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Abstract

Brain cholesterol biosynthesis, a separate and distinct process from whole-body cholesterol
homeostasis, starts during embryonic development. To gain a better understanding of the neuronal
and glial contributions to the brain cholesterol pool, we studied this process in control, Dhcr7!-,
and Dhcr247'= cell cultures. Our LC-MS/MS method allowed us to measure several different sterol
intermediates and cholesterol during neuronal differentiation. We found that developing cortical
neurons rely on endogenous cholesterol synthesis and utilize ApoE-complexed cholesterol and
sterol precursors from their surroundings. Both developing neurons and astrocytes release
cholesterol into their local environment. Our studies also uncovered that developing neurons
produced significantly higher amounts of cholesterol per cell than the astrocytes. Finally, we
established that both neurons and astroglia preferentially use the Bloch sterol biosynthesis
pathway, where desmosterol is the immediate precursor to cholesterol. Overall, our studies suggest
that endogenous sterol synthesis in developing neurons is a critical and complexly regulated
homeostatic process during brain development.

Graphical Abstract

"Corresponding Authors: karoly.mirnics@unmc.edu. zeljka.korade@unmc.edu.

Author Contributions

Study design: K.M., T.G-M., and Z.K; funding: K.M.; LC-MS/MS analysis: T.G.-M.; GC-MS analysis: T.G.-M.;
immunocytochemistry, imaging, and cell count: Z.K., T.G.-M. and L.B.A.; mouse colony maintenance and mouse dissection: A.A.,
L.B.A,, and Z.K.; cell culture preparation, sterol extraction: Z.K., T.G.-M., A.A_; statistical analysis: T.G.-M.; writing of manuscript:
T.G.-M., Z.K., and K.M; final version read and approved by all authors.

Supporting Information
The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acschemneuro.9b00248.
Experimental design and raw data on cell count associated with Figure 1 E,F (PDF)

The authors declare no competing financial interest.


https://pubs.acs.org/
https://pubs.acs.org/doi/abs/10.1021/acschemneuro.9b00248
https://pubs.acs.org/doi/suppl/10.1021/acschemneuro.9b00248/suppl_file/cn9b00248_si_001.pdf

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Genaro-Mattos et al.

Keywords

Page 2

Deciphering cholesterol biosynthesis in developing Neurons and Astrocytes
Bloch

£ . pathway
I/\.I.g - e e et ;',.-\__
Wg‘{"w’“ e J}-\/> Ige, ' scsp (.-.T_.L],.._) ! DHCR? _.n]_i._,_x) Y
> I HO — = Ho — o
Lanosterol Z | Dehydr I T-DHD Desmosterol
. DHCR24 |, orores DHCR24 ., DHCR24 ++DHCR24
T ~AH R gas Py g AN
,,r{\\"'> foo il Eﬂt.Li.;} Tseso ) T pcry '“““r“') !
WPy SR g sl = AT 2 s
Dihy Z 1] Lath 1 7-DHC Cholesterol

Kandutsch-Russell
pathway

Sterol biosynthesis; cholesterol; desmosterol; developing neurons; astrocytes; LC-MS/MS; Dhcr7;

Dhcr24

INTRODUCTION

Although the human brain accounts only for about 2% of total body weight, it contains as
much as 25% of the body’s cholesterol and cholesterol derivatives.1:2 The metabolism of
brain cholesterol differs markedly from that of other tissues, and it fully relies on de novo
synthesis, as the blood-brain barrier prevents the uptake of cholesterol from the circulation.
1.3 sterol homeostasis disturbances are critical components of many brain disorders.*
Dysfunction of the cholesterol biosynthesis pathways and/or metabolism leads or contributes
to a number of neurodevelopmental and neuro-degenerative disorders such as Smith-Lemli-
Opitz Syndrome (SLOS),*~6 Niemann-Pick type C (NPC) disease,’ desmosterolosis,°
Huntington’s disease,19 and Alzheimer’s disease.! Intact cholesterol metabolism is also
essential for normal function of the adult brain: in the elderly, high cholesterol is associated
with better memory function, while low cholesterol is associated with an increased risk for
depression.1216 The function of cholesterol in the CNS extends beyond being a structural
component of cellular membranes and lipid rafts: it is required for synapse and dendrite

formation, axonal guidance, and serves as a precursor for various biosynthetic pathways.
17-22

Cholesterol biosynthesis occurs by the same mechanism across all tissues, in two parallel
and interlinked processes involving a series of enzymatic reactions, named Kandutsch-
Russell (KR) and Bloch pathways.2324 In the brain, it has been proposed that neurons
preferentially use the KR pathway, while glia are reliant on the Bloch pathway, but there has
been a limited amount of experimental evidence to support this claim.2

Neurons express genes encoding cholesterol biosynthesis enzymes,28 but it is widely
believed that the main sterol synthesis in the adult brain is performed by glial cells.1”27 In
contrast, it appears that developing neurons heavily rely on their endogenous cholesterol
biosynthesis and that this process is critical for their normal function and survival.#:28 In
support of this, in Dhcr7~'~ and Dher247'~ mice, developing neurons accumulate cholesterol
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precursors, with very little or no cholesterol present. However, since the mice do not live
past the first day, the long-term consequence of lack of neuronal cholesterol is not known.

In our previous studies, we have used an improved, rapid, and sensitive LC-MS/MS method
for quantitation of cholesterol biosynthetic precursors in cell culture, tissues, and plasma.2®
This technological advance allowed us to comprehensively test endogenous sterol synthesis
in developing brain cells and assess the secretion process. Our study was set up to answer six
questions related to cholesterol biosynthesis in developing neurons: (1) Do developing
neurons have an active de novo cholesterol synthesis? (2) If so, how extensive is cholesterol
biosynthesis in developing neurons, and how does it compare to astroglial sterol
biosynthesis? (3) How steady is neuronal and astroglial sterol biosynthesis over
development? (4) Do neurons and glia secrete cholesterol into their surrounding? (5) Do
developing neurons and astroglia take up cholesterol from exogenous sources? (6) Do
developing neurons and astroglia preferentially use the Kandutsch-Russell or Bloch pathway
for their sterol biosynthesis?

RESULTS AND DISCUSSION

Neuronal and Astrocytic Cultures.

To determine the contribution of neuronal and glial cells to sterol synthesis in the developing
brain, we prepared neuronal and astrocytic cultures from E18 cortex. A detailed
experimental design is presented in the Supporting Figure 1, with representative images of
neuronal and astrocytic cultures in panels C and D, respectively, of Figure 1. In order to
normalize sterol measurements and control for cell viability, neurons and astrocytes were
counted on an ImageXpress Pico. Total cell number was assessed at the beginning of the
experiment and at different experimental time points. Astrocytic cell count increased from 3
days in culture (DIC3) to DIC9, suggesting that these cells were dividing (Figure 1B). Since
neurons differentiated but did not divide, neuronal cultures presented similar cell count
values at all-time points (Figure 1A). Rather, neurons developed elaborate arborization over
time, as seen by immunocytochemistry (Figure 1C).

Immunocytochemistry was used to determine if neuronal cultures contained astrocytes and if
astrocytic cultures contained neurons using MAP2 and GFAP antibodies at DIC6
(Supplemental Table 1). The imaging of the neuronal cultures revealed that 2.4% of the cells
corresponded to astrocytes (Figure 1E). A similar assessment of the purity of astrocytic
cultures revealed that 88.9% of the cells were astrocytes (Figure 1F).

Developing Cortical Neurons Synthesize Cholesterol.

In order to investigate their endogenous cholesterol synthesis, neurons and astrocytes were
cultured in cholesterol-free medium for 3, 6, and 9 days. The sterol profile (cholesterol, 7-
DHC, desmosterol, and lanosterol) for both cell types was assessed by LC-MS/MS (Figure
2). Lanosterol is the first intermediate that contains the four-ring structure present in
cholesterol in the biosynthesis pathway, while desmosterol and 7-DHC are immediate
precursors to cholesterol. We found that cholesterol is the most abundant sterol in the
neurons followed by desmosterol, while 7-DHC was present at very low levels. Comparison
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between sterol synthesis in neurons and astrocytes revealed significant differences between
the two cell types. Namely, cholesterol accumulation was observed in a time-dependent
manner in cortical neurons, indicating an active sterol biosynthesis (Figure 2A). In contrast,
cholesterol levels in primary astrocytes decreased slightly over the course of 9 days (Figure
2B).

In primary neurons, all analyzed intermediates also increased in a time-dependent manner
(Figure 2C,E,G), further confirming an active endogenous sterol biosynthesis. Astrocytes, on
the other hand, presented a quite different pattern, with no detectable changes in 7-DHC
(Figure 2D) and a decrease in both desmosterol and lanosterol levels from DIC3 to DIC9
(Figure 2F,H). These results indicate cell-specific cholesterol metabolism (or homeostasis),
which are likely to be driven by their distinct developmental trajectory.

Accumulation of Sterol Intermediates in Dhcr7~/~ and Dhcr24~/~ Neurons.

The use of primary neuronal cultures with defective cholesterol synthesis enzymes allows us
to assess the consequences of their absence on cholesterol biosynthesis. In Dhcr7-~ cells, 7-
DHC is highly elevated, a biochemical condition resulting in Smith-Lemli-Opitz Syndrome
(SLOS).4:3031 |n Dhcr24-deficient cells, on the other hand, desmosterol is highly elevated, a
biochemical feature linked with the disorder desmosterolosis.®:32:33 We compared the
cholesterol, desmosterol and 7-DHC steady-state levels in control, DAcr7'~
(Dher7T93M/TISMy and Dhcr24-deficient neurons at DIC3 (Figure 3). The profile of these
three sterols is dramatically different in the neuronal cultures. As expected, control neurons
have more cholesterol than both mutant cells (Figure 3A). In contrast, desmosterol is present
at the highest levels in Dhcr24-deficient cells (Figure 3B), whereas 7-DHC is the highest in
Dhcr7™!'= neurons (Figure 3C). Importantly, in DAcr24-deficient neurons, cholesterol is
completely replaced by desmosterol. These results further suggest that neurons can
independently synthesize cholesterol and that their sterol profiles reflect different mutations
in the biosynthetic pathway.

Desmosterol Replaces Cholesterol in a Time-Dependent Manner in Dhcr24~/~ Neurons.

We also performed a time -course analysis of the cholesterol and desmosterol levels in
Dher24*, Dher24, and Dher247'~ neurons (Figure 4). The steady-state levels of
cholesterol and desmosterol in Dhcr24'* increased from DIC3 to DIC6. In Dhcr247!~
neurons, on the other hand, cholesterol levels remained unchanged from DIC3 to DIC6
(Figure 4A), with a great increase in desmosterol (Figure 4B). As observed in Figure 3,
desmosterol completely replaces cholesterol in Dhcr24™~ neurons at both time points
investigated in our study. Sterol levels in Dfcr24* neurons were intermediate between levels
seen in control and Dhcr247'~ neurons. These results also suggest that the steady-state levels
observed in mutant cells are concordant with sterol biochemical data in the corresponding
genetic disorders.

Active De Novo Cholesterol Synthesis in Neurons.

The de novo cholesterol biosynthesis uses acetyl-CoA as building blocks to synthesize
sterols.2 Acetyl-CoA is generated upon glucose oxidation via the glycolysis pathway. To
address the de novo synthesis in neuronal cells, we replaced glucose in the medium with
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13Cg-glucose and incubated Dhcr24''*, Dhcr24*, and Dhcr247'~ neurons for 6 days. At
DICS, cells were analyzed for their 13C-labeled sterol content (Figure 5). Dhcr24™* neurons
synthesized 13C-cholesterol from 13Cg-glucose, while Dfcr247/~ neurons synthesized 13C-
desmosterol (Figure 5A,5B). Furthermore, Dhcr24* heterozygous neurons have intermediate
levels of all sterols measured. Note that 13C-7-DHC and 13C-lanosterol are also observed in
all neurons analyzed (panels C and D, respectively, of Figure 5). By monitoring the steady-
state levels of 13C-labeled sterols we can conclude that developing neurons have an active de
novo cholesterol synthesis, which is further demonstrated by the accumulation of 13C-
desmosterol by Dhcr24™~ neurons.

Notably, sterol levels in our study (including cholesterol) are normalized for cell count,
which allowed us to estimate cholesterol accumulation per cell in neurons and astrocytes.
Our results show that there is a remarkable increase in de novo cholesterol synthesis
(Figures 2, 4 and 5) and accumulation in neurons over time (Figure 6). We emphasize that
these findings should be interpreted in the context of neuronal development. We know that
neurons need cholesterol to differentiate, and cholesterol accumulation in neurons is
essential for neurite arborization, which requires membrane synthesis and, therefore, more
cholesterol. Thus, we propose that they can regulate their own sterol synthesis, rather than
being fully dependent on exogenous sources in the developmental milieu.

Astrocytes Release More Cholesterol into the Medium than Neurons.

In neurons, cholesterol is essential for both differentiation and establishment of elaborate
arborization. However, it is unknown if neurons produce excessive amounts of endogenous
cholesterol, and if so, what happens with the excess of cholesterol in the cells? Since
neurons and astrocytes were maintained in cholesterol-free medium, we were able to assess
their release of cholesterol into the extracellular space (Figure 6). Cell culture media from
both neurons and astrocytes were collected and analyzed for cholesterol content by LC-
MS/MS between DIC3 and DIC6 (Figure 6B). We found that neurons released an average of
3.2 £ 0.3 nmol cholesterol/million cells, and astrocytes released 5.2 + 0.6 nmol cholesterol/
million cells (p= 0.0378). In addition, we observed that cholesterol accumulated in both cell
types between DIC3 and DIC6 but not at the same magnitude: over 3 days, neurons
accumulated 15-fold more cholesterol than astrocytes (Figure 6C). Interestingly, between
DIC3 and DIC6 neurons released about 5% of the total cholesterol accumulated in the cell,
while astrocytes released 1.6 times more cholesterol than their intracellular accumulation.
These data suggest that neurons accumulate most of their newly synthesized cholesterol,
whereas astrocytes secrete most of it, keeping only the cholesterol necessary for their normal
functioning. Thus, it appears that astrocytes and neurons both significantly contributed to the
pool of extracellular cholesterol, with astrocytes contributing more to it. It is noteworthy that
total cholesterol synthesis by neurons and astrocytes is a sum of retained and released
cholesterol. However, the balance between the endogenous retention and release to the
extracellular surroundings during brain development is likely be dynamic, and is expected to
largely depend on the composition of the extracellular milieu. In this context, it is also
important to note that uncontrolled secretion and accumulation of cholesterol in the
extracellular space could have detrimental effects on brain development. Therefore, it is
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likely that cholesterol synthesis and secretion are tightly regulated and connected feedback
processes, in a yet unknown fashion.

The overall results suggest that neurons and astrocytes have a distinct developmental
cholesterol homeostasis: astrocytes did not accumulate cholesterol, which is perhaps a
reflection of their biology in the studied conditions: since astrocytes divide in culture, the
expansion of their cell membrane (adjusted to cell count) is limited.

Neuronal and Astrocytic Uptake of Exogenous Sterols.

In addition to synthesis and release, uptake of exogenous cholesterol by brain cells is
another important step in maintaining CNS sterol homeostasis. To assess exogenous
cholesterol uptake, free isotopically labeled cholesterol (D7-Chol), D7-Chol precomplexed
with ApoE, and D7-Chol precomplexed with BSA were added to the defined cholesterol-free
cell culture medium, as illustrated in Figure 7A. No cell death and no morphological
changes were observed with these supplementations. After 3 days of incubation, cells were
counted, and LC-MS/MS analyses were conducted to assess the incorporation of D7-chol by
neurons and astrocytes (Figure 7). Only a small incorporation of free D7-chol was observed
in primary neuronal cultures, which we attribute to the ~3% of glial composition of the
cultures. This suggests a negligible uptake of free exogenous cholesterol by developing
cortical neurons. A clear difference was observed in astrocytes, where cholesterol uptake
was prominent. Indeed, the incorporation of free D7-chol by astrocytes was 30-40 times
higher than the incorporation by neurons. Next, we performed a similar experiment with D7.
chol precomplexed with either ApoE or BSA. Both neurons and astrocytes were incubated
for 3 days with D7-chol alone, D7-chol-ApoE and D7-Chol-BSA, and the D7-chol uptake
was assessed by LC-MS/MS (Figure 7B,C). Precomplexing D7-chol with ApoE led to a 30-
fold increase in the D7-chol uptake by neurons (Figure 7B). The same complexation with
BSA increased by 5-fold the neuronal uptake, which suggest that neuronal uptake relies on
the specific complexation with ApoE. The astrocytic uptake, on the other hand, was not
affected by the D7-chol complexation with either ApoE or BSA (Figure 7C). These results
suggest that while astrocytic cholesterol uptake is independent of protein complexes,
neuronal cholesterol uptake relies specifically on cholesterol-ApoE complexes.

Next, we tested the ability of neuronal and glial cells to utilize other sterol intermediates
from the extracellular milieu and metabolize them into cholesterol. To address this, free
isotopically labeled lanosterol (13C3-Lan), 13C5-Lan precomplexed with ApoE and
13C,-Lan precomplexed with BSA were added to the defined cholesterol-free medium,
followed by the assessment of isotopically labeled cholesterol (:3C3—Chol) (Figure 7D).
This method has been previously used in neuronal cell lines and primary human fibroblasts
to evaluate sterol synthesis.3* No cell death and no morphological changes were observed
with these 13C3—Lan supplementations. We observed that astrocytes take up free 13C3-Lan
and converted it into 13C3—Chol (Figure 7F). Neuronal cultures, on the other hand,
synthesized a negligible amount of 13C3—-Chol, further suggesting that neurons do not
readily take up free cholesterol precursors (Figure 7E). As observed with the free D7-
cholesterol uptake, the incorporation of free lanosterol by astrocytes was 25-30 times higher
than in neurons. A similar experiment was performed with 13C3-Lan precomplexed with
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either ApoE or BSA. Both neurons and astrocytes were incubated for 3 days with 13C3-Lan
alone, 13C3-Lan-ApoE3, and 13C3-Lan-BSA, and the 13C3—Chol synthesis was assessed by
LC-MS/MS (Figure 7E,F). Precomplexing 13Cs—Lan with either of the proteins did not
facilitate its uptake and further conversion to 13C3—Chol astrocytes (Figure 7F). On the hand,
neuronal 13C3-Lan uptake and conversion to 13C3—Chol increased 40-fold with 13C3-Lan
complexed with ApoE (Figure 7E). It is worth mentioning that small levels of 13C3.
desmosterol were detected in astrocytic cultures, which further suggests that these cells are
taking 13C3-Lan and metabolizing it (data not shown). Altogether these results suggest that
while neuronal sterol uptake is ApoE-complex-dependent, astrocytes can take up free sterols
from extracellular milieu.

Beyond relying on their endogenous sterol synthesis, it is also noteworthy that developing
neurons can take up ApoE-sterol complexes from the surrounding cells. The de novo
synthesis and ApoE complexed cholesterol uptake might present two redundant and
complementary mechanisms that jointly ensure essential neuronal access to cholesterol
under the changing conditions of development or disease. The internal balance and
regulation of these two processes is unknown at the current time, but it appears that both
mechanisms are essential: previously published transgenic studies suggest that endogenous
cholesterol synthesis by developing neurons is critical for brain development.1® Yet, the
relative contribution of these two mechanisms to cholesterol biosynthesis in neurons is likely
to be dynamic, dependent on the developmental stage and the physiological/
pathophysiological processes that they encounter. Furthermore, the sterol exchange between
neurons and astrocytes is limited during embryonic development, since astrogenesis starts
postnatally.35:36 Therefore, despite the ability of embryonic neurons to take up ApoE-bound
sterols, the occurrence of astrocytic support during embryonic development is unlikely.

Neurons and Astrocytes Synthesize Cholesterol through the Bloch Pathway.

As mentioned above, the conversion of lanosterol into cholesterol can occur through two
parallel routes of biosynthesis, the Bloch and Kandutsch-Russell pathways.3” Intermediates
from these pathways differ from each other by the presence of a double bond at the C24
position. This double bond is reduced by the enzyme DHCR24, a step that could
theoretically happen at any stage in the postlanosterol pathway. In order to investigate the
existence of a preferential sterol biosynthesis pathway, we determined the sterol profile in
cultured neurons and astrocytes at DIC6 (Figure 8A). Assessing postlanosterol intermediates
(Bloch pathway: zymosterol, dehydrolathosterol, 7-DHD, and desmosterol; and KR
pathway: dihydrolanosterol, zymostenol, lathosterol, and 7-DHC) by GC-MS allowed us to
gain insight in the dynamics of cell-type specific cholesterol biosynthesis. This analysis
revealed that neurons have higher levels of most intermediates, apart from 7-DHD and
desmosterol that are found at higher levels in astrocytes. In addition, 93% and 98% of the
sterol intermediates found in neurons and astrocytes, respectively, were part of the Bloch
pathway (Figure 8C). More specifically, the most abundant sterols in neurons (in order of
abundance) are cholesterol >> desmosterol >»>7-DHD = zymosterol = zymostenol > all other
sterols. In astrocytes, a similar profile is observed where the most abundant sterols are
cholesterol >> desmosterol >>7-DHD > all other sterols. These profiles suggest that
lanosterol is mostly converted into desmosterol and then to cholesterol via the Bloch
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pathway, with minimal DHCR24 activity affecting earlier intermediates (Figure 8B). We can
conclude that both neurons and astrocytes preferentially use the Bloch pathway to synthesize
cholesterol, suggesting a very limited role of the KR biosynthesis pathway during brain
development. This is a considerable departure of the currently held view, which states that
glial cells primarily rely on the Bloch pathway, while neurons primarily utilize the KR
pathway for their sterol biosynthesis.??

Although sterol biosynthesis could theoretically be synthesized by the two above-mentioned
biosynthetic pathways, our findings suggest that the two pathways are not equally utilized in
the developing brain cells. In all cell lines we have used so far (e.g., fibroblasts, Neuro2a
cells, neurons, astrocytes),34:38-40 cholesterol is the most abundant sterol followed by
desmosterol, which indicates that all the investigated cell types in the brain and other tissues
preferentially use the Bloch pathway, where desmosterol is the immediate precursor to
cholesterol. While the DHCR24 enzyme can theoretically reduce the C24 double bond at
any stage, our findings suggest that over 90% of its activity involves the conversion of
desmosterol into cholesterol. The finding of preferential use of the Bloch pathway by
developing neurons is also strongly supported by our assessment of the de novo synthesis
with 13Cg-glucose, as the levels of 13C-desmosterol (last intermediate in the Bloch pathway)
are ~60 times higher than 13C-7-DHC (last intermediate in the KR pathway) in WT-
Dhcr24*!™* neurons (Figure 5). However, literature data suggests that the balance of these two
pathways might be dynamic3” and may change under pathophysiological conditions: for
instance, detection of novel sterol intermediates in a cancer cell line led to the initial
discovery of the Kandutsch-Russell pathway.24 To date, such data are not available for CNS
disorders, and this should be a further topic of investigation.

CONCLUSIONS

Our results can be summarized as follows: (1) Developing neurons have an active de novo
cholesterol synthesis. (2) Both developing neurons and astrocytes release cholesterol into
their local environment. (3) Steady-state levels of cholesterol are higher in neurons than in
astrocytes, with a significantly higher amount of cholesterol produced in neurons. (4)
Neuronal endogenous sterol pool increases over time, while astrocytes maintain a strict
control of their endogenous cholesterol homeostasis. (5) While exogenous sterol uptake in
neurons is ApoE-complex-dependent, astrocytes can take up free sterols from the
extracellular milieu. (6) Both neurons and astroglia preferentially use the Bloch pathway,
where desmosterol is the immediate precursor to cholesterol.

Our studies also raise additional questions of interest, which will have to be tested in future
studies. First, do other glial cells types (oligodendrocytes and microglia) also make their
own cholesterol during development and contribute to the overall brain cholesterol
homeostasis? Second, do different neuronal cell types have vastly different sterol synthesis#!
and/or cholesterol utilization from the extracellular space? This is likely to be true, as
different brain regions have distinct sterol levels and express different levels of transcripts
encoding sterol biosynthesis enzymes.#2:43 Third, our studies focused on developing neurons
and did not address how sterol biosynthesis is regulated in the adult or aging brain. Clearly,
cholesterol production, trafficking, and homeostasis is very different in the mature brain,
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where adult neurons primarily rely on cholesterol produced by astrocytes.*4 Fourth, since
mutations in sterol biosynthesis enzymes lead to devastating developmental disorders, do
these mutations equally affect neurons and glia, or are the neuronal cells preferentially

impacted by the disease process, as neurons mostly rely on their own sterol biosynthesis?

Finally, we believe that neuronal sterol biosynthesis during development is a critical, yet
poorly understood and still underappreciated area of neuroscience research. Deciphering the
time course of developmental brain cholesterol synthesis and regulation might significantly
advance our understanding of diseases in which disturbed cholesterol biosynthesis,
clearance, and turnover are an integral part of the pathological processes.

METHODS

Chemicals.

Unless otherwise noted, all chemicals were purchased from Sigma-Aldrich Co (St. Louis,
MO). HPLC-grade solvents were purchased from VWR BDH chemicals (Radnor, PA). All
sterol standards, natural and isotopically labeled, used in this study are available from
Kerafast, Inc. (Boston, MA). Ergosterol was purchased from TCI America (Portland, OR).
13C4-glucose was purchased from Cambridge Isotope Laboratories, Inc. ApoE3 (no. 350—
02) was purchased from PeproTech, Rocky Hill, NJ.

Mouse Experiments.

Adult mice, stock 00664 C57BI/6J and B6.129S5- Dhcr24"m/eX SppaJ, stock 012564 were
purchased from the Jackson Laboratory (Bar Harbor, ME). T93M mice were obtained from
FD Porter.30 These mice have a mutation in both DhAcr7 alleles at ¢.278C > T, a mutation
equivalent to the human T93M missense mutation. The T93M mutation is the most common
missense mutation described in patients with Smith-Lemli-Opitz Syndrome (SLOS).3045
These mice have a limited residual cholesterol synthesis, and they survive into adulthood
and breed. The brain tissue of T93M embryos has highly elevated 7-DHC levels.30 For
simplicity, throughout the results we refer to these mice as Dhcr7~/~. Dhcr24-KO mice have
a 249 bp deletion in exon 1 and the brain has high levels of desmosterol.® The colony is
maintained by breeding WT and DhAcr24-heterozygous (Het) mice. Breeding DhAcr24-Het
with Dhcr24-Het mice gives ~25% Dhcr24-KO mice that die shortly after birth.

All mice were housed under a 12 h light-dark cycle at constant temperature (25 °C) and
humidity with ad libitum access to food (Teklad LM-485 Mouse/Rat Irradiated Diet 7912)
and water in Comparative Medicine at UNMC, Omaha, NE. Embryonic and newborn mice
were used for the study. All procedures were performed in accordance with the Guide for the
Humane Use and Care of Laboratory Animals. The use of mice in this study was approved
by the Institutional Animal Care and Use Committee of UNMC.

Primary Neuronal Cultures.

Primary cortical neuronal cultures for wild-type and DhAcr7-'~ experiments were prepared
from E18 mice as previously described.26:46 Neuronal cultures used for Dhcr24=
experiments were prepared from E15 brains. Briefly, the brain was placed in prechilled
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HBSS solution (without Ca2* or Mg2*), and two cortexes were dissected and cut with
scissors into small chunks of similar sizes and transferred to Trypsin/EDTA (0.5%) for 25
min at 37 °C. Trypsin was inactivated by adding Trypsin Inhibitor (Sigma T6522) for 5 min.
Samples were then spun at 100g. The tissue was resuspended in Neurobasal medium with
B-27 supplement (Gibco no. 17504-044) and then triturated with a fire-polished Pasteur
pipet. The cells were pelleted by centrifugation for 5 min at 80g. The cell pellet was
resuspended in Neurobasal medium with B-27 supplement, and the cells were counted. The
cells were plated on poly-b-lysine coated 96-well plates at 60 000 cells/well. The growth
medium was Neurobasal medium with B-27 supplement, Glutamax and 3 xM cytosine
arabinoside. Cells were incubated at 37 °C, 5% CO,, for 3, 6, or 9 days. At the end point of
the incubation, 10 L of Hoechst dye was added to all wells in the 96-well plate, and the
total number of cells was counted using an ImageXpress Pico. After removing the medium,
wells were rinsed twice with 1x PBS and then stored at —80 °C for lipid analysis. All
samples were analyzed within 2 weeks of freezing.

Primary Astrocytic Cultures.

After plating the required number of cells for neuronal cultures, leftover cells were plated in
100 mm dishes at a density 10 x 10° per tissue culture plate in DMEM with 10% FBS.
Under these conditions, astrocytes adhere and divide and completely populate the plate
within 10-14 days. Once the plates were full, they were rinsed using the cold jet method.*’
The astrocytes were trypsinized and plated in 96-well plates in DMEM plus 10% FBS at 30
000 cells/well. The following day the medium was completely changed, and astrocytes were
grown in Neurobasal medium with B-27 supplement (Gibco no. 17504-044) in the absence
of cholesterol (same medium as neuronal cells without cytosine arabinoside). Cells were
incubated at 37 °C, 5% CO», for 3, 6, or 9 days. At the end point of the incubation, 10 w4l of
Hoechst dye was added to all wells in the 96-well plate, and the total number of cells was
counted using an ImageXpress Pico. After removing the medium, wells were rinsed twice
with 1x PBS and then stored at —80 °C for lipid analysis. All samples were analyzed within
2 weeks of freezing.

De Novo Cholesterol Synthesis Assessed by 13Cg-Glucose Experiments.

Neuronal cells were cultured in Neurobasal medium (without glucose — Gibco no. A24775-
01), B27-supplement, and 10 mM of 13Cg-glucose. The replacement of natural glucose by
13C4_glucose in the medium provided labeled carbons to be used in the biosynthesis of fresh
sterols, as described previously.38 To monitor freshly synthesized 13C-labeled sterols, we
selected one isotope for each sterol (e.g. 13C4-7-DHC, SRM transition 564 — 369) to be
used in the analyses and calculated a response factor to account for the sum of every
possible isotope and, hence, the total amount of isotopically labeled sterol formed. This
correction factor was used for every sterol analysis reported in this study (}:3C4-cholesterol,
SRM transition 373 — 373, 13C,-desmosterol, SRM transition 596 —564).

Immunocytochemistry and Imaging.

At the end of incubation, the cultures were processed for immunocytochemistry. Briefly,
wells were rinsed with 1x PBS and fixed with 4% p-formaldehyde. After removing p-
formaldehyde, wells were rinsed again with 1x PBS and blocked for 30 min at room
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temperature in the blocking buffer (10% FBS in 1x PBS plus 0.1% saponin). Primary
antibodies were then added (MAP2 - Cell Signaling no. D5G1; GFAP - ABCAM no.
ab4674) and incubated overnight at 4 °C. Primary antibodies were removed, and wells were
rinsed with 1x PBS. Secondary antibodies were added, and samples were incubated for 30
min at room temperature. The following secondary antibodies were used: Jackson
ImmunoResearch Cy3-conjugated AffiniPure Donkey antirabbit; and AlexaFluor 488-
conjugated AffiniPure Donkey antichicken. Since the experiments were conducted in a 96-
well plate format, the following conditions were prepared: (a) MAP2 only; (b) GFAP only;
(c) MAP2 plus GFAP; in all three conditions, their respective secondary antibodies were
used. Additional controls were used where wells were incubated with secondary antibodies
only (no primary antibodies were present). After rinsing, plates were imaged on an
ImageXpress Pico Automated Cell Imaging System using 4x and 10x Fluotar objectives in
the Cy3, FITC, DAPI, and bright field channels. Images were acquired with
CellReporterXpress software. Images acquired at 10x were stitched from multiple adjacent
fields within each well.

To determine the astrocytic content in neuronal cultures, 4 wells were imaged at 4%, taking 4
images per well to cover the whole well, for a total of 16 images. Astrocytes were counted
using the cell counting algorithm in CellReporterXpress, counting only cells that were
FITC-positive (GFAP). Astrocytic and neuronal nuclei were counted using the same
algorithm but set to count DAPI positive nuclei from the Hoechst stain. The astrocyte
content is reported as the average number of astrocytes counted in the FITC channel over the
average number of nuclei counted in the DAPI channel. Analogously, to determine the
neuronal content in astrocytic cultures, 3 wells were imaged at 10x in both the DAPI and
Cy3 channels, stitching the individual fields of view within one well. From each well, 9
individual fields of view were captured covering 53.7% of the total well area, resulting in 27
individual images total. These fields of view were confirmed to be representative of the
whole well by manual review. Neurons were counted using the cell counting algorithm in
CellReporterXpress with the parameters set to count only the brightest Cy3 positive (MAP2)
cells that would indicate neurons. The accuracy of the algorithm’s selection of neurons was
manually reviewed to confirm its accuracy. The neuronal content is reported as the average
number of neurons counted in the Cy3 channel over the average number of nuclei counted in
the DAPI channel.

Sterol Complexation with Either ApoE or BSA.

To investigate the uptake of sterol-protein complexes by neurons and astrocytes, either D-
cholesterol or 13C3-lanosterol were complexed with ApoE or BSA as described previously.*8
Briefly, isotopically labeled sterols were mixed with the proteins in PBS solution and
incubated overnight at 37 °C under agitation. Complexed sterols were then added to the
medium, and the neuronal and astrocytic uptake was assessed by LC-MS/MS.

Lipid Extraction and Sample Preparation.

Sterol levels were analyzed in individual wells and, for most experiments, cellular levels
correspond to 8-12 technical replicates. After rinsing plates with 1x PBS (or removing
previously frozen plates from —80 °C freezer) 200 L of MeOH containing the internal
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standard was added, as reported previously.3438 The plate was placed on an orbital shaker
for 30 min at room temperature and centrifuged for 10 min using a Sorvall swing rotor. An
aliquot (100 z1) of the supernatant was transferred to a PTAD-predeposited plate, sealed
with Easy Pierce Heat Sealing Foil followed by 30 min agitation at room temperature, and
analyzed by LC-MS/MS (as described in a following section). For measurements of sterol
release into the cell culture medium, media from 4 individual wells were combined, and the
data shown in Figure 3B correspond to 3 technical replicates. After collecting the medium,
samples were centrifuged at 10 000g for 10 min to clear the medium from any potential
cellular debris. Additional control experiments revealed that the method we used was as
efficient in removing cellular debris as pelleting. Sterols were extracted using the Folch
method as described previously.2? Values were normalized by average cell count and
reported as nmol/million cells. For GC-MS analysis, single wells were extracted with 200
4L of MeOH containing an internal standard cocktail as previously described (D7-
cholesterol, D7-7-DHC,13 C3_desmosterol, and 13C3-lanosterol).38 Samples were dried on a
SpeedVac concentrator and stored at —80 °C for GC-MS analysis.

LC-MS/MS (SRM) Analyses.

Extracted sterols were derivatized with 4-phenyl-1,2,4-triazoline-3,5-dione (PTAD) as
described previously38 and placed in an Acquity UPLC system equipped with ANSI-
compliant well plate holder coupled to a Thermo Scientific TSQ Quantis mass spectrometer
equipped with an APCI source. Then 5 i was injected onto the column (Acquity BEH C18
1.7 tm,2.1 mm x 50 mm) with 100% MeOH (0.1% v/v acetic acid) mobile phase for 1.0
min runtime at a flow rate of 500 gL/min. Natural sterols were analyzed by selective
reaction monitoring (SRM) using the following transitions: Chol 369 — 369, 7-DHC 560
— 365, desmosterol 592 — 560, lanosterol 634 — 602, with retention times of 0.7, 0.4, 0.3,
and 0.3 min, respectively. SRM for 13Cs-cholesterol (13C3-Chol) was set to 373 — 373, and
the values were corrected for the natural isotopic distribution. SRM for D7-cholesterol (D7-
Chol) was set to 376 — 376. To quantitate 13C-labeled sterols synthesized from 13Cg-
glucose, we monitored the following SRM transitions: 13C,-cholesterol 373 — 373; 13C,-7-
DHC 564 — 369; 13C4-desmosterol 596 — 564. For quantitation, 0.3 nmol of ergosterol
was used as the internal standard, and the SRM was set to 572 — 377. Response factors for
Chol, 7-DHC, Des, and Lan in relation to ergosterol were determined to allow for a proper
quantitation. Final sterol numbers are reported as nmol/million cells.

GC-MS Analyses.

Dried lipid samples were derivatized with A, O-bis(trimethylsilyl)trifluoroacetamide
(BSTFA), and 5 4l was injected onto the column (SPB-5, 0.25 gm, 0.32 mm x 30 m) with
the following temperature program: 180 °C was held for 1 min; then increased to 250 °C at
20 °C/min; then raised to 300 °C at 4 °C/min and kept for 7 min.4° Selected sterol
intermediates were analyzed by extracted ion chromatogram (EIC) using the following
values: lathosterol (/m/z 458), zymostenol (/m/z 458), dihydrolanosterol (/7/z 395),
dehydrolathosterol (/7/z 456), zymaosterol (/m/z 456), 7-dehydrodesmosterol (7-DHD - m/z
349), and D7-Chol (m/z 465). Final sterol numbers were calculated using D7-Chol as the
internal standard. Response factors were calculated for each sterol and used to calculate the
total amount.
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KR
LC-MS/MS
7-DHC
Het
KO
HBSS
DIC
MAP2
GFAP
BSA

MeOH

Page 13

Statistical analyses were performed using Graphpad Prism 7 for Windows and Microsoft
Excel. Unpaired two-tailed #tests were performed for individual comparisons between two
groups. The Welch’s correction was employed when the variances between the two groups
was significantly different. Ordinary one-way ANOVA and multiple comparisons with
Tukey corrections were performed for comparisons between three or more groups. The p
values for statistically significant differences are highlighted in the figure legends.

Refer to Web version on PubMed Central for supplementary material.

7-dehydrocholesterol reductase
24-dehydrocholesterol reductase
apolipoprotein E
Smith-Lemli-Opitz Syndrome
Niemann-Pick type C disease
central nervous system
Kandutsch-Russell

liquid chromatography coupled with tandem mass spectrometry
7-dehydrocholesterol
heterozygous

knockout

Hanks-balanced salt solution
days in culture

microtubulin associated protein 2
glial fibrillary acid protein
bovine serum albumin

methanol
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PBS phosphate buffered saline
PTAD 4-phenyl-1:2,4-triazoline-3,5-dione
Chol cholesterol
13C4-Chol 13C5-cholesterol
D-Chol D-cholesterol
GC-MS gas chromatography coupled with mass spectrometry
BSTFA N, O-bis(trimethylsilyl)trifluoroacetamide
EIC extracted ion chromatogram
7-DHD 7-dehydrodesmosterol
13Cs-Lan 13¢5 _lanosterol
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Figure 1.
Neuronal and astroglial cultures. Panels A and B show cell counts of neurons and astrocytes

at different time points, respectively. Panels C and D show representative images of neurons
and astrocytes in the culture wells. Neurons were labeled with anti-MAP2 antibody while
astrocytes were stained with anti-GFAP antibody. Images were acquired with 20x and 40x
objectives, respectively. Panels E and F denote the percent of astrocytes in neuronal cultures
and the percent of neurons in astroglial cultures at 6 days in culture (DIC6), respectively.
The absolute numbers of neurons and astrocytes in cultures, with statistical measures, are
reported in Supplemental Table 1.
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Cortical neurons endogenously synthesize cholesterol. Primary neurons and astrocytes were
incubated for 3, 6, and 9 days in defined cholesterol-free medium. Levels of cholesterol, 7-
DHC, desmosterol and lanosterol levels were measured by LC-MS/MS. Panels on the left
show neuronal sterols (A, C, E, G), while panels on the right denote astrocytic sterol levels
(B, D, F, H). Sterol levels were normalized to the total cell count at the end point of each

experiment. Sterol values correspond to the mean = SEM of 8-12 replicates. Statistical

significance is denoted by asterisks (*p < 0.05; ***p <0.001; ****p < 0.0001). Note that all
sterols accumulate in neurons in a time-dependent manner and that a similar process is not

observed in astrocytes.
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Figure 3.
Accumulation of sterol intermediates in DAcr7/~and Dhcr24-deficient neurons. Comparison

of cholesterol (A), desmosterol (B), and 7-DHC (C) levels between WT, Dhcr7=, and
Dhcr24-deficient neurons (Dhcr247'7). Neurons were cultured in defined cholesterol-free
medium for 3 days and subjected to LC-MS/MS. Values correspond to mean = SEM of 8-12
replicates. In all panels, statistical significance between individual groups is denoted by
asterisks (****p < 0.0001); #### denotes the difference between WT and Dhcr24-deficient
neurons (p < 0.0001).
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Figure 4.

Desmosterol replaces cholesterol in Dhcr24~neurons in a time-dependent manner. WT
(Dhert™), Dher24-heterozygous (Dhcr24%), and Dhcr24-deficient (Dhcr247'~) neurons were
cultured in defined cholesterol-free medium and cholesterol (A) and desmosterol (B) levels
were assayed at DIC3 and DIC6. Values correspond to mean + SEM of 8-12 replicates. In
all panels, statistical significance between individual groups is denoted by asterisks (****p <
0.0001). Note that in Dhcr247!~ neurons, cholesterol is fully replaced by desmosterol.
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Figure 5.
Agsessing active de novo cholesterol synthesis in neurons using'3Cg-glucose. Profile of
selected de novo synthesized sterols in WT and Dhcr24 mutant neurons (Dhcr24* and
Dhcr247'7). Neurons were cultured in defined cholesterol-free medium where glucose was
replaced by 13Cg-glucose. 13C-labeled sterols were analyzed at DIC6. Values of 13C-labeled
cholesterol (A), desmosterol (B), 7-DHC (C), and lanosterol (D) correspond to mean = SEM
of 8-12 replicates. In all panels, statistical significance is denoted by asterisks (**p < 0.01;
**%% n < 0.0001).
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Figure 6.
Astrocytes release more cholesterol than neurons. (A) Total cholesterol detected in the

medium over 3 days in culture. Both neuronal and astroglial cells were cultured in a defined
cholesterol-free medium. (B) Analyzed media were collected at DIC6 and reflect the release
of cholesterol between DIC3 and DIC6. Cholesterol levels were normalized to the total cell
count at DIC6. Values correspond to the mean £ SEM of 3 replicates. Note that astrocytes
release 60% more cholesterol than neurons. (C) Increase in total cholesterol in neurons and
astrocytes over a 3 day period. Values correspond to the mean £ SEM of 8 replicates. Note
that neurons accumulated 17-fold more cholesterol than astrocytes over the 3 day period. (D)
Ratio of accumulated over released cholesterol over a 3 day period. Note that neurons retain
the vast majority of their newly synthesized cholesterol, while astroglial cells release more
cholesterol than they accumulate. Values correspond to the mean = SEM of 8 replicates. In
all panels, statistical significance is denoted by asterisks (*p < 0.05, ***p < 0.001; ****p <
0.0001).
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Figure 7.

Nguronal and astrocytic uptake of exogenous sterols. Neurons and astrocytes were cultured
in defined cholesterol-free medium supplemented with free isotopically labeled cholesterol
(D7-Chol), D7-Chol precomplexed with ApoE, and D7-Chol precomplexed with BSA as
illustrated in Panel A. The labeled moiety is highlighted in red. Final concentration of D7-
Chol in all conditions was 500 nM; protein final concentration was 0.7 pg/mL (either ApoE
or BSA). Panels B and C show the uptake of D7-Chol from the medium by neurons and
astrocytes, respectively. D;-Chol levels were normalized to the total cell count at the end
point of the experiment (DIC3). Sterol values correspond to the mean + SEM of 8-12
replicates. Note that ApoE facilitates the uptake of D7-Chol by neurons but not by
astrocytes. Panel D denotes the experimental design to test the incorporation of
13C4-Lanosterol by neurons and astrocytes. Cells were cultured in defined cholesterol-free
medium and with free isotopically labeled lanosterol (:3C3-Lan), 13C3-Lan precomplexed
with ApoE, and 13C3-Lan precomplexed with BSA. The labeled moiety is highlighted in
red. Panels E and F show 13C3—Chol levels derived from the conversion of 13C5-Lan by
neurons and astrocytes, respectively. 13C3—Chol levels were normalized to the total cell
count at the end point of each experiment. Sterol values correspond to the mean + SEM of
8-12 replicates. Note that the uptake and conversion of lanosterol into cholesterol is 40-fold
higher in neurons when lanosterol is precomplexed with ApoE, while in astrocytes the same

treatment increases only by 15%. In all panels, statistical significance is denoted by asterisks

(**p< 0.01, ***p < 0.001; ****p < 0.0001).
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Figure 8.
Both neurons and astrocytes synthesize cholesterol via the Bloch pathway. (A) GC-MS

profile of postlanosterol cholesterol biosynthesis intermediates in cultured neurons and
astrocytes. Cells were cultured in a defined cholesterol-free medium. Intermediates in the
Bloch pathway are shown on the left, while those from the Kandutsch-Russell pathway are
depicted on the right of the graph. Sterol levels were determined at DIC6 and values
correspond to mean + SEM of 3 replicates. Statistical significance is denoted by asterisks
(*p<0.05, **p<0.01, ***p< 0.001, ND - nondetectable). (B) Schematic representation
depicting the preferential routes for the conversion of lanosterol into cholesterol by cultured
neurons and astrocytes. Red and green arrows represent the pathways utilized by neurons
and astrocytes, respectively. Arrow thickness corresponds to the strength of pathway
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utilization. (C) Pie chart representation denoting the percent of Bloch and Kandutsch-
Russell intermediates in cultured neurons and astrocytes at DIC6. Note that desmosterol is
the most abundant intermediate in both neurons and astrocytes and that both cell types have
higher levels of intermediates from the Bloch pathway, suggesting that the Kandutsch-
Russell pathway utilization is miniscule at this developmental stage.
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