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Abstract Although the pool of cholesterol in the adult cen-
tral nervous system (CNS) is large and of constant size, lit-
tle is known of the process(es) involved in regulation of ste-
rol turnover in this pool. In 7-week-old mice, net excretion
of cholesterol from the brain equaled 1.4 mg/day/kg body
weight, and from the whole animal was 179 mg/day/kg. De-
letion of cholesterol 24-hydroxylase, an enzyme highly ex-
pressed in the CNS, did not alter brain growth or myelina-
tion, but reduced sterol excretion from the CNS 64% to 0.5
mg/day/kg. In mice with a mutation in the Niemann-Pick C
gene that had ongoing neurodegeneration, sterol excretion
from the CNS was increased to 2.3 mg/day/kg. Deletion of
cholesterol 24-hydroxylase activity in these animals reduced
net excretion only 22% to 1.8 mg/day/kg.Bl Thus, at least
two different pathways promote net sterol excretion from
the CNS. One uses cholesterol 24-hydroxylase and may re-
flect sterol turnover in large neurons in the brain. The other
probably involves the movement of cholesterol or one of its
metabolites across the blood-brain barrier and may more
closely mirror sterol turnover in pools such as glial cell
membranes and myelin.—Xie, C., E. G. Lund, S. D. Turley,
D. W. Russell, and J. M. Dietschy. Quantitation of two path-
ways for cholesterol excretion from the brain in normal
mice and mice with neurodegeneration. J. Lipid Res. 2003.
44: 1780-1789.
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The cells of all extrahepatic tissues outside of the cen-
tral nervous system (CNS) continuously acquire choles-
terol from two sources, de novo synthesis and the uptake
of sterol carried in LDLs. In the mouse, as in other species
(1), the predominant source for this sterol is de novo syn-
thesis (~~100 mg/day/kg body weight), while cellular up-
take of LDL cholesterol through the clathrin-coated pit/
lysosomal pathway contributes only a small amount (~5-
10 mg/day/kg) to this acquisition process (2—4). Within
the cells of these tissues, this newly acquired sterol is trans-
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ported outwardly to the cell surface, where it apparently
continuously replaces cholesterol within the bulk phase
and sphingolipid-rich microdomains of the plasma mem-
brane (5, 6). Because the pool of cholesterol in these ex-
trahepatic tissues remains constant (~2,200 mg/kg), each
day an amount of sterol equal to that newly acquired must
be removed from these cells and carried by lipoproteins
back to the liver for excretion from the body as either
neutral, i.e., cholesterol or acidic, i.e., bile acid, sterols.
While it is not entirely clear why the integrity of these cells
depends upon this continuous flow of sterol from the en-
doplasmic reticulum and lysosomes to the plasma mem-
brane, several lines of evidence suggest this movement
may be involved in the regulation of certain proteins and
in the function of a number of specific transporters on
the cell surface (7-11). Because of this continuous re-
placement, in a species with a very high metabolic rate
like the mouse, ~7-9% of the total body pool of choles-
terol is turned over each day (2, 4).

Much less is understood about cholesterol turnover in
the brain. As in most of the other extrahepatic organs, ste-
rol in the brain is essentially all unesterified, but unlike in
these other tissues, this cholesterol is present in two func-
tionally distinct pools, the plasma membranes of glial and
nerve cells, and the multi-layered myelin sheaths elabo-
rated by support cells that surround the processes of neu-
rons. While the concentration of unesterified cholesterol
in most organs varies from ~1.4 mg/g wet weight (mus-
cle) to ~5.0 mg/g (lung) (2), in the brain, these concen-
trations vary from ~8 mg/g (gray matter) to ~40 mg/g
(spinal cord). In the mouse, the pool of cholesterol in the
brain (~330 mg/kg) accounts for about 15% of the total
body pool, but in the primate, over 20% of the body sterol
pool is located in the CNS (12). Nevertheless, the turn-
over of this large pool of unesterified cholesterol within
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the CNS is apparently very slow. In the mouse, for exam-
ple, where 7-9% of the whole animal cholesterol pool is
replaced each day, only about 0.4% of the pool in the
brain is turned over (13). Similarly slow rates of sterol
turnover have been reported in the brains of the baboon
and human (13-15). The processes responsible for this
turnover, however, are poorly understood, and it is not
clear whether these overall rates of turnover apply equally
to the pools of cholesterol in the plasma membranes and
myelin sheaths within the CNS.

In contrast to other tissues of the body, acquisition of
cholesterol within the brain appears to come entirely
from de novo synthesis. With the development of methods
that allowed measurement of absolute rates of synthesis in
vivo (16), it was found in several species that the rate of ac-
cumulation of sterol in the developing CNS could be fully
accounted for by the rate of de novo synthesis (17-20).
Furthermore, there was a very close correlation between
the rate of synthesis and the ultimate concentration of ste-
rol found in different regions of the CNS (20, 21). In con-
trast, repeated attempts to demonstrate LDL cholesterol
(or HDL cholesterol) uptake into the brain, even in the
fetus before closing of the blood-brain barrier, failed to
show net transfer of sterol from the plasma into the CNS
(2, 21, 22). Thus, the tissues of the CNS have very high
rates of cholesterol synthesis during brain development in
the fetus and newborn, and these rates decline with matu-
ration of the animal (23). However, cholesterol synthesis
continues, albeit at a low rate, even after mature brain size
is achieved and the pools of sterol in the CNS become
constant (1, 23).

Several lines of evidence suggest that this newly synthe-
sized cholesterol is involved in an internal circulation of
sterol among different cell types within the brain. The glia
and neurons of the CNS express several members of the
LDL receptor (LDLR) family, including the LDLR itself
and the LDLR related protein, and the cerebrospinal
fluid contains a number of apolipoproteins including apo-
lipoprotein E (apoE), apoA-l, and apoA-IV (24-26). In
one study, for example, it was shown that synapse forma-
tion between neurons in vitro required the presence of
glial cells; however, this requirement could be obviated by
providing the nerve cells with cholesterol complexed to
apoE (27). That neurons take up such apoE-cholesterol
complexes is also consistent with the observation that un-
esterified cholesterol accumulates in these cells when Nie-
mann-Pick type C (NPC1), a protein required for the pro-
cessing of sterol entering cells through the clathrin-coated
pit pathway, is mutated (28, 29).

If, as these observations suggest, sterol is being continu-
ously synthesized within the CNS even in the mature ani-
mal where the pool of sterol in the brain has become con-
stant, it follows that mechanisms must be available to
continuously transport cholesterol across the blood-brain
barrier into the plasma for excretion. In principle, such
movement might involve the transfer of cholesterol itself
or the movement of this sterol after hydroxylation within
the CNS. The observations that the brain contains both
cholesterol 24-hydroxylase and sterol 27-hydroxylase activ-

ities (30-32), and that there is net transfer of 24(S)-hydroxy-
cholesterol from the brain into the venous outflow in hu-
mans (33) indicate that formation of these oxysterols
may be one of the major pathways for the movement of
sterol out of the CNS. With the availability of mice lacking
cholesterol 24-hydroxylase activity (Cyp46al=~/~) (34, 35),
as well as those lacking cholesterol 7o-hydroxylase
(Cyp7al~/7) and sterol 27-hydroxylase (Cyp27al~/~) activ-
ities (36, 37), it is now possible to measure the quantitative
importance of each of these pathways for cholesterol turn-
over in the brain. The current studies, therefore, were un-
dertaken I) to explore the effect of age and gender on
cholesterol metabolism in the mouse brain; 2) to measure
the effect of deletion of CYP46A1 and the other sterol hy-
droxylases on cholesterol metabolism in different regions
of the CNS; 3) to quantitate net sterol turnover in the
CNS and to measure the role of CYP46Al in this process;
and, finally, 4) to measure the rate of net cholesterol turn-
over in animals with ongoing neurodegeneration and to
define the role of CYP46A1 in this excretory process.

EXPERIMENTAL PROCEDURES

Animals and diets

The mice with deletion of either cholesterol 24-hydroxylase
(Cyp46al~/~) or cholesterol 7a-hydroxylase (Cyp7al~/~) activity
were generated as described previously (35, 36, 38). The sterol
27-hydroxylase knockout mice (Cyp27al~/~) were originally ob-
tained from Dr. Eran Leitersdorf (37, 39). Mice with a mutation
in NPC1 protein (NpcI~/~) were obtained from a colony at the
National Institutes of Health (28, 40) and were then bred into a
mixed background of C57BL/6 and 129S6/SvEv. All genetically
modified animals were maintained in the same mixed back-
ground of C57BL/6 and 129S6/SvEv, as were matching control
mice (Cyp46al™/*, Cyp7al*/*, Cyp27al™/*, NpcI™/*). The ani-
mals were fed ad libitum a low-cholesterol (0.02%, w/w), low-fat
(4%, w/w) basal rodent diet (No. 7001, Harlan Teklad, Madison,
WI) after weaning at the end of the third week. With the excep-
tion of one experiment in which animals were studied at ages
varying from 7 to 210 days, all studies were carried out when the
mice were exactly 7 weeks of age and in the fed state near the end
of the 12 h dark phase of the light cycle (41). The experimental
groups contained nearly equal numbers of males and females be-
cause there were no significant gender differences observed in
the CNS in any of these measurements. At the termination of
these experiments, the entire CNS was removed, including the
spinal cord. In some studies, the CNS was divided into five re-
gions identified as cerebrum, cerebellum, mid-brain, brain stem,
and spinal cord. All experimental protocols were approved by
the Institutional Animal Care and Research Advisory Committee.

Measurement of tissue cholesterol concentrations

Animals were exsanguinated from the inferior vena cava, and
the CNS was removed and saponified. The cholesterol was ex-
tracted and measured by gas-liquid chromotography using stig-
mastanol as an internal standard (36, 42). The values were either
expressed as mg of cholesterol/g wet weight of tissue (mg/g) or
converted to mg of cholesterol in a specific tissue normalized to
1 kg body weight (mg/kg). The mean rate of expansion of the
pool of cholesterol in the CNS at 7 weeks of age was determined
by measuring the size of this pool per kg body weight in groups
of mice exactly 6 and 8 weeks of age. These data were then en-
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tered into a linear regression program in order to calculate the
average daily accretion rate at 7 weeks expressed as mg of choles-
terol accumulated/day/kg (mg/day/kg).

Measurement of cholesterol synthesis in vivo

Each mouse was injected with 50 mCi of *HyO intraperito-
neally. One hour later, the animals were anesthetized and exsan-
guinated. The tissues were removed and saponified, and digito-
nin-precipitable sterols were isolated as described previously.
The rates of cholesterol synthesis in each tissue were determined
and expressed as the nmol of 3H,O incorporated into sterols/h/g
of tissue (nmol/h/g) (2, 36). Because the 3H/C incorporation ra-
tio was known, these rates could be converted to absolute rates of
cholesterol synthesis and could also be expressed as milligrams
of cholesterol synthesized in a particular organ or whole animal/

day/kg body weight (mg/day/kg) (16, 43).

Measurement of mRNA expression in tissues

After exsanguination of the mice, aliquots of tissue were im-
mediately removed and frozen in liquid nitrogen. Total RNA was
prepared from tissues using the RNA Stat60 reagent (Tel-Test,
Friendswood, TX). In one experiment, 5 pg of poly(A)* RNA
was isolated and subjected to electrophoresis, and Northern
blotting was performed as described previously (37). The
amount of radioactivity in each signal was analyzed by Phosphor-
Imaging (Molecular Dynamics). In another study, CYP46Al
mRNA was determined by an RNase protection assay using
GAPDH as the internal control. Total RNA (40 pg) was hybrid-
ized with 32P-labeled riboprobes. Following RNase digestion, the
mRNA-protected 3*P-labeled probes were separated by electro-
phoresis, and the radioactivity in each band was quantified us-
ing a Phosphorlmaging system (44). In a third series of experi-
ments, levels of CYP46A1, ATP binding cassette transporter Al
(ABCAT), SR-BI, sterol regulatory element binding protein-lc
(SREBP-1c), and SREBP-2 mRNAs were determined by real-time
polymerase chain reactions using an Applied Biosystems PRISM
7900HT machine.

Immunoblot assay of CYP46A1l protein expression

Immunoblots of the CYP46A1 protein were carried out as de-
scribed (34). The separated proteins were electroblotted to poly-
vinylidene difluoride membranes and incubated with T-623 anti-
serum (1:1,000 to 1:2,000 dilution of unpurified serum). A
donkey anti-rabbit horseradish peroxidase-conjugated antibody
(Amersham Pharmacia) was used as a secondary antibody. Visu-
alization was via enhanced chemiluminescence kits (Amersham
Pharmacia).

Calculations

All data are presented as means = SEM. The differences be-
tween control and genetically modified animals were tested for
statistical significance (P < 0.05) by an unpaired, two-tailed Stu-
dent’s ttest. In the figures and table, an asterisk indicates a value
that was significantly different at this level from its appropriate
control value.

RESULTS

Age and gender effects on brain cholesterol metabolism
Because previous studies in the mouse have shown sig-
nificant age and gender effects on several aspects of sterol
metabolism (41, 45), initial measurements were made in
the brains of male and female mice of different ages. As
shown in Fig. 1A, the mean concentration of cholesterol
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Fig. 1. Cholesterol concentration in the whole brain (A) and dif-
ferent regions of the brain (B, C, D) in Cyp46al*/* and Cyp46al =/~
mice of various ages. Either male or female mice, with ages varying
from 7 to 210 days, were used in these experiments. The animals
were weaned onto the low-cholesterol rodent diet at 3 weeks of age.
The whole brain or specific regions were removed and saponified.
The cholesterol concentration was measured by gas liquid chroma-
tography (GLC) and expressed as mg/g wet weight. Means + SEM
are shown for four to eight animals in each group.

in the whole brains of Cyp46al*/* and Cyp46al=/~ ani-
mals increased 3-fold, from about 6 mg/g to 18 mg/g be-
tween 7 and 90 days of age. There was little further in-
crease of these values in animals at 210 days of age. In
contrast to these effects of age, there was no consistent dif-
ference in the cholesterol concentration in male and fe-
male mice or in Cyp46al*™/* and Cyp46al~/~ animals. Sim-
ilar findings were observed in different regions of the
CNS, as shown in Fig. 1B-D. In general, the mean concen-
tration of cholesterol increased in every region of the
brain up to 90 days of age, but there were no significant
differences between these values in the control mice and
those lacking cholesterol 24-hydroxylase activity or in
male and female animals. Similar studies in the CNS of a
large number of 7-week-old animals also revealed no dif-
ferences in sterol metabolism in the brains of male and fe-
male mice. On the basis of these initial experiments, all
subsequent studies were carried out in young adult mice 7
weeks of age, and all experimental groups contained equal,
or nearly equal, numbers of male and female animals.
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Brain cholesterol metabolism in Cyp46al /=, Cyp27al =/,
and Cyp7al /" mice

Previous studies have fully characterized whole-animal
cholesterol balance in mice lacking the enzymes that hy-
droxylate cholesterol at the 24, 27, and 7« positions (35—
37). The tissue expression of the genes for these three en-
zymes in control animals was very different, as illustrated
in Fig. 2. mRNA for CYP7A1 was found only in the liver
while CYP46A1 was expressed principally in the brain and,
to a much lesser degree, the eye and testis. In contrast,
while CYP27A1 was found predominantly in the liver, sig-
nificant expression was also apparent in other organs, in-
cluding adipose tissue, intestine, kidney, lung, muscle,
and uterus. Brain expressed essentially no mRNA for this
enzyme even though sterol 27-hydroxylase activity has
been described in the CNS (30, 32).

Studies were next undertaken to determine if alter-
ations in sterol metabolism could be detected in mice
lacking any one of these sterol hydroxylases. As shown
in Fig. 3A, the mean concentration of cholesterol in
the whole brain was virtually identical in the control,
Cyp46al=~'=, Cyp27al~/~, and Cyp7al~/~ animals and
equaled about 15 mg/g. In contrast, the rate of choles-
terol synthesis was suppressed about 35% in the animals
lacking 24-hydroxylase activity, while there was no alter-
ation in the rate of sterol synthesis in either the Cyp27al =/~
or Cyp7al~/~ animals. Thus, the 27- and 7a-hydroxylases
that were primarily expressed in the liver profoundly af-
fected whole-animal sterol balance (36, 37), but appar-
ently had no physiological function in the CNS.

The distribution of CYP46A1 in different regions of the
CNS is shown in Fig. 4. The mRNA for this gene was most
abundant in the cerebrum and least abundant in the spi-
nal cord. CYP46A1 protein levels also were relatively low
in the spinal cord and appeared most prevelant in the cer-
ebellum and mid-brain. The concentration of cholesterol
and the rates of sterol synthesis in these same regions
were next measured in 7-week-old animals. As seen in Fig.
5A, the concentration of cholesterol in the cerebrum and
cerebellum averaged about 13 mg/g. These values were
higher in the more myelinated regions of the mid-brain
and brain stem, and reached nearly 35 mg/g in the spinal
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Fig. 2. Expression of CYP46A1, CYP27A1, and CYP7A1 mRNA in
the organs of wild-type mice. Five micrograms of poly(A)* RNA
prepared from the major organs was subjected to electrophoresis
and Northern blot analysis using the 32P-labeled cDNA probes indi-
cated. The results were analyzed using a PhosphorImager.
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Fig. 3. Brain cholesterol concentration (A) and synthesis (B) in
control, Cyp46al~/~, Cyp27al~/~, and Cyp7al~/~ mice. All animals
used in this experiment were 7 weeks of age, and included nearly
equal numbers of males and females. The whole brain was removed
and saponified. The cholesterol concentration was measured by
GLC. Sterol synthesis was determined in vivo. Means * SEM are
shown for 6 to 8 animals in each group. The asterisk (*) identifies
the value that was significantly different from that in the control
mice.

cord. There were no differences, however, in the concen-
tration of cholesterol in any of these regions in wild-type
versus Cyp46al~/~ animals. In contrast, cholesterol syn-
thesis was significantly suppressed in all of these regions of
the CNS except the spinal cord, as shown in Fig. 5B. As
the 24-hydroxylase has been localized to neurons (34, 35),
this finding is consistent with the hypothesis that this en-
zyme is more abundant in the neuron-rich areas of the ce-
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Fig. 4. Expression of CYP46A1 mRNA (A) and its product, choles-
terol 24-hydroxylase (B), in five regions of the brain in wild-type
mice. Forty micrograms of total RNA was prepared and hybridized
with %2P-labeled probes. The radioactivity was analyzed by Phosphor-
Imaging using the signal from the glyceraldehyde phosphate dehy-
drogenase mRNA as an internal control. Immunoblots of the
CYP46A1 protein were carried out in these same studies using the
immunoglobulin heavy chain binding protein (BIP) as an internal
control.
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Fig. 5. Cholesterol concentration (A) and synthesis (B) in five re-
gions of the brain in control and Cyp46al~/~ mice. All animals used
in this experiment were 7 weeks of age and included nearly equal
numbers of males and females. The brain was removed and dis-
sected into five regions. The cholesterol concentration was mea-
sured by GLC, and sterol synthesis was determined in vivo. Means *
SEM are shown for six to nine animals in each group. The asterisk
(*) identifies the values in the Cyp46al~/~ group that were signifi-
cantly different from those in the wild-type mice.

rebrum, cerebellum, and mid-brain (Fig. 4) and is active
in exporting cholesterol from these regions. Thus, loss of
this activity would necessarily lead to a decrease of choles-
terol synthesis in these areas, but such decreases would
not be seen in the spinal cord, where CYP46Al is less
abundant and, presumably, less active.

Net cholesterol movement out of the CNS in Cyp46al™/*
and Cyp46al~/~ mice

With recognition that the 24-hydroxylase appears to
play a role in the movement of sterol from the CNS, stud-
ies were next undertaken to quantitate this CYP46A1-
dependent flux. Unfortunately, the pool of cholesterol in
the brain of the 7-week-old mice was still expanding
slightly because both brain weight and cholesterol con-
centration continued to increase at this age (Fig. 1). In 12
and 11 control animals, respectively, killed at 6 and 8
weeks of age, the cholesterol pool in the CNS increased
from 321 = 4 mg/kg to 332 = 5 mg/kg. Thus, at 7 weeks
of age, the mean rate of cholesterol accumulation in the
developing brain equaled about 0.8 mg/day/kg (Table 1,
column A). Based on 3HyO incorporation into sterols in
10 mice at 7 weeks of age, the rate of cholesterol synthesis
in the whole brain was calculated to equal 2.2 mg/day/
kg (Table 1, column B). As only 0.8 mg/day/kg of this
newly synthesized sterol was used for brain growth, 1.4
mg/day/kg must have been moved from the CNS into the
blood for excretion (Table 1, column C). The pool of ste-
rol in the brains of these 7-week-old animals equaled 326 *
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3 mg/kg, so this rate of excretion accounted for the turn-
over of only 0.4% of the total pool in the brain each day
(Table 1, column C). These values can be compared with
those for the whole animal that excreted into the feces
179 mg of sterol/day/kg, a rate that would account for
the turnover of 8.1% of the whole-animal pool of choles-
terol each day (Table 1, column D).

Similar measurements were next carried out in
Cyp46al ~/~ animals, and are also shown in Table 1. Be-
tween 6 and 8 weeks of age, the rate of brain growth and
the increase in cholesterol concentration in these knock-
out animals were indistinguishable from those found in
the control mice. Consequently, the calculated rate of ste-
rol accumulation in the 7-week-old animals also equaled
0.8 mg/day/kg (Table 1, column A). The rate of choles-
terol synthesis in these animals, however, was determined
to be 40% lower than the rate found in control animals,
and was calculated to equal 1.3 mg/day/kg (Table 1, col-
umn B). Because the same amount of newly synthesized
cholesterol was used to support brain growth (0.8 mg/
day/kg), only 0.5 mg/day/kg was moved out of the CNS
(Table 1, column C). Thus, deletion of the 24-hydroxylase
activity reduced the rate of cholesterol movement out of
the CNS by about 64%, from 1.4 to 0.5 mg/day/kg, and
the turnover of the sterol pool in the brain was reduced
from 0.4 to 0.2% per day. In contrast, there was no detect-
able difference in the rate of whole-animal cholesterol
turnover in the Cyp46al~/~ mice compared with controls
(Table 1, column D).

Effect of loss of 24-hydroxylase activity in the presence of
ongoing neurodegeneration

Mice homozygous for a mutation in the gene encoding
the NPCI protein have a well-described syndrome marked
by progressive neurodegeneration and death about 11
weeks after birth (40). The NPCI protein is involved in
the movement of unesterified cholesterol from the lysoso-
mal compartment to the metabolically active pools of ste-
rol in virtually every type of cell in the body. Thus, when
NPCI is impaired, any cholesterol entering these cells
through the clathrin-coated pit pathway becomes irrevers-
ibly sequestered within the late endosome/lysosome com-
partment (46). As a consequence, the concentration of
unesterified cholesterol increases in all tissues of the body
outside of the CNS (28). Within the brain, however, this
metabolic defect leads to the progressive death of some
neurons and glial cells, and significant demyelination over
the 11-week lifespan of the mutant mice (29, 47, 48).

The defect in sterol metabolism in the CNS was clearly
apparent when net cholesterol flux out of the brain was
measured in 7-week-old NpcI™/~ animals (Table 1). The
pool of sterol in the CNS actually decreased between 6
and 8 weeks of age, so that at 7 weeks the mean rate of
change in this pool equaled —0.5 mg/day/kg, compared
with the gain of 0.8 mg/day/kg found in the control mice
(Table 1, column A). The rate of cholesterol synthesis in
these animals was only marginally reduced (1.8 mg/day/
kg) (Table 1, column B) however, so that net sterol excre-
tion from the CNS increased to 2.3 mg/day/kg (Table 1,
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TABLE 1. Net cholesterol flux out of the central nervous system and whole animal in control, Cyp46al~/",
NpcI~/~, and Npcl=/~/ Cyp46al~/~ mice at 7 weeks of age

C: Net Sterol
Excretion from

D: Net Sterol
Excretion from

B: Cholesterol
Synthesis in

A: Net Expansion
of the Cholesterol

Animal Genotype Pool in the CNS the CNS the CNS the Whole Animal
mg/day/kg (% /day)

Wild-Type 0.8 £ 0.05 2.2 *£0.10 1.4 (0.4) 179 = 8 (8.1)

Cy[)46a]’/’ 0.8 £0.03 1.3 = 0.20 0.5 (0.2) 177 = 13 (8.1)

di*/* —-0.5 £0.10 1.8 = 0.08 2.3 (0.7) 152 = 16 (2.8)

N[)(,'I*/*/Cyj)46a1’/’ —0.5 £0.04 1.3 = 0.09 1.8 (0.5) —

CNS, central nervous system. Groups of mice were killed at 6 and 8 weeks of age and the total pool of choles-
terol in the CNS was measured. The average daily change in this pool was then calculated and is shown in column
A. Cholesterol synthesis was measured in 7-week-old mice of each genotype and these values are presented in col-
umn B. Column C shows the calculated rate of cholesterol movement out of the CNS, while the data in column D
give the rates of sterol movement out of the whole animal into the feces (35, 40). The percentage of the pool of
cholesterol in the CNS and whole animal turned over each day is shown by the numbers in parentheses. Fecal ste-

rol excretion was not determined in the Npcl =/~ /Cyp46al~/~ mice.

column C). Thus, in the face of ongoing neurodegenera-
tion and demyelination, cholesterol export from the CNS
was nearly doubled compared with control animals. In
contrast, net sterol excretion from the whole animal re-
mained essentially normal, while the whole-animal choles-
terol pool increased nearly 2.5-fold at 7 weeks of age. As a
consequence, the calculated percentage turnover rate for
the whole animal (Table 1, column D) was markedly re-
duced.

Two experiments were done to evaluate the role of
CYP46AL1 in this accelerated cholesterol transport seen in
the Npc]‘/‘ mice. First, mRNA and protein levels for the
cholesterol 24-hydroxylase were measured in NpcI =/~ ani-
mals and were both found to be essentially unchanged
compared with the control mice. Thus, the increase in ste-
rol export seen in the mutant animals was apparently not
associated with an increase in 24-hydroxylase activity. This
finding was further explored in a second study, in which
the Npcl~/~ animals were bred with the Cyp46al~/~ mice
to produce double homozygous Npcl~/~/Cyp46al~/~ ani-
mals. Phenotypically, these mice were indistinguishable
from the NpcI™/~ animals. Both groups began to manifest
gross neurological symptoms at about 7 to 8 weeks of age,
and nine Npcl=/~/Cyp46al~/~ mice were followed until
death; all succumbed within the same time frame (79 * 3
days) seen in the Npcl ™/~ animals.

The biochemical parameters of cholesterol metabolism
in the NpcI~/~/ Cyp46al~/~ mice are shown in Fig. 6. The
concentration of cholesterol in the NpcI™/~ animals typi-
cally was minimally reduced in the gray matter of the cere-
brum and cerebellum but was reduced to a greater degree
in the more myelinated mid-brain compared with either
control or Cyp46a1_/_ animals (Fig. 6A, C, E). No addi-
tional changes in cholesterol concentration were ob-
served in the Npcl~/~/Cyp46al~/~ mice. Cholesterol
synthesis was significantly higher in the cerebrum, cere-
bellum, and mid-brain of the NpcI~™/~ mice compared
with the Cy[)46a1‘/‘ animals (Fig. 6B, D, F); however,
these rates of synthesis were reduced to the same level
found in the Cyp46al~/~ mice when the 24-hydroxylase
gene was also deleted from the Npcl =/~ animals.

These features of sterol metabolism also could be iden-

tified when net cholesterol flux across the CNS of the
Npel=/~/ Cyp46a1~/~ animals was measured. Net choles-
terol loss from the CNS equaled —0.5 mg/day/kg and was
the same as found in the NpcI™/~ animals (Table 1, col-
umn A). Cholesterol synthesis was decreased to 1.3 mg/
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Fig. 6. Cholesterol concentration (A, C, E) and synthesis (B, D,
F) in three regions of the central nervous system (CNS) in
Cyp46al~/~, Npcl1~/~, and Cyp46al~/~/Npcl~/~ mice. All animals
in this experiment were 7 weeks of age, and each group contained
nearly equal numbers of males and females. Means = SEM are
shown for six animals in each group. The asterisk (*) identifies the
values that were significantly different from those in the Cyp46al=/~
mice.
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day/kg and was the same as seen in the Cyp46al~/~ mice
(Table 1, column B). As a result, the rate of cholesterol ex-
cretion from the CNS was reduced from the value of 2.3
mg/day/kg seen in the NpcI~/~ mice to 1.8 mg/day/kg in
the Npcl=/~/ Cyp46al~/~ (Table 1, column C).

Thus, these latter studies allowed for two important
conclusions. First, partial suppression of cholesterol ex-
cretion from the brain by deletion of 24-hydroxylase activ-
ity did not alter the neurological phenotype of the NPC1
mice. The neurological symptoms, loss of brain choles-
terol, and time of death remained unchanged. Second,
while the CYP46A1-dependent component of sterol excre-
tion from the CNS equaled about 0.9 mg/day/kg in the
normal mouse, this component was apparently reduced to
only 0.5 mg/day/kg in the animals with neurodegenera-
tion. This reduction may have reflected the smaller pool
of neurons known to be present in these 7-week-old
Npel=/~ animals (47). However, it was not apparent from
these studies what other biochemical pathway accounted
for the CYP46Al-independent excretion of cholesterol
from the CNS that was increased 3-fold in these same ani-
mals. While mRNA levels for apoE were significantly ele-
vated 60% in the whole brains of these NpcI~/~ mice com-
pared with wild-type animals (1.6 = 0.09), there were no
similar significant differences found in the mRNA levels
of ABCA1 (1.3 = 0.11), scavenger receptor class B, type I
(SR-BI) (1.0 = 0.04), SREBP-1c¢ (1.2 = 0.04), or SREBP-2
(0.9 £ 0.03) mice.

DISCUSSION

These studies were undertaken to quantitate the rate of
cholesterol excretion from the brain of the mouse, and
they provide new information indicating that at least two
separate pathways are involved in this excretory process.
In normal animals, net sterol movement out of the CNS
equaled 1.4 mg/day/kg body weight, but in Npcl~/~ mice
with ongoing neurodegeneration and demyelination, this
flux was increased to 2.3 mg/day/kg (Table 1). In normal
animals, 64% of this output (0.9 mg/day/kg) involved the
formation of 24(S)-hydroxycholesterol. However, in the
face of ongoing neurodegeneration, with loss of major
groups of large neurons, this CYP46Al-dependent compo-
nent of cholesterol export was diminished to only 0.5 mg/
day/kg while the alternative CYP46Al-independent ex-
port pathway increased more than 3-fold from 0.5 mg/
day/kg to 1.8 mg/day/kg.

The general features of sterol turnover in the whole an-
imal are now fairly well understood. Most cholesterol is
synthesized in peripheral organs and then transported
through the plasma to the liver, where it is partially con-
verted to hydroxylated sterols. Both these newly formed
bile acids and the remaining cholesterol are then secreted
across the canalicular membrane of the liver, and, ulti-
mately, are excreted from the body as fecal acidic and
neutral sterols. This overall flow of cholesterol through
the body involves the participation of a number of plasma
membrane sterol transport proteins, including, at a mini-
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mum, adenosine triphosphate binding cassette Al, SR-BI,
ABCB4, ABCB11, and the two half-transporters, ABCG5
and ABCGS8 (4, 49). As summarized in Fig. 7A, in mice
that have a very high metabolic rate [~170 kcal/day/kg
(50)]1, this turnover of membrane sterol is rapid and
equals 179 mg/day/kg. Approximately half of this sterol is
excreted as cholesterol itself (76 mg/day/kg), while the
remainder comes out as acidic sterols (103 mg/day/kg)
(35). Because the pool of cholesterol in these animals
equals 2,197 mg/kg, this rate of excretion represents the
turnover of 8.1% of the whole animal pool each day. In
humans, with a lower metabolic rate (~25 kcal/day/kg),
the turnover of membrane cholesterol is much slower and
equals only 15 mg/day/kg (0.7% of the whole body pool
each day). Nevertheless, this turnover is still accomplished
by excreting into the feces nearly equal amounts of neu-
tral sterols and bile acids (4).

In contrast to the whole mouse, these studies demon-
strated that turnover of cholesterol in the brain equaled
only 1.4 mg/day/kg (Fig. 7B). Because the pool of sterol
in the CNS of these 7-week-old animals equaled 326 mg/kg,
this rate of excretion represented an apparent turnover of
only 0.4% of this pool each day. These experiments fur-
ther delineated the role of cholesterol hydroxylation in
this turnover process. Whereas both 24-hydroxylase and
27-hydroxylase activities have been reported in the brain
(80-32), it was clear that only CYP46A1l was significantly
expressed in the CNS of these mice, while CYP27A1 and
CYP7A1 were most abundantly expressed in the liver (Fig.
2). Furthermore, deletion of 24-hydroxylase activity signif-
icantly altered cholesterol metabolism in the brain, while
deletion of either 27-hydroxylase or 7a-hydroxylase activ-
ity had no effect on sterol metabolism in the CNS (Fig. 3).
Thus, CYP46A1 plays a major role in CNS cholesterol me-
tabolism, but has no demonstrable effect on whole-animal
sterol turnover in the mouse (Fig. 7AB) (35). In contrast,
changes in the CYP27A1 or CYP7ALI activity profoundly
affect whole-mouse sterol balance but have no demon-
strable effect on cholesterol metabolism in the brain
(36, 37).

The finding in the current study that CYP46A1 accounts
for the majority of cholesterol excreted from the CNS in
the normal mouse is consistent with an earlier observation
in the rat that the rate of 24(S)-hydroxycholesterol move-
ment out of the CNS also accounts for a major portion of
the sterol newly synthesized in the brain (31). Similarly,
these observations are consistent with recent findings in
the human that there is net movement of 24(.S)-hydroxy-
cholesterol from the brain into the cerebrospinal fluid
and plasma, whereas most, if not all, 27-hydroxycholes-
terol found in the cerebrospinal fluid comes from the cir-
culation, and not from the brain (33, 51).

Two lines of evidence support the possibility that the
CYP46Al-dependent component of cholesterol export
from the CNS reflects primarily sterol turnover in major
neurons. First, previous work using in situ mRNA hybrid-
ization and immunohistochemistry revealed that Cyp46A1
is expressed exclusively in neurons of the mouse brain
and particularly in a subset of nerve cells in the cerebral
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A WHOLE ANIMAL

Diet
(32 mg/d per kg)

INPUT

Cyp46al+/+

Synthesis
(207 mg/d per kg)

Expansion
(0 mg/d per kg)

Fecal Neutral Sterols
(76 mg/d per kg)

Fecal Acidic Sterols
(103 mg/d per kg)

Fig. 7. Comparison of cholesterol balance across the whole
mouse (A) and whole central nervous system (B) of wild-type
and Cyp46a1~/~ animals. A: Input of cholesterol into the
whole animal from the diet and de novo synthesis and output

Diet Fecal Neutral Sterols
(25 mg/d per kg) (82 mg/d per kg)
Pool
Cyp46a1-/- 2176 mg/kg
Synthesis Expansion Fecal Acidic Sterols

(187 mg/d per kg) (0 mg/d per kg)

B WHOLE CENTRAL NERVOUS SYSTEM

(95 mg/d per kg)

as fecal neutral and acidic sterols (35). B: Similar data for the
CNS of these animals derived from the present study. In this
formulation, it was assumed that the input of cholesterol into
the CNS came exclusively from synthesis and that the rate of
output as “other sterols” was the same in the Cyp46al*/* ani-
mals as in the Cyp46al~/~ mice.

Lipoprotein 24-Hydroxycholesterol
Cholesterol (0.9 mg/d per kg)
O estere  INPUT OUTPUT
Pool
Cyp46a1+/+ 326 mg/kg
Synthesis Expansion Other Sterols (?)

(2.2 mg/d per kg) (0.8 mg/d per kg)

(0.5 mg/d per kg)

Lipoprotein 24-Hydroxycholesterol
Cholesterol (0 mg/d per kg)
(0 mg/d per kg)
Pool
Cyp46a1t -I- 330 mg/kg
Synthesis Expansion Other Sterols (?)

(1.3 mg/d per kg) (0.8 mg/d per kg)

cortex, hippocampus, dentate gyrus, and thalamus, and in
large, metabolically active neurons like the Purkinje cells
of the cerebellum (34). Second, in the present experi-
ments the CYP46Al-dependent component of cholesterol
excretion was found to be decreased by nearly half in the
Npcl=/~ mice (Table 1). These same animals have been
shown to have lost many neurons in the CNS, including
the majority of the Purkinje cells in the cerebellum (47,
48). Thus, taken together, these data support the conclu-
sion that the rate of 24(S)-hydroxycholesterol movement
out of the brain reflects primarily cholesterol turnover in
a metabolically active subset of neurons within the CNS.
While the total pool of cholesterol in the CNS of these
normal mice equaled 326 mg/kg (Fig. 7B), in the rodent,
69% of this sterol is localized to myelin (225 mg/kg) while
the remainder is in cellular elements (101 mg/kg) (52).
Furthermore, in most vertebrates <10% of the cells in
the CNS are neurons, so the pool of cholesterol in the
plasma membranes of these nerve cells must equal <10
mg/kg (53). If the excretion of 0.9 mg/day/kg of 24(S)-
hydroxycholesterol reflects primarily sterol moving across
the membranes of these neurons, then the rate of turn-
over must be very high, equaling >9% each day of the
pool of cholesterol present in these cells. Such a rapid
rate of turnover would be consistent with the fact that the
basal metabolic rate is much higher in the CNS than in
the animal as a whole. In the human, for example, the or-
gan-specific metabolic rate of the brain (230 kcal/day/kg)

(0.5 mg/d per kg)

is 9-fold higher than the average metabolic rate of the
whole individual (25 kcal/day/kg) (54). Thus, contrary to
earlier conclusions, these figures indicate that cholesterol
turnover in neurons may be as rapid as or even more
rapid than sterol turnover in most other types of cells in
the body.

It is more difficult to judge the source for the sterol ex-
creted by the CYP46Al-independent pathway. While this
process is relatively small in the normal animal (0.5 mg/
day/kg), it increases more than 3-fold in the face of
neurodegeneration and demyelination (1.8 mg/day/kg)
(Table 1). If, in the normal animal, this component of ste-
rol excretion primarily reflected turnover in glial cells, then
the movement of 0.5 mg/day/kg out of the pool of mem-
brane cholesterol in these cells (91-100 mg/kg) would
equal a turnover rate of about 0.5% of the pool each day,
a rate that is very much lower than that calculated for the
pool of cholesterol present in neurons, but similar to the
rate of turnover in other cells of the body. In the Npcl =/~
animals, there is not only loss of neurons, but also loss of a
selected population of glial cells, i.e., oligodendrocytes, as
well as myelin (47, 48). Thus, the 3-fold increase in the
CYP46Al-independent excretion of sterol in these ani-
mals must reflect the export of cholesterol that comes
from several sources. Conceivably, this flux reflects the en-
hanced activity of microglia, the CNS equivalent of macro-
phages, which are known to be activated to clear cellular
debris following nerve cell damage and loss of myelin.
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In any event, at least two sterols, 24(S)-hydroxycholes-
terol and, possibly, cholesterol itself or another metabolite
are secreted by these various cells into the aqueous envi-
ronment of the CNS and must then be moved across the
blood-brain barrier into the circulation for disposition.
Little is known of the nature of this (these) transport
mechanism(s). As is true of all biological membranes, the
log of the permeability coefficient describing the rate of
passive movement of a particular molecule across the
blood-brain barrier varies directly with the log of the coef-
ficient describing the partitioning of this same molecule
between a bulk lipid phase and water (55-57). By increas-
ing the potential for hydrogen bonding in the bulk water
phase, the addition of a hydroxyl group to the sterol mole-
cule would reduce the passive permeability coefficient for
that molecule while at the same time disproportionately
increasing its maximal solubility in the bulk water phase.
Because the maximal unidirectional flux of such a mole-
cule is dictated by the product of its passive permeability
coefficient and its maximal solubility, hydroxylation of a
sterol molecule invariably increases the rate of maximal
passive flux across biological membranes (58-60). Thus,
the formation of 24(S)-hydroxycholesterol, which has a
relatively high concentration in the brain of the normal
mouse [~200 ng/mg protein (35)], might provide a pas-
sive mechanism for promoting net sterol movement from
the brain into the blood. On the other hand, the liver,
which transports relatively large amounts of both choles-
terol and hydroxylated sterols across the canalicular mem-
brane, uses specific membrane transport proteins such as
ABCB4, ABCB11, and ABCG5/8 to promote the net trans-
port of these two kinds of molecules. Which of these two
types of transport mechanisms actually functions to move
sterols out of the CNS remains to be elucidated.fl
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