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Abstract

Lysosomal acid lipase (LAL), encoded by the gene L/PA, facilitates the intracellular processing
of lipids by hydrolyzing cholesteryl esters and triacylglycerols present in newly internalized
lipoproteins. Loss-of-function mutations in L/PA result in cholesteryl ester storage disease
(CESD) or in Wolman disease when mutations cause complete loss of LAL activity. Although the
phenotype of a mouse CESD model has been extensively characterized there has not been a focus
on the brain at different stages of disease progression. In the current studies whole-brain mass
and the concentrations of cholesterol in both the esterified (EC) and unesterified (UC) fractions
were measured in La/~~ and matching La/*”* mice (FVB-N strain) at ages ranging from 14 up to
280 days after birth. Compared to La/**controls at 50, 68-76, 140-142 and 230-280 days of age,
Lal”~ mice had brain weights that averaged approximately 6, 7, 18 and 20% less, respectively.
Brain EC levels were higher in the La/”~ mice at every age, being elevated 27-fold at 230-280
days. Brain UC concentrations did not show a genotypic difference at any age. The elevated brain
EC levels in the La/”~ mice did not reflect EC in residual blood. An mRNA expression analysis
for an array of genes involved in the synthesis, catabolism, storage and transport of cholesterol

in the brains of 141-day old mice did not detect any genotypic differences although the relative
mRNA levels for several markers of inflammation were moderately elevated in the Za/”~ mice.
The possible sites of EC accretion in the CNS are discussed.
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Introduction

In healthy young adult humans the average cholesterol concentration across the entire body
is ~2 mg/g wet tissue weight, with ~23% of the body cholesterol pool being present in

the brain, spinal cord and peripheral nervous system (Cook, 1958). Over the past decade

a series of comprehensive reviews on brain cholesterol metabolism, in both health and
disease, have revealed the remarkable advances made in this field while also identifying the
major questions that are the subject of ongoing research (Anchisi et al., 2013; Jin et al.,
2019; Martin et al., 2014; Orth & Bellosta, 2012; Petrov et al., 2016; Pfrieger & Ungerer,
2011; Vance, 2012; Zhang & Liu, 2015). As detailed in this and earlier literature there are
numerous distinguishing features of cholesterol metabolism in the developing and mature
brain (Dietschy & Turley, 2004). One of these is the marked variation in cholesterol levels
across different areas of the brain, particularly at maturity, with the highest concentrations
found in those regions containing the most white matter. Another is that unlike other organs
which fulfill their cholesterol needs to varying degrees through de novo synthesis and the
uptake of different types of lipoproteins from the circulation, cholesterol in the CNS is
essentially all derived from its own biosynthetic pathway mostly throughout fetal and early
postnatal development. The brain does have an internal lipoprotein production and transport
system operating mostly between astrocytes and neurons as discussed in extensive detail
elsewhere (Petrov et al., 2016; Pfrieger & Ungerer, 2011; Orth & Bellosta, 2012; Wang &
Eckel, 2014). A third feature is that in the healthy, mature individual more than 99% of

the cholesterol in the CNS is unesterified (UC) although during phases of fetal and early
postnatal development a transient elevation in the level of esterified cholesterol (EC) has
been detected (Alling & Svennerholm, 1969; Kinney et al., 1994; Yusuf et al., 1981).

There are three cholesterol esterifying enzymes in mammals. One of these is sterol O-
acyltransferase 1 (SOATZ, previously called ACAT1), which is active in numerous organs
where it is expressed in various cell types, including macrophages (Chang et al., 2000;

Lee et al., 2000; Lee & Carr, 2004; Lee et al., 2015). Cholesterol in the brain is esterified
by SOAT1 and to some extent by lecithin cholesterol acyltransferase (LCAT). In mouse
brain SOAT1 is expressed in neurons (Sakashita et al., 2000) at multiple sites including the
cerebellum, brain stem, cerebral cortex, thalamus and hippocampus (Bryleva et al., 2010) as
well as epithelial cells in the choroid plexus (Zeisel et al.,2018). LCAT, which is bound to
circulating lipoproteins, is produced predominantly in the liver (Kunnen & Van Eck, 2012)
and to a small extent in astrocytes. Studies in a mouse model showed that LCAT mRNA in
the brain was 6% of that in the liver (Hirsch-Reinshagen et al., 2009). A third cholesterol
esterifying enzyme, SOAT2 (previously called ACAT2), which is expressed in hepatocytes
and enterocytes (Lee and Carr, 2004; Lee et al., 2015; Parini et al., 2004) plays a major role
in determining the EC content of lipoproteins produced by the liver and small intestine.
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Cellular cholesterol homeostasis in all organs is regulated through the interplay of a
constellation of genes that includes L/PA, which encodes lysosomal acid lipase (LAL),

as well as Niemann-Pick (NPC) 2and NPCI. Together these three proteins control
cholesterol trafficking through the late endosomal/lysosomal (E/L) compartment of every
cell (Goldstein et al., 1975; Kwon et al., 2009). LAL hydrolyzes esterified cholesterol (EC)
and triacylglycerol (TAG) contained within various classes of lipoproteins taken up by cells
through receptor-mediated and bulk-phase endocytosis (Liu et al., 2007). The unesterified
cholesterol (UC) then moves via NPC2 to NPC1 which facilitates its exit from the E/L
compartment into a putative pool of metabolically active cholesterol that has input from
other sources including from local synthesis. Mutations in L/PA, NPCZ, or NPC1 are rare
and have profound consequences in multiple organ systems. Disrupted function of NPC2,
and especially NPC1, results in UC sequestration to varying degrees in all tissues, with
neurodegeneration, liver failure and pulmonary dysfunction being the principal causes of
morbidity and mortality (Vance, 2012). In the case of L/PA, mutations that result in almost
a complete loss of LAL activity cause Wolman disease (WD) , a rare autosomal recessive
storage disorder leading to death in infancy. Other mutations where some residual activity
remains lead to cholesteryl ester storage disease (CESD), a milder, later onset disorder.
Hence life expectancy is much greater in CESD patients. A recent study reported the pooled
prevalence of LAL deficiency to be 1 per 177,452 (Carter et al., 2019). In humans with
CESD there is a pronounced increase in hepatic EC levels (Besley et al., 1984; Dinscoy et
al., 1984; Hoeg et al., 1984; Sloan & Fredrickson 1972; Todoroki et al., 2000) frequently
with accompanying dyslipidemia (Reiner et al., 2014). Dramatic elevations in EC levels in
the liver and other organs have been documented in a mouse model of CESD developed by
Du et al., 1998, and Du et al., 2001. The same model on different strain backgrounds and
given diets of differing composition has been used by other investigators (Aqul et al., 2014;
Radovic et al., 2016).

One striking difference between CESD and NPC1 disease is that while, in the latter case,
neurodegeneration is a major cause of debilitation and death (Patterson et al., 2017), LAL
deficiency surprisingly has not been reported to overtly impact the brain (Brown et al,
2014). Although there is a case report of two siblings with CESD that presented with
unusual neurological manifestations (Bindu et al., 2007), there is currently no published
guidance on the assessment and monitoring of neural defects in children and adults with
LAL deficiency (Kohli et al., 2020). There are very few published data pertaining to brain
cholesterol metabolism in LAL deficiency. An early study of two Wolman patients, one of
whom died at 17 weeks, the other at 60 weeks, noted that their brains were slightly reduced
in size (Marshall et al., 1969). In the cerebral cortex of the younger patient ~18% of the total
cholesterol was esterified while in the older subject EC accounted for ~11.5% of the total. A
later case report documented ultrastructural evidence of lipid inclusions in oligodendrocytes
and astrocytes in the CNS of a Wolman patient (Byrd & Powers, 1979). Although a rat
model of Wolman disease with a lifespan of just ~120 days has been described, no findings
for the CNS were presented (Kuriyama et al., 1990). For CESD patients there appear to

be no published data pertaining to brain mass or EC content but in the case of the CESD
mouse model developed and characterized by Du et al. (2001) histology of the brain from a
6-month old La/”~ mouse revealed lipid storage in the epithelial cells of the choroid plexus.

Lipids. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Aqul et al.

Page 4

Of relevance here is an earlier finding by Du et al., (1996) of a significant level of expression
of mRNA and protein for LAL in the choroid plexus epithelium of mouse embryonic brain.

Although our initial studies with a mouse CESD model focused mainly on the liver and
small intestine (Aqul et al., 2014; Lopez et al., 2015; Chuang et al., 2017; Lopez et al., 2018)
our observation that in the untreated aging Za/~~ mice brain weights were significantly
lower than in their matching La/*”* controls prompted an investigation of whether there were
any discernible changes in an array of molecular markers for cholesterol homeostasis in

the CNS of this model. While none were detected, further exploration of why brain mass
contracted with advancing disease could potentially raise new questions about brain health
in those CESD patients whose diagnosis is not made until late age, or who have mutations in
L /PA that make them less responsive to therapy.

Materials and Methods

Animals

Lal** and Lal”~ mice were generated from heterozygous breeding stock on the friend virus
B-type susceptibility / NIH background (FVB/N) background, the model that was used for
the development of enzyme replacement therapy for lysosomal acid lipase deficiency (Du et
al., 2008; Sun et al., 2014).

The diminished level of MRNA for L/PA in the livers and small intestines of La/~ mice of
this strain in our facility has been documented previously (Aqul et al., 2014; Chuang et al.,
2017). In most but not all of the experiments measurements were made in both males and
females, as specified. After the studies with the FVB/N mice had been completed we were
able to obtain brain weights in 2 La/”/* (1 male / 1 female) and 3 La/”~ (1 male / 2 female)
mice that were all on a pure BALB/c background, and all of which were 83 days of age.
For all mice the litters were weaned at 21 days and genotyped before that age using an ear
notch. A cereal-based, low-cholesterol rodent diet (N0.7001, Envigo:Teklad, Madison, WI)
was used in all experiments.. This diet had an inherent cholesterol content of 0.02% (w/w)
and a crude fat content of about 4%. All mice were group-housed in plastic colony cages
containing wood shavings and had continual access to drinking water. They were kept in a
light-cycled room with 12h of light (1200-2400h) and darkness (0-1200h). All mice were
studied in the fed state towards the end of the dark phase of the lighting cycle. These studies
were approved by the Institutional Animal Care and Use Committee at the University of
Texas Southwestern Medical Center.

Blood and Brain Collection for Biochemical and Molecular Analyses

The mice were anesthetized and exsanguinated from the vena cava into a heparinized
syringe. They were not subsequently perfused. The total amount of blood removed varied
with the age of the mouse but was at least half of the circulating volume. The skull was
opened and the entire brain was removed, rinsed in saline, blotted and weighed. Those
brains intended for mMRNA expression analyses were immediately frozen in liquid nitrogen
whereas brains used for the measurement of EC and UC concentrations were cut into
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pieces and added to ~40 ml of chloroform-methanol (2:1 v/v). For the cholesterol synthesis
measurements the brains were placed in 5 ml of ethanolic KOH.

Brain Histology

Brains from paired La/”’* and La/”~ mice at 141- and 250-days of age were immersion
fixed in 10% v/v buffered formalin as previously described for brains taken from La/*’* and
Lal”~ mice at 49 days of age (Aqul et al., 2011). Following fixation, hindbrains (brainstem
and cerebellum) were amputated from the cerebral hemispheres and diencephalon at the
level of the superior colliculus. The cerebral hemispheres were sectioned in the coronal
plane at the level of the hypothalamic infundibulum, and the hindbrains were sectioned

in the axial plane at the level of the pons. Tissues were dehydrated to xylene, embedded

in paraffin, and sectioned on a Leitz ® rotary microtome at 4 um thicknesses.Paraffin
sections were rehydrated, stained with hematoxylin and eosin (H&E), and evaluated by light
microscopy. Immunostaining was performed at room temperature on a BenchMarkXT®
automated immunostainer using the UltraVIEW ® system with horseradish peroxidase and
diaminobenzidine (DAV) chromogen (Ventana Medical Systems, Tucson, AZ). Optimum
primary dilutions were predetermined using known positive control sections. Paraffin
sections were cut at 4 pm thicknesses on a Leitz ® rotary microtome, mounted on
positively-charged glass slides and air-dried overnight. Sections were then placed onto the
BenchMarkXT®, deparaffinized and then incubated for 1 h with either primary mouse
monoclonal antibody to calbindin (Novocastra®, Newcastle upon Tyne, UC, 1:50 dilution)
or rabbit polyclonal antibody to glial fibrillary acidic protein (Biocare®, Concord, CA,
1:400 dilution) diluted in ChemMate® buffer (Ventana Medical Systems, Tucson, AZ) or
with buffer alone as a negative reagent control. Following incubation, sections were then
washed in buffer, incubated with a freshly-prepared mixture of diaminobenzidine (DAB) and
H,0, in buffer for 8 min, and then washed sequentially in buffer and then water. Sections
were then counterstained with hematoxylin, dehydrated in a graded series of ethanols and
xylene, and coverslipped. Stained sections were evaluated by light microscopy, with positive
reactions identified as a dark brown DAB reaction product.

Brain Esterified and Unesterified Cholesterol Concentrations

These measurements were carried out as described previously for the liver and small
intestines in other mouse models using [4-14C]cholesteryl oleate and [1,2-3H(N)]cholesterol
to correct for procedural losses associated with the tissue extraction and column separation
steps (Turley et al., 2010). Separation of the EC and UC fractions was achieved using

an established column chromatography method. The EC and UC fractions were taken to
dryness, saponified in alcoholic KOH, and extracted with petroleum ether (PE). At this
stage a known quantity of stigmastanol (sitostanol) (usually 1.0 mg) was added to the PE
phase. Aliquots of this extract were used to determine recovery of the radiolabeled standards
and also to quantitate the mass of cholesterol in each fraction using a Hewlett Packard

HP 5890 Series Il gas chromatograph (GC) connected to a HP Integrator (Model 3396A).
The GC was fitted with an Agilent HP-5 capillary column (No. 19091J-102) lined with
(5%-phenyl)-methylpolysiloxane. The column was connected to a flame ionization detector
(FID) that used hydrogen as the carrier gas (ie the mobile phase). The material lining the
column served as the stationary phase. Hydrogen, together with air, served as the fuel gas
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in the FID. Nitrogen served as the make-up gas in the detector with the flow rate set at 20
ml/min. The temperature of the oven was set at 310 deg C and for the FID at 350 deg C.
Split injection was used because of the generally high levels of cholesterol in the extracts,
with the split ratio being 50:1. Cholesterol in the sample extracts was not derivatized before
injection onto the column. Losses of sterol during the GC separation and detection steps
were corrected for using stigmastanol as the internal standard. With this system the EC

and UC concentrations (presented as mg/g wet tissue weight) in whole brain tissue could
be accurately determined. However, it could not be applied to making such measurements
in different brain regions or cell types given the very small proportion of cholesterol in
brain that ordinarily is esterified, and also because structures of particular interest such as
the choroid plexus represent only a very small proportion of whole brain mass. This would
require much more sophisticated methodology of the kind recently described by Yutuc et al.,
2020.

Brain Residual Blood Content

To estimate the contribution of EC in the residual blood present in excised brain tissue to
the levels of EC detected in the brain as a whole we used data from studies by Schiimann
et al., 2007. Those experiments utilized %9Fe to measure the residual blood content of
various organs including the brain in normal young adult C57BL/6 mice that had been
exsanguinated to different degrees. In mice from which 400 pl of blood had been removed
the residual blood content of the brain was 0.8% of wet brain weight. Applying this figure
and a blood density of 1.057 g/ml (Riches et al., 1973) we estimated the residual blood
content of brains in the present studies to be ~7.5 pl/g wet tissue weight.

Whole Blood and Plasma Cholesterol Concentrations

In one experiment we specifically determined the concentrations of EC and UC in the whole
blood of La/*’* and Lal”~ mice at 70 to 76 days of age. The blood EC levels from that study,
along with the estimated residual blood volume of excised brains were used to calculate

the amount of EC detected in the whole brain that was attributable to EC in residual

blood. In other studies aliquots of plasma were added directly to 5 ml of alcoholic KOH

for determination of the total cholesterol concentration. Whole blood and plasma levels of
EC and UC, or just total cholesterol (TC) concentrations, were all determined using gas
chromatography (Lopez et al., 2015; Chuang et al., 2017).

Brain Cholesterol Synthesis

The rate of cholesterol synthesis in the whole brain was measured in vivo using tritiated
water as described earlier (Lopez et al., 2017a; Lopez et al., 2017b). The mice were given
an intraperitoneal injection of [3H]water (approx. 2mCi / g body weight) and then kept

in a warm environment under a well ventilated fume hood for 60 min. They were then
anesthetized and exsanguinated and the whole brain was excised, weighed and placed in 5
ml of ethanolic KOH. The labeled sterols were extracted, precipitated with digitonin and
their activity determined. The rate of cholesterol synthesis was expressed as the nmol of
water incorporated into sterol per hour per gram wet weight of tissue (nmol/h/g).

Lipids. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Aqul et al.

Page 7

Brain Relative mMRNA Expression Analysis

As the biochemical measurements were made using the whole brain, the mRNA analyses
were similarly performed using the entire brain rather than just selected regions. At 141-days
of age the La/”~ mice showed overt genotype-related differences in brain mass and EC
levels and were therefore considered ideal for exploration of possible changes in levels

of expression of a constellation of genes known or believed to regulate brain cholesterol
homeostasis. In addition to genes involved in controlling cholesterol synthesis, degradation,
esterification and transport, others that serve as markers of inflammation and cell signaling
were also included in the analysis. Total RNA was isolated from whole brain extracts and
RNA concentrations were determined using RNA STAT-60 (Tel-Test, Inc., Friendswood,
TX). Quantitative real-time PCR (qPCR) was performed using an Applied Biosystems
7900HT sequence detection system (Jones et al., 2013). Total RNA was treated with DNase
| (RNase-free; Roche Molecular Biochemicals, Indianapolis, IN) and reverse-transcribed
with random hexamers using SuperScript Il (Invitrogen, Carlsbad, CA) to generate cDNA.
The primer sequences for almost all the genes selected are given in several earlier
publications (Li et al., 2005; Liu et al., 2009; Taylor et al., 2012). Others were designed
using various primer design algorithms as detailed previously (Jones et al., 2013). The
mRNA level for each gene in the La/”~ mice was normalized using the housekeeping gene
cyclophilin and then expressed relative to that in the matching La/*/* controls, which in each
case was arbitrarily set at 1.0.

Analysis of Data

Results

All values are presented as the mean + SEM of data from the specified number of

animals. GraphPad Prism 6.02 software (GraphPad, San Diego, CA) was used to perform all
statistical analyses. Differences between means were tested for statistical significance (p <
0.05) using an unpaired Student’s £test to compare the values for the La/”~ mice and their
age-matched Lal*”* controls.

By 50 Days of Age Lal™~ Mice, Compared to Age-Matched Lal*/* Controls, Exhibited Lower
Whole Brain Weights

In the course of our studies focusing mainly on whole body cholesterol metabolism in La/”~
mice (Aqul et al., 2014) we noted that, in contrast to the decisive increase in the mass of

the liver and other organs like the spleen and small intestine, there was a trend toward lower
whole brain weights in the La/~~ mice as they aged. This was investigated in an experiment
with La/~~ mice and matching La/*”* controls, all in the age range of 68-72 days.
Measurements were made in both males and females because published data from a study in
25 strains of retired breeder mice (that did not include the FVB/N strain) at approximately
200 days of age showed that in 20 of the strains females had a higher brain weight (Roderick
etal., 1973). In the current study there was not a clear genotypic difference in the body
weights of the La/*’* and Lal”~ mice of either sex (Fig. 1a). However, brain weights, while
about the same for males and females within genotype, were significantly lower in both the
male and female La/”~ mice compared to their matching La/** controls (Fig. 1b). There
was also a markedly higher level of EC in the brains of all the La/”~ mice (Fig. 1c) but
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no genotypic- or sex—related differences in the UC concentrations (Fig. 1d). These findings
prompted similar measurements in the brains of a large number of La/~~ and matching
Lal*”* mice over a wide age span ranging from pre-weaning to late-stage disease. The body
and brain weight data for mice ranging in age from 14 to more than 230 days are presented
in Table 1. In many cases these mice were surplus to the needs of other studies and so were
used mostly for brain harvesting. Consequently there is significant variation in not only the
numbers of mice at each age but also in the proportions of males and females as well as

of Lal*”* and Lal”~ mice. Nevertheless it is clear that from 50 days of age brain weights
were lower in the La/~~ mice, with this feature becoming pronounced in mice at and beyond
about 140 days of age. Brain weights were not expressed relative to body weights because in
the Lal”~ mice the liver represented an increasing proportion of body mass with advancing
disease, reaching about 20% of body weight at 168 days of age compared to only about 4%
in matching La/** controls (Aqul et al., 2014). In evaluating the current data it should be
noted also that for our La/”~ mice on a pure FVB/N background the median age at death
was 308 and 377 days, respectively for the males and females (Aqul et al., 2014). In the
Lal”~ mice (also pure FVB/N background) used by Sun et al., 2014, a median lifespan of
287 days for La/”~ mice was found (data for males and females were combined). Shorter
lifespans were reported for La/~~ mice on a mixed strain (129/Sv : CF-1) background (Du
et al., 2001). For the five mice on a BALB/c background at 83 days of age the brain weights
for the two La/*”* mice were 0.453g (female) and 0.475g (male) whereas for their La/”~
littermates the weights were 0.346 and 0.350g (female), and 0.400g (male). The three La/”~
mice all exhibited the hallmark hepatomegaly seen in CESD. Clearly these few data make it
apparent that the brain mass reduction evident in aging La/”~ mice of the FVB/N strain was
manifest in BALB/c mice with the same mutation.

Although a Genotypic Difference in Brain Weight Was Not Evident Until Maturity, Elevated
Esterified Cholesterol Concentrations in the Brains of Lal™~ Mice Were Seen Before

Weaning

Fig. 2 presents the brain EC and UC concentrations and whole brain cholesterol contents
for all the groups described in Table 1. Compared to values for matching La/*’* mice, the
EC level in the La/”~ mice was elevated 5.7-fold at just 14 days post partum, and 27-fold
at 230-280 days (Fig. 2a). At no age was there a discernable genotypic difference in the
UC concentration (Fig. 2b). In reviewing these two sets of data it will be evident that even
though there were striking increases in the EC levels in the La/”~ mice, at no age did the
amount of EC per gram of tissue exceed more than ~5% of the mass of UC present. Whole
brain cholesterol (EC + UC) contents were significantly lower in the La/~~ mice at and
beyond ~140 days of age (Fig. 2c), with this being due to the considerably lower brain
weights in the aging mutants.

Brain Histology in Lal™~ Mice at 141- and 250-Days of Age Was Unremarkable

We previously conducted a comparative study of brain histology in 49-day old La/”~ mice
(FVB strain) and AjpcI ™" mice (BALBI/c strain) (Aqul et al., 2011). Unlike the profound
changes seen in the AjpcZ ™~ mice, the brains of the matching La/”~ mice showed normal
neuronal morphology, Purkinje cell calbindin reactivity, and GFAP (glial fibrillary acidic
protein) immunoreactivity. Nevertheless the markedly lower brain weights and dramatic
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rise in EC levels seen in the aging Za/”~ mice prompted an examination of the general
histological features of brains from matching La/”~ and Lal*”* mice at 141 and 250 days of
age. Nothing remarkable was evident at either age except in the 250-day old mutant which
had one xanthogranuloma and a few isolated lipid-laden macrophages in the choroid plexus
but no parenchymal abnormalities.

Elevation of Brain Esterified Cholesterol Levels in Lal~~ Mice Was Not Attributable to
Residual Blood in Resected Tissue

To better interpret the brain EC data presented in Fig. 2a we needed to obtain an estimate

of how much of this EC was present in residual blood. While the bulk of UC in resected
brain tissue is contained within myelin sheaths (Snipes & Suter, 1997), a comparatively
minor amount is present in erythrocytes in retained blood which also has a variable quantity
of EC present in lipoproteins. The two main factors determining the amount of EC present
in residual blood are the completeness of exsanguination and the plasma EC concentration
which is elevated in all the non-HDL lipoprotein fractions in CESD patients (Gomaraschi

et al., 2016). In the studies of Schiimann et al., 2007 it was determined that, after removing
400 pl of blood from young adult mice, the residual blood content of the brain was 0.8%

of wet brain weight. Using a density for blood of 1.057 g/ml (Riches et al., 1973) it can be
calculated that the residual blood content of the brain in healthy adult mice after this degree
of exsanguination was 7.6 pl/g. We measured the total cholesterol (TC) concentrations (as
the sum of the UC and EC levels) in the whole blood of La/*’* and La/~~ mice at 70 to

76 days of age (Fig. 3a). While the TC levels did not vary with genotype, the proportion

of the blood cholesterol in the La/”~ mice that was esterified (17%) was only about half of
that in their La/*’* controls (37%). Using the blood EC concentrations in Fig. 3a, along with
a residual blood content of 7.6 pl/g, it can be estimated that in the brains from La/”~ and
Lal*”* mice at 70 to 76 days the amount of EC present in residual blood was 1.5 and 3.1
ug/g, respectively. Thus, from the brain EC data for similarly aged mice (Fig. 2a) it can be
concluded that in the La/** mice (which typically had a brain EC level of 0.056 mg/g) about
6% of the detected EC was in residual blood. In the matching La/”~ mice (with an average
brain EC level of 0.383 mg/qg) this proportion was only 0.4%. This low value partly reflects
the fact that La/~~ mice on a pure FVB background have lower plasma TC levels compared
to their La/*’* controls (Fig. 3b). This contrasts with La/”~ mice on a mixed strain (129/Sv :
CF-1) background where plasma TC levels do not differ from those in their La/*’* controls
(Du et al., 2001), and more particularly with Za/~~ mice on either a pure C57BL/6 (Radovi¢
et al., 2016) or BALB/c (Posey, Lopez, & Turley, unpublished data) background which have
elevated plasma TC levels.

Brain Cholesterol Synthesis Rates Showed a Prototypical Decline With Age But Did Not
Differ Between Lal™~ Mice and Their Lal*/* Controls

One well documented feature of the developing brain is its exceptionally high rate of
cholesterol synthesis which provides the UC needed for myelin formation (Jurevics &
Morell, 1995; Snipes & Suter, 1997; Quan et al., 2003). Two other features of the brain
cholesterol synthesis rate, based on studies in a rat model, are that it does not vary diurnally
and is not influenced by the level of dietary cholesterol intake (Jurevics et al., 2000). In

our next study we measured the rate of brain cholesterol synthesis in vivo in newly weaned
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Lal*’*and Lal”~ mice (23 days), and in others that were approaching early adulthood (50
days). As shown in Fig.4, at neither age was a genotypic difference in the synthesis rate
discernible. However, as expected, there was a significant decline in the rate as a function of
the level of maturity.

Relative Level of Expression of mRNA For Multiple Genes Involved in Regulating Brain
Cholesterol Homeostasis Was Unchanged in Lal™'~ Mice With Advanced Disease

In the next study we used the whole brains from La/”~ mice at 141 days of age to

measure the relative levels of mMRNA for an array of genes that play key roles in regulating
cholesterol homeostasis in the CNS. At this age the brain mass in the La/™~ mice was
~18% less than in their matching La/*”* controls (Table 1), and the brain EC levels in the
Lal”~ mice were elevated ~15-fold (Fig. 2a). This age approximated that at which Du et
al., 2001 carried out oil red O staining of the choroid plexus in this model (~182 days). The
expression level for each gene in the La/”’* mice was arbitrarily set at 1.0 (dashed line) so
bars reflect the fold change in the La/~~ mice. The data in Fig. 5a are for genes involved

in various pathways in cholesterol metabolism. A comment is needed here regarding the
finding that the £/jpa mRNA results do not show a complete absence of this transcript in

the Lal”~ mice. This simply reflects the fact that our gPCR primers detect and amplify
mMRNA sequence upstream of the genetic disruption (downstream of exon 4) in this targeted
allele, and thus likely detect a small amount of short-lived, truncated Lijpa mRNA which
does not encode for the functional protein in the knockout mice. In no case was a significant
genotypic difference observed in the mRNA for any of the cholesterol regulatory proteins.
For Hmgcs and Hmgcrthis result is fully consistent with the finding that the rate of brain
cholesterol synthesis did not show a genotypic difference at a much earlier stage of disease
progression (Fig. 4). In regard to cholesterol esterifying enzymes, the data presented are
for Soat1 and Lcatbut not Soat2. The quantitative PCR C; value for Soat2was many fold
greater than that for the other two esterifying enzymes, in keeping with its negligible level of
detection in mouse brain (Zeisel et al., 2018), and its reported absence in human brain (Lee
et al., 2015). The data in Fig. 5b are for four genes that encode proteins that are markers

of inflammation. In all cases these were elevated in the La/~~ mice but to only a moderate
degree compared to what has been previously reported for the liver in this model (Aqul et
al., 2014).

Discussion

The brain does not clear lipoproteins from the general circulation but has its own lipoprotein
production and transport system involving mostly astrocytes and neurons (Pfrieger &
Ungerer, 2011;0rth & Bellosta, 2012; Vitali et al., 2014; Wang & Eckel, 2014). Astrocytes
synthesize cholesterol and also produce apolipoprotein E (apo E). These components,

along with phospholipids, are used in the assembly of high-density lipoprotein (HDL)-like
particles that are subsequently taken up by neurons through various receptors belonging

to the low-density lipoprotein family. Even though EC ordinarily represents just a fraction
of cellular cholesterol content throughout the CNS, its formation, mostly by SOAT1, is

a key part of this internal lipoprotein transport system. Presumably, when Ljpa is absent

or mutated the EC contained in these internally produced lipoproteins is not hydrolyzed
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and therefore accumulates in the late endosomal/lysosomal compartment of neurons and
possibly of oligodendrocytes and astrocytes as well. Compared to the substantial literature
on the impact of disrupted AjpcZ function on brain mass and cholesterol homeostasis in the
CNS, relatively little is known about how mutations in Ljpa affect these two parameters in
humans and animal models of CESD or WD. Certainly, the findings of lipid inclusions in
oligodendrocytes and astrocytes in the CNS of a Wolman patient (Byrd & Powers,1979), and
later of lipid-laden epithelial cells in the choroid plexus of a CESD mouse model (Du et al.,
2001), together suggested that further exploration of how the absence of L/jpaimpacted brain
mass, histology and cholesterol homeostasis was needed. The data presented here represent
an initial step in meeting this need.

In evaluating these data a number of points relating to the use of the whole brain and not
separate regions warrant comment. One reason for this approach is the very low level of
EC in normal brain tissue. While these levels could be determined precisely in the brain
as a whole using the conventional gas chromatographic technique that we employed, it was
not sensitive enough to measure the EC content of individual regions, especially those that
constitute a minor proportion of brain mass. There are very few published data for EC
levels in different regions of the brain in either humans or animal models. However, one
study using autopsied brain tissue from neonates at 1 to 26 months of age found similar
EC concentrations in the forebrain, cerebellum, and brain stem (Yusuf et al., 1981). These
concentrations were mostly in the range of 40 to 70 ug/g wet tissue weight (ie 0.04 to

0.07 mg/g) which are comparable to the EC levels found in the La/*”* mice across all

ages in the current study (Fig. 2a). In the La/”~ mice at 140-142 and 230-280 days of

age the brain EC levels had risen 15- and 27-fold, respectively. A second reason we used
the whole brain was that it facilitated a precise way of determining how much of the EC
detected in the tissue was present in residual blood. This level of contamination was found
to be low because of the considerable degree of exsanguination and the fact that La/”~
mice of the FVB/N strain are not hypercholesterolemic (Fig. 3b), unlike their counterparts
on C57BL/6 background (Radovi¢ et al., 2016) and CESD patients (Reiner et al., 2014).
Yet another advantage of using the whole brain in this type of study is that it circumvents
regional differences throughout the CNS in the expression levels of genes involved in the
maintenance of multiple aspects of brain cholesterol homeostasis (Lund et al. 1999; Prasad
et al., 2002; Sullivan et al., 2004; Segatto et al., 2012).

One of the main questions arising from the EC concentration data presented here is whether
the dramatic increment found in the aging La/~~ mice is distributed across the bulk of

the brain or localized to a specific region(s). In 2001 Du et al. published a detailed study

of the histopathological and biochemical features of their Za/”~ mouse model on a mixed
129Sv : CF-1 background that had been maintained on a basal rodent diet. The plasma total
cholesterol levels in the La/”~ mice were not elevated although the proportion of cholesterol
in LDL increased while that in HDL decreased compared to levels in matching La/*’* mice.
A particularly notable finding was lipid storage, as detected by oil red O staining, in the
epithelial cells of the choroid plexus in a 6-month old La/”~ mouse. In earlier studies by the
Farese laboratory (Accad et al., 2000) it was discovered that the selective deficiency of Soat!
(called Acat1 at that time) in two mouse models of atherosclerosis resulted in an extensive
deposition of unesterified cholesterol (UC) in the skin and brain. These models, which were
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deficient in either apolipoprotein £ (Apoeg) or the Ldlreceptor, as well as in Acatl, were fed
lipid-enriched dietary formulations for extended periods resulting in extreme dyslipidemia.
In the Apoe™~: Acatl™~ mice UC crystal deposits were found in the brain, specifically near
the choroid plexus. Similarly, in the Lalr”~: Acatl™~ mice there was crystalline UC in the
cerebellum and near the choroid plexus. Together these findings raise the question of what
proportion of the marked increase in EC levels in the brains of the 140-142 -day old La/”~
mice in the current studies might have been localized in or near the choroid plexus. This
calculation can be made using precise morphometric data for the choroid plexus (embracing
its four regions) in normal rat brain (Quay, 1972). In that study data are presented for male
rats, the postnatal age of which ranged from 3 to 25 weeks. Specifically, it was found that

in the 25-week old rats the whole brain wet weight was 1.707 g, with the wet weight of the
four choroid plexuses combined being 4.921 mg (0.29% of wet brain weight). The water
content of the choroid plexuses averaged 80.4%. Extrapolation of these data to the brains

of the La/”~ mice at 140-142 days of age allows for an estimation of the mass of their
choroid plexus (wet and dry weights), and then a comparison of this mass to that of the EC
contained within their brains as a whole. These calculations are as follows. From the rat data
it can be estimated that the mass of the choroid plexus in the La/”~ mice at 140-142 days
of age was around 1.16 mg, wet weight. The brains of these mice had an EC concentration
of 0.576 mg / g wet weight (Fig.2A) which equates to 0.230 mg / brain, wet weight. On

this basis the entire mass of EC in the brain is about 20% of the estimated wet weight of

the choroid plexus. However, when taking into account a water content of about 80%, the
dry weight of the choroid plexus is ~ 0.227 g. Although some of the sequestered EC may
have been contained in epithelial cells within the choroid plexus this appears to be at most
a minor site of its sequestration in this model. However, it is possible that the accumulated
EC was present in cells in close proximity to the choroid plexus. Be that as it may, the
challenge of localizing the region(s) of the CNS where the EC is concentrated resides partly
in the fact that the absolute mass of EC is minute compared to that of the entire brain in the
Lal”~ mice. However, recent studies by Yutuc et al (2020) described new technology using
an advanced mass spectrometry imaging platform to conduct quantitative measurements of
sterols in minute amounts of brain tissue. Application of such methodology to the choroid
plexus and adjacent brain regions from aging La/~~ mice with and without SoatI or Lcat
may not only localize the sites of EC sequestration but also shed more light on the respective
roles of these two enzymes in generating the EC in the CNS.

The finding that L/pa deficiency did not lead to changes in the expression levels of mMRNA
for multiple key regulatory genes in cholesterol metabolism within the CNS (Fig 5a)
contrasts with what we previously reported for several genes in the liver of the same CESD
mouse model at 50 days of age (Aqul et al., 2014). In that study there were, for example,
marked elevations in the hepatic MRNA levels for Ajpc2and Abcgl in the La/”~ mice. Such
changes were not unexpected given the profound effect that disrupted L/pa expression is
known to have in the liver. Although the mRNA levels for Hmgcsand Hmgcr (two major
regulatory enzymes in the cholesterol synthetic pathway) showed little change in the livers
of the La/”~ mice, their rates of hepatic cholesterol synthesis, measured in vivo using the
same technique employed for the brain in the current studies, were elevated about 5-fold.
This clearly reflected a response to a major perceived cellular deficit of cholesterol in
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hepatocytes owing to the sequestration of EC in the E/L compartment. At 50 days of age
hepatic EC levels in the La/”~ mice reached ~50 mg/g which represented ~100-fold higher
level than in the livers of matching La/*”* controls (Aqul et al., 2014). In the brains of
50-day old La/”~ mice the EC level (0.297 + 0.011 mg/g) was nearly 7-fold higher than in
matching La/’* controls (0.043 + 0.001 mg/g) (Fig. 2a). The studies of Quan et al. (2003)
demonstrated that in the normal mouse at 50 days after birth the formation of myelin, which
is the main driver of the rate of cholesterol synthesis in the CNS (Snipes & Suter, 1997),

is still progressing to a small degree. In the mature animal there is a very low basal rate of
synthesis that is needed to supply the cholesterol used in generating HDL-like particles for
subsequent transfer to neurons and possibly other cell types. When Lijpa function is absent in
the developing CNS there is no discernable change in the rate of cholesterol synthesis across
the entire brain (Fig.4) probably because any compensatory increase in the synthesis rate
elicited in response to the entrapment of EC at the sites of lipoprotein uptake are so subtle
as to be undetectable in the face of the far higher rates of cholesterol synthesis happening
elsewhere as part of myelin production. It should be mentioned here that similar findings
have been described for the brain vs the liver in AjpcZ™~ " mice ( Liu et al., 2010) although
their compensatory increase in hepatic cholesterol synthesis is not nearly as pronounced as
that in La/” mice (Aqul et al., 2014).

The next point of discussion centers on the strikingly lower brain weights in the La/”~
mice in the latter stages of disease progression, a feature not confined to only mice of the
FVB/N strain. Here an interesting comparison of brain weight reduction in La/~~ mice

and Ajpc1™~ " mice can be made. The latter model, on a pure BALB/c background and
maintained on a low cholesterol rodent diet, had a median lifespan of 84 days (Liu et al.,
2009), far shorter than that of La/~~ mice on a mixed strain (129/Sv : CF-1) (Du et al.,
2001) or a pure strain (FVB) (Aqul et al., 2014) background. In AjpcI ™~ " mice at 49 days
of age, both males and females had a 16% lower brain mass compared to their matching
NpcI** Mih controls (Xie et al., 2000). This was principally the result of Purkinje cell death,
a hallmark feature of NPC disease (Vance, 2012). For similarly aged La/”~ mice in the
current studies brain mass was ~6% less than in age-matched La/** controls (Table 1). This
genotypic difference increased to ~18% in La/”~ mice at 140-142 days of age. However,
we found no evidence of altered histology in the brains of La/”~ mice at different stages

of disease progression. This conclusion was reached in an earlier detailed comparison of
the cerebellar cortex in 49-day old La/”~ mice and AjpcI™~ " mice (Aqul et al., 2011).
Specifically, in contrast to what was found in the AjpcZ™~ " mice, in those lacking LAL
there was normal neuronal morphology, Purkinje cell calbindin reactivity, and glial fibrillary
acidic protein immunoreactivity. Even in La/”~ mice as old as ~250 days where brain
weight was ~20% lower than in similarly aged La/*’* controls there were no clear signs

of altered histopathology. Thus, while this reduction in brain mass could have been linked
to severe liver disease in aging La/”~ mice, the lack of overt histological changes in their
brains indicates these mice did not have hepatic encephalopathy. The modest increases in
the mRNA levels of four markers of inflammation in the brains of La/”~ mice at 141 days
(Fig. 5b) possibly reflected the minor presence of lipid-laden macrophages as observed in
the brains of La/~ mice at ~250 days. Here it is noteworthy that the mRNA level for
Soatl, often taken as an indicator of macrophage presence, was not significantly higher in
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the brains of the 141-day old La/”~ mice (Fig. 5a). This was in sharp contrast to the >
20-fold increase in hepatic mRNA levels for SoatZ in 50-day old La/”~ mice (Aqul et al.,
2014). Earlier, Du et al. (2001) demonstrated a massive presence of lipid-laden macrophages
in multiple organs, particularly the livers, of aging Za/~~ mice. This difference in findings
for the brain and liver is not unexpected given that the amount of EC present in lipoproteins
cleared daily from the circulation by the liver is many orders of magnitude greater than

the amounts of EC moving through the internal lipoprotein transport system in the brain.
Nevertheless it is conceivable that in the course of their lifetime CESD patients not receiving
enzyme replacement therapy could sequester appreciable levels of EC in their brains.

Finally, the collection of brain weight data together with histopathological analyses of tissue
from different regions of the brain in CESD patients who were not diagnosed until late
adulthood and / or whose disease proved too advanced for effective therapeutic intervention
may provide useful leads in better defining EC sequestration in the CNS (Pisciotta et al.,
2009; Canbay et al., 2018; Rashu et al., 2020). However, the rarity of such cases, together
with the challenges of interpreting brain autopsy data (Gonzalez-Riano et al., 2017), mean
that further research using animal models of CESD or Wolman disease will be essential.
One such project might be a detailed biochemical and histochemical exploration of various
regions of the brains of La/”~ mice given intravenous enzyme replacement therapy, with
variations in the dose administered and the stage of disease when treatment is started. Using
such a strategy Sun et al., 2014 demonstrated reversal of advanced disease in the liver,
spleen and small intestine of La/~~ mice. The impetus for carrying out more animal model
studies derives partly from the likelihood that many more cases of CESD could be detected
given the expanding use of reduced LAL activity in blood as a marker for non-alcoholic fatty
liver disease in pediatric and adult populations (Baratta et al., 2019).
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Body (a) and whole-brain (b) weights, and concentrations in brain of esterified (c) and
unesterified (d) cholesterol in male and female La/*/* and La/”~ mice at 68 to 72 days

of age. The measurements (for c, d) were made in extracts of the entire brain using a
combination of column and gas chromatography as described in Materials and Methods.
Values represent the mean + SEM of measurements for 5 La/f*/* and 6 Lal/”~ males, and 4
Lal*’*and 6 Lal”~ females, all of which were of the FVB/N strain. *Significantly different
from the value for La/** controls of the same gender (p < 0.05).
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Fig. 2.
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cholesterol contents (c) in La/”* and Lal”~ mice from pre-weaning to late-stage disease. All
mice were of the FVB/N strain. The brain tissue was derived from the same sets of mice

as described in Table 1. Values represent the mean £ SEM of measurements for the number
of mice specified. *Significantly different from the value for La/*’* controls at that age (o<
0.05).
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Fig. 3.
Concentration of total cholesterol in whole blood (a) and in plasma (b) of La/*’* and Lal”~

mice in different studies. In one experiment the concentrations of EC and UC in whole blood
were measured in mice aged from 70 to 76 days and summed to obtain the total cholesterol
(TC) level. In another study plasma TC data were obtained directly without separation of

the EC and UC fractions from mice at four different ages ranging from 49 to 111 days. In
both studies all mice were of the FVB/N strain. Values for whole blood represent the mean

+ SEM of data from 4 La/*’* (3 males /1 female) and 4 La/~ (3 males /1 female) mice,
while those for the plasma TC levels at four age points were from males only. The numbers
of mice at each age were respectively: 49 d: 12 La/*’*and 15 La/”~, 71 d: 5 Lal"*and 6
Lal”~,91d:5 Lal”*and 6 La/”~, 111 d: 4 Lal”* and 3 Lal”~*Significantly different from
the value for the matching La/*’* controls (p < 0.05).
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Rate of cholesterol synthesis in the brains of La/** and La/”~ mice at two different ages.
These rates were measured in vivo using [3H]water as described in Materials and Methods.
They reflect the rate of incorporation of water into new sterols throughout the entire brain
over the course of 1 h. Values represent the mean + SEM of measurements in 3 La/** (1
male /2 females) and 5 La/”~ (3 males /2 females) mice at 23 days, and in 6 La/** (all
females) and 6 La/™~ (all females) mice at 50 days. All mice were of the FVB/N strain.

At neither age was the value for the La/~~ mice significantly different from that for the

matching Lal*’* controls (p >0.05).
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Reglative MRNA levels for multiple genes involved in the regulation of cholesterol
homeostasis (a), or that serve as markers of inflammation (b) in the brains of 141-day

old La/** and Lal/~ mice. The details of these analyses are given in Materials and
Methods. For each genotype brains were obtained from 2 male and 2 female mice,

all of the FVB/N strain. The expression level for each gene in the La/*’* mice was
arbitrarily set at 1.0 (dashed line) so bars reflect fold-change observed in the La/™”~

mice. Values represent the mean £ SEM. *Significantly different from the value for

the Lal*”* controls (p<0.05). The full name of each gene in the order as it appears

in the figure is: Ljpa, gene that encodes LAL; Ajpc2, Niemann-Pick type C2; Npcl,
Niemann-Pick type C1; Srebp2, sterol regulatory element-binding protein 2; Hmgcs,
3-hydroxy-3-methylglutaryl coenzyme A synthase; Hmgcr, 3-hydroxy-3-methylglutaryl-
coenzyme A reductase; Cyp46al, cholesterol 24-hydroxylase; Apoe, apolipoprotein E;
Ldllr, low-density lipoprotein receptor; Soatl, sterol O-acyltransferase 1 (previously called
Acatl); Lcat, lecithin:cholesterol acyltransferase; Abcal, ATP-binding cassette transporter
Al; AbcaZ, ATP-binding cassette transporter A2; Abcgl, ATP-binding cassette transporter
G1; Ccl3, chemokine (C-C motif) ligand 3 (also known as Mipla); TNFa, tumor necrosis
factor alpha; /tgax, integrin subunit alpha X (also known as CD11c); Cd14 (Cluster of
differentiation 14 antigen).
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Table 1.

Whole brain weights in La/*/* and La/ 7~ mice from before weaning until late-stage disease

Age No. of mice  Body weight ~ Whole brain weight
(days) ~ Genotype gl (9 )]
14 Lal*™* 3/0 72+04 0.381 + 0.005
Lal ™= 2/3 70+04 0.379 + 0.006
21 Lal*'* 3/2 11.3+06 0.418 + 0.005
Lal™"- 472 10.3+£0.6 0.402 + 0.007
35 Lal ** 2/4 18.6 +0.9 0.425 + 0.008
Lal ™~ 1/5 19.0+£0.2 0.423 + 0.006
50 Lal*™* 2/2 239+1.2 0.457 + 0.004
Lal 7~ 1/3 23.1+15 0.429 +0.001
68-76 Lal ** 8/5 273+12 0.473 £ 0.003
Lal ™~ 717 25.5+0.8 0.440 + 0.005 ™
140-142 Lal*™* 0/5 26.4+0.5 0.485 + 0.008
Lal 7~ 0/5 238+1.07 0.400 + 0.003
230-280 Lal ** 3/2 341+22 0.499 + 0.008
Lal 7~ 3/3 27.9+13% 0.398+0.008

After weaning at ~21 days, all mice were fed ad libitum a cereal-based, low-fat rodent diet. All mice were of the FVB/N strain.

Values are mean + SEM for the number of mice indicated.

*
p < 0.05 compared to the corresponding value for matching La/ ** mice.
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