, as HPBCD is also
known to bind many other molecules (Yancey et al. 1996)
we cannot rule out or rule in that mobilisation of cholesterol
is the primary or sole mechanism of action of HPBCD in
NPC disease. The actions of cyclodextrin on the brain and
the blood–brain barrier in vivo and in vitro and possible
changes in the blood–brain barrier in Niemann-Pick C disease clearly merit further investigation.
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