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ABSTRACT
Here we investigated whether traumatic brain injury (TBI) altered the regulation of
cholesterol 24S-hydroxylase (Cyp46), an enzyme that converts cholesterol to the more
hydrophilic 24S-hydroxycholesterol. We examined changes in Cyp46 expression in
rats following fluid percussion injury. Under normal conditions, most Cyp46 was
present in neurons, with very little measurable in glia. However, Cyp46 levels were
significantly increased in microglia after TBI. 24-hydroxycholesterol induces
activation of genes through the liver X receptor (LXR), and here we show
apolipoprotein E (ApoE) and ATP-binding cassette transporter (ABC) A1 were
increased after TBI, indicating that increased LXR activity coincided with increased
Cyp46 levels. We found that activation of primary rat microglia by LPS in vitro caused
increased Cyp46 levels. These data suggest that increased microglial Cyp46 activity is
part of a system for removal of damaged cell membranes post-injury, by conversion of
cholesterol to 24-hydroxycholesterol and by activation of LXR-regulated gene
transcription. We also took a systematic look at the effects of 24S-hydroxycholesterol
on fatty acid and cholesterol synthesis enzymes, initially focusing on the lipid
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regulatory proteins SREBP-1 and -2. In three different cell lines, 24Shydroxycholesterol decreased SREBP-2 and increased levels of LXR regulated
SREBP-1. In SY5Y neuroblastomas cells, 24S-hydroxycholesterol decreased
cholesterol synthesis enzyme mRNA levels but did not alter fatty synthesis enzyme
mRNA levels. In contrast, BV2 microglia 24S-hydroxycholesterol significantly
increased mRNA levels of fatty acid synthesis enzymes but had no significant effect on
cholesterol synthesis enzymes. After TBI we found that, consistent with the in vitro
results, SREBP-1 mRNA levels were increased while SREBP-2 mRNA levels were
decreased. Cholesterol synthesis enzymes were significantly decreased after TBI,
which we attribute to 24S-hydroxycholesterol activity. However, mRNA levels of the
rate limiting step in fatty acid synthesis, acetyl CoA carboxylase were also
significantly decreased which could not be due to the effects of 24Shydroxycholesterol. Thus, other negative feed back mechanisms regulating fatty acid
synthesis must be activated after TBI.
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CHAPTER I: INTRODUCTION

Cholesterol Function and Metabolism in the Periphery
Cholesterol Function
Cholesterol is a small hydrophobic molecule that serves several functions. Cholesterol is
a precursor in production of hormones, including estrogen, testosterone, cortisol and
many others (Simpson and Waterman, 1988; Berg et al., 2007). Cholesterol also serves
important functions in the membranes of all cells. Membrane fluidity is influenced by the
concentration of cholesterol in the membrane. Higher concentrations of cholesterol
provide increased rigidity to the membrane, making the membrane less fluid, and
promote the ordered packing of embedded proteins (Alberts, 1989; Gross et al., 2005;
Ikonen, 2008). High concentrations of cholesterol also prevent permeability of the
membrane to small water soluble molecules (Alberts, 1989; Gross et al., 2005; Ikonen,
2008). Cholesterol is also integral to the formation of lipid rafts where receptors and
other anchored proteins are brought together, facilitating some types of cell signaling
(Fielding and Fielding, 2004; Gross et al., 2005).

Sources of Cholesterol
Cholesterol in the periphery comes primarily from two sources: Liver synthesis and
dietary consumption (Ikonen, 2008). The body can produce its own cholesterol, and thus
it has been suggested that cholesterol is not a necessary component of the diet (Keys et
1

al., 1965; Hodges et al., 1967; Engelhardt et al., 1991). However, in dietary cholesterol
deprivation studies, benefits were limited and the long term consequences remain
unknown (Hodges et al., 1967; Engelhardt et al., 1991). Although there is high
variability across subjects, on average 70% of total body cholesterol is synthesized de
novo while 30% is derived from the diet (Ikonen, 2008). Although the liver is the
primary site of cholesterol synthesis, other peripheral organs synthesize cholesterol at
lower levels, where it can be used as a precursor in hormone production (Simpson and
Waterman, 1988). Knockout mice lacking the critical enzyme HMG CoA reductase, and
thus the ability to synthesize cholesterol, do not survive beyond the blastocyst stage,
emphasizing the importance of cholesterol in development (Ohashi et al., 2003).

Cholesterol Transport
Cholesterol transport mechanisms allow cholesterol from both the liver and diet to be
packaged and put into circulation so that it is accessible to tissues that need more
cholesterol. Cholesterol synthesized in the liver is exported to the gall bladder through
the membrane bound proteins, ATP-binding cassette (ABC) G5 or ABC G8 (Kosters et
al., 2006; Ikonen, 2008). Cholesterol is stored in the gall bladder between meals but
during food digestion it is released with bile salts into the lumen of the intestine where it
mixes with dietary cholesterol (Ikonen, 2008). In the intestines, triglycerides,
phospholipids, cholesterol and bile salts are combined to form a cluster called a micelles
which travel through the intestines (Ikonen, 2008).
2

Once cholesterol from the liver and the diet is combined in the intestines, it can re-enter
the circulation system. Cholesterol from micelles is reabsorbed by cells in the intestinal
wall through the channel NPC1L1 (Ikonen, 2008). Although NPC1L1 absorbs
cholesterol and plant sterols from the intestinal lumen, plant sterols are efficiently
effluxed back into the lumen by ABC G5 or ABC G8 (Phan and Tso, 2001; Hazard and
Patel, 2007; Ikonen, 2008).

Cells in the intestinal wall function to package cholesterol into lipoproteins and release
them into circulation. After the intestine absorbs cholesterol, it converts the cholesterol
into a cholesteryl ester via the cytoplasmic enzyme acyl coenzyme A: cholesterol
acyltransferase (ACAT) (Gallo et al., 1984) and then exports it into the lymphatic
system, producing a chylomicron (Vine et al., 1997; Hussain et al., 2001; Gibbons et al.,
2004; Ikonen, 2008). Chylomicrons are the largest lipoproteins consisting primarily of a
cholesteryl ester and triglyceride core with an outer shell of free cholesterol and
phospholipids (Hussain et al., 2001; Superko, 2001; Gibbons et al., 2004; Ikonen, 2008).
The chylomicron outer surface also contains several proteins called apolipoproteins
(Apo), including ApoAI, ApoAIV, ApoB48, ApoCII, ApoCIII, and ApoE (Mahley and
Innerarity, 1983; Hussain et al., 2001; Superko, 2001; Bretillon et al., 2007).
Triglycerides in the chylomicron core can be hydrolyzed by the enzyme lipoprotein
lipase (LPL), leaving a smaller lipoprotein referred to as chylomicron remnant (Goldberg
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and Merkel, 2001; Frayn, 2003; Redgrave, 2004; Ikonen, 2008), and producing free fatty
acids which can be used as energy (Goldberg and Merkel, 2001; Frayn, 2003).

Chylomicrons are not the only lipoprotein produced by the intestine. The intestinal wall
can also export cholesterol in high density lipoproteins (HDLs) which consist primarily
of free cholesterol and phospholipids (Ikonen, 2008). Both chylomicrons and HDLs
travel by way of the lymphatic system to the liver where membrane lipoprotein receptors
bind apolipoproteins on the surface of the chylomicron or HDL and subsequently these
lipoproteins are endocytosed (Goldstein et al., 1985; Vine et al., 1997; Redgrave, 2004;
Ikonen, 2008).

The liver can release cholesterol and lipids for other organs by exporting lipoproteins
into the blood supply. The liver combines cholesterol and cholesterol esters from
chylomicrons with triglycerides and free cholesterol synthesized de novo to produce very
low density lipoproteins (VLDLs) which are released into blood (Gibbons et al., 2004;
Ikonen, 2008). VLDLs are the second largest lipoproteins consisting of a triglyceride and
cholesteryl ester core and an outer shell containing free cholesterol, phospholipids and
ApoB100, ApoCI , ApoCII ApoCIII, and ApoE (Mahley and Innerarity, 1983; Goldberg
and Merkel, 2001; Hussain et al., 2001; Superko, 2001; Gibbons et al., 2004; Bretillon et
al., 2007). The secretion of VLDL is in relation to the availability of triglycerides as well
as ApoB100 synthesis (Julius, 2003). Triglycerides levels in VLDL can be reduced by
4

the activity of LPL, thereby converting VLDLs to intermediate density lipoproteins
(IDLs)(Superko, 2001). The enzyme cholesteryl ester transfer protein (CETP) exchanges
triglycerides found in IDLs for free cholesterol found in HDLs producing slightly
smaller low density lipoproteins (LDLs) (Superko, 2001; Yamashita et al., 2001) which
contain primarily ApoB100 (Mahley and Innerarity, 1983).

Similar to the intestine, liver also produces nascent HDLs by exporting free
cholesterol, ApoAI, ApoAII, ApoCI, ApoCII and ApoCIII through the phospholipid
and cholesterol efflux protein, ABCA1 (Mahley and Innerarity, 1983; Goldberg and
Merkel, 2001; Superko, 2001; Smith et al., 2004). Only a small portion of plasma HDL
contain ApoE (Mahley and Innerarity, 1983). The enzyme lecithin cholesterol
acyltransferase (LCAT) is activated by ApoAI and converts free cholesterol in these
nascent HDLs to cholesteryl ester, giving a mature HDL2 (Superko, 2001). These small
HDL lipoproteins circulate in the blood serum along with the larger ApoB-containing
lipoproteins VLDL and LDL. Tissue in need of cholesterol, especially structures that
do not produce high levels of cholesterol, will access this cholesterol supply by
expressing receptors recognizing the apolipoproteins on the surface of lipoproteins
(Ikonen, 2008).

5

Global cholesterol regulation
Global cholesterol regulation is complex and it is related not only to cholesterol levels
but also to carbohydrate levels (Mutungi et al., 2007; Torres-Gonzalez et al., 2007).
Generally, liver cholesterol synthesis rates are stable. For example, decreasing dietary
cholesterol alone has little effect on liver cholesterol synthesis rates. However when
dietary cholesterol levels are decreased in the presence of increases in carbohydrates or
increases in certain kinds of protein, liver cholesterol synthesis is also increased (Hodges
et al., 1967; Engelhardt et al., 1991; Superko, 2001; Mutungi et al., 2007; TorresGonzalez et al., 2007).

When serum cholesterol levels are high, which is more often the case with western diets,
cholesterol is cleared from the body. This occurs through a process called reverse
cholesterol transport (Ikonen, 2008). Larger HDLs that have absorbed cholesterol from
the periphery are bound by the surface membrane liver scavenger receptor BI (SR-BI)
which removes cholesterol esters from the HDL into the cell and exports it through
hepatic ABCG5 and G8 back through bile to the intestines where it can be excreted as
waste (Trigatti et al., 2004; Kosters et al., 2006; Hazard and Patel, 2007; Ikonen, 2008).
After cholesterol extraction the remaining HDL is smaller and referred to as HDL2. This
lipoprotein is then bound by a second liver surface receptor HL, which hydrolyzes
phospholipids and triglycerides to release free fatty acids, resulting in a smaller
lipoprotein HDL3 (Goldberg and Merkel, 2001). This HDL3 can either return to the
6

serum circulation where it accepts more cholesterol exported from tissues through
ABCA1 or it can travel to the kidney where it is cleared from the body (Peterson et al.,
1984).

Cholesterol Synthesis Pathway
Cholesterol synthesis is a highly regulated process depending in great part on the levels
of cholesterol in the cell. Cholesterol synthesis starts with the conversion of acetyl CoA
and acetoacetyl CoA into 3-hydroxy-3-methylglutaryl CoA (HMG CoA) by the enzyme
HMG CoA synthase (Berg et al., 2007). HMG CoA is an intermediate which is reduced
by the endoplasmic reticulum membrane bound enzyme HMG CoA reductase to form
mevalonate. This is the rate limiting step in cholesterol synthesis (Berg et al., 2007).
Mevalonate is then modified in three reactions by mevalonate kinase,
phosphomevalonate kinase and mevalonate-5-pyrophosphate decarboxylase to form
isopentenyl pyrophosphate (Berg et al., 2007). This completes the first of three main
stages in cholesterol synthesis (Berg et al., 2007). In the second stage three molecules of
isopentenyl pyrophosphate are joined by farnesyl-pyrophosphate (FPP) synthase to form
FPP. Following this, two molecules of FPP are combined by squalene synthase, thus
forming squalene (Berg et al., 2007). In the third stage, linear squalene is cyclized to
form sterol rings by the enzymes squalene monooxygenase and squalene epoxydase.
Three methyl groups and a double bond are removed from this structure (lanosterol) in
7

19 steps to form cholesterol (Berg et al., 2007). The cholesterol synthesis pathway has
been summarized in Figure 1-1.

8

Figure 1-1. Cholesterol Synthesis Pathway.
9

Cellular Cholesterol Homeostasis
Under conditions of low cellular cholesterol, cholesterol synthesis and cholesterol import
into the cell can be increased. This regulation depends on the sterol regulatory elementbinding protein (SREBP), a membrane bound protein normally located to the
endoplasmic reticulum (ER). When cholesterol levels are sufficient, SREBP is held at
the ER by SREBP cleavage activating protein (SCAP) (Brown and Goldstein, 1997;
Schoonjans et al., 2000). When cholesterol levels are low, SCAP moves with SREBP to
the Golgi, where the full length (or “cytosolic”) SREBP (cSREBP) can be cleaved by
sterol-regulated protease (S1P) to release a cytoplasmic fragment that can travel to the
nucleus (Brown and Goldstein, 1997; Schoonjans et al., 2000). This nuclear SREBP
(nSREBP) acts as a transcription factor (Figure 1-6B) and signals for cholesterol
production by upregulating expression of the rate-limiting enzyme in cholesterol
synthesis, HMG CoA reductase (Schoonjans et al., 2000). Other enzymes in the
cholesterol synthesis pathway are also under nSREBP regulation, including HMG CoA
synthase, FPP synthase and squalene synthase (Olivier et al., 2000) (Figure 1-1).
nSREBP also signals for increased cholesterol influx by upregulating expression of the
low-density lipoprotein (LDL) receptor (Schoonjans et al., 2000). This receptor allows
cells to endocytose cholesterol in lipoproteins from the extracellular space (Goldstein et
al., 1985).
When cellular cholesterol levels are high, cholesterol can also be exported from the cell
via ABCA1 (Lehmann et al., 1997; Janowski et al., 1999; Laffitte et al., 2001; Fukumoto
10

et al., 2002; Vaughan and Oram, 2003) In peripheral cells, this is the primary mechanism
of decreasing cellular cholesterol levels. Extracellular cholesterol is bound by a lipid
acceptor such as ApoAI or ApoE (Rothblat et al., 1999). Lipoproteins accept cholesterol
when it is exported from one cell and can deliver cholesterol to other cells, where it can
be incorporated into membranes (Barres and Smith, 2001; Schmitz and Kaminski, 2001;
Ikonen, 2008).

Cholesterol can also be converted to oxysterols by a subclass of P450 enzymes (Rothblat
et al., 1999). In the periphery, this mechanism plays a smaller role in lowering cellular
cholesterol levels but is a primary mechanism of lowering cellular cholesterol levels in
the brain (Schmitz and Kaminski, 2001; Xie et al., 2003; Ikonen, 2008). These oxysterols
can function in three ways. First, they serve as an additional mechanism to clear
cholesterol from the cell. Cholesterol is very hydrophobic and unable to leave
membranes except by cholesterol efflux through ABCA1 with ApoE (Vaya and
Schipper, 2007). Conversion of cholesterol to an oxysterol makes cholesterol less
hydrophobic and thus more soluble (Vaya and Schipper, 2007).

Secondly, some oxysterols function as signaling molecules by activating liver X
receptors (LXR) (Lehmann et al., 1997; Janowski et al., 1999; Laffitte et al., 2001;
Fukumoto et al., 2002). LXRs are nuclear hormone receptors (Janowski et al., 1999).
11

LXRs function by forming heterodimers with retinoid X receptors (Janowski et al.,
1999). This heterodimer is located in the cytosol, but with ligand binding undergoes a
conformational change and travels to the nucleus where is binds gene promoters
containing a LXR element (LXRE) (Janowski et al., 1999). Activation of LXRs induce
the upregulation of several genes involved in cholesterol efflux (Lehmann et al., 1997;
Janowski et al., 1999). Although not all oxysterols have strong LXR activity, examples
include peripherally produced 22-hydroxycholesterol, and 27-hydroxycholesterol as well
as 24S-hydroxycholesterol, which is produced in the brain (Janowski et al., 1999; Fu et
al., 2001). Genes under LXR control include ABCA1 and ApoE, which, as discussed
above, are both important in cholesterol efflux (Fukumoto et al., 2002; Liang et al.,
2004).

Finally, the presences of oxysterols is hypothesized to inhibit cSREBP cleavage (Thewke
et al., 1998; Adams et al., 2004; Du et al., 2004). Oxysterols activate a protein Insig,
which in turn binds SCAP. This retains both SCAP and cSREBP in the ER, thus
prohibiting cleavage by SP1 in the Golgi (Adams et al., 2004; Radhakrishnan et al.,
2007). Mechanisms of cholesterol production, cholesterol efflux and cholesterol influx
are all part of the homeostatic controls keeping total cellular cholesterol levels constant.

12

Cholesterol Mechanisms in the Brain
Although much is known about regulation of cholesterol in cells in the periphery, much
less is known about its control in the central nervous system. Although the brain is only
2% of total body mass, it contains 25% of unesterified cholesterol (Vaya and Schipper,
2007). After development, lipoproteins do not cross the blood brain barrier from the
periphery and thus there is no cholesterol transport into the brain (Jurevics and Morell,
1995; Turley et al., 1996). In fact, the brain makes its own cholesterol (Jurevics and
Morell, 1995; Turley et al., 1998; Lund et al., 2003; Xie et al., 2003). Rates of
cholesterol synthesis in the brain correspond to total cholesterol levels, such that regions
with more cholesterol have higher synthesis rates while regions with lower total levels
have lower cholesterol synthesis rates (Turley et al., 1998). Most cholesterol synthesis
occurs in white matter regions including brain stem and cerebral white matter, consistent
with cholesterol’s role as a significant component of myelin (Turley et al., 1998).
However, even in grey matter regions such as frontal cortex, parietal cortex and
cerebellar folia, cholesterol synthesis occurs and may function there to maintain cell
membranes (Turley et al., 1998).

As in the periphery, cholesterol in the brain is found associated with lipoproteins.
Lipoproteins in the brain are unique in several ways. The brain lacks larger lipoprotein
(e.g. LDL, VLDL) and only has the smaller HDLs. These HDLs contain mainly ApoAI
13

and ApoE (Turley et al., 1996; Kay et al., 2003) Although ApoAI is found in brain it is
not synthesized there (Elshourbagy et al., 1985). Instead, the primary apolipoprotein
synthesized in the brain is ApoE (Boyles et al., 1985; Pitas et al., 1987). As in the
periphery, cells that have excess cholesterol can export it through ABCA1 to an ApoE
containing HDL. These observations have led to the hypothesis that in the CNS these
proteins act to transport cholesterol from areas with excess cholesterol to areas in need of
cholesterol(Pitas et al., 1987; Barres and Smith, 2001; Kay et al., 2003). This process
may be important for both neuronal development and neuronal plasticity and
regeneration (Barres and Smith, 2001).

The brain also has its own homeostatic mechanisms for maintaining steady-state levels
of cholesterol. Cholesterol 24S-hydroxylase (CYP46) is a brain enriched enzyme
responsible for converting cholesterol from the plasma membrane into 24Shydroxycholesterol (Lund et al., 1999; Ramirez et al., 2008) (Figure 1-2). Because
cholesterol is hydrophobic and unable to leave membranes (Vaya and Schipper, 2007),
conversion of it to 24S-hydroxycholesterol makes cholesterol less hydrophobic and more
soluble (Vaya and Schipper, 2007). Because of this increased solubility, 24Shydroxycholesterol can cross the cell membrane as well as the blood brain barrier
(Lutjohann et al., 2000).
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Figure 1-2. Structure of cholesterol and three oxysterols.
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The relative importance of cholesterol conversion to 24S-hydroxycholesterol versus
cholesterol efflux to lipoproteins in brain cholesterol clearance has been studied using a
Cyp46 knockout mice (Lund et al., 2003; Xie et al., 2003). In the absence of Cyp46
activity, total brain cholesterol levels were similar to wildtype mice (Xie et al., 2003).
However cholesterol excretion from the CNS was decreased by 64% (Xie et al., 2003).
In addition, cholesterol synthesis rates decreased by 41%, which may be a compensatory
homeostatic mechanism induced in these mice to maintain stable total cholesterol levels
in the brain (Xie et al., 2003). These data indicate that the main mechanism for clearing
cholesterol from the brain is its conversion to 24S-hydroxycholesterol (Xie et al., 2003).
In humans, CSF levels of 24S-hydroxycholesterol levels average about 6.7 µM while
serum levels average about 0.25 µM (Papassotiropoulos et al., 2002). While the brain can
clear cholesterol by export of the HDLs through the arachnoid granulations and into the
venal blood flow (Pitas et al., 1987), conversion of cholesterol to 24Shydroxycholesterol allows the brain to clear cholesterol directly across the blood brain
barrier over a much greater surface area (Lutjohann et al., 2000; Papassotiropoulos et al.,
2002).

24S-hydroxycholesterol is also an activator of the nuclear transcription factors LXRs and
can induce the upregulation of genes involved in cholesterol efflux (Lehmann et al.,
1997; Janowski et al., 1999). Upregulation of genes such as ApoE and ABCA1 can cause
increased production of HDL. This HDL can support removal of cholesterol from the
16

brain by its removal via arachnoid granulations (Pitas et al., 1987; Fukumoto et al., 2002;
Kay et al., 2003; Liang et al., 2004). LXR activation has also been shown to increase
SREBP levels (Whitney et al., 2002; Hoe et al., 2007). SREBPs regulate not only
cholesterol synthesis, as discussed above, but also fatty acid synthesis (Horton et al.,
2002; Chen et al., 2004). Thus, 24S-hydroxycholesterol may have significant regulatory
effects on both cholesterol homeostasis and fatty acid homeostasis in the brain.

Fatty Acid Function and Metabolism
Fatty Acid Function
Fatty acids have been shown to serve four functions in living organisms (Berg et al.,
2007). First, they serve as fuel storage molecules (Frayn, 2003; Miles and Nelson, 2007).
Combining fatty acids and glycerol to form triglycerides occurs primarily in the liver and
adipose tissue (Berg et al., 2007; Miles and Nelson, 2007). During rest or low level
exercise these triglycerides are the primary source of energy (Frayn, 2003). Second, fatty
acids are used in the assembly of phospholipids and glycoproteins, important
components of cell membranes (Berg et al., 2007). Like cholesterol, fatty acids influence
membrane fluidity. Double bonds in unsaturated fatty acids increase the fluidity of
membranes because they cover more surface area and decrease membrane density
(Alberts, 1989). Third, fatty acids can function as trafficking signals which target
proteins to membranes (Berg et al., 2007). Short fatty acids such as myristic acid (Figure
1-3A) traffic proteins to the membrane when added post-translationally (Sowadski et al.,
17

1996). And finally, fatty acids are components used in the synthesis of hormone-like
molecules such as prostaglandins, leukotrienes, and thromboxanes (Bhathena, 2000;
Chen and Bazan, 2005; Wymann and Schneiter, 2008) and other intracellular messengers
(Chen and Bazan, 2005; Gross et al., 2005).
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Figure 1-3. Structure of endogenously produced fatty acids. A) lauric, myristic, and
palmitic acid, products of FAS activity. B) oleic and stearic acids as well as
sphingolipids are all derivatives of palmitic acid. Structure lengths are indicated in
number of carbons ranging from 12 carbons (C12) to 18 carbons (C18). Oleic acid
contains a double bond at the 9th carbon (omega-9).
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Sources of Fatty Acids
Similar to cholesterol, fatty acids can be synthesized by the body or obtained in the diet
and absorbed by the intestinal wall. The intestine cannot absorb triglycerides so these are
first broken down in the digestive process into free fatty acids and combined with
cholesterol and bile acid in micelles (Phan and Tso, 2001). Some fatty acids such as
linoleate cross the intestinal wall by passive diffusion while others are taken up by fatty
acid transporter proteins (Phan and Tso, 2001). Once absorbed into the intestines fatty
acids are reassembled into triglycerides and exported to chylomicrons for transport by
way of the lymphatic system to the liver (Goldstein et al., 1985; Vine et al., 1997;
Hussain et al., 2001; Phan and Tso, 2001). In subjects consuming high fat diets,
chylomicrons are the major source of fatty acids in the body (Miles and Nelson, 2007).
Dietary fatty acid composition influences triglyceride levels in chylomicrons, with oleic
acid, a 18 carbon chain with a double bond at the omega-9 carbon (Figure 1-3B), leading
to the greatest triglyceride levels, linoleic acid, a 18 carbon chain with double bonds at
the omega-6 and omega-9 carbons (Figure 1-4A), leading to intermediate triglyceride
levels and palmitic acid (Figure 1-3A), a 16 carbon chain without double bonds, leading
to lower triglyceride levels (Williams et al., 2004). The body is capable of producing
most fatty acids and high levels of dietary absorption can lead to unhealthy levels of
triglycerides (Frayn, 2003; Jessup et al., 2004; Redgrave, 2004; Fritsche, 2006).
However, oleic acid deprivation showed decreased levels of this important fatty acid in
some organs, including liver, kidney and heart. This suggests that endogenous synthesis
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of some fatty acids may not be sufficient and dietary sources are necessary (Bourre et al.,
1997). Animals are incapable of adding double bonds to fatty acids beyond 16 carbons in
length. Thus, polyunsaturated fatty acids (PUFAs) beyond 16 carbons in length must be
obtained from the diet (Berg et al., 2007). They are therefore referred to as essential fatty
acids. These include linoleate and linolenate, both 18 carbons in length with multiple
double bonds (Figure 1-4A). All polyunsaturated fatty acids longer than these are either
obtained through the diet or are synthesized by the body using dietary linoleate or
linolenate as base molecules (Berg et al., 2007). This includes important fatty acids with
double bonds at the 6th carbon (omega-6 or n-6) or the 3rd carbon (omega-3 or n-3).
These PUFAs are used in cell membrane synthesis as well as the productions of
signaling molecules (Fritsche, 2006). The n-6 PUFA arachidonic acid (AA) is a
precursor in the production of leukotrienes and other proinflammatory eicosanoids while
the n-3 PUFAs eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) which
lead to anti-inflammatory eicosanoid production (Fritsche, 2006) (Figure 1-4B).
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Figure 1-4. Polyunsaturated Fatty Acids. A) Structure of the essential fatty acids
linoleic and linolenic acid. B) Important PUFA derivatives include arachidonic acid,
docosahexaenoic acid and eicosapentaenoic acid. Structure lengths are indicated in
number of carbons ranging from 18 carbons (C18) to 22 carbons (C22). PUFA illustrated
contain double bonds at either the 6th carbon (omega-6) or 3rd carbon (omega-3) as well
as at other carbons.
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The liver, intestine, and adipose tissue produce fatty acids for use triglyceride production
(Farese et al., 2000). Triglycerides are exported by the liver to LDLs and transported in
serum where they serve as available energy sources for various tissues (Farese et al.,
2000). Tissues in need of energy can endocytose triglyceride containing lipoproteins and
break them down into fatty acids and glycerol once again (Haemmerle et al., 2006).
Although the liver is the primary source of triglycerides, fatty acids are produced at
varying levels throughout the body to serve functions other than energy storage such as
cell signal production or the synthesis of membrane components (Fritsche, 2006;
Sutterwala et al., 2007; Hannun and Obeid, 2008).

Fatty Acid Synthesis
Fatty acid synthesis utilizes two enzymes, acetyl CoA carboxylase (ACC) and fatty acid
synthase (FAS) (Berg et al., 2007). ACC activity is the rate limiting step in fatty acid
synthesis and is also referred to as the committed step since it is irreversible (Berg et al.,
2007). In this step, acetyl CoA is combined with CO2 to produce malonyl CoA. FAS is a
single chain molecule which combines several enzymatic reactions (Berg et al., 2007).
FAS facilitates the addition of two carbons to the fatty acid chain using one molecule of
malonyl CoA. The addition of each malonyl CoA involves four steps: condensation,
reduction, dehydration and again reduction. These steps are repeated until the fatty acid
is 16 carbons in length giving primary final product palmitate (palmitic acid) (Berg et al.,
2007) (Figure 1-3A). The shorter products of lauric acid (12 carbons) and myristic acid
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(14 carbons) are also produced in smaller quantities but are usually quickly extended by
FAS to form palmitic acid (Rioux et al., 2007). Fatty acid synthesis is summarized in
Figure 1-5. Further modifications of the fatty acid, such as elongation or double bonds
are carried out by other enzyme systems (Jakobsson et al., 2006). A critical downstream
modification is de novo sphingolipid synthesis where palmitic acid is the substrate of the
rate limiting enzyme serine palmitoyltransferase (Sutterwala et al., 2007; Hannun and
Obeid, 2008; Jungersted et al., 2008). Sphingolipid derivatives include ceramides and
sphingosines, which are pro-apoptotic as well as sphingosine-1-phosphate, which
promotes cell survival and proliferation (Wymann and Schneiter, 2008).
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Figure 1-5. Fatty Acid Synthesis Pathway.
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Fatty Acid Homeostasis
Cellular fatty acid levels can be controlled by negative feedback controls on ACC levels
or activity (Mabrouk et al., 1990; Brownsey et al., 2006; Berg et al., 2007). When ATP
levels are low, fatty acid synthesis as energy storage is not needed (Brownsey et al.,
2006; Berg et al., 2007). Low ATP levels lead to AMPK phosphorylation of ACC,
causing its inhibition (Brownsey et al., 2006; Berg et al., 2007). When fatty acid
synthesis is high, palmitoyl CoA, a derivative of the end product palmitic acid, causes
the disassembly of ACC filaments and inhibits the transport of citrate, a facilitator of
ACC filaments, from the mitochondria to the cytoplasm (Mabrouk et al., 1990;
Brownsey et al., 2006; Berg et al., 2007).

Various hormones have been shown to have regulatory effects on fatty acid synthesis.
Hormones that increase with fasting and exercise, such as glucagon and epinephrine
have been shown to inhibit ACC activity by unknown mechanisms. Insulin has been
shown to upregulate ACC activity by activating phosphatases and to upregulate ACC
synthesis through increased SREBP activity. Fatty acid synthesis rates have been shown
to be altered by low-fat diets (Hudgins et al., 1996; Brooks and Lampi, 1999). Within
two weeks of decreased dietary fat levels, both ACC and FAS activities increase (Brooks
and Lampi, 1999). There is also increased palmitic acid levels in VLDL triglyceride
(Hudgins et al., 1996). While cholesterol synthesis is almost exclusively controlled by
SREBP activity, fatty acid synthesis has additional regulatory mechanisms (Horton et al.,
26

2002). For example, dietary PUFAs have also been shown to decrease both ACC and
FAS levels in the liver (Yahagi et al., 1999) and FAS has been shown to have low-level
response to LXR activation in the absence of SREBP activation (Horton et al., 2002).

Fatty Acids in the Brain
As is the case with cholesterol mechanisms, the majority of research on fatty acid
mechanisms has been done in the periphery. In the mouse brain ACC and FAS levels are
maximal 5 days after birth when cell proliferation in high but fall to 20% of maximal
levels by 20 days after birth (Garbay et al., 1997). Some studies have shown that brain
ACC activity is invariant with changes in nutritional content in contrast to peripheral
ACC which has altered activity with diet (Spencer et al., 1993) while other studies
showed that with food deprivation brain ACC activity decreased (Karami et al., 2006).
Little is known about regulation of fatty acid synthesis in the CNS.

Brain fatty acids serve some of the same functions as in the periphery but not all. For
instance, fatty acids do not serve as a fuel source in the brain (Ruderman et al., 1974).
The brain exclusively uses glucose as its fuel source, although under starvation condition
the brain may use ketone bodies as fuel and these can be made from fatty acids
(Ruderman et al., 1974). As in the periphery, fatty acid synthesis plays a role in
maintaining membrane fluidity (Alberts, 1989) and in cell signaling and cell membrane
structure (Sutterwala et al., 2007; Hannun and Obeid, 2008; Jungersted et al., 2008). The
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derivation of sphingolipids from palmitic acid leads to sphingomyelin production, a
critical component of CNS myelin (Baumann and Pham-Dinh, 2001; Wymann and
Schneiter, 2008) as well as choline phosphoglyceride, a component of synaptosomes
(Koeppen et al., 1973). Oleic acid affects several signaling mechanisms in the CNS
including activating isoenzymes of protein kinase C, modulating interactions between
benzodiazepines and the GABA receptor, and modulating the effects of toxins on
neuroblastomas (Jourdon et al., 1989; Khan et al., 1993; Witt and Nielsen, 1994; Bourre
et al., 1997).

As in the periphery, the brain can synthesize most necessary fatty acids. In fact, the brain
may be more capable of meeting fatty acid demands by endogenous synthesis. Since
studies of dietary oleic fatty acid deprivation showed that while peripheral organs were
lacking oleic acid, oleic acid levels were constant in brain, myelin, and nerve endings
(Bourre et al., 1997). However, dietary sources of essential fatty acids or their
derivatives are critical for brain development. The essential fatty acid derivative DHA,
derived from the n-3 PUFA linolenic acid, is particularly important due to its role in
neuronal connectivity and photoreceptor membranes (Uauy et al., 2001).

SREBP regulation of Cholesterol and Fatty Acid Synthesis
There are two genes encoding SREBPs, SREBP-1 and SREBP-2. In addition differential
transcription of SREBP-1 generates two isoforms, SREBP-1a and SREBP-1c. These
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isoforms differ only in a portion of exon 1 such that SREBP-1c has a truncated exon 1
(Figure 1-6A) (Brown and Goldstein, 1997). Expression of SREBP-1a is constitutive
(Raghow et al., 2008) while SREBP-1c is under LXR control(Whitney et al., 2002).
Mechanisms controlling expression of SREBP-2 are not well defined but it is known to
have positive feedback regulation due to a SRE in its promoter region(Sato et al., 1996).
Cleavage of full length cytosolic SREBPs (cSREBPs), as described previously, leads to
cleavage products, nuclear SREBPs (nSREBPs) (Figure 1-6B), that regulate genes
containing SRE elements in their promoters (Brown and Goldstein, 1997; Schoonjans et
al., 2000; Raghow et al., 2008). All three SREBPs bind efficiently to SRE elements in
the promoter region of several enzymes in both the cholesterol synthesis (Figure 1-1) and
fatty acid synthesis pathways (Figure 1-2). However, studies of SREBP transgenic
knock-in mice showed that relative mRNA levels of fatty acid synthesis enzymes ACC
and FAS were more strongly regulated by SREBP-1a than SREBP-2 while cholesterol
synthesis enzymes HMG CoA synthase, HMG CoA reductase, and squalene synthase
were more strongly regulated by SREBP-2 than SREBP-1a (Horton et al., 1998; Horton
and Shimomura, 1999; Horton et al., 2002). However SREBP-2 still increased ACC
mRNA levels by more than 5 fold and FAS levels while SREBP-1a increased HMG CoA
synthase levels by more than 5 fold, HMG CoA reductase levels by more than 30 fold.
SREBP-1c increased levels of enzymes from both pathways including HMG synthase,
squalene synthase, ACC and FAS at much lower levels ranging between 1 and 5 fold in
comparison to wildtype mice (Horton et al., 1998). Although this study has been used to
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classify SREBP-2 as controlling cholesterol synthesis while SREBP-1 controls fatty acid
synthesis, there are considerable crossover effects (Figure 1-7).
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Figure 1-6. Sterol Regulatory Binding Proteins.
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Figure 1-7. Hypothetical Effects of Oxysterols on SREBPs and downstream
Cholesterol and Fatty Acid Synthesis Enzymes. Some oxysterols have been shown to
inhibit SREBP-2 translocation to the nucleus by immunohistochemical staining.
cSREBP-1c is under LXR regulation and several oxysterols have been shown to activate
LXR. Although all the enzymes shown are under SREBP control SREBP-1 has a
stronger effect on fatty acid synthesis enzymes while SREBP-2 has a stronger effect on
cholesterol synthesis enzymes.
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Cholesterol and fatty acids are important in brain function. As discussed above, both are
important for membrane integrity (Alberts, 1989; Gross et al., 2005; Berg et al., 2007;
Ikonen, 2008). They are important for regulating cell signaling at the membrane in lipid
rafts as well as intracellular signaling (Alberts, 1989; Fielding and Fielding, 2004; Chen
and Bazan, 2005; Gross et al., 2005; Berg et al., 2007; Ikonen, 2008). However their
regulation in the brain is not well defined. These mechanisms may be particularly
important when there is damage to the brain, either chronic or acute. Both cholesterol
and fatty acids have been shown to have effects on the immune system. In the periphery,
high cholesterol levels are known to trigger inflammatory mechanisms (Hansson et al.,
2006) and cholesterol clearance mechanisms are thought to be anti-inflammatory (Ansell
et al., 2007; Navab et al., 2007; Sanossian et al., 2007).
Traumatic brain injury is a model with clinical relevance where inflammation is a major
contributor to cellular damage (Dhillon et al., 1994; Dhillon et al., 1999; Gasparovic et
al., 2001; Kamada et al., 2003; Kay et al., 2003) and both fatty acid and cholesterol
metabolism are known to be altered (Dhillon et al., 1994; Dhillon et al., 1999;
Gasparovic et al., 2001; Kamada et al., 2003; Kay et al., 2003).
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Traumatic Brain Injury
Traumatic brain injury (TBI) is the cause of more than 50,000 deaths annually in the
United States (Langlois et al., 2004). Although many patients survive TBI, it is estimated
that 5 million people in the US live with long term disabilities resulting from TBI
(NINDS, 2002). Beyond the cellular damage caused by the primary injury seen within
minutes to a few hours after impact, TBI also results in many secondary injury effects
which occur within hours to days after the impact (Menon and Wheeler, 2005; MorgantiKossmann et al., 2007). Primary effects include cellular loss from the impact itself as
well as loss of ATP, a necessary energy source for many cellular mechanisms, and
failure of ionic pumps (Menon and Wheeler, 2005). Secondary effects include swelling
of the astrocytic foot processes, contributing to the breakdown of the blood brain barrier
(Fitch et al., 1999; Menon and Wheeler, 2005; Morganti-Kossmann et al., 2007). This
breakdown allows peripheral macrophages to infiltrate the injury site (Fitch and Silver,
1997). In addition, local astroglia and microglia proliferate and become active (Cernak et
al., 2004; Di Giovanni et al., 2005). Both peripheral macrophages and resident microglia
release proinflammatory cytokines and promote oxidative stress (Delgado and Ganea,
2003; Langley and Ratan, 2004; Menon and Wheeler, 2005; Morganti-Kossmann et al.,
2007). In addition, glial neurotransmitter reuptake is reversed leading to increased
extracellular levels of the excitatory amino acid glutamate (Faden and Stoica, 2007; Park
et al., 2008). This leads to excitotoxic neuronal death from depolarization of AMPA and
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NMDA receptors, leading to excessively high intracellular calcium levels (Faden and
Stoica, 2007; Park et al., 2008).

Although cellular necrosis is the cause of primary neuronal loss after TBI, apoptotic
mechanisms have also been shown to play a role in secondary neuronal loss in
surrounding tissue starting days after the initial injury and lasting for weeks (Langley
and Ratan, 2004; Menon and Wheeler, 2005; Faden and Stoica, 2007; MorgantiKossmann et al., 2007; Park et al., 2008). Long-term effects of TBI may include epilepsy
as well as disabilities in cognition, sensory processing, verbal and non-verbal
communication, and mental health (NINDS, 2002). In addition TBI increases the risk
later in life of neurodegenerative diseases such as Alzheimer’s disease (AD) (Plassman
et al., 2000) and Parkinson’s disease (PD) (Goldman et al., 2006). Neurodegeneration
beyond the initial impact may be due to the inflammatory processes following TBI
(Hoane et al., 2007; Laskowitz et al., 2007; Pan et al., 2007; Zhang et al., 2008), since
inflammation contributes to the chronic neurodegeneration seen in AD (Akiyama et al.,
2000; Bogdanovic et al., 2001; Fassbender et al., 2001; McGeer and McGeer, 2001;
Bonotis et al., 2008; Rojo et al., 2008) and PD (Bar-On et al., 2008; Kim et al., 2008;
McGeer and McGeer, 2008; Reynolds et al., 2008).
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TBI patients show an increase in cholesterol in the CSF (Kay et al., 2003), most likely
from injury induced neuronal damage (Faden, 1996) and the resulting membrane debris
(Fagan et al., 1998; Gasparovic et al., 2001; Kamada et al., 2003). Free fatty acids,
including palmitic and oleic acids are also increased after TBI, which may also derive
from membrane degradation (Dhillon et al., 1994; Dhillon et al., 1999). The increase in
essential fatty acid derivatives such as AA can have negative consequences by leading to
proinflammatory eicosanoid production while EPA and DHA may be beneficial by
promoting to anti-inflammatory eicosanoid production (Fritsche, 2006). In addition, the
incorporation of palmitic acid, the final product on acetyl CoA carboxylase and fatty acid
synthase activity, has been linked positively to cellular recovery and axonal regeneration
after brain injury (Tone et al., 1987; Robinson and Rapoport, 1989). Thus both
cholesterol and fatty acid mechanisms may be important factors following TBI.

Overall Significance and Aims
Cyp46 conversion of cholesterol to 24S-hydroxycholesterol is a possible mechanism
by which excess cholesterol following TBI could be cleared from the extracellular
space. In addition to its LXR effects, 24S-hydroxycholestrol has potential effects on
both cholesterol and fatty acid synthesis. The goals of this research are first, to
determine whether Cyp46 expression is regulated in response to a moderate TBI and
the potential effects on cholesterol efflux mechanisms, and second, to determine what
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downstream effects 24S-hydroxycholesterol may have on cholesterol and fatty acid
synthesis and whether these mechanisms are altered after TBI.
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CHAPTER II: CORTICAL INJURY INCREASES CHOLESTEROL 24SHYDROXYLASE LEVELS IN THE RAT BRAIN.
ABSTRACT
In traumatic brain injury (TBI), cellular loss from initial impact as well as secondary
neurodegeneration leads to increased cholesterol and lipid debris at the site of injury.
Cholesterol accumulation in the periphery can trigger inflammatory mechanisms while
cholesterol clearance may be anti-inflammatory. Here we investigated whether TBI
altered the regulation of cholesterol 24S-hydroxylase (Cyp46), an enzyme that converts
cholesterol to the more hydrophilic 24S-hydroxycholesterol. We examined by western
blot and immunohistochemistry changes in Cyp46 expression following fluid
percussion injury. Under normal conditions, most Cyp46 was present in neurons, with
very little measurable in glia. Cyp46 levels were significantly increased at 7 days postinjury, and cell type specific analysis at 3 days post-injury showed a significant
increase in levels of Cyp46 (84%) in microglia. Since 24-hydroxycholesterol induces
activation of genes through the liver X receptor (LXR), we examined protein levels of
ATP-binding cassette transporter A1 and apolipoprotein E, two LXR regulated
cholesterol homeostasis proteins. Apolipoprotein E and ATP-binding cassette
transporter A1 were increased at 7 days post-injury, indicating that increased LXR
activity coincided with increased Cyp46 levels. We found that activation of primary rat
microglia by LPS in vitro caused increased Cyp46 levels. These data suggest that
increased microglial Cyp46 activity is part of a system for removal of damaged cell
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membranes post-injury, by conversion of cholesterol to 24-hydroxycholesterol and by
activation of LXR-regulated gene transcription.

INTRODUCTION
Traumatic brain injury (TBI) is the cause of more than 50,000 deaths annually in the
United States (Langlois et al., 2004). Although many patients survive TBI, it is
estimated that 5 million people in the US live with long term disabilities resulting from
TBI (NINDS, 2002). Long-term effects may include epilepsy as well as disabilities in
cognition, sensory processing, verbal and non-verbal communication, and mental
health (NINDS, 2002). In addition TBI increases the risk later in life of
neurodegenerative diseases such as Alzheimer’s disease (AD) (Plassman et al., 2000)
and Parkinson’s disease (PD) (Goldman et al., 2006). Neurodegeneration beyond the
initial impact may be due to the inflammatory processes following TBI (Hoane et al.,
2007; Laskowitz et al., 2007; Pan et al., 2007; Zhang et al., 2008), since inflammation
contributes to the chronic neurodegeneration seen in AD (Akiyama et al., 2000;
Bogdanovic et al., 2001; Fassbender et al., 2001; McGeer and McGeer, 2001; Bonotis
et al., 2008; Rojo et al., 2008) and PD (Bar-On et al., 2008; Kim et al., 2008; McGeer
and McGeer, 2008; Reynolds et al., 2008).

In the periphery, high cholesterol levels are known to trigger inflammatory
mechanisms (Hansson et al., 2006) and cholesterol clearance mechanisms are thought
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to be anti-inflammatory (Ansell et al., 2007; Navab et al., 2007; Sanossian et al., 2007).
In the central nervous system, cholesterol homeostasis is poorly understood. Although
the brain is very cholesterol-rich, cholesterol in not imported from the periphery, but
rather synthesized in situ (Jurevics and Morell, 1995; Turley et al., 1996; Turley et al.,
1998; Lund et al., 2003; Xie et al., 2003). Cholesterol removal from the brain can
occur through several mechanisms. Cholesterol 24S-hydroxylase (Cyp46) is a
endoplasmic reticulum associated enzyme responsible for converting cholesterol into
24S-hydroxycholesterol (Lund et al., 1999; Ramirez et al., 2008), which is removed
from the CNS to the periphery. 24S-hydroxycholesterol is also an activator of the
nuclear transcription factor liver X receptor (LXR) (Lehmann et al., 1997). LXR
activation induces the upregulation of genes involved in cholesterol efflux including
the ATP-binding cassette transporter A1 (ABCA1) (Fukumoto et al., 2002) and
apolipoprotein E (ApoE) (Whitney et al., 2002; Liang et al., 2004). These multiple
roles of 24S-hydroxycholesterol emphasize the importance of Cyp46 in maintaining
cholesterol homeostasis at both the cellular level and in the brain as a whole.

In both humans and rodents, Cyp46 mRNA is found primarily in the brain with trace
amounts found in testis (Lund et al., 1999; Nishimura et al., 2003). Immunostaining of
cortex and cerebellum has indicated that Cyp46 is mainly expressed in neurons (Lund
et al., 1999; Ramirez et al., 2008). Expression of Cyp46 is first seen at birth and
increases rapidly, then remains stable throughout adulthood in both human and rodent
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(Lund et al., 1999; Ohyama et al., 2006). The expression of Cyp46 is not affected by a
variety of hormones or oxysterols, including 24S-hydroxycholesterol, or by the
inhibition of cholesterol synthesis via statins or knockout of the cholesterol synthesis
enzyme delta 24-reductase (Ohyama et al., 2006). In contrast, Cyp46 promoter activity
in vitro was induced by oxidative stress and a dexamethasone/interleukin-6 treatment
(Ohyama et al., 2006).

TBI is an acute form of cellular injury that may necessitate a redistribution of
cholesterol due to damage to neuronal membranes and the proliferation of glial cells
(Cernak et al., 2004; Di Giovanni et al., 2005). Following TBI, patients show an
increase in cholesterol in the CSF (Kay et al., 2003). This excess cholesterol is likely
from injury induced neuronal damage and the resulting membrane debris (Faden, 1996;
Gasparovic et al., 2001; Kamada et al., 2003). Cyp46 conversion of cholesterol to 24Shydroxycholesterol is a possible mechanism by which this excess cholesterol could be
cleared from the extracellular space. Both ABCA1 and ApoE, cholesterol homeostasis
factors downstream of Cyp46 activity, have been shown to increase at the site of acute
brain injury (Poirier et al., 1991; Page et al., 1998; Fukumoto et al., 2002). Here we
examined Cyp46 expression in response to a moderate TBI model that has been well
characterized and contains many of the characteristic of moderate TBI found in clinical
settings (Natale et al., 2003; Cernak et al., 2004; Di Giovanni et al., 2005). We found
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that Cyp46 expression was upregulated at the site of injury, primarily in activated
microglia.

METHODS
Animals:
Twenty-four male Sprague-Dawley rats were used in these experiments. All protocols
involving animals were approved by the Georgetown University Institutional Animal
Use and Care Committee and were in compliance with the standards stated in the
Committee on Care and the Use of Laboratory Animals of the Institution of Laboratory
Resources DHEW pub. No. [NIH] 85-23 2985. The CYP46 knock-out mouse was
generated by Dr. David Russell and has been previously described (Lund et al., 2003).
A targeting vector was used to delete exon 1 of the Cyp46 gene. CYP46 knock-out and
wild-type background (C57Bl/6J;129S6/SvEv) control whole brain tissue homogenized
in radioimmunoprecipitation assay (RIPA) buffer was generously provided by Dr.
Russell.

Rat lateral fluid percussion trauma model: This model has been previously
described in detail (Natale et al., 2003). Briefly, rats were anesthetized with sodium
pentobarbital and intubated. A 5 mm craniotomy was created between the lambda and
bregma sutures over the left parietal cortex where a female luer-loc was cemented in
place. An isotonic saline filled fluid percussion device with a 5 mm tube was attached
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by means of a male luer-loc fitting. A brief 2.5 atmosphere pressure pulse was given
when a pendulum struck a piston at the opposite end of the device. This procedure led
to moderate brain injury of parietal cortex as previously defined (Faden et al., 2003).
Sham animals received a similarly located craniotomy but no percussion injury. Either
3 days or 7 days after injury or sham surgery animals were anesthetized with sodium
pentobarbital. Animals used for immunohistochemistry were sacrificed following
perfusion with isotonic saline and then 4% paraformaldehyde (PFA). These brains
were frozen and sectioned coronally at 16 µm. There were three animals in each group.
Separate animals (3 days or 7 days post-surgery (sham) or post-injury) were sacrificed
for western blot. These animals were perfused with saline. Fresh brains were removed
and the cortex was dissected out. Parietal cortex on the side of injury (or the sham
surgery) was isolated and homogenized in RIPA buffer. There were three animals per
group dedicated to this western blot method. In total there were six animals in each
group with three being dedicated for immunohistochemistry and three for western blot.

Cell Culture:
Primary rat neurons: Hippocampal neurons were cultured from embryonic day 18-19
Sprague-Dawley rats at 150 cells/ mm2 as described previously (Pak et al., 2001). Cells
were plated on poly-D-lysine (30 µg/ml) and laminin (2 µg/ml) coated coverslips. Cells
were maintained in neurobasal media (Gibco) with B27 (Gibco), 0.5 mM glutamine,
and 12.5 µM glutamate until 9 days in vitro (DIV 9) or DIV 16.
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Primary rat microglia: Cortical and midbrain tissue was taken from P2 rats and
dissociated by pipetting in Leibowitz media (Gibco) containing 0.1 % bovine serum
albumin, 1000 unit/ml penicillin and 1000 µg/ml streptomycin (1x pen/strep) (Gibco).
Cells were poured through a 100 µm mesh, spun at 2000 rpm for 5 min, and
resuspended in growth media (DMEM high glucose media (Gibco) containing 2mM Lglutamine (Gibco), 1mM sodium pyruvate (Gibco), 1x pen/strep (Gibco) and 10% fetal
calf serum (Bio Whittaker)). Cells were plated on uncoated flasks and incubated one
week. Media was changed at day 8, 10, and 12 post-plating. On day 15 post-plating
flasks were paraffin sealed and shaken at 100 rpm for 1 hr at 37ºC. Unattached cells
were collected and spun at 2000 rpm for 5 min. Microglia in the cell pellet were
resuspended in growth media (DMEM high glucose media (Gibco) with 2mM Lglutamine, 1mM sodium pyruvate, 1x pen/strep and 10% fetal horse serum (Sigma)).
Microglia were plated at 200,000 cells per ml onto uncoated coverslips. Purity of
cultures was confirmed to be greater than 98 % by Ox-42 immunostaining.

Lipopolysaccharide (LPS) activation of microglia: LPS (Calbiochem) stock solution
was dissolved in distilled water at a concentration of 5 µg/ml. 24 hrs after plating cells,
LPS was added to the media at a final concentration of 50 ng/ml. 24 hrs after
treatment, cells were fixed in 4% PFA. These LPS treatment experiments were done in
triplicate and were repeated on three separate microglial cell isolations.
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Cyp46 analysis: The human Cyp46 cDNA as well as wildtype and Cyp46 knockout
mouse brain lysate were the generous gifts of Dr. David W. Russell (University of
Texas Southwestern Medical Center). Cyp46 cDNA was transferred into the
pExchange-6a vector (Stratagene) which contains a myc-tag; identity to the published
sequence (AF094480) was confirmed by sequencing. COS-7 cells were either plated
onto coverslips for immunohistochemistry or onto 6 well plates for western blot and
maintained in Opti-Mem media (Gibco) containing 10% fetal bovine serum (Gibco).
When cells were 80% confluent, they were transfected with Fugene 6 (Roche)
according to manufacturer’s directions, with either the myc-tagged human Cyp46
sequence or the pExchange-6a vector as control. The polyclonal anti-Cyp46 antibody
(Nkk2) was produced in the rabbit against the sequence GKDWVQRRREALKRGED
which are amino acids 254-270 of the mouse Cyp46 sequence. This antibody was the
generous gift of Dr. Suzana Petanceska (Nathan Kline Institute).

Western Blot: Cells in culture were washed in PBS and then lysed in RIPA buffer
(Pierce Biotechnology) with protease inhibitor (Roche) for protein extraction for 10
min on ice. Lysates were spun at 14,000 rpm for 10 min at room temperature (RT). For
rat cortical injury or sham tissue, cortex at the location of the procedure was dissected
out and homogenized in RIPA containing protease inhibitor cocktail. Lysates were
measured for protein concentration using the Bradford method according to
manufacturer’s directions (Biorad). Lysates were mixed 1:1 with loading buffer
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(Biorad), heated for 5 min at 95ºC, spun at 14,000 rpm for 1 min and loaded at 20
µg/well onto polyacrylamide gels. Protein was then transferred onto PVDF membrane
and blocked for 1 hr at RT in 5% milk in PBS. Membranes were probed with antiCyp46 antibody (1:1000), ApoE antibody (Abcam, 1:1000), or ABCA1 antibody
(Novus, 1:1000) overnight at 4ºC. Membranes were washed 3 times for 10 min in PBS
and then incubated with goat anti-rabbit HRP tagged antibody at 1:10,000 dilution.
Membranes were washed 3 times for 10 min at RT and incubated with DURA (Pierce)
for 5 min and exposed to Kodak MR film. Membranes were reprobed with anti-betaactin antibody (1:5000) to control for protein loading. Bands were quantified using
Scion Image. Local background levels were subtracted and levels were adjusted for
minor variations in loading controls. ANOVA statistical analysis was performed using
Graphpad Prism 4. P values were calculated using the Newman-Keuls Multiple
Comparison Test.

Immunohistochemistry: Coronal sections were rinsed in PBS twice and incubated in
0.03% hydrogen peroxide for 30 min. Sections were washed 10 times in PBS and
blocked 1 hr in 10% fetal bovine serum (Gibco) in PBS with 0.01% Triton X-100
(Fisher) (PBST-100). Slides were incubated overnight with anti-Cyp46 antibody
(1:1000). DAB staining was performed using the rabbit ABC kit (Vector Lab). All
washes were done 10 times with PBST-100 unless specified otherwise. Slides were
washed and incubated for 3 hr at RT with anti-rabbit antibody (1: 1000). Slides were
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washed, incubated with AB solution for 30 min, washed again, and incubated with
DAB solution for 5 min. Finally, they were washed with PBST-100 and then 10 times
in PBS. Slides were allowed to dry overnight and then mounted with Permount (Fisher
Scientific). Images were taken with a Zeiss Axiophot Microscope.

Fluorescence Immunostaining: Cells on coverslips were fixed in 4% PFA in PBS for
10 min at RT, rinsed twice in PBS and stored at 4ºC until further use. Rat brain
sections (16 µm) or fixed cells were incubated in PBST-100 for 10 min at RT, washed
10 times with PBS and blocked for 1 hr at RT in 10% fetal bovine serum plus 0.01%
sodium azide. Tissue was incubated overnight at 4ºC with anti-Cyp46 antibody
(1:1000), washed 10 times in PBS and counterstained with mouse monoclonal
antibodies against neuronal marker MAP-2 (1:100, Chemicon), microglial marker
Ox42 (1:100, Serotec), astrocytic marker GFAP (1:100, Sigma) or the nuclear marker
ToPro-3 (1:1000, Molecular Probes). Tissue was washed 10 times in PBS and
incubated 1 hr with Alexa 488 anti-rabbit antibody (1:100, Molecular Probes) and
Alexa 546 anti-mouse antibody (1:100, Molecular Probes). Tissue was washed 10
times in PBS and mounted with Fluoramount G (Electron Microscopy Sciences).
Staining was visualized with a Zeiss 510 Met confocal laser scanning microscope
using an argon ion laser emitting at 488 nm and helium-neon lasers emitting at 543 and
633 nm.
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Relative Cyp46 levels: For analysis of Cyp46 fluorescent immunostains, a single 1
micron slice at the greatest intensity was obtained for a field of cells using Zeiss LSM
software. Signal from Alexa 488 (Cyp46) was converted to grayscale and inverted
using Adobe Photoshop. Relative intensity levels at the cell body were measured using
a constant sampling area for all cells within an experimental set. An equal number of
fields were obtained for each condition. For primary microglial experiments all cells in
the field were measured regardless of activation level. For in vivo measurements
following TBI an equal number of fields were obtained from each animal (n=3). Cell
type specific grayscale measurements were guided using a grid and identical fields in
color including both Cyp46 signal (Alexa 488, green) and cellular marker (Alexa 546,
red). For each cell type measurement all cells of that type were measured. Statistical
analysis was performed using Graphpad Prism 4 and Students t-test.

RESULTS
To test whether our anti-Cyp46 antibody recognized Cyp46 in immunostains and
western blots, we examined COS-7 cells transfected with either control vector or
human Cyp46 cDNA. We used western blot to examine whole rat brain lysate as well
as COS-7 cells transfected with control vector or myc-tagged Cyp46. Cyp46 is 57 kDa
while the myc tagged version of human Cyp46 is expected to be an additional 2 kDa. A
Cyp46-reactive band was found at the expected size in rat brain lysate with additional
smaller bands (Figure 2-1A, 1st lane). No bands were seen in untransfected COS-7 cells
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(Figure 2-1A, 2nd lane), but Cyp46 immunoreactivity was observed at the expected size
in Cyp46-myc transfected cells (Figure 2-1A, 3rd lane). We also examined antibody
specificity in western blot looking at wildtype versus Cyp46 knockout mouse brain
lysates (Figure 2-1B). The expected 57 kDa band was found in wildtype but not Cyp46
knockout brain indicating that this band is authentic Cyp46. Smaller bands similar to
those found in rat brain lysate were observed in both wildtype and knockout mouse
brains, indicating these bands are unrelated to Cyp46. To test specificity of anti-Cyp46
antibody in immunohistochemistry, we transfected COS-7 cells with either control
vector or Cyp46 cDNA. Control cells showed little Cyp46 immunostaining (Figure 22A), while Cyp46-transfected cells showed strong immunostaining in over 20% of
cells (Figure 2-2B). In order to test whether the anti-Cyp46 antibody recognized
endogenous Cyp46, we cultured primary neurons in vitro since Cyp46 is primarily
expressed in neurons (Lund et al., 1999; Ramirez et al., 2008). In DIV16 primary
neurons, we found strong expression of Cyp46 especially at the soma but also
continuing throughout the processes (Figure 2-2C). Similar results were seen at DIV9
(data not shown). MAP-2 neuronal staining indicated that there were also non-neuronal
cells in the cultures that expressed Cyp46 at much lower levels (Figure 2-2C, arrow).
Thus, the anti-Cyp46 antibody displayed specificity in both immunoblots and
immunohistochemistry.
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Figure 2-1. Cyp46 Antibody recognizes Cyp46 in immunoblots. (A) Cyp46
expression in whole rat brain lysate was compared to COS-7 cells following
transfection for 48 hr with control vector or myc-tagged human Cyp46 using
immunoblot. (arrow: endogenous Cyp46 57 kD band); (asterix : myc tagged huCyp46
59 kDa band). Molecular weight markers are shown on the right. (B) Cyp46 expression
was compared in wildtype mouse versus Cyp46 knock-out mouse whole brain lysate.
(arrow: endogenous Cyp46 57 kD band) Molecular weight markers are shown on the
right. Both mouse and rat brain lysate show non-specific band below the 57 kD Cyp46
band while these bands were not present in COS-7 cell lysate.
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Figure 2-2. Cyp46 Antibody recognizes Cyp46 by immunohistochemistry. Cos7
cells were transfected with either control vector (A) or human Cyp46 (B) for 48 hrs.
Immunostaining was performed using anti-Cyp46 antibody and Alexa 488 secondary
antibody (green). Cell nuclei were counterstained with Topro-3 (blue), 20x, bars = 100
µm. (C) In rat DIV16 hippocampal neurons, Cyp46 levels (Green) were most
pronounced in large, well connected neurons with very high expression in the
cytoplasm. Neuronal cells were identified using anti-MAP-2 antibody and Alexa 546
secondary (red). Some MAP-2 negative cells show low levels of Cyp46 expression
(arrow), 63x, bar = 20 µm.
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Using this anti-Cyp46 antibody, we examined whether Cyp46 expression was altered
following an acute brain trauma, using moderate fluid percussion injury of the cortex.
Previous studies of microglial phagocytosis of lipids have shown that lipid debris
begins to co-localize with microglia 2 days post-injury and reaches a maximum at 7
days post-injury (Gasparovic et al., 2001; Kamada et al., 2003). We therefore
investigated possible changes in Cyp46 levels 3 and 7 days after TBI. Sham animals
received a craniotomy but no percussion injury. Either 3 days or 7 days after injury
animals were sacrificed and perfusion with 4% PFA for immunohistochemistry. Brains
were frozen and sectioned coronally at 16 µm. There were three animals in each group.

At 3 days post-injury Cyp46 immunostaining was increased in the cortex at the site of
injury in comparison to the contralateral cortex in all three rats at this time point
(Figure 2-3A-B). At 7 days post-injury, the site of injury included more cortical area
than at 3 days post-injury (data not shown) and Cyp46 levels were again increased in
comparison to contralateral cortex, again in all three animals (Figure 2-3C-D). Sham
tissue 7 days after craniotomy showed cortical Cyp46 expression consistent with
neuronal staining and comparable to that seen in sham tissue 3 days after craniotomy
and in contralateral cortex of injured animals (data not shown). Control staining
lacking primary antibody showed no signal in sham tissue (data not shown) or at the
injury site 7 days post-injury (Figure 2-3F).
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Figure 2-3. Cyp46 levels increased at site of injury by immunohistochemistry.
DAB immunostaining against Cyp46 (A) contralateral cortex 3 days post injury, 20x,
bar=100 µm. (B) site of injury 3 days post-injury, 20x, bar=100 µm. (C) Contralateral
cortex 7 days post-injury, 20x, bar=100 µm. (D) site of injury 7 days post-injury, 20x,
bar=100 µm. Cyp46 levels appeared to be upregulated at both 3 days and 7 days postinjury in comparison to contralateral cortex. (E) Sham cortex 7 days after craniotomy,
20x, bar=100 µm. Expression patterns and levels appeared similar to that seen in
contralateral cortex of injured animals. (F) secondary control staining, site of injury 7
days post-injury, 20x, bar=100 µm. No staining was visible with secondary antibody
alone.
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To quantify cortical changes in Cyp46 levels following TBI, we analyzed lysate of
parietal cortex on the side of injury compared to parietal cortex on the side of
craniotomy from sham controls. Separate sets of animals (N=3 for each condition)
were treated and sacrificed for these western blots. Shams at 3 days and 7 days showed
no signs of cortical injury by immunohistochemical staining of coronal sections and
were comparable (data not shown). Therefore western blot analysis included only those
sham animals sacrificed 3 days after surgery. Cyp46 levels were clearly increased 7
days after injury compared to sham controls (Figure 2-4A). Lower molecular weight
bands were observed but showed no changes with brain injury (data not shown).
Quantification of band intensity following correction for small variability in loading
demonstrated that Cyp46 levels were significantly increased 28% by 7 days post-injury
(Figure 2-4B, p<0.05) but that there was no significant change in Cyp46 levels 3 days
post-injury.
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Figure 2-4. Cyp46 levels increase with injury by immunoblot. (A) 3 days and 7
days after TBI, Cyp46 protein levels increased in comparison to sham controls (upper
panel). Beta-actin levels were unchanged (lower panel). (B) Quantification of levels
seen in (A) following correction for each beta-actin loading control indicated a
significant increase in Cyp46 levels at 7 days (28%) post-injury compared to sham
levels according to Newman-Keuls Post-hoc Multiple Comparison test (* p<0.05).
Changes between sham and 3 days post injury or 3 days versus 7 days post-injury did
not reach significance (overall ANOVA: p=0.0505, F=5.116, df (treatment)= 2, n=3).
Error bars (standard error of the mean).
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Cyp46 levels were increased locally at 3 and 7 days post-injury (Figure 2-3A-B) and
showed significant regional increases at 7 days post-injury (Figure 4B). However,
increased Cyp46 levels do not necessarily indicate increased activity. In fact, hepatic
P450 enzymes have been shown have decreased activity with increased levels of
inflammatory cytokines(Bleau et al., 2000). To determine whether these increases
translated into increased LXR activity downstream, we examined levels of ABCA1
and ApoE, two LXR regulated cholesterol homeostasis proteins. Levels of ApoE were
increased at 3 days and 7 days post-injury while ABCA1 levels were increased 7 days
post-injury (Figure 2-5), indicating that increased Cyp46 enzymatic expression
correlates with increased LXR activity following TBI.
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Figure 2-5. ABCA1 and ApoE levels increase with cortical injury. A) ABCA1
protein levels (upper panel) with corresponding β-actin levels (lower panel). ABCA1
levels increased 7 days (7d) after TBI in comparison to sham controls (S). Each lane
represents a separate animal (n=2). B) ApoE protein levels (upper panel) with
corresponding β-actin levels (lower panel). ApoE protein levels increased at 3 days
(3d) and 7 days (7d) after TBI in comparison to sham controls (S).
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Cyp46 expression has been shown to be unaffected by most regulatory axes known to
influence cholesterol homeostasis but has been shown to be regulated by oxidative
stress and the inflammatory signals in vitro (Ohyama et al., 2006). These same signals
would also lead to the microglial and astrocytic activation seen following TBI
(Morganti-Kossmann et al., 2007). Although Cyp46 expression in normal brain is
primarily neuronal, we have found non-neuronal expression of Cyp46 in primary cell
culture (Figure 2-2C) and other studies have indicated that astrocytes may express
Cyp46 in AD brains (Bogdanovic et al., 2001; Brown III et al., 2004) or following
kainate injury (He et al., 2006). In a model of multiple sclerosis (MS) Cyp46
expression was seen in macrophages (Teunissen et al., 2007). To determine whether
changes seen with immunohistochemistry may be limited to a subset of cells, we
performed co-staining of Cyp46 and cellular markers for neurons, microglia, and
astrocytes on coronal sections from rat brain 3 days post-injury. As expected, Cyp46
expression colocalized with Map2 positive neurons in contralateral cortex and at the
site of injury (Figure 2-6, row A). In the contralateral cortex, Cyp46 positive cells were
neuronal in morphology and were generally evenly spaced, and orientated in alignment
with the cortical layers (Figure 2-6, row A, left panel). However, this alignment was
disrupted at both the edge and even more at the center of the injury site, while Map2
expression decreased (Figure 2-6, row A, right panel). Very few Ox42 positive
microglia showed Cyp46 expression in contralateral cortex (Figure 2-6, row B, left
panel). However there was clear colocalization of Cyp46 with microglia at the site of
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injury (Figure 2-6, row B, right panel). In addition, the microglia at the site of injury
appeared larger and more numerous indicating the activation and proliferation of this
cell type at the site of injury. Faint Ox42 expression was seen in contralateral cortex
with the star-like staining pattern characteristic of resting microglia (Figure 2-6, row B,
left panel). Increased levels of Ox42 staining were seen at the center of the injury site,
indicating an increase in microglial activation (Figure 2-6, row B, right panel). There
was minimal colocalization of Cyp46 to GFAP positive astrocytes in contralateral
cortex (Figure 2-6, row C, left panel). At the site of injury the number of GFAP
positive astrocytes was increased indicating activation and proliferation. However,
only occasional astrocytes showed Cyp46 positive staining at the site of injury (Figure
2-6, row C, right panel), indicating that astrocytes are only a minor source of Cyp46
expression following injury.
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Figure 2-6. Cyp46 expression in neurons, microglia, and astrocytes 3 days
following cortical injury. Cyp46 levels in MAP-2 positive neurons (row A), Ox42
positive microglia (row B) or GFAP positive astrocytes (row C) in contralateral cortex
(left column) and at the injury site (right column); Cyp46 (Alexa 488, green), MAP-2
(row A), Ox42 (row B) and GFAP (row C) (Alexa 546, red), 63x, bars = 50 µm. While
cyp46 expression occurred in neurons in both contralateral cortex and at the site of
injury, there was minimal microglial expression of Cyp46 in contralateral cortex but
clear colocalization of expression at the site of injury (arrow). Cyp46 expression was
not present in contralateral cortex astrocytes. At the site of injury some astrocytes
showed Cyp46 positive staining but most did not.
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In order to compare cell type specific changes in Cyp46, we measured Cyp46
immunoflorescence intensity levels at the soma of cells in contralateral cortex and
central to the site of injury at 3 days post-injury. Because the soma size varied, a
constant size sample measurement at the soma was taken rather than a measurement of
total Cyp46 expression for the cell. Cells from an equal number of fields (n=4) were
measured from each animal (n=3). Although levels tended to decrease, relative levels
of Cyp46 did not change significantly in Map2 positive neurons (Figure 2-7A). An
84% increase in relative Cyp46 levels was observed in Ox42 positive microglia in
comparison to microglia in contralateral cortex (Figure 2-7B). In GFAP positive
astrocytes there was no significant change in relative levels of Cyp46 with injury,
although levels tended to increase (Figure 2-7C).
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Figure 2-7. Cyp46 levels increase in microglia and astrocytes but not neurons 3
days following cortical injury. Relative levels of Cyp46 at the cell body of cells were
compared to those in the contralateral cortex. (A) MAP-2 positive neurons at the site of
injury did not show a significant change in Cyp46 levels although levels tended to
decrease (contralateral cortex n=139, injury site n=88). (B) Ox42 positive microglia at
the site of injury showed an of increased 84% in Cyp46 levels (*, students t-test:
p<0.0001, contralateral cortex n=62, injury site n=130). (C) GFAP positive astrocytes
at the site of injury did not show a significant change in Cyp46 levels although levels
tended to increase (contralateral cortex n=55, injury site n=57). Error bars (standard
error of the mean).
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We have shown that microglia are a significant source of Cyp46 levels following TBI.
However, because one of the main roles of activated microglia is the phagocytosis of
cellular debris, we wanted to determine whether activated microglia increase
expression of Cyp46 or whether results seen in vivo were due to phagocytosis of the
neuronally derived protein. To determine this we activated primary microglial cells
with LPS in vitro. In untreated resting microglia we found little Cyp46 immunostaining
(Figure 2-8A). After a 24 hour treatment of 50 ng/mL LPS, many microglia showed
enlarged soma indicating microglial activation, although not all cells in a field
appeared activated with this relatively mild LPS treatment. Based on Topro-3 nuclear
staining, cells appeared to cluster and there were more cells in a given field, indicating
LPS induced proliferation. An increase in Cyp46 expression was seen following 24 hr
LPS treatment, appearing not only in soma of microglia but also continuing into
processes (Figure 2-8B). Quantification of relative intensity levels at the soma
indicated a 27% increase in relative Cyp46 levels. Because all cells in a field were
measured regardless of apparent activation levels this measurement may underestimate
increases in Cyp46 with microglial activation.
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Figure 2-8. Cyp46 levels increase in activated microglia. Primary rat microglia were
either left untreated (A) or treated with 50 ng/ml LPS for 24 hrs (B). LPS resulted in a
strong increase in Cyp46 expression (Alexa 488, green), as well as a proliferation of
microglial cells. Cell nuclei were counterstained with Topro-3 (blue), 20x, bars =
100µm. (C) Relative levels of Cyp46 at the cell body showed a 28% increase according
to Students t-test (*, students t-test: p<0.0001, control n=197, LPS treatment n=269).
Error bars (standard error of the mean).
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DISCUSSION
In the normal brain, Cyp46 expression is a mechanism for maintaining cholesterol
homeostasis (Jurevics and Morell, 1995; Turley et al., 1996; Turley et al., 1998; Lund
et al., 2003; Xie et al., 2003). Previous research identified Cyp46 as a neuron specific
enzyme under normal conditions (Lund et al., 1999; Bretillon et al., 2007; Ramirez et
al., 2008). Neuronal Cyp46 has stable expression, perhaps performing a role in
maintaining stable cholesterol levels within the neuronal membrane (Lund et al., 1999;
Joseph et al., 2003; Ohyama et al., 2006). However, following brain injury there is
significant neuronal loss (Cernak et al., 2004; Di Giovanni et al., 2005; Zhang et al.,
2005). We expected that with neuronal death, lipid debris would increase while
neuronally expressed Cyp46 would be decreased. Instead, we observed that Cyp46
levels increased after TBI at the site of damage (Figure 2-4). This finding is in line
with other models of CNS injury showing increases in Cyp46 within lesion sites (He et
al., 2006; Teunissen et al., 2007) and led us to examine Cyp46 in non-neuronal cells.

Previous studies looking at Cyp46 following CNS damage have seen expression in
glia, especially in astrocytes. Post-mortem AD brains do not exhibit gross increases in
Cyp46 levels but have been shown to have Cyp46 expression in GFAP positive
astrocytes not seen in control tissue (Bogdanovic et al., 2001; Brown III et al., 2004).
Following hippocampal kainate injury Cyp46 expression was seen in astrocytes at the
lesion site but not elsewhere (He et al., 2006). In TBI we did not observe a strong up70

regulation of Cyp46 in neurons or astrocytes but we did observe Cyp46 levels
increased 84% in activated microglia (Figure 2-6 and 2-7). Microglia are the immune
cells of the CNS (Streit, 2002). At a time when neurons are dying, microglia are
activated and proliferating (Kamada et al., 2003; Cernak et al., 2004; Di Giovanni et
al., 2005). In addition, a function of microglia following injury is the removal of lipid
debris (Gasparovic et al., 2001; Kamada et al., 2003). Thus, increased expression of
Cyp46 in microglia may be a necessary step in the processing of phagocytosed lipids.
In a rat model of MS, Cyp46 staining has been shown to colocalize to ED1 positive
macrophages within brainstem lesions (Teunissen et al., 2007). This expression was
attributed to infiltrating peripheral macrophages, however the activation of peripheral
peritoneum derived macrophages with LPS in vitro suppressed Cyp46 expression
(Teunissen et al., 2007). In contrast, we have shown that brain derived microglia
increase Cyp46 expression following LPS activation (Figure 2-8). The consensus
based on previous studies and our findings is that both astrocytes and microglia are
capable of upregulating Cyp46 expression following neuronal injury. However, after
TBI this upregulation appears to be primarily in microglia and not in astrocytes.

There are some indications that very high levels of 24S-hydroxycholesterol might be
detrimental. Human control subjects show levels of CSF levels of 24Shydroxycholesterol levels averaging at 6.7 µM while AD subjects showed levels
averaging 8.7 µM (Papassotiropoulos et al., 2002). While in vitro treatments of 50 µM
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24S-hydroxycholesterol were found to be toxic to neurons in hippocampal slices, 15
µM treatment, still significantly higher than endogenous levels, did not cause damage
(He et al., 2006). In co-cultures of primary human neurons and glia 10 µM 24Shydroxycholesterol treatments increase inflammatory signals (Alexandrov et al., 2005),
possibly due to the induction of changes in cholesterol homeostasis. However, after
TBI neuronal membranes have already been disrupted by damage leading to neuronal
death and lipid debris (Faden, 1996; Gasparovic et al., 2001; Kamada et al., 2003).
Although we did not directly measure Cyp46 activity, we did see an increase in Cyp46
expression in microglia (Figure 2-6) which would be expected to promote the removal
of cholesterol debris following TBI.

There are plenty of reasons to believe that increases in Cyp46 expression may be
beneficial following brain damage. The effects of Cyp46 are threefold, including
clearance of cholesterol by hydroxylation (Lund et al., 2003), clearance of cholesterol
via ABCA1 export to lipoproteins (Rebeck, 2004b), and anti-inflammatory and
antioxidant effects attributed to LXR regulated genes (Joseph et al., 2003; Walcher et
al., 2006), especially ApoE (Hoane et al., 2007; Laskowitz et al., 2007). LXR
activation has been shown to suppress inflammatory cytokine production including IL6 (Joseph et al., 2003; Walcher et al., 2006) as well as iNOS and Cox-2 production
(Joseph et al., 2003). ApoE has been shown to have anti-inflammatory effects
(Stannard et al., 2001; Guo et al., 2004), possibly due to cholesterol clearance. Peptides
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containing the receptor binding domain of ApoE have been shown to be antiinflammatory (Hoane et al., 2007; Laskowitz et al., 2007), indicating that ApoE may
have additional anti-inflammatory properties unrelated to cholesterol clearance. Since
ApoE secretion is necessary for cholesterol efflux through ABCA1(Fagan et al., 1998;
Huang et al., 2001; Hirsch-Reinshagen et al., 2005), efflux of cholesterol to
lipoproteins would be most effective when both ABCA1 and ApoE are upregulated.
We have found that both ApoE and ABCA1 levels increase after TBI indicating that
effective lipid efflux is possible (Figure 2-5).

From our studies, we hypothesize that microglial expression of Cyp46 following injury
may increase microglial cholesterol efflux following phagocytosis of cellular debris
and also may act to reduce inflammatory and oxidative signals regionally. Our results
demonstrate that changes in Cyp46 expression are not a marker of any specific
neurodegenerative disease; rather, Cyp46 increases are a marker of CNS injury. The
signals controlling Cyp46 expression have yet to be fully discerned, but increasing
Cyp46 expression would be potentially beneficial following TBI. The effects of these
endogenous mechanisms, although positive, may come only after significant neuronal
loss has occurred. In addition, oxidative stress, inflammatory events, and glial
activation all contribute to neuronal death (Fitch et al., 1999; Langley and Ratan,
2004). By treating TBI early on with moderate levels of 24S-hydroxycholesterol or a
synthetic LXR agonist (such as TO901317 or GW-3965), it may be possible to confer
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the benefits of cholesterol efflux as well as anti-inflammatory and anti-oxidative
properties in advance of microglial activation.
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CHAPTER III: 24S-HYDROXYCHOLESTEROL EFFECTS ON LIPID
METABOLISM GENES ARE MODELED IN TRAUMATIC BRAIN INJURY.

ABSTRACT
Cholesterol 24S-hydroxylase (Cyp46) is normally expressed in neurons but is
increased in microglia after traumatic brain injury (TBI). In this study we take a
systematic look at the effects of the enzymatic product of Cyp46, 24Shydroxycholesterol on SREBP-1 and 2 levels, their post-translational regulation, and
the downstream effects on fatty acid and cholesterol synthesis enzymes in cell cultures.
This work also examines the effects that TBI induced increases in 24Shydroxycholesterol may have on these pathways in vivo. 24S-hydroxycholesterol is a
potent agonist of the nuclear hormone receptor LXR, which promotes transcription of
SREBP-1 but not SREBP-2. Indeed, 24S-hydroxycholesterol increased full length
protein and mRNA levels of LXR regulated SREBP-1 but did not change cleavage
levels in 293 and SY5Y cells. 24S-hydroxycholesterol decreased levels of SREBP-2
mRNA, full-length protein, and its active cleavage product. In the periphery, SREBP-1
has been shown to primarily regulate transcription of fatty acid synthesis enzymes
while SREBP-2 primarily regulates transcription of cholesterol synthesis enzymes. In
SY5Y neuroblastomas cells, 24S-hydroxycholesterol decreased mRNA levels of the
cholesterol synthesis enzymes HMG CoA reductase, squalene synthase, and FPP
synthase, but did not alter levels of acetyl CoA carboxylase or fatty acid synthase. In
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contrast, in BV2 microglia, 24S-hydroxycholesterol had no significant effect on HMG
CoA reductase or squalene synthase but significantly increased mRNA levels of acetyl
CoA carboxylase and fatty acid synthase. After TBI, as after 24S-hydroxycholesterol
treatment in vivo, we found that SREBP-1 mRNA levels were increased while SREBP2 mRNA levels were decreased. mRNA levels of HMG CoA reductase and squalene
synthase were significantly decreased. Fatty acid synthase mRNA levels were not
altered but acetyl CoA carboxylase mRNA levels were significantly decreased. Thus,
changes to transcription of cholesterol synthesis genes after TBI are consistent with
increases in Cyp46 activity, but changes to fatty acid synthesis genes must be regulated
by other mechanisms.

INTRODUCTION
Although much is known about regulation of cholesterol in cells in the periphery, less
is known about its control in the central nervous system. Cholesterol 24S-hydroxylase
(Cyp46) is a brain enriched enzyme expressed primarily in neurons and is responsible
for converting cholesterol from the plasma membrane into 24S-hydroxycholesterol
(Lund et al., 1999; Ramirez et al., 2008). Expression of Cyp46 in the brain is altered
during normal development but is relatively stable in normal adult brain (Lund et al.,
1999; Ohyama et al., 2006). Cyp46 is also increased after traumatic brain injury (TBI),
specifically in microglia (Cartagena et al., 2008). Other models of injury including
hippocampal kainate injury (He et al., 2006) and acute experimental autoimmune
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encephalomyelitis (Teunissen et al., 2007) have shown increases in Cyp46 expression
at lesion sites. The enzymatic product of Cyp46, 24S-hydroxycholesterol, is increased
in the CSF of Alzheimer’s disease patients compared to control subjects
(Papassotiropoulos et al., 2002). These findings suggest that while Cyp46 activity in
neurons plays a critical role in normal cholesterol homeostasis, increased Cyp46
activity may be a characteristic of the brain response to injury.

24S-hydroxycholesterol is an activator of the nuclear transcription factors liver X
receptor (LXR) α and β (Lehmann et al., 1997; Janowski et al., 1999) and can induce
the upregulation of genes involved in cholesterol efflux (Rebeck, 2004a; Tall, 2008).
LXR activation has been shown to increase expression of genes important for
cholesterol efflux such as ATP-binding cassette transporter (ABC) A1 in both neurons
and glia (Fukumoto et al., 2002) and expression of Apolipoprotein (Apo) E in
astrocytes (Liang et al., 2004). We have shown increases in both ApoE and ABCA1
coinciding with increased Cyp46 expression after TBI (Cartagena et al., 2008). When
both ApoE and ABCA1 are present, cholesterol can be passed from the cell to
extracellular lipoproteins by cholesterol efflux (Huang et al., 2001; Hirsch-Reinshagen
et al., 2005). These cholesterol efflux mechanisms are important for lowering
cholesterol levels when cellular cholesterol is in excess. In addition, the conversion of
cholesterol to 24S-hydroxycholesterol makes the molecule more soluble and easier to
clear into the extracellular space and across the blood brain barrier into the blood
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(Bjorkhem, 2006). Thus, 24S-hydroxycholesterol allows for two separate mechanisms
for clearing cholesterol from the cell and from the brain overall.

In addition to its roles in cholesterol efflux, 24S-hydroxycholesterol potentially plays a
role in regulating the cholesterol and fatty acid synthesis pathways in the brain.
Oxysterols alter cholesterol synthesis mechanisms by acting on sterol regulatory
element binding proteins (SREBPs). SREBPs are expressed as inactive 120 kDa
cytosolic precursors (cSREBP) which are integral to the endoplasmic reticulum (ER)
membrane. cSREBPs are translocated from the ER to the Golgi by SREBP cleavageactivating protein (SCAP) where they are cleaved into a 67 kDa active transcription
factor which is not membrane bound. This shorter nuclear SREBP (nSREBP) alters
transcription of genes containing a sterol regulatory element in the promoter region.
These genes are responsible for critical enzymes in both the cholesterol synthesis
pathway and the fatty acid synthesis pathway. Peripheral oxysterols such as 25hydroxycholesterol have been shown to suppress the cleavage of cSREBP to nSREBP
(Thewke et al., 1998; Adams et al., 2004; Du et al., 2004), perhaps by retaining SCAP
in the ER and thus preventing cSREBP translocation to the Golgi for cleavage
(Radhakrishnan et al., 2007).
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There are two genes for SREBPs giving rise to the three isoforms: 1a, 1c, and 2.
Isoform SREBP-1c differs from SREBP-1a only in a small portion of exon 1 but they
are otherwise identical (Brown and Goldstein, 1997). SREBP-1a is constitutatively
expressed (Raghow et al., 2008). SREBP-2 has been shown to contain a sterol
regulatory element (SRE) in its promoter region which when bound increased
transcription of SREBP-2 (Sato et al., 1996). Interestingly, isoform SREBP-1c has
been shown to be under LXR control (Whitney et al., 2002) and also contains a SRE in
its promoter region leading to positive feedback regulation (Cagen et al., 2005). While
all three isoforms bind sterol regulatory elements when cleaved to their active nuclear
form, nSREBP-1a preferentially activates fatty acid synthesis while nSREBP-2
preferentially activates cholesterol synthesis in the liver (Horton et al., 1998; Horton
and Shimomura, 1999).

Various oxysterols differ in their biological effects (Gill et al., 2008). For example, 27hydroxycholesterol is an LXR agonist (Fu et al., 2001), while 25-hydroxycholesterol
has only minimal LXR activity (Janowski et al., 1999). 24S-hydroxycholesterol is the
main oxysterol in the brain (Dietschy and Turley, 2004; Karu et al., 2007). In glia,
24S-hydroxycholesterol decreased expression of the rate limiting step in cholesterol
synthesis, HMG CoA reductase, and increased LXR regulated ApoE expression
(Abildayeva et al., 2006). In cortical neurons, 24S-hydroxycholesterol decreased
expression of cholesterol synthesis enzymes including HMG CoA synthase and
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squalene synthase (Wang et al., 2008). In this study we take a systematic look at 24Shydroxycholesterol effects on both SREBP-1 and 2 levels, post-translational regulation
and downstream effects on fatty acid and cholesterol synthesis enzymes. This work
also examines the effects TBI induced increases in 24S-hydroxycholesterol may have
on these two pathways in vivo.

METHODS
Chemicals
Stock solutions of 2 mM TO-901317 (Tocris), 10 mM 24S-hydroxycholesterol
(Steraloids), 10 mM 27-hydroxycholesterol (Steraloids) and 10 mM Cholesterol
(Sigma) were all made in ethanol and stored at -20 ºC. These were diluted in media at
0.5µl/mL immediately before treating cells.

Cell Culture
293 cells were cultured in Opti-MEM (Gibco) containing 10% fetal bovine serum
(FBS) (Gibco). SY5Y cells were cultured in DMEM (ATCC) containing 10% FBS.
BV2 cells were cultured in Opti-MEM containing 5% FBS. Cells were plated into 6
well plates. After 24 h cells media was removed and replaced with fresh media
containing either 5 µM 24S-hydroxycholesterol or 0.5 µl/mL ethanol (vehicle). Cells
were treated for 48 h and then collected for either protein or mRNA isolation. Cell
culture experiments were performed in triplicate on at least two separate occasions.
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Animals
Ten male 4 month old C57BL/6J mice were used in these experiments. All animal
protocols were approved by the Georgetown University Institutional Animal Use and
Care Committee, and were in compliance with the standards stated in the Committee
on Care and the Use of Laboratory Animals Publication [NIH] 85-23 1985.

Mouse Controlled Cortical Impact (CCI) Trauma Model
The CCI-injury device was designed and built at the Georgetown University, and
consists of a microprocessor-controlled pneumatic impactor with a 3.5 mm diameter
tip (Fox et al., 1998). Moderate injury was induced by the impactor velocity of 6 m/s
and deformation depth of 2 mm. Mice were anaesthetized with isoflurane (induction at
4% and maintenance at 2%) evaporated in a gas mixture containing 70% N2 and 30%
O2 and administered through a nose mask. Depth of anesthesia was assessed by
monitoring respiration rate and pedal withdrawal reflexes. The mouse was placed on a
heated pad, and a core body temperature was maintained at 37°C. The head was
mounted in a stereotaxic frame, and the surgical site was clipped and cleaned with
Nolvasan scrubs. A 10-mm midline incision was made over the skull, the skin and
fascia were reflected, and a 4-mm craniotomy was made on the central aspect of the
left parietal bone. The impounder tip of the injury device was then extended to its full
stroke distance (44 mm), positioned to the surface of the exposed dura, and reset to
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impact the cortical surface. After injury, the incision was closed with interrupted 6-0
silk sutures, anesthesia was terminated, and the animal was placed into a heated cage to
maintain normal core temperature for 45 min post-injury. All animals were monitored
carefully for at least 4 h after surgery and then daily. Five animals underwent CCIinjury. An additional five animals underwent sham injury where a 4-mm craniotomy
was made but the dura was not disturbed. At day 7 after surgeries, animals were
sacrificed with CO2 and brains were removed. Isolated cortex was collected from the
injury site as well as from the contralateral side. In sham animals, cortex at the site of
craniotomy was collected. Tissue was snap frozen in isopentane on dry ice and stored
at -80ºC until later RNA isolation.
Western blot
Cells were washed in phosphate buffered saline (PBS), lysed in RIPA buffer (Pierce)
containing protease inhibitor (Roche). Protein concentrations in lysates were measured
by the Bradford method (Biorad). 20 µg total protein from each sample were loaded
onto polyacrylamide gels. Protein was transferred to PVDF membranes and blocked 1
h at room temperature (RT) in 5% milk in PBS. Membranes were probed with antiSREBP-1 (Abcam, 1:100) or anti-SREBP-2 (BD Biosource, 1:100) overnight at 4ºC.
Membranes were washed in PBS and incubated with goat anti-mouse HRP tagged
antibody at 1:10:000. Membranes were washed in PBS and incubated with DURA
(Pierce) and exposed to Kodak MR film. Membranes were reprobed with anti-β-actin
antibody (1:5000) for protein loading controls. Bands were quantified using Quantity 1
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software (Biorad). Local backgrounds were subtracted and levels were adjusted for
small variations in loading controls. Statistical analysis was performed using Graphpad
Prism 4 and either one way ANOVA with Newman-Keuls multiple comparison posthoc test or Student’s t-test.

mRNA isolation
Total RNA was isolated using the Absolute RNA Miniprep purification kit
(Stratagene) according to manufacturer’s directions from either cell culture or mouse
cortical brain tissue. Briefly, cultured cells in 6-well plates were lysed in 400 µl/well
manufacturer’s lysis buffer and mouse hemi-cortex was lysed in 1 mL lysis buffer.
Lysate was loaded onto a prefilter column and spun at 14,000 rpm. Filtrate was mixed
1:1 with 70% ethanol, loaded onto a RNA binding column and spun at 14,000 rpm.
The column was washed with low salt buffer and treated for 15 min with DNase at
37ºC. The column was washed in high salt and then low salt buffers. 60ºC elution
buffer was added to the column and spun at 14,000 rpm to collect purified RNA. Total
RNA concentrations and purity were calculated from spectrophotometer optical density
measurements at 260 and 280 nm. RNA was stored at -80ºC until further use.

cDNA synthesis
cDNA was synthesized using the AffinityScript QPCR cDNA Synthesis kit
(Stratagene). Briefly, 20 µl reactions contained 3 µg total RNA, 0.3 µg oligo(dT)
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primers, 10 µl 2x mastermix and 1 µl AffinityScript RT/RNAse Block enzyme
mixture. The reaction was incubated at 25ºC for 5 min, 42ºC for 45 min, 95ºC for 5
min, 4ºC for 5 min, and then stored at -20ºC until further use.

Primer design
All primers were designed using Geneious Pro 3.0.6 software (Biomatters). All primers
were designed to cross at least two exons. Primers used in semi-quantitative PCR are
listed in Table 1. Primers to human sequences used in real-time PCR are listed in Table
2 while primers to mouse sequences are listed in Table 3. Real-time primers were
designed to have zero primer-dimers and to produce product sizes between 120-150
base pairs. Real-time primers were tested using 1:2, 1:4, and 1:8 serial dilutions of
cDNA to confirm efficiency of the primer pair. A dissociation curve was performed to
confirm the absence of any primer-dimer pair products.
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Target

Forward
Reverse

Human SREBP-1

GACACACCAGCTCCTCGAC
GGGACCAAAGTGGCTAGAGA
CTGCCCCTCTCCTTCCTCT
TGGGCATCTAGTGACAGCAG
GCAAAGACCTGTACGCCAAC
AGTACTTGCGCTCAGGAGGA

Human SREBP-2
Human β-actin

Table 3-1. Primers used in semi-quantitative PCR.
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Target

Forward
Reverse

SREBP-1

CAGCCAGCCTGACCATCT
AAGCAGGTCACACAGGAACA
ATGGGCAGCAGAGTTCCTT
CGACAGTAGCAGGTCACAGG
CTGGGGAATTGTCACTTATGG
GAACTGTCGGGCTATTCAGG
CCTCAAGAGGTTTGGAGCAG
TCTTCACTGCCCCTTTGAAC
CTGGAGATGGGGGAGTTCTT
CCTCCTTCTGCCCGTAATTT
TGACAGAGGAGGATGGTGTTC
GCTGAGTGGGTGATATGTGCT
AGTACACACCCAAGGCCAAG
GTGGATGATGCTGATGATGG
AAAGACCTGTACGCCAACACA
AGTACTTGCGCTCAGGAGGA

SREBP-2
HMG CoA
reductase
squalene
synthase
FPP synthase
acetyl CoA
carboxylase
fatty acid
synthase
β-actin

Table 3-2. Human primers used in real-time PCR.
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Target

Forward
Reverse

SREBP-1

TCTGGAGCTGCGTGGTTT
AGGACTTGCTCCTGCCATC
AGCCTACCGCAAGGTGTTC
GCCAGGTGTCTACCTCTCCA
AGATAGGAACCGTGGGTGGT
GTGCGTTTTCTCCAGGATTG
GCAACTGACAGAGGAAGATGG
GGTCATGTGGACGATGGAG
ACATGCCTGCCGTCAAAG
TAGTGGCTTCGGGAGATGAG
TTGACGGCTCACACACCTAC
GCTGTGTTCCACATCAAGAAA
TGACAGGATGCAGAAGGAGA
ACATCTGCTGGAAGGTGGAC

SREBP-2
HMG CoA
reductase
acetyl CoA
carboxylase
squalene
synthase
fatty acid
synthase
β-actin

Table 3-3. Murine primers used in real-time PCR.
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Semi-quantitative PCR
Amplifications of cDNA were performed with a thermocycler using GoTaq Green
(Promega) mastermix. Reactions were incubated at 95°C for 2 min, then 30 cycles of
95°C for 15 sec, 58°C for 30 sec and 72°C for 30 sec, and then 72°C for 5 min.
Product was run on 2% agrose gels and bands were digitally imaged, inverted and
quantified using Quantity 1 (BioRad) software. Statistical analysis was performed
using Graphpad Prism 4.

Real-time PCR
Relative mRNA quantities were measured by real-time PCR using PowerSYBR green
(Applied Biosystems) mastermix and primers listed in Table 2 and Table 3.
Amplifications were performed with an ABI 7900 HT sequence detection system and
were incubated at 50°C for 2 min, 95°C for 10 min, and then 40 cycles of 95°C for 15
sec, 58°C for 1 min and 72°C for 30 sec. Each sample was tested in triplicate. β-actin
was used as an endogenous control to calculate ∆∆Ct levels and relative quantities for
each sample. Analysis of real-time amplification data was done using SDS 2.3
(Applied Biosystems) and relative quantities were calculated using RQ Manager
software (Applied Biosystems). Statistical analysis was performed using Graphpad
Prism 4 and either one-way ANOVA with Newman-Keuls multiple comparison posthoc test or Student’s t-test.
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RESULTS
Although oxysterols are generally considered to inhibit cleavage of cSREBPs to
produce nuclear transcription factors (Gimpl et al., 2002; Radhakrishnan et al., 2007;
Gill et al., 2008) they have differential effects on mechanisms of gene regulation
through LXR activation (Janowski et al., 1999; Fu et al., 2001).
We sought to demonstrate what effects the brain-derived 24S-hydroxycholesterol may
have on gene transcription mechanisms. We began by analyzing levels of full-length
and cleaved SREBP-1 and 2 in human 293 cells. We treated cells with 5 µM 24Shydroxycholesterol for 48 hr and analyzed cell lysate by western blot (5 µM is
approximately the concentration of 24S-hydroxycholesterol in the CSF
(Papassotiropoulos et al., 2002)). The antibody to SREBP-1 demonstrated bands at 120
kD and 67 kD corresponding to the expected sizes of cSREBP-1 and nSREBP-1;
similar sized bands were seen in membranes probed for SREBP-2 (Figure 3-1A). 24Shydroxycholesterol increased cSREBP-1 levels while nSREBP-1 levels remained
unchanged (Figure 3-1A, 1st and 2nd panel). The SREBP-1 antibody recognizes both
SREBP-1a and 1c. However, since SREBP-1a is thought to be constitutively expressed
(Raghow et al., 2008), we attribute the observed increases in SREBP-1 levels to
upregulation of cSREBP-1c. In contrast to SREBP-1, both cSREBP-2 and nSREBP-2
were suppressed by 24S-hydroxycholesterol treatment (Figure 3-1A, 3rd and 4th panel).
Quantification of cSREBP-1 levels showed an increase of 38% after 24Shydroxycholesterol treatment while there were no significant changes in nSREBP-1
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levels (Figure 3-1B). Quantification of cSREBP-2 levels showed a decrease of 51%
after 24S-hydroxycholesterol treatment while nSREBP-2 levels showed a decrease of
91% (Figure 3-1C).
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Figure 3-1. 24S-hydroxycholesterol increases SREBP-1 protein levels while
suppressing SREBP-2 levels in immunoblot. 293 cells were treated for 48 hr with
5µM 24S-hydroxycholesterol (24) or control vehicle (C). A) Levels of cytosolic
SREBP-1 (cSREBP-1) and nuclear SREBP-1 (nSREBP) as well as cytosolic SREBP-2
(cSREBP-2) and nuclear SREBP-2 (nSREBP-2) were measured in cell lysate by
immunoblot. B) Quantification of cSREBP-1 levels showed an increase of 38% after
24S-hydroxcholesterol treatment (Student’s t-test, *p<0.05, n=8) while there were no
significant changes in nSREBP-1 levels. C) Quantification of cSREBP-2 levels showed
a decrease of 51% after 24S-hydroxycholesterol treatment (Student’s t-test, *p<0.0001,
n=7) while nSREBP-2 levels showed a decrease of 91% (Student’s t-test, *p<0.0001,
n=7). Error bars (standard error of the mean).
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We sought to determine whether the observed effects of 24S-hydroxycholesterol could
be at least partially due to changes in mRNA levels of both SREBP-1 and 2. Thus, we
treated 293 cells with 5 µM 24S-hydroxycholesterol or 1 µM TO-901317 (an LXR
agonist) for 48 hr and isolated RNA. Levels of SREBP-1 mRNA showed an increase
following 24S-hydroxycholesterol and a greater increase following TO-901317
treatment (3- 2A). Semi-quantitative measurements of bands showed an increase of
188% in SREBP-1 mRNA levels following 24S-hydroxycholesterol treatment and an
increase of 331% following TO-90137 treatment (Figure 3-2B, left panel). Levels of
SREBP-2 showed no significant change following either 24S-hydroxycholesterol or
TO-901317 treatment (Figure 3-2B, right panel). We used the more quantitative realtime PCR to test these findings. Analysis of SREBP-1 mRNA levels showed
significant increases of 280% with 24S-hydroxycholesterol treatment and 370% with
TO-901317 treatment (Figure 3-2C). Analysis of relative quantities of SREBP-2
mRNA levels showed a small but significant decrease of 18% with 24Shydroxycholesterol treatment and no significant change with TO-901317 treatment
(Figure 3-2C).
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Figure 3-2. 24S-hydroxycholesterol and LXR agonist TO-901317 both increases
SREBP-1 mRNA levels but not SREBP-2 levels in semi-quantitative PCR. 293
cells were treated for 48 hr with 5 µM 24S-hydroxycholesterol (24), 1 µM TO-901317
(TO) or control vehicle (C). mRNA from these cells was converted to cDNA and
amplified using primers against either SREBP-1 or SREBP-2. A) Relative levels of
SREBP-1 mRNA showed a clear increase following 24S-hydroxycholesterol and a
greater increase following to-901317 treatment. B) Semi-quantitative measurements of
bands seen in A showed an increase of 188% in SREBP-1 mRNA levels following
24S-hydroxycholesterol treatment (Newman-Keuls, *p<0.05, n=6) and an increase of
331% following TO-90137 treatment (left panel) (Newman-Keuls, *p<0.05, n=6).
Semi-quantitative measurements of SREBP-2 mRNA levels (right panel) by showed
no significant change following 24S-hydroxycholesterol or TO-901317 treatment
(n=6). C) Real-time PCR quantification of SREBP-1 mRNA levels showed an increase
of 280% with 24S-hydroxycholesterol treatment (Newman-Keuls, *p<0.001, n=6) and
an increase of 370% with TO-901317 treatment (Newman-Keuls, *p<0.001, n=6).
Real-time PCR quantification of SREBP-2 mRNA levels showed a decrease of 18%
with 24S-hydroxycholesterol treatment (Newman-Keuls, *p<0.05, n=6) but no
significant change with TO-901317 treatment. Control relative quantity=1. Error bars
(standard error of the mean).
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To determine whether the effects of 24S-hydroxycholesterol on SREBP-2 are specific
to 24S-hydoxycholesterol, we treated 293 cells with 1 µM TO-901317, 5 µM 24Shydroxcholesterol, 5 µM 27-hydroxycholesterol, or 5 µM cholesterol for 48 hr. Levels
of both cSREBP-2 and nSREBP-2 were measured by western blot (Figure 3-3A).
cSREBP-2 levels showed a decrease of 50% with 24S-hydroxycholesterol treatment
while 27-hydroxycholesterol caused a 36% but non-significant decrease in cSREBP-2
levels (Figure 3-3B). Neither cholesterol nor TO-901317 had a significant effect on
cSREBP-2 levels. nSREBP-2 levels showed significant decreases of 84% with 24Shydroxycholesterol treatment and 80% with 27-hydroxycholesterol treatment (Figure
3-3C). TO-901317 decreased nSREBP-2 levels by 36%, a significantly smaller
decrease than seen with the oxysterols (Figure 3-3C). Cholesterol did not have a
significant effect on either levels of nSREBP-2 levels or cSREBP-2 (Figure 3-3B and
C).
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Figure 3-3. 24S-hydroxycholesterol but not cholesterol or TO-901317 suppresses
SREBP-2 protein levels while oxysterols and TO-901317 suppress SREBP-2
cleavage. 293 cells were treated for 48 hr with 5 µM 24S-hydroxycholesterol (24), 5
µM 27-hydroxycholesterol (27), 5 µM cholesterol (Ch), 1 µM TO-901317 (T) or
control vehicle (C). A) Levels of cytosolic SREBP-2 (cSREBP-2) and nuclear SREBP2 (nSREBP-2) were measured in cell lysate by immunoblot. B) Quantification of
cSREBP-2 levels showed a decrease of 50% with 24S-hydroxycholesterol treatment
(Newman-Keuls, *p<0.001, n=6) while 27-hydroxycholesterol failed to significantly
decrease cSREBP-2 levels. Neither cholesterol nor TO-901317 had a significant effect
on cSREBP-2 levels. C) nSREBP-2 levels showed a decrease of 84% with 24Shydroxycholesterol treatment (Newman-Keuls, *p<0.001, n=6) and a decrease of 80%
with 27-hydroxycholesterol treatment (Newman-Keuls, *p<0.001, n=6). TO-901317
also decreased nSREBP-2 levels by 36% (Newman-Keuls, *p<0.05, n=6). Decreases in
nSREBP-2 levels by 24S-hydroxycholesterol and 27- hydroxycholesterol were
significantly lower than those seen with TO-901317 (Newman-Keuls, p<0.01, n=6).
Cholesterol did not have a significant effect on nSREBP-2 levels. Error bars (standard
error of the mean).
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24S-hydroxycholesterol is produced primarily by neurons (Lund et al., 1999; Lund et
al., 2003; Ramirez et al., 2008). Although 293 cells display many properties of
immature neurons (Shaw et al., 2002), we wanted to determine the effects of 24Shydroxycholesterol on SREBP-1 and 2 levels in a brain derived cell line with more
established neuronal characteristics. We therefore treated SY5Y cells with 5 µM 24Shydroxycholesterol. Levels of SREBP-1 and 2 showed similar patterns as those seen in
293 cells (Figure 3-4). cSREBP-1 levels were increased with 24S-hydroxycholesterol
treatment (Figure 3-4, row 1) while there were no clear changes in nSREBP-1 levels
(Figure 3-4, row 2). cSREBP-2 levels were suppressed with 24S-hydroxycholesterol
treatment while nSREBP-2 levels were virtually eliminated. We also measured mRNA
levels of SREBP-1 and SREBP-2 by real-time PCR. 24S-hydroxycholesterol
significantly increased SREBP-1 mRNA levels by 210% and significantly decreased
SREBP-2 mRNA levels by 31% (Figure 3-5A).
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Figure 3-4. 24S-hydroxycholesterol increases SREBP-1 protein levels while
suppressing SREBP-2 levels in SY5Y cells in immunoblot. SY5Y cells were treated
for 48 hr with 5µM 24S-hydroxycholesterol (24S) or control vehicle (C). Results seen
in this representative blot were similar to those seen in 293 cells. cSREBP-1 levels
were clearly increased while nSREBP-1 levels remained relatively stable with 24Shydroxycholesterol treatment. Both cSREBP-2 and nSREBP-2 were suppressed by
24S-hydroxycholesterol treatment.
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Figure 3-5. Effects of 24S-hydroxycholesterol on cholesterol and fatty acid
synthesis enzymes in human neuroblastoma SY5Y cells. SY5Y cells were treated
for 48 hr with 5 µM 24S-hydroxycholesterol or vehicle control and mRNA levels were
measured by real-time PCR. A) 24S-hydroxycholesterol increased SREBP-1 mRNA
levels by 210% (student’s t-test, *p<0.001, n=6) and decreased SREBP-2 mRNA
levels by 31% (student’s t-test, *p<0.001, n=6) in comparison to controls. B) 24Shydroxycholesterol decreased mRNA levels of the rate limiting cholesterol synthesis
enzyme HMG CoA reductase by 18% (student’s t-test, *p<0.005, n=6), decreased
squalene synthase by 31% (student’s t-test, *p<0.005, n=6) and FPP synthase by 17%
(student’s t-test, *p<0.01, n=6). C) 24S-hydroxycholesterol did not significantly
change mRNA levels fatty acid synthesis enzymes acetyl CoA carboxylase or fatty
acid synthase in comparison to controls. Control relative quantity=1. Error bars
(standard error of the mean).
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SREBPs have been shown to regulate the transcription of enzymes in both the
cholesterol and fatty acid synthesis pathways. Previous studies have indicated
nSREBP-2 preferentially upregulates enzymes in the cholesterol synthesis pathway
while nSREBP-1 has greater control over fatty acid synthesis enzymes (Horton et al.,
1998). Because 24-hydroxycholesterol has effects on both SREBP-1 and 2, we wanted
to determine its overall effects on the cholesterol synthesis and fatty acid synthesis
pathways. To do this, we used real-time PCR to measure relative quantities of mRNA
for cholesterol synthesis enzymes (HMG CoA reductase, squalene synthase, and FPP
synthase) and fatty acid synthesis enzymes (acetyl CoA carboxylase and fatty acid
synthase). 24S-hydroxycholesterol significantly decreased mRNA levels of all three
cholesterol synthesis genes: HMG CoA reductase by 18%, squalene synthase by 31%,
and FPP synthase 17% (Figure 3-5B). In contrast, 24S-hydroxycholesterol did not
significantly change mRNA levels of either of the fatty acid synthesis genes, acetyl
CoA carboxylase or fatty acid synthase (Figure 3-5C). Thus, in SY5Y cells, 24Shydroxycholesterol decreased transcription of cholesterol synthesis genes but did not
affect genes involved in fatty acid synthesis.

We previously found that levels of Cyp46, which produces 24S-hydroxycholesterol, is
strongly upregulated in microglia following TBI (Cartagena et al., 2008). In order to
determine what effects 24S-hydroxycholesterol may have in microglial regulation of
cholesterol and fatty acid synthesis, we treated a mouse microglial cell line, BV2, with
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5 µM 24S-hydroxycholesterol and measured mRNA levels by real-time PCR. As in
293 and SY5Y cells, 24S-hydroxycholesterol significantly increased SREBP-1 mRNA
levels by 20% and significantly decreased SREBP-2 mRNA levels by 15% (Figure 36A). In contrast to SY5Y cells, 24S-hysroxycholesterol did not significantly alter either
HMG CoA reductase or squalene synthase levels in BV2 cells (Figure 3-6B) while
24S-hydroxycholesterol treatment of increased acetyl CoA carboxylase mRNA levels
were by 70% and fatty acid synthase mRNA levels by 60% (Figure 3-6C).
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Figure 3-6. Effects of 24S-hydroxycholesterol on cholesterol and fatty acid
synthesis enzymes in mouse microglial BV2 cells. BV2 cells were treated for 48 hr
with 5 µM 24S-hydroxycholesterol or vehicle control and mRNA levels were
measured by real-time PCR. A) 24S-hydroxycholesterol increased SREBP-1 mRNA
levels by 20% (student’s t-test, *p<0.0001) and decreased SREBP-2 mRNA levels by
15% (student’s t-test, *p<0.0005) in comparison to controls. B) 24Shydroxycholesterol failed to decrease mRNA levels of HMG CoA reductase or
squalene synthase. Control relative quantity=1. Error bars (standard error of the mean).
C) 24S-hydroxycholesterol increased mRNA levels of the rate limiting fatty acid
synthesis enzyme acetyl CoA carboxylase by 70% (student’s t-test, *p<0.0005) and
fatty acid synthase by 60% (student’s t-test, *p< 0.01).
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Thus, in vitro, 24S-hydroxycholesterol strongly suppresses SREBP-2 levels and the
expression of cholesterol synthesis genes but fails to suppress SREBP-1 levels and
fatty acid synthesis genes. In fact, in microglia, 24S-hydroxycholesterol upregulated
genes involved in fatty acid synthesis, acetyl CoA carboxylase and fatty acid synthase.
Since Cyp46 is upregulated following TBI (Cartagena et al., 2008), subsequent
changes in 24S-hydroxycholesterol levels may alter both cholesterol and fatty acid
synthesis levels. We examined mRNA in cortex of TBI mice and found that SREBP-1
mRNA levels were significantly increased by 86% at the site of injury (Figure 3-7A)
and SREBP-2 mRNA levels were significantly suppressed by 43% at the site of injury
(Figure 3-7B) in comparison to sham control cortex. There were no differences in
either SREBP-1 or 2 between samples from brain contralateral to the TBI (Figure 3-7).
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Figure 3-7. Regulation of SREBP-1 and SREBP-2 mRNA levels 7 days after TBI.
SREBP-1 and SREBP-2 mRNA levels were measured by real-time PCR in cortex
ipsilateral to the site of injury 7 days after TBI (tbi icx), contralateral cortex (tbi ccx)
and sham cortex ipsilateral to craniotomy (sham icx). A) SREBP-1 mRNA levels at the
site of injury were significantly increased 86% in comparison to sham controls
(Newman-Keuls, *p<0.01, n=5). B) SREBP-2 mRNA levels at the site of injury were
significantly decreased 43% in comparison to sham controls (Newman-Keuls, *p<0.05,
n=5).
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As we had previously done in vitro, we wanted to determine what overall effects of
altered SREBP-1 and 2 mRNA levels may be on the cholesterol synthesis and fatty
acid synthesis pathways in vivo. To do this, we used real-time PCR to measure relative
quantities of mRNA for the cholesterol synthesis enzymes HMG CoA reductase and
squalene synthase and fatty acid synthesis enzymes acetyl CoA carboxylase and fatty
acid synthase. Following TBI, we found that mRNA levels of HMG CoA reductase
were significantly decreased by 38% and squalene synthase mRNA levels were
significantly decreased by 33% at the site of injury in comparison to sham cortex
(Figure 3-8A). Despite the increase in SREBP-1 mRNA (Figure 7A), found that acetyl
CoA carboxylase mRNA levels were significantly decreased by 26% following TBI,
and fatty acid synthase mRNA levels were not changed (Figure 3-8B).
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Figure 3-8. Regulation of HMG CoA reductase and acetyl CoA carboxylase
mRNA levels 7 days after TBI. mRNA levels of acetyl CoA carboxylase, fatty acid
synthase, HMG CoA reductase and squalene synthase were measured by real-time
PCR in cortex ipsilateral to the site of injury 7 days after TBI (tbi icx), and sham cortex
ipsilateral to craniotomy (sham icx). A) HMG CoA reductase mRNA levels were
significantly decreased 38% (Student’s t-test, *p<0.005, n=5) and squalene synthase
mRNA level were significantly decreased 33% (student’s t-test, *p<0.05) at the site of
injury in comparison to sham controls. B) acetyl CoA reductase mRNA levels at the
site of injury were significantly decreased 26% (Student’s t-test, *p<0.05, n=5) while
there was no change in fatty acid synthesis mRNA levels at the site of injury in
comparison to sham controls. Error bars (standard error of the mean).
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DISCUSSION
In order to maintain cholesterol homeostasis, the brain must not only regulate
cholesterol efflux but also cholesterol synthesis, since cholesterol in not imported from
the periphery but synthesized in the brain (Jurevics and Morell, 1995; Turley et al.,
1996; Turley et al., 1998; Lund et al., 2003; Xie et al., 2003). Cyp46 is an enzyme
expressed primarily in neurons that converts cholesterol to the oxysterol, 24Shydroxycholesterol (Lund et al., 1999; Ramirez et al., 2008). Oxysterols have
previously been shown to affect a key step in cholesterol homeostasis, the cleavage of
the inactive cSREBPs to produce the transcription factor nSREBP (Thewke et al.,
1998; Adams et al., 2004; Du et al., 2004). nSREBPs upregulate transcription of
multiple enzymes in the cholesterol synthesis pathway, including the rate limiting
enzyme, HMG CoA reductase (Saucier et al., 1989; Horton et al., 2002). Previous
studies have shown that nSREBP-2 has more control over transcription of genes
encoding cholesterol synthesis enzymes while nSREBP-1 has more control over
transcription of genes encoding fatty acid synthesis enzymes (Horton et al., 1998;
Horton and Shimomura, 1999; Horton et al., 2002). In our study, 24Shydroxycholesterol suppressed nSREBP-2 levels cleavage by 80-91% (Figures 3-1, 3-3
and 3-4). Previous research has shown that cholesterol can also inhibit cSREBP
cleavage (Gimpl et al., 2002; Gill et al., 2008). However, in our system, cholesterol
failed to suppress cleavage of cSREBP-2 (Figure 3-3). This is consistent with the idea
that while exogenously applied oxysterols can cross membranes to have intracellular
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signaling effects, exogenous cholesterol does not have an effect on intracellular
SREBP signaling. We show that another oxysterol found in the brain, 27hydroxycholesterol, significantly inhibited nSREBP-2 levels by 84% (Figure 3-3).
Interestingly, the LXR agonist TO-901317 induced a small by significant decrease
(36%) in cSREBP-2 cleavage (Figure 3-3), indicating that the cSREBP-2 cleavage
inhibition seen with 24S-hydroxycholesterol and 27-hydroxycholesterol may be due to
a combination of direct inhibition of cleavage as well as potential indirect effects from
LXR activity (Janowski et al., 1999; Fu et al., 2001).

In addition to its suppression of nSREBP-2, 24S-hydroxycholesterol significantly
decreased cSREBP-2 expression. 24S-hydroxycholesterol decreased protein levels of
the precursor cSREBP-2 by 50-51% (Figures 3-1, 3-3, and 3-4). This is in contrast to
the effects of the oxysterol 25-hydroxycholesterol where suppression of cleavage
coincided with increased cSREBP-2 levels (Thewke et al., 1998; Adams et al., 2004;
Du et al., 2004). Neither 27-hydroxycholesterol nor the synthetic LXR agonist TO901317 significantly altered cSREBP-2 levels (Figure 3-3), indicating that the effects
on cSREBP-2 levels are relatively specific to 24S-hydroxycholesterol and are not
related to its LXR activity. 24S-hydroxycholesterol significantly decreased SREBP-2
mRNA levels (Figure 3-2C). However, while 24S-hydroxycholesterol reduced
cSREBP-2 levels by at least 50%, SREBP-2 mRNA levels were decreased by only 1831% (Figure 3-2 and 3-5). Because the promoter region contains a sterol regulatory
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element, and is regulated by positive feedback mechanisms (Sato et al., 1996), a small
suppression at the mRNA transcription level may be amplified to give a greater effect
in protein expression and this may account for greater changes in cSREBP protein
levels relative to changes in mRNA levels with 24S-hydroxycholesterol treatment.

While nSREBP-2 has more control over transcription of genes involved in cholesterol
synthesis enzyme, nSREBP-1 has greater control over transcription of genes involved
in fatty acid synthesis enzymes transcription (Horton et al., 1998; Horton and
Shimomura, 1999; Horton et al., 2002). We found that, as expected for an LXR
agonist, 24S-hydroxycholesterol increased mRNA levels of SREBP-1 by over 200%
(Figure 3-2 and 3-5) and that this translated into increases of about 40% in cSREBP
protein levels (Figure 3-1). The LXR agonist TO-901317 also strongly increased
SREBP-1 mRNA levels (Figure 3-5), Unlike our finding with nSREBP-2 levels and in
contrast to the effects of 25-hydroxycholesterol (Thewke et al., 1998; Adams et al.,
2004), nSREBP-1 levels were not decreased with 24S-hydroxycholesterol. One
plausible explanation is that while 24S-hydroxycholesterol increased cSREBP-1
expression, it also inhibits its cleavage and these two competing functions lead to a
lack of change in nSREBP-1 levels overall.

Although levels of nSREBP-1 and nSREBP-2 give some indication of downstream
transcriptional activity, direct measurement of mRNA levels is a better indicator of
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24S-hydroxycholesterol effects on the cholesterol and fatty acid synthesis pathways.
We show here 24S-hydroxycholesterol treatment suppressed many of the enzymes in
the cholesterol synthesis pathways including HMG CoA Reductase, squalene synthase,
FPP synthase in neuroblastomas cells (Figure 3-5B). Coinciding with our finding that
nSREBP-1 levels were relatively stable in these cells after 24S-hydroxycholesterol
treatment, we found no significant changes in mRNA level of the fatty acid synthesis
enzymes fatty acid synthase or the rate-limiting acetyl CoA reductase. These data
suggest that in neuronally derived cells, 24S-hydroxycholesterol strongly suppresses
cholesterol synthesis but has minimal effect on fatty acid synthesis despite being a
strong LXR agonist. These findings are in agreement with a recent study in cortical
neurons showing decreased protein levels of cholesterol synthesis enzymes HMG CoA
synthase and squalene synthase but no significant changes in acetyl CoA carboxylase
or fatty acid synthase levels after 24S-hydroxycholesterol treatment (Wang et al.,
2008) and a study in STTG glia where 24S-hydroxycholesterol decreased mRNA
levels of HMG CoA reductase (Abildayeva et al., 2006)
.
We have previously shown that, although Cyp46 is a neuronally expressed enzyme
under normal conditions, expression is upregulated in microglia by 3 days after brain
injury and also after LPS activation (Cartagena et al., 2008). Here we show that,
similar to effects in neuronally derived cells, 24S-hydroxycholesterol suppresses
SREBP-2 mRNA levels and increases SREBP-1 levels in mouse microglial cells
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(Figure 3-6A). In contrast to our findings in neuronally derived cells as well as
previous studies in cortical neurons (Wang et al., 2008) and STTG glia (Abildayeva et
al., 2006) where 24S-hydroxycholesterol decreased cholesterol synthesis enzyme
levels, we found that 24S-hydroxycholesterol failed to suppress mRNA levels of
cholesterol synthesis rate-limiting enzyme HMG CoA reductase or squalene synthase
(Figure 3-6B) and significantly increased mRNA levels of acetyl CoA reductase and
fatty acid synthase (Figure 3-6C). Thus, while regulation of cholesterol and fatty acid
synthesis is related in the brain, there are likely to be cell-type specific differences.

Because Cyp46 expression is strongly increased after traumatic brain injury, it is
possible that increased conversion of lipid debris into 24S-hydroxycholestol would
cause regional alterations in both the cholesterol and fatty acid synthesis pathways.
Following brain injury CSF cholesterol levels are increased resulting from cellular loss
and subsequent lipid debris (Fagan et al., 1998; Gasparovic et al., 2001; Kamada et al.,
2003). While increases in ABCA1 and ApoE after TBI would facilitate increased
cholesterol efflux either for neuronal regeneration in other areas or export from the
brain (Cartagena et al., 2008), oxysterol suppression of cholesterol synthesis would
also assist in bringing the brain back into cholesterol homeostasis after injury. Here we
show that similar to what was seen in vitro, 7 days after TBI SREBP-1 mRNA levels
are increased and SREBP-2 levels are decreased at the site of injury (Figure 3-7).
While increased expression of Cyp46 after injury may be localized to the lesion site
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(Teunissen et al., 2007; Cartagena et al., 2008), 24S-hydroxycholesterol can enter the
CSF (Papassotiropoulos et al., 2002) and thus have more of a gradient effect on the
brain as a whole. We found decreases in HMG CoA reductase and squalene synthase
mRNA levels after TBI (Figure 3-8B), indicating that cholesterol synthesis at the site
of injury is suppressed.

After brain injury levels of both endogenously produced fatty acids such as palmitic
acid as well as those derived from polyunsaturated fatty acids (PUFAs) such as
arachidonic acid are released aspects of membrane debris (Dhillon et al., 1994; Dhillon
et al., 1999; Farooqui et al., 2007). The oxidation of arachidonic acid leads to the
production of pro-inflammatory prostaglandins and leukotrienes, which can lead to
increased cell death (Phillis et al., 2006; Farooqui et al., 2007). PUFAs have also been
shown to inhibit transcription of fatty acid synthesis mRNA (Worgall et al., 1998; Xu
et al., 1999; Sampath and Ntambi, 2005). Incorporation of palmitic acid, the final
product on acetyl CoA carboxylase and fatty acid synthase activity has been linked
positively to cellular recovery and axonal regeneration after brain injury (Tone et al.,
1987; Robinson and Rapoport, 1989). However, this end-product of fatty acid synthase
activity also leads to inhibition of acetyl CoA carboxylase activity (Mabrouk et al.,
1990; Brownsey et al., 2006) and may promote its degradation. Our in vitro finding in
neuroblastomas cells and microglia on SREBP-1 and 2 regulation as well as
transcription of cholesterol synthesis genes after 24S-hydroxycholesterol treatment
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correspond positively with in vivo regulation of these same genes after TBI. In
contrast, we show that after TBI, despite elevated SREBP-1 levels, fatty acid synthase
mRNA levels remain stable and acetyl CoA carboxylase mRNA levels are in fact
reduced (Figure 3-8A). Other factors, such as infiltrating peripheral oxysterols,
feedback inhibition from palmitate derivatives, or increasing levels of PUFAs, may
contribute to the overall decreases in fatty acid synthesis seen after TBI.

After TBI, increased Cyp46 expression is accompanied by upregulation of cholesterol
efflux factors ABCA1 and ApoE (Cartagena et al., 2008). Here we show that TBI is
also accompanied by suppression of cholesterol synthesis, which we attribute to 24Shydroxycholesterol activity, as well as suppression of fatty acid synthesis which is
unrelated to 24S-hydroxycholesterol activity.
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CHAPTER IV: EFFECTS OF CYP46 AND 24S-HYDROXYCHOLESTEROL
ON APP PROCESSING: POSSIBLE RELEVANCE TO ALZHEIMER’S
DISEASE.

INTRODUCTION
Amyloid plaques are one of the hallmarks of Alzheimer’s disease (AD). The amyloid
protein found in these plaques is a cleavage product of the amyloid precursor protein
(APP) (Rocchi et al., 2003). APP is a membrane protein which can be cleaved by
several secretase enzymes (Dewachter and van Leuven, 2002). Cleavage of APP by
either α- or β-secretase releases a soluble form of APP (APPs), which is released into
the extracellular space while the fragment containing the transmembrane and
intracellular domains remain bound at the membrane (Sambamurti et al., 2002). This
remaining portion of APP can be cleaved within the transmembrane domain by a
protein complex known as γ-secretase. If APP is first cleaved by β-secretase, this
second cleavage by γ-secretase results in the release of the β amyloid (Aß) fragment.
There are two sites at which γ-secretase may cleave, resulting in Aß fragments 40 and
42 amino acids in length (Sambamurti et al., 2002). The enzymatic processing of APP
has been illustrated in Figure 4-1. Mutations in APP and γ-secretase components are
responsible for much of the early onset familial AD (Dewachter and van Leuven, 2002;
Kowalska, 2003; Rocchi et al., 2003).
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The risk of AD onset at an earlier age is increased with the APOE4 genotype in
comparison to APOE2 and APOE3 (Rocchi et al., 2003). In addition, individuals with
the APOE2 genotype seem to have a reduced risk of AD (Corder et al., 1994). Since
ApoE is involved in cholesterol efflux, this finding suggests a role for cholesterol
efflux in the development of AD. There is additional evidence that cholesterol
metabolism has an effect on the risk of developing AD since subjects with high plasma
cholesterol levels have higher susceptibility to AD (Jarvik et al., 1995; Kuo et al.,
1998). 24S-hydroxycholesterol has also been shown to be elevated in the central
nervous system of AD patients (Lutjohann et al., 2000; Papassotiropoulos et al., 2002).
This indicates that CYP46 and cholesterol efflux may be involved in the disease
process. Two retrospective studies showed statins, which reduce serum levels of
cholesterol by inhibiting cholesterol production, are protective against AD (Jick et al.,
2000; Wolozin et al., 2000). This suggests that lowering cholesterol production, and
possibly reducing cholesterol efflux due to homeostatic mechanisms, may decrease
amyloid plaque formation.
Several in vivo studies of cholesterol and Aβ have supported this association of
cholesterol with AD. Brain Aβ levels increased in transgenic mice expressing familiar
AD mutations after being fed a high cholesterol diet (Refolo et al., 2000). In contrast,
brain Aβ levels decreased when transgenic APP mice are treated with BM15.766,
which inhibits the conversion of desmosterol into cholesterol (Refolo et al., 2001).
Simvastatin, another cholesterol-lowering drug, reduced Aβ levels in guinea pig
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plasma (Fassbender et al., 2001) and avorvastatin treatment of transgenic APP mice
reduced Aβ deposits (Petanceska et al., 2002).
Several in vitro studies also support the association of cholesterol and AD. Treatment
of Neuro2A cells with either 22R-hydroxycholesterol or TO-901317 increased Aβ
levels without changing APP or APPs levels (Fukumoto et al., 2002). Neuro2A cells
treated with 22R-hydroxycholesterol have significantly higher Aβ levels than cells
pretreated with an RNAi inhibitor of ABCA1 (Fukumoto et al., 2002). These findings
indicate that ABCA1 activity may allow for greater Aβ formation and that reductions
in cholesterol efflux through decreased ABCA1 may limit Aβ formation. In contrast to
these findings, treatment of APP over-expressing neuronal cells with either methyl-βcyclodextrin, which extracts cholesterol from the cell, or lovastatin, which inhibits
cholesterol production, increased α-secretase cleavage of APP and decreased Aβ levels
(Kojro et al., 2001). When cholesterol levels were lowered by 70% in hippocampal
neurons treated with a combination of methyl- β-cyclodextrin and lovastatin, Aβ levels
were inhibited completely while levels of secreted APP did not change. These effects
were reversed when cholesterol was re-applied to depleted cells (Simons et al., 1998).
Based on this research we wanted to determine what effect Cyp46 over-expression or
24S-hydroxycholesterol treatment had on APP processing and generation of Aβ
peptide fragments.
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Figure 4-1. Enzymatic cleavage of amyloid precursor protein leads to Aβ peptide.
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METHODS
Cell Culture
Chinese hamster ovary cells overexpressing the human familial Swedish mutation of
APP (swAPP) and wildtype presenilin 1 (PS70 cells) were cultured in 6 well plated
with Opti-MEM media containing 5% FBS. 293 cells were cultured in 6 well plates
with Opti-MEM media containing 10% FBS.

Cell Treatment
Stock solutions of 24S-hydroxycholesterol and TO-90137 were prepared and 293 cells
and treated with ethanol (vehicle), 5 µM 24S-hydroxycholesterol or 1 µM TO-901317
in media as described on page 79 and incubated for 48 hr.

Cell Transfections
PS70 cells were transfected with Cyp46 cDNA in the CMV6 vector or the pEGFP-N1
(Promega) control vector, while 293 cells were transfected with wild-type APP
(wtAPP) cDNA in the pExchange-6a vector or the pExchange-6a control vector using
Fugene 6 (Roche Applied Science) according to the manufacturer’s directions.
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Aβ ELISAs
In cells overexpressing swAPP (PS70 cells), Aβ levels were measured with either a
human Aβ40 or Aβ42 ELISA kit (Biosource) according to manufacturer’s directions.
Serial dilution standards for either Aβ40 or Aβ42 were included on each plate. Optical
densities were measured using a Victor 2 plate reader (Perkin Elmer) and sample
concentrations were calculated using optical density measurements of the
corresponding plate standards. In cells overexpressing wtAPP (293 cells), Aβ40 levels
were measured using an ELISA developed by Dr. Yasuji Matsuoka. Briefly, A 96-well
Maxisorp plate (Nunc, Rochester, NY) was coated overnight with clone 1A10 (IBL),
which is specific for Abeta1-40. After blocking with Block Ace (Serotec, Raleigh,
NC), 100uL of conditioned media was loaded, in duplicate, and incubated overnight at
4C. The plate was then incubated with an HRP-coupled Aβ N-terminal end-specific
antibody, clone 82E1 (IBL), for 4 hrs, and visualized using TMB (Pierce) as a
substrate. Statistical analysis was done using Student’s t-test with Graphpad Prism 4.

Western Blot
Media was collected and equal volumes were loaded into wells or cells were lysed in
RIPA buffer and equal protein levels were loaded into wells as described on page 45.
APP levels were determined by western blot as described on page 45 using the primary
antibody C1/6.1 against the C-terminal epitope of APP or using the primary antibody
6E10 against an epitope within the Aβ domain of APP. Band density was measured
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using Scion Image and statistical analysis was done using ANOVA Newman-Keuls
multiple comparison post-hoc analysis with Graphpad Prism 4.

RESULTS
Based on some previous studies, we predicted that promoting cholesterol efflux via
LXR activation would decrease production of Aβ (Koldamova et al., 2003; Sun et al.,
2003), possibly by decreasing total cholesterol levels. We hypothesize that TO-901317
would increase cholesterol efflux and that this would lead to a decrease in Aβ42 levels.
Thus we treated cells with 5 µM TO-901317 or vehicle control in serum free media for
48 hr. However, we observed that treatment of PS70 cells with 5 µM TO-901317 for
48 hrs significantly increased Aβ42 levels by 120% in comparison to vehicle controls.
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Figure 4-2. Aβ42 levels 48 hours after treatment with LXR agonist TO-901317.
LXR activation of PS70 cells significantly increased Aβ42 levels by 120% in
comparison with controls (student’s t-test, *p<0.001, n=3). Error bars (standard error
of the mean) .
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Increasing levels of Cyp46 in cell culture should increase the conversion of cholesterol
to 24S-hydroxycholesterol, thereby lowering cholesterol levels by oxysterol diffusion.
Thus, we hypothesize that increasing Cyp46 levels will lead to a decrease in Aβ42
levels. PS70 cells in serum free media were transfected with Cyp46 cDNA or control
vector. 24 hr later media was collected and Aβ40 levels were measured by ELISA.
Over-expression of Cyp46 in PS70 cells did not alter Aβ40 levels (Figure 4-3). 48 hr
later media was collected and Aβ42 levels were measured. Over-expression of Cyp46
cDNA significantly decreased Aβ42 levels by 24% compared to controls (Figure 4-4).
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Figure 4-3. Aβ40 levels 24 hours after transfection with CYP46. PS70 cells were
transfected with either Cyp46 cDNA or a control vector containing no cDNA. After 24
hr media was collected and Aβ40 levels were measured by ELISA. No significant
changes were observed in Aβ40 levels in comparison to controls. (n=3).
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Figure 4-4. Aβ42 levels 48 hours after transfection with CYP46. Increasing levels
of Cyp46 significantly decreased Aβ42 levels by 24% in comparison to controls
(student’s t-test, *p<0.001, n=3). Error bars (standard error of the mean).
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Although Aβ levels are more easily measured with overexpression of swAPP, only a
small percentage of Alzheimer’s patients carry this familial mutation. In addition, the
Swedish mutation causes altered processing of APP in the ER/Golgi (Goate, 1998) and
this may not be relevant to sporatic AD. We wished to determine whether 24Shydroxycholestrol would alter levels of Aβ derived from wtAPP. Accordingly, 293
cells were transfected for 24hrs with wtAPP and then treated with 5 µM 24Shydroxycholesterol or vehicle control. Aβ40 levels were measured 48 hr later by
ELISA. There were no significant changes in Aβ40 levels with 24S-hydroxycholesterol
treatment (Figure 4-5).
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Figure 4-5. Aβ40 levels after 24S-hydroxycholesterol. Amyloid beta levels in the
media of 293 cells transfected with wtAPP were analyzed by ELISA following 48hr
treatment with vehicle control or 5 µM 24S-hydroxycholesterol (24S). 24Shydroxycholesterol had no significant effects on Aβ40 levels in comparison to vehicle
controls (n=6). Error bars (standard error of the mean).
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While Aβ40 levels were not altered by Cyp46 overexpression or 24Shydroxycholesterol treatment, Aβ42 levels were decreased by Cyp46 overexpression.
In order to determine what effects 24S-hydroxycholesterol had on processing of
endogenous human APP and whether these alterations are related to increased LXR
activity, 293 cells were treated with 5 µM 24S-hydroxycholesterol, 1 µM TO-901317,
or vehicle control for 48 hr. Full length APP and APP C-terminal fragments (CTFs)
were analyzed by western blot. 24S-hydroxycholesterol treatment increased full length
APP levels by 20% while there was no significant change with TO-901317 treatment
(Figure 4-6). 24S-hydroxycholeseterol treatment dramatically decreased APP CTF
levels by 96% but no change in APP CTF levels was seen with TO-901317 treatment
(Figure 4-6).
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Figure 4-6. APP increases full length APP levels and modifies APP processing. A)
Full length APP (flAPP) and APP CTF levels were analyzed following 48hrs
treatments in 293 cells with vehicle (C), 5 µM 24S-hydroxycholesterol (24S) or 1 µM
TO-901317 (TO). B) Quantification of full length APP levels showed an increase of
20% with 24S-hydroxycholesterol treatment (Newman-Keuls, p<0.05, n=3). There was
no significant change in levels with TO-901317 treatment. C) Quantification of APP
CTF levels showed a decrease of 96% with 24S-hydroxycholesterol treatment
(Newman-Keuls, p<0.001, n=3) but no change with TO-901317 treatment.
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We have shown that 24S-hydroxycholesterol leads to dramatic decreases in APP CTF
levels and increases in full length APP levels. In order to determine whether 24Shydroxycholesterol treatment leads to changes in the α-secretase activity, 293 cells
were treated with ethanol (vehicle) or 5 µM 24S-hydroxycholesterol for 48 hr, after
which media was collected and secreted APP (sAPP) levels were analyzed by western
blot. Although some samples treated with 24S-hydroxycholesterol appeared to have
lower levels of sAPPα compared to controls, there were no consistent differences
between treatments (Figure 4-7).
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Figure 4-7. Secreted APPα levels after 24S-hydroxycholesterol treatment. Secreted
APPα (sAPPα) levels were analyzed following 48hrs treatments in 293 cells with
vehicle (C) or 5 µM 24S-hydroxycholesterol (24S). 24S-hydroxycholesterol had no
consistent effect on sAPPα levels.
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DISCUSSION
Increased cholesterol levels in vitro increased Aβ levels (Askanas and Engel, 2002;
Fukumoto et al., 2002) while statin treatment in vitro decreased Aβ levels (Simons et
al., 1998; Kojro et al., 2001). However, a direct link between these cholesterol
mechanisms and APP processing has not been established. Here we show that direct
LXR activation by TO-901317 in Chinese hamster ovarian (CHO) cells overexpressing swAPP increased Aß42 levels by 120% in (Figure 4-2), supporting previous
findings in the Rebeck laboratory (Fukumoto et al., 2002). TO-901317 upregulates
expression of LXR regulated cholesterol efflux genes including ABCA1 and ApoE and
thus may increase cholesterol efflux. However, by affecting cholesterol efflux without
also suppressing cholesterol synthesis, TO-901317 may not have lowered overall
cholesterol levels. Thus, TO-901317 treatment of PS70 cells in culture may have
resulted in a redistribution of cellular cholesterol. In addition, TO-901317 has been
shown to directly affect γ-secretase, indicating that TO-901317 induced changes in
APP processing may be unrelated to LXR activity (Czech et al., 2007).
While the effects of LXR activation on APP processing is an interesting question, we
were more concerned with the effect of the endogenous brain LXR activator, 24Shydroxycholesterol. Cyp46 can reduce cholesterol by several methods including
removing cholesterol from the membrane as it converts it to 24S-hydroxycholesterol,
increasing cholesterol efflux through LXR activation, and suppressing cholesterol
synthesis through the effects of this oxysterol on SREBP activation. Thus, Cyp46 may
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more effectively lower overall cholesterol levels than an LXR agonist alone, leading to
decreased Aβ42 levels. We show here that increased Cyp46 expression resulted in
decreased Aβ42 levels (Figure 4-4) although Aβ40 levels were not altered by Cyp46
overexpression (Figure 4-3) or by 24S-hydroxycholesterol treatment (Figure 4-5). It is
possible shifting cholesterol levels preferentially effects the formation of Aβ42 levels.
Effects of Cyp46 on Aβ42 are particularly important because Aβ42 is more likely to
aggregate and is thought to facilitate plaque formation in Alzheimer’s patients.
24S-hydroxycholesterol dramatically decreased not only APP CTF levels but also
levels of other undefined intermediate size APP cleavage products (Figure 4-6). This
suggests that either α- or β- secretase activity has been decreased or γ- secretase has
been increased (See Figure 4-1 for illustration of secretase cleavage of APP). Increases
in γ-secretase should also lead to increases in Aβ levels. In previous experiments Aβ42
levels decreased with Cyp46 over-expression (Figure 4-4), indicating that 24Shydroxycholesterol is unlikely to be increasing γ-secretase levels. Decreases in βsecretase should hypothetically increase levels of α-CTF, which is not what we
observed with 24S-hydroxycholesterol treatment (Figure 4-6). Thus, a probable
conclusion is that 24S-hydroxycholesterol is decreasing α-secretase activity. However
this hypothesis conflicts with another study showing that 24S-hydroxycholesterol
increased α-secretase activity and decreased β-secretase activity in SY5Y cells (Famer
et al., 2007).
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Increased in α-secretase activity should lead to increases in the sAPPα cleavage
product of APP. While previous work in SY5Y cells showed increased α-secretase
activity with 24S-hydroxycholesterol (Famer et al., 2007) in our system we saw no
change in sAPPα levels (Figure 4-7) indicating that α-secretase activity is not altered.
Several factors may contribute to these differences including different cell lines and
different media conditions. Interestingly, in the previous study no change was found in
sAPPα when cells were treated with both 24S-hydroxycholesterol and 27hydroxcholesterol in combination, indicating that the presence of other oxysterols
alters the effects of 24S-hydroxycholesterol on APP processing. Since our
measurements of sAPPα levels were done with 10% FBS present, it is possible that the
other oxysterol in the media are influencing the effects of 24S-hydroxycholesterol seen
in this system.
The experiments described above raise some interesting questions about possible
interactions between Cyp46 induced cholesterol mechanisms and APP processing.
Clearly, both Cyp46 overexpression and direct treatment of cells with 24Shydroxycholesterol alter APP processing. These effects do not seem to be due to
increased LXR activity and may be indirect effects of lowering overall cholesterol
levels in the cell. Our previous findings in traumatic brain injury, as well as other
studies of CNS injury, support the idea that increases in Cyp46 in not a marker of
Alzheimer’s disease but a more general marker of CNS injury. Although the
experiments shown here are very preliminary, the results indicate that increased Cyp46
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expression may in fact affect the development of Alzheimer’s disease. A systematic
study of the effects of 24S-hydroxycholesterol on the processing of APP is needed to
better determine the mechanisms involved in this process.
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CHAPTER V: OVERALL CONCLUSIONS AND SIGNIFICANCE

Traumatic brain injury is characterized by the cellular damage caused by the primary
injury seen within minutes to a few hours after impact as well as the many secondary
injury effects which occur within hours to days after the impact (Menon and Wheeler,
2005; Morganti-Kossmann et al., 2007). Primary effects include cellular loss from the
impact itself as well as loss of ATP, a necessary energy source for many cellular
mechanisms, and failure of ionic pumps (Menon and Wheeler, 2005). Secondary
effects include swelling of the astrocytic foot processes, contributing to the breakdown
of the blood brain barrier (Fitch et al., 1999; Menon and Wheeler, 2005; MorgantiKossmann et al., 2007), peripheral macrophage infiltration (Fitch and Silver, 1997) and
local astroglia and microglia proliferation and activation (Cernak et al., 2004; Di
Giovanni et al., 2005). Microglia and macrophages release proinflammatory cytokine
and promote oxidative stress (Delgado and Ganea, 2003; Langley and Ratan, 2004;
Menon and Wheeler, 2005; Morganti-Kossmann et al., 2007), while astoglial
neurotransmitter reuptake is reversed leading to toxic levels of the excitatory amino
acid glutamate (Faden and Stoica, 2007; Park et al., 2008). This leads to excitotoxic
neuronal death from depolarization of cells via activation of AMPA and NMDA
receptors and the resulting high intracellular calcium levels (Faden and Stoica, 2007;
Park et al., 2008). Although cellular necrosis is the cause of primary neuronal loss after
TBI, apoptotic mechanisms contribute to secondary neuronal loss (Langley and Ratan,
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2004; Menon and Wheeler, 2005; Faden and Stoica, 2007; Morganti-Kossmann et al.,
2007; Park et al., 2008).

Neuronal death from both primary and secondary injury leads to lipid debris, releasing
excess cholesterol and fatty acids into the surrounding area (Dhillon et al., 1994;
Faden, 1996; Dhillon et al., 1999; Gasparovic et al., 2001; Kamada et al., 2003; Kay et
al., 2003). Cholesterol is normally under strict homeostatic control (Horton et al., 2002;
Ory, 2004). After TBI, excess cholesterol from lipid debris must be cleared to regain
cholesterol homeostasis. We propose that the enzyme Cyp46 plays a critical role in reestablishing cholesterol homeostasis after TBI. Cyp46 converts cholesterol into the
more hydrophilic, and therefore more soluble, 24S-hydroxycholesterol (Lund et al.,
1999). The effects of 24S-hydroxycholesterol on cholesterol homeostasis after TBI are
potentially four-fold.

First, because 24S-hydroxycholesterol is more soluble than cholesterol and can cross
membranes, it can be cleared from the cell and from the brain overall by diffusion
across the blood brain barrier (Lund et al., 1999; Papassotiropoulos et al., 2002; Xie et
al., 2003; Bjorkhem, 2006). Studies on the Cyp46 knock-out mouse indicate that this is
the primary mechanism for clearing cholesterol from the brain under normal
circumstances (Xie et al., 2003). Thus, increased Cyp46 activity would promote
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clearance of cholesterol from the site of injury through increased production of 24Shydroxycholesterol.

Second, 24S-hydroxycholesterol is a potent LXR agonist (Lehmann et al., 1997;
Janowski et al., 1999). We found increased levels of the two LXR-responsive gene
products ABCA1 and ApoE. Both ABCA1 and ApoE are necessary for cholesterol and
phospholipid efflux from cells to lipoproteins (Huang et al., 2001; Smith et al., 2004;
Hirsch-Reinshagen et al., 2005), and allows cholesterol to be cleared from the brain
(Xie et al., 2003) presumably through arachnoid granulations into the superior sagital
sinus and subsequently the venous system. By increasing expression of both ABCA1
and ApoE protein levels, 24S-hydroxycholesterol promotes a second path to clearing
cholesterol, as well as phospholipids, out of cells and ultimately out of the brain.
Increased export of cholesterol and phospholipid laden lipoproteins may in part
account for increased CSF lipid levels seen after TBI (Kay et al., 2003).

Third, LXR activation has been shown to have anti-inflammatory effects (Stannard et
al., 2001; Joseph et al., 2003; Guo et al., 2004; Walcher et al., 2006). This may be due
to a decrease in the cholesterol load since increases in cholesterol have proinflammatory effects and decreases in cholesterol have anti-inflammatory effects in the
periphery (Hansson et al., 2006; Ansell et al., 2007; Navab et al., 2007; Sanossian et
al., 2007). Additionally, some LXR responsive gene products, such as ApoE, may be
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directly anti-inflammatory. Peptides derived from the ApoE receptor binding domain
alone have been shown to have anti-inflammatory effects (Hoane et al., 2007;
Laskowitz et al., 2007; Pocivavsek et al., 2008). Thus, increasing 24Shydroxycholesterol at the injury site promotes multiple anti-inflammatory processes.
This in turn may decrease neuronal death and thus prohibit additional release of
cholesterol containing lipid debris.

Finally, 24S-hydroxycholesterol suppresses cholesterol synthesis by decreasing levels
of nSREBP-2. Here we show that 24S-hydroxycholesterol decreases nSREBP-2 levels
by multiple mechanisms. First, 24S-hydroxycholesterol, like other oxysterols,
effectively inhibits cleavage of cSREBP-2 to nSREBP-2. However, unlike other
oxysterols such as 25-hydroxycholesterol or 27-hydroxycholesterol, 24Shydroxycholesterol also decreases mRNA levels of cSREBP-2 resulting in lower
cSREBP-2 protein levels. Thus 24S-hydroxycholesterol decreases availability of this
precursor protein and then further inhibits its cleavage and availability as a
transcription factor for cholesterol synthesis enzymes. The availability of nSREBP-2
regulates the transcription not just of the rate limiting enzyme HMG CoA reductase,
but also several other enzymes in the cholesterol synthesis pathway. Here we show that
24S-hyroxycholesterol decreases transcription of HMG CoA reductase, squalene
synthase, as well as FPP synthase, and thus decreasing cholesterol synthesis.
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After TBI we observed increased Cyp46 levels. One function of microglia following
injury is the removal of lipid debris (Gasparovic et al., 2001; Kamada et al., 2003) and
the increased expression of Cyp46 in these cells may be a necessary step in the
processing of phagocytosed lipids. The resulting 24S-hydroxycholesterol would not
only affect signaling in microglia, but since 24S-hydroxycholesterol passes membranes
and diffuses in the extracellular space (Lutjohann et al., 2000; Papassotiropoulos et al.,
2002; Xie et al., 2003), it can potentially affect other neighboring cell, including
neurons and astroglia. Corresponding with this idea of a TBI-induced 24Shyroxycholesterol gradient, we saw significant increase in SREBP-1 and decreases in
SREBP-2 at the site of injury in comparison to shams and we saw intermediate level
non-significant changes in the contralateral cortex of injured animals.

Release of lipid debris after TBI-induced neuronal death also leads to excess fatty
acids, the building blocks of membrane phospholipids. This includes PUFA’s such as
arachidonic acid, which lead to pro-inflammatory eicosanoids (Fritsche, 2006) as well
as endogenously synthesized palmitic and oleic acids (Dhillon et al., 1994; Dhillon et
al., 1999). As with cholesterol, fatty acids are under homeostatic control. This is
primarily through regulation of cSREBP-1a or cSREBP-1c to their nuclear forms.
By increasing ABCA1 and ApoE facilitated phospholipids efflux into lipoproteins,
24S-hydroxycholesterol can promote clearance of fatty acids after TBI. 24Shydroxycholesterol also potentially plays a dual role controlling fatty acid synthesis.
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First, 24S-hydroxycholesterol upregulates mRNA levels of cSREBP-1c, which is under
LXR regulation, potentially leading to increased fatty acid synthesis. Second, based on
studies of other oxysterols, 24S-hydroxycholesterol potentially inhibits the cleavage of
both cSREBP-1a and cSREBP-1c to their nuclear forms. This would inhibit fatty acid
synthesis. Our findings suggest that these competing effects of 24S-hydroxycholesterol
lead to little change in the combined nSREBP-1a and 1c levels.

Based on studies in transgenic mice, the nuclear forms of SREBP-1a and 1c, both
upregulate the enzymes in the fatty acid synthesis pathway, acetyl CoA carboxylase
and fatty acid synthase (Horton et al., 1998; Horton and Shimomura, 1999). However,
nSREBP-1a appeared to be a more effective transcription factor than nSREBP-1c and
led to greater upregulation of fatty acid synthesis enzymes (Horton et al., 1998; Horton
and Shimomura, 1999). When looking at the downstream transcription effects of 24Shydroxycholesterol on fatty acid synthesis, we found that in 293 cells and SY5Y cells
there was no significant net effect on either acetyl CoA carboxylase or fatty acid
synthase. However, when we looked at similar downstream outcomes in BV2
microglia, we found that 24S-hydroxycholesterol significantly upregulated both acetyl
CoA carboxylase and fatty acid synthase. It may be that the relative influence of
nSREBP-1c in comparison to nSREBP-1a is greater in BV2 cells than in 293 or SY5Y
cells, leading to increases fatty acid synthesis enzymes in these cells.
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Contrary to the regulatory effect of 24S-hydroxycholesterol on fatty acid synthesis seen
in vitro, we show that after TBI transcript levels of the rate limiting enzyme acetyl CoA
carboxylase are decreased while levels of fatty acid synthase did not change. This is
despite coinciding significant increases in SREBP-1 mRNA levels which indicate
increased LXR activation. Based on findings in vitro which indicate that 24Shydroxycholesterol has either no effect or a positive effect on fatty acid synthesis, we
attribute these results to factors other than 24S-hydroxycholesterol. Both palmitic acid
and PUFAs are upregulated after TBI (Dhillon et al., 1994; Dhillon et al., 1999; Pilitsis
et al., 2003). When fatty acid levels are high after TBI due to accumulating lipid debris,
increasing fatty acid synthesis would work against homeostatic mechanisms rather than
facilitating them. While cholesterol synthesis is regulated primarily by SREBP
mechanisms, fatty acid synthesis has other regulatory mechanisms that may be factors
after TBI (Horton et al., 2002). Palmitoyl CoA, a derivative of the end product palmitic
acid, causes the disassembly of ACC filaments and inhibits the transport of citrate, a
facilitator of ACC filaments, from the mitochondria to the cytoplasm (Rubink and
Winder, 2005; Berg et al., 2007). In addition, PUFAs have been shown to decrease
SREBP-1a and 1c as well as acetyl CoA carboxylase mRNA levels, although the
mechanisms for this inhibition have not been well defined.(Xu et al., 1999). Thus PUFAs
as well as increased levels of palmitic acid after TBI may counteract any effects of 24Shydroxycholesterol. The role of Cyp46 and 24S-hydroxycholesterol has been modeled in
Figure 4-1.
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Figure 4-1. Model of Cholesterol and Fatty Acid Mechanisms after TBI.
Factors that are increased are indicated in red while factors that are decreased
are indicated in blue.
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Based on these findings, we hypothesize that Cyp46 expression and increased
24S-hydroxycholesterol levels following injury may increase microglial
cholesterol efflux following phagocytosis of cellular debris, and reduce
inflammatory and oxidative signals regionally. We hypothesize that microglia at
the injury site may utilize 24S-hydroxycholesterol to upregulate internal fatty
acid synthesis for membrane expansion during activation and proliferation but
that this does not translate into overall increases in fatty acid synthesis. Similar
changes in Cyp46 expression have been seen in other models of injury including
in acute experimental autoimmune encephalomyelitis (Teunissen et al., 2007),
hippocampal kainate injury (He et al., 2006), and in post-mortem AD tissue
(Bogdanovic et al., 2001; Brown III et al., 2004), while increased levels of 24Shydroxycholesterol, indicating increased levels or activity of Cyp46, has been
seen in the CSF and serum of AD patients (Bretillon et al., 2000;
Papassotiropoulos et al., 2002). Our results demonstrate that increases in Cyp46
expression are a marker of CNS injury, not a marker of any particular
neurodegenerative condition. Its activity is an endogenous mechanism that
achieves many of the biological goals attempted in research of pharmaceuticals
after brain injury or inflammation. For instance, statins have been used to lower
cholesterol synthesis by inhibiting HMG CoA reductase and have been linked to
a decrease in the risk of developing AD (Wolozin et al., 2000). LXR agonists
have been proposed as a way to promote cholesterol efflux after amyloid
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induced neurodegeneration, potentially reducing neuronal damage (Riddell et
al., 2007). Peptides of the ApoE receptor binding domain have been examined
as possible clinical treatments to reduce inflammatory effects after brain injury
(Hoane et al., 2007; Laskowitz et al., 2007). Through its enzymatic activity and
upregulation of 24S-hydroxycholesterol, Cyp46 accomplishes all these
functions. Although the mechanisms controlling Cyp46 expression have yet to
be defined, it is possible that future basic research may determine a mechanism
to upregulate Cyp46 expression, possibly through gene therapy. Induction of
these positive Cyp46 effects would be potentially beneficial following TBI.

148

LIST OF PUBLICATION
Cartagena, C. M., Ahmed, F., Burns, M. P., Pajoohesh-Ganji, A., Pak, D. T., Faden,
A. I. and Rebeck, G. W. (2008). Cortical Injury Increases Cholesterol 24S
Hydroxylase (Cyp46) Levels in the Rat Brain. J Neurotrauma. 25, 1087-1098
Hoe, H. S., Cooper, M. J., Burns, M. P., Lewis, P. A., van der Brug, M., Chakraborty,
G., Cartagena, C. M., Pak, D. T., Cookson, M. R. and Rebeck, G. W. (2007).
The metalloprotease inhibitor TIMP-3 regulates amyloid precursor protein and
apolipoprotein E receptor proteolysis. J Neurosci. 27, 10895-10905.
Cartagena, C.M., Ahmed, F., Pajoohesh-Ganji, A., Pak, D.T., Faden, A.I., Rebeck,
G.W., (2007). Cortical injury increases cholesterol 24S hydroxylase (Cyp46)
levels in the rat brain., Program No. 260.3.2007 Abstract Viewer/ Itinerary
Planner. Washington, DC: Society for Neuroscience, Online.
Cartagena, C.M., Rebeck, G.W., (2004). Cholesterol 24 hydroxylase regulation of
cholesterol homeostasis and β-amyloid., Program No. 423.2.2004 Abstract
Viewer/Itinerary Planner. Washington, DC: Society for Neuroscience, Online.
Cartagena, C.M., (2003) Regulation of the transcription factor p53 in normal and
chronically stressed male rat brain. Master's thesis, Eastern Michigan
University, Ypsilanti.
Cartagena, C.M., Patel, P.D., Lopez, J.F., (2002). Chronic stress increases gene
expression of the apoptotic factor p53 in the hippocampus of male rats.,

149

Program No. 671.5.2002 Abstract Viewer/Itinerary Planner. Washington, DC:
Society for Neuroscience, Online.
BIBLIOGRAPHY
Abildayeva, K., Jansen, P. J., Hirsch-Reinshagen, V., Bloks, V. W., Bakker, A. H.,
Ramaekers, F. C., de Vente, J., Groen, A. K., Wellington, C. L., Kuipers, F. and
Mulder, M. (2006). 24(S)-hydroxycholesterol participates in a liver X receptorcontrolled pathway in astrocytes that regulates apolipoprotein E-mediated
cholesterol efflux. J Biol Chem. 281, 12799-12808.
Adams, C. M., Reitz, J., De Brabander, J. K., Feramisco, J. D., Li, L., Brown, M. S.
and Goldstein, J. L. (2004). Cholesterol and 25-hydroxycholesterol inhibit
activation of SREBPs by different mechanisms, both involving SCAP and
Insigs. J Biol Chem. 279, 52772-52780.
Akiyama, H., Barger, S., Barnum, S., Bradt, B., Bauer, J., Cole, G. M., Cooper, N. R.,
Eikelenboom, P., Emmerling, M., Fiebich, B. L., Finch, C. E., Frautschy, S.,
Griffin, W. S., Hampel, H., Hull, M., Landreth, G., Lue, L., Mrak, R.,
Mackenzie, I. R., McGeer, P. L., O'Banion, M. K., Pachter, J., Pasinetti, G.,
Plata-Salaman, C., Rogers, J., Rydel, R., Shen, Y., Streit, W., Strohmeyer, R.,
Tooyoma, I., Van Muiswinkel, F. L., Veerhuis, R., Walker, D., Webster, S.,
Wegrzyniak, B., Wenk, G. and Wyss-Coray, T. (2000). Inflammation and
Alzheimer's disease. Neurobiol Aging. 21, 383-421.
Alberts, B. (1989). Molecular biology of the cell. — Garland Pub., New York.
150

Alexandrov, P., Cui, J. G., Zhao, Y. and Lukiw, W. J. (2005). 24S-hydroxycholesterol
induces inflammatory gene expression in primary human neural cells.
Neuroreport. 16, 909-913.
Ansell, B. J., Fonarow, G. C., Navab, M. and Fogelman, A. M. (2007). Modifying the
anti-inflammatory effects of high-density lipoprotein. Curr Atheroscler Rep. 9,
57-63.
Askanas, V. and Engel, W. K. (2002). Newest pathogenetic considerations in
inclusion-body myositis: possible role of amyloid-beta, cholesterol, relation to
aging and to Alzheimer's disease. Curr Rheumatol Rep. 4, 427-433.
Bar-On, P., Crews, L., Koob, A. O., Mizuno, H., Adame, A., Spencer, B. and Masliah,
E. (2008). Statins reduce neuronal alpha-synuclein aggregation in in vitro
models of Parkinson's disease. J Neurochem. 105, 1656-1667.
Barres, B. A. and Smith, S. J. (2001). Neurobiology. Cholesterol--making or breaking
the synapse. Science. 294, 1296-1297.
Baumann, N. and Pham-Dinh, D. (2001). Biology of oligodendrocyte and myelin in the
mammalian central nervous system. Physiol Rev. 81, 871-927.
Berg, J. M., Tymoczko, J. L. and Stryer, L. (2007). Biochemistry. — W.H. Freeman,
New York.
Bhathena, S. J. (2000). Relationship between fatty acids and the endocrine system.
Biofactors. 13, 35-39.

151

Bjorkhem, I. (2006). Crossing the barrier: oxysterols as cholesterol transporters and
metabolic modulators in the brain. J Intern Med. 260, 493-508.
Bleau, A. M., Levitchi, M. C., Maurice, H. and du Souich, P. (2000). Cytochrome
P450 inactivation by serum from humans with a viral infection and serum from
rabbits with a turpentine-induced inflammation: the role of cytokines. Br J
Pharmacol. 130, 1777-1784.
Bogdanovic, N., Bretillon, L., Lund, E. G., Diczfalusy, U., Lannfelt, L., Winblad, B.,
Russell, D. W. and Bjorkhem, I. (2001). On the turnover of brain cholesterol in
patients with Alzheimer's disease. Abnormal induction of the cholesterolcatabolic enzyme CYP46 in glial cells. Neurosci Lett. 314, 45-48.
Bonotis, K., Krikki, E., Holeva, V., Aggouridaki, C., Costa, V. and Baloyannis, S.
(2008). Systemic immune aberrations in Alzheimer's disease patients. J
Neuroimmunol. 193, 183-187.
Bourre, J. M., Dumont, O. L., Clement, M. E. and Durand, G. A. (1997). Endogenous
synthesis cannot compensate for absence of dietary oleic acid in rats. J Nutr.
127, 488-493.
Boyles, J. K., Pitas, R. E., Wilson, E., Mahley, R. W. and Taylor, J. M. (1985).
Apolipoprotein E associated with astrocytic glia of the central nervous system
and with nonmyelinating glia of the peripheral nervous system. Journal of
Clinical Investigation. 76, 1501-1513.

152

Bretillon, L., Diczfalusy, U., Bjorkhem, I., Maire, M. A., Martine, L., Joffre, C., Acar,
N., Bron, A. and Creuzot-Garcher, C. (2007). Cholesterol-24S-hydroxylase
(CYP46A1) is specifically expressed in neurons of the neural retina. Curr Eye
Res. 32, 361-366.
Bretillon, L., Siden, A., Wahlund, L. O., Lutjohann, D., Minthon, L., Crisby, M.,
Hillert, J., Groth, C. G., Diczfalusy, U. and Bjorkhem, I. (2000). Plasma levels
of 24S-hydroxycholesterol in patients with neurological diseases. Neurosci
Lett. 293, 87-90.
Brooks, S. P. and Lampi, B. J. (1999). Effect of dietary fat on whole body fatty acid
synthesis in weanling rats. J Nutr Biochem. 10, 291-298.
Brown III, J., Theisler, C., Silberman, S., Magnuson, D., Gootardi-Littell, N., Lee, J.
M., Yager, D., Crowley, J., Sambamuri, K., Rahman, M. M., Reiss, A. B.,
Eckman, C. B. and Wolozin, B. (2004). Differential expression of cholesterol
hydroxylases in Alzheimer's disease. Journal of Biological Chemistry. 279,
34674-34681.
Brown, M. S. and Goldstein, J. L. (1997). SREBP pathway: regulation of cholesterol
metabolism by proteolysis of a membrane-bound transcription factor. Cell. 89,
331-340.
Brownsey, R. W., Boone, A. N., Elliott, J. E., Kulpa, J. E. and Lee, W. M. (2006).
Regulation of acetyl-CoA carboxylase. Biochem Soc Trans. 34, 223-227.

153

Cagen, L. M., Deng, X., Wilcox, H. G., Park, E. A., Raghow, R. and Elam, M. B.
(2005). Insulin activates the rat sterol-regulatory-element-binding protein 1c
(SREBP-1c) promoter through the combinatorial actions of SREBP, LXR, Sp-1
and NF-Y cis-acting elements. Biochem J. 385, 207-216.
Cartagena, C. M., Ahmed, F., Burns, M. P., Pajoohesh-Ganji, A., Pak, D. T., Faden, A.
I. and Rebeck, G. W. (2008). Cortical Injury Increases Cholesterol 24S
Hydroxylase (Cyp46) Levels in the Rat Brain. J Neurotrauma. 25, 1087-1098.
Cernak, I., Vink, R., Zapple, D. N., Cruz, M. I., Ahmed, F., Chang, T., Fricke, S. T.
and Faden, A. I. (2004). The pathobiology of moderate diffuse traumatic brain
injury as identified using a new experimental model of injury in rats. Neurobiol
Dis. 17, 29-43.
Chen, C. and Bazan, N. G. (2005). Lipid signaling: sleep, synaptic plasticity, and
neuroprotection. Prostaglandins Other Lipid Mediat. 77, 65-76.
Chen, G., Liang, G., Ou, J., Goldstein, J. L. and Brown, M. S. (2004). Central role for
liver X receptor in insulin-mediated activation of Srebp-1c transcription and
stimulation of fatty acid synthesis in liver. Proc Natl Acad Sci U S A. 101,
11245-11250.
Corder, E. H., Saunders, A. M., Risch, N. J., Strittmatter, W. J., Schmechel, D. E.,
Gaskell, P. C., Jr., Rimmler, J. B., Locke, P. A., Conneally, P. M., Schmader,
K. E. and et al. (1994). Protective effect of apolipoprotein E type 2 allele for
late onset Alzheimer disease. Nat Genet. 7, 180-184.
154

Czech, C., Burns, M. P., Vardanian, L., Augustin, A., Jacobsen, H., Baumann, K. and
Rebeck, G. W. (2007). Cholesterol independent effect of LXR agonist TO901317 on gamma-secretase. J Neurochem. 101, 929-936.
Delgado, M. and Ganea, D. (2003). Vasoactive intestinal peptide prevents activated
microglia-induced neurodegeneration under inflammatory conditions: potential
therapeutic role in brain trauma. Faseb J. 17, 1922-1924.
Dewachter, I. and van Leuven, F. (2002). Secretases as targets for the treatment of
Alzheimer's disease: the prospects. Lancet. 1, 409-416.
Dhillon, H. S., Carman, H. M., Zhang, D., Scheff, S. W. and Prasad, M. R. (1999).
Severity of experimental brain injury on lactate and free fatty acid
accumulation and Evans blue extravasation in the rat cortex and hippocampus.
J Neurotrauma. 16, 455-469.
Dhillon, H. S., Donaldson, D., Dempsey, R. J. and Prasad, M. R. (1994). Regional
levels of free fatty acids and Evans blue extravasation after experimental brain
injury. J Neurotrauma. 11, 405-415.
Di Giovanni, S., Movsesyan, V., Ahmed, F., Cernak, I., Schinelli, S., Stoica, B. and
Faden, A. I. (2005). Cell cycle inhibition provides neuroprotection and reduces
glial proliferation and scar formation after traumatic brain injury. Proc Natl
Acad Sci U S A. 102, 8333-8338.

155

Dietschy, J. M. and Turley, S. D. (2004). Thematic review series: brain Lipids.
Cholesterol metabolism in the central nervous system during early development
and in the mature animal. J Lipid Res. 45, 1375-1397.
Du, X., Pham, Y. H. and Brown, A. J. (2004). Effects of 25-hydroxycholesterol on
cholesterol esterification and sterol regulatory element-binding protein
processing are dissociable: implications for cholesterol movement to the
regulatory pool in the endoplasmic reticulum. J Biol Chem. 279, 47010-47016.
Elshourbagy, N. A., Liao, W. S., Mahley, R. W. and Taylor, J. M. (1985).
Apolipoprotein E mRNA is abundant in the brain and adrenals, as well as in the
liver, and is present in other peripheral tissues of rats and marmosets. Proc Natl
Acad Sci U S A. 82, 203-207.
Engelhardt, E. L., Sankar, M., Wu-Wang, C. Y., Thomas, M. R., Walker, W. R. and
Neu, J. (1991). Effect of cholesterol deprivation on piglet small intestine and
serum lipids. J Pediatr Gastroenterol Nutr. 12, 494-500.
Faden, A. I. (1996). Pharmacologic treatment of acute traumatic brain injury. Jama.
276, 569-570.
Faden, A. I., Knoblach, S. M., Cernak, I., Fan, L., Vink, R., Araldi, G. L., Fricke, S. T.,
Roth, B. L. and Kozikowski, A. P. (2003). Novel diketopiperazine enhances
motor and cognitive recovery after traumatic brain injury in rats and shows
neuroprotection in vitro and in vivo. J Cereb Blood Flow Metab. 23, 342-354.

156

Faden, A. I. and Stoica, B. (2007). Neuroprotection: challenges and opportunities.
Arch Neurol. 64, 794-800.
Fagan, A. M., Murphy, B. A., Patel, S. N., Kilbridge, J. F., Mobley, W. C., Bu, G. and
Holtzman, D. M. (1998). Evidence for normal aging of the septo-hippocampal
cholinergic system in apoE (-/-) mice but impaired clearance of axonal
degeneration products following injury. Exp Neurol. 151, 314-325.
Famer, D., Meaney, S., Mousavi, M., Nordberg, A., Bjorkhem, I. and Crisby, M.
(2007). Regulation of alpha- and beta-secretase activity by oxysterols:
cerebrosterol stimulates processing of APP via the alpha-secretase pathway.
Biochem Biophys Res Commun. 359, 46-50.
Farese, R. V., Jr., Cases, S. and Smith, S. J. (2000). Triglyceride synthesis: insights
from the cloning of diacylglycerol acyltransferase. Curr Opin Lipidol. 11, 229234.
Farooqui, A. A., Horrocks, L. A. and Farooqui, T. (2007). Modulation of inflammation
in brain: a matter of fat. J Neurochem. 101, 577-599.
Fassbender, K., Simons, M., Bergmann, C., Stroick, M., Lutjohann, D., Keller, P.,
Runz, H., Kuhl, S., Bertsch, T., von Bergmann, K., Hennerici, M., Beyreuther,
K. and Hartmann, T. (2001). Simvastatin strongly reduces levels of Alzheimer's
disease beta -amyloid peptides Abeta 42 and Abeta 40 in vitro and in vivo. Proc
Natl Acad Sci U S A. 98, 5856-5861.

157

Fielding, C. J. and Fielding, P. E. (2004). Membrane cholesterol and the regulation of
signal transduction. Biochem Soc Trans. 32, 65-69.
Fitch, M. T., Doller, C., Combs, C. K., Landreth, G. E. and Silver, J. (1999). Cellular
and molecular mechanisms of glial scarring and progressive cavitation: in vivo
and in vitro analysis of inflammation-induced secondary injury after CNS
trauma. J Neurosci. 19, 8182-8198.
Fitch, M. T. and Silver, J. (1997). Activated macrophages and the blood-brain barrier:
inflammation after CNS injury leads to increases in putative inhibitory
molecules. Exp Neurol. 148, 587-603.
Fox, G. B., Fan, L., Levasseur, R. A. and Faden, A. I. (1998). Sustained sensory/motor
and cognitive deficits with neuronal apoptosis following controlled cortical
impact brain injury in the mouse. J Neurotrauma. 15, 599-614.
Frayn, K. N. (2003). The glucose-fatty acid cycle: a physiological perspective.
Biochem Soc Trans. 31, 1115-1119.
Fritsche, K. (2006). Fatty acids as modulators of the immune response. Annu Rev
Nutr. 26, 45-73.
Fu, X., Menke, J. G., Chen, Y., Zhou, G., MacNaul, K. L., Wright, S. D., Sparrow, C.
P. and Lund, E. G. (2001). 27-hydroxycholesterol is an endogenous ligand for
liver X receptor in cholesterol-loaded cells. J Biol Chem. 276, 38378-38387.
Fukumoto, H., Deng, A., Irizarry, M. C., Fitzgerald, M. L. and Rebeck, G. W. (2002).
Induction of the cholesterol transporter ABCA1 in central nervous system cells
158

by liver X receptor agonists increases secreted Aβ levels. Journal of Biological
Chemistry. 277, 48508-48513.
Gallo, L. L., Clark, S. B., Myers, S. and Vahouny, G. V. (1984). Cholesterol
absorption in rat intestine: role of cholesterol esterase and acyl coenzyme
A:cholesterol acyltransferase. J Lipid Res. 25, 604-612.
Garbay, B., Bauxis-Lagrave, S., Boiron-Sargueil, F., Elson, G. and Cassagne, C.
(1997). Acetyl-CoA carboxylase gene expression in the developing mouse
brain. Comparison with other genes involved in lipid biosynthesis. Brain Res
Dev Brain Res. 98, 197-203.
Gasparovic, C., Rosenberg, G. A., Wallace, J. A., Estrada, E. Y., Roberts, K.,
Pastuszyn, A., Ahmed, W. and Graham, G. D. (2001). Magnetic resonance lipid
signals in rat brain after experimental stroke correlate with neutral lipid
accumulation. Neurosci Lett. 301, 87-90.
Gibbons, G. F., Wiggins, D., Brown, A. M. and Hebbachi, A. M. (2004). Synthesis and
function of hepatic very-low-density lipoprotein. Biochem Soc Trans. 32, 5964.
Gill, S., Chow, R. and Brown, A. J. (2008). Sterol regulators of cholesterol
homeostasis and beyond: The oxysterol hypothesis revisited and revised. Prog
Lipid Res.
Gimpl, G., Burger, K. and Fahrenholz, F. (2002). A closer look at the cholesterol
sensor. Trends Biochem Sci. 27, 596-599.
159

Goate, A. M. (1998). Monogenetic determinants of Alzheimer's disease: APP
mutations. Cell Mol Life Sci. 54, 897-901.
Goldberg, I. J. and Merkel, M. (2001). Lipoprotein lipase: physiology, biochemistry,
and molecular biology. Front Biosci. 6, D388-405.
Goldman, S. M., Tanner, C. M., Oakes, D., Bhudhikanok, G. S., Gupta, A. and
Langston, J. W. (2006). Head injury and Parkinson's disease risk in twins. Ann
Neurol. 60, 65-72.
Goldstein, J. L., Brown, M. S., Anderson, R. G., Russell, D. W. and Schneider, W. J.
(1985). Receptor-mediated endocytosis: concepts emerging from the LDL
receptor system. Annu Rev Cell Biol. 1, 1-39.
Gross, R. W., Jenkins, C. M., Yang, J., Mancuso, D. J. and Han, X. (2005). Functional
lipidomics: the roles of specialized lipids and lipid-protein interactions in
modulating neuronal function. Prostaglandins Other Lipid Mediat. 77, 52-64.
Guo, L., LaDu, M. J. and Van Eldik, L. J. (2004). A dual role for apolipoprotein e in
neuroinflammation: anti- and pro-inflammatory activity. J Mol Neurosci. 23,
205-212.
Haemmerle, G., Lass, A., Zimmermann, R., Gorkiewicz, G., Meyer, C., Rozman, J.,
Heldmaier, G., Maier, R., Theussl, C., Eder, S., Kratky, D., Wagner, E. F.,
Klingenspor, M., Hoefler, G. and Zechner, R. (2006). Defective lipolysis and
altered energy metabolism in mice lacking adipose triglyceride lipase. Science.
312, 734-737.
160

Hannun, Y. A. and Obeid, L. M. (2008). Principles of bioactive lipid signalling:
lessons from sphingolipids. Nat Rev Mol Cell Biol. 9, 139-150.
Hansson, G. K., Robertson, A. K. and Soderberg-Naucler, C. (2006). Inflammation and
atherosclerosis. Annu Rev Pathol. 1, 297-329.
Hazard, S. E. and Patel, S. B. (2007). Sterolins ABCG5 and ABCG8: regulators of
whole body dietary sterols. Pflugers Arch. 453, 745-752.
He, X., Jenner, A. M., Ong, W. Y., Farooqui, A. A. and Patel, S. C. (2006). Lovastatin
modulates increased cholesterol and oxysterol levels and has a neuroprotective
effect on rat hippocampal neurons after kainate injury. J Neuropathol Exp
Neurol. 65, 652-663.
Hirsch-Reinshagen, V., Maia, L. F., Burgess, B. L., Blain, J. F., Naus, K. E., McIsaac,
S. A., Parkinson, P. F., Chan, J. Y., Tansley, G. H., Hayden, M. R., Poirier, J.,
Van Nostrand, W. and Wellington, C. L. (2005). The absence of ABCA1
decreases soluble ApoE levels but does not diminish amyloid deposition in two
murine models of Alzheimer disease. J Biol Chem. 280, 43243-43256.
Hoane, M. R., Pierce, J. L., Holland, M. A., Birky, N. D., Dang, T., Vitek, M. P. and
McKenna, S. E. (2007). The novel apolipoprotein E-based peptide COG1410
improves sensorimotor performance and reduces injury magnitude following
cortical contusion injury. J Neurotrauma. 24, 1108-1118.

161

Hodges, R. E., Krehl, W. A., Stone, D. B. and Lopez, A. (1967). Dietary carbohydrates
and low cholesterol diets: effects on serum lipids on man. Am J Clin Nutr. 20,
198-208.
Hoe, H. S., Cooper, M. J., Burns, M. P., Lewis, P. A., van der Brug, M., Chakraborty,
G., Cartagena, C. M., Pak, D. T., Cookson, M. R. and Rebeck, G. W. (2007).
The metalloprotease inhibitor TIMP-3 regulates amyloid precursor protein and
apolipoprotein E receptor proteolysis. J Neurosci. 27, 10895-10905.
Horton, J. D., Goldstein, J. L. and Brown, M. S. (2002). SREBPs: activators of the
complete program of cholesterol and fatty acid synthesis in the liver. J Clin
Invest. 109, 1125-1131.
Horton, J. D. and Shimomura, I. (1999). Sterol regulatory element-binding proteins:
activators of cholesterol and fatty acid biosynthesis. Curr Opin Lipidol. 10,
143-150.
Horton, J. D., Shimomura, I., Brown, M. S., Hammer, R. E., Goldstein, J. L. and
Shimano, H. (1998). Activation of cholesterol synthesis in preference to fatty
acid synthesis in liver and adipose tissue of transgenic mice overproducing
sterol regulatory element-binding protein-2. J Clin Invest. 101, 2331-2339.
Huang, Z. H., Lin, C. Y., Oram, J. F. and Mazzone, T. (2001). Sterol efflux mediated
by endogenous macrophage ApoE expression is independent of ABCA1.
Arterioscler Thromb Vasc Biol. 21, 2019-2025.

162

Hudgins, L. C., Hellerstein, M., Seidman, C., Neese, R., Diakun, J. and Hirsch, J.
(1996). Human fatty acid synthesis is stimulated by a eucaloric low fat, high
carbohydrate diet. J Clin Invest. 97, 2081-2091.
Hussain, M. M., Kedees, M. H., Singh, K., Athar, H. and Jamali, N. Z. (2001).
Signposts in the assembly of chylomicrons. Front Biosci. 6, D320-331.
Ikonen, E. (2008). Cellular cholesterol trafficking and compartmentalization. Nat Rev
Mol Cell Biol. 9, 125-138.
Jakobsson, A., Westerberg, R. and Jacobsson, A. (2006). Fatty acid elongases in
mammals: their regulation and roles in metabolism. Prog Lipid Res. 45, 237249.
Janowski, B. A., Grogan, M. J., Jones, S. A., Wisely, G. B., Kliewer, S. A., Corey, E.
J. and Mangelsdorf, D. J. (1999). Structural requirements of ligands for the
oxysterol liver X receptors LXRalpha and LXRbeta. Proc Natl Acad Sci U S A.
96, 266-271.
Jarvik, G. P., Wijsman, E. M., Kukull, W. A., Schellenberg, G. C. and Larson, E. B.
(1995). Interactions of apolipoprotein E genotype, total cholesterol level, age,
and sex in prediction of Alzheimer's disease: case-control study. Neurology.
45, 1092-1096.
Jessup, W., Kritharides, L. and Stocker, R. (2004). Lipid oxidation in atherogenesis: an
overview. Biochem Soc Trans. 32, 134-138.

163

Jick, H., Zornberg, G. L., Jick, S. S., Seschadri, S. and Drachman, D. A. (2000). Statins
and the risk of dementia. Lancet. 356, 1627-1631.
Joseph, S. B., Castrillo, A., Laffitte, B. A., Mangelsdorf, D. J. and Tontonoz, P. (2003).
Reciprocal regulation of inflammation and lipid metabolism by liver X
receptors. Nat Med. 9, 213-219.
Jourdon, P., Berwald-Netter, Y., Houzet, E., Couraud, F. and Dubois, J. M. (1989).
Effects of toxin II from the scorpion Androctonus australis Hector on sodium
current in neuroblastoma cells and their modulation by oleic acid. Eur Biophys
J. 16, 351-356.
Julius, U. (2003). Influence of plasma free fatty acids on lipoprotein synthesis and
diabetic dyslipidemia. Exp Clin Endocrinol Diabetes. 111, 246-250.
Jungersted, J. M., Hellgren, L. I., Jemec, G. B. and Agner, T. (2008). Lipids and skin
barrier function--a clinical perspective. Contact Dermatitis. 58, 255-262.
Jurevics, H. and Morell, P. (1995). Cholesterol for synthesis of myelin is made locally,
not imported into brain. J Neurochem. 64, 895-901.
Kamada, H., Sato, K., Iwai, M., Zhang, W. R., Nagano, I., Manabe, Y., Shoji, M. and
Abe, K. (2003). Temporal and spatial changes of free cholesterol and neutral
lipids in rat brain after transient middle cerebral artery occlusion. Neurosci Res.
45, 91-100.
Karami, K. J., Coppola, J., Krishnamurthy, K., Llanos, D. J., Mukherjee, A. and
Venkatachalam, K. V. (2006). Effect of food deprivation and hormones of
164

glucose homeostasis on the acetyl CoA carboxylase activity in mouse brain: a
potential role of acc in the regulation of energy balance. Nutr Metab (Lond). 3,
15.
Karu, K., Hornshaw, M., Woffendin, G., Bodin, K., Hamberg, M., Alvelius, G.,
Sjovall, J., Turton, J., Wang, Y. and Griffiths, W. J. (2007). Liquid
chromatography-mass spectrometry utilizing multi-stage fragmentation for the
identification of oxysterols. J Lipid Res. 48, 976-987.
Kay, A. D., Day, S. P., Kerr, M., Nicoll, J. A., Packard, C. J. and Caslake, M. J.
(2003). Remodeling of cerebrospinal fluid lipoprotein particles after human
traumatic brain injury. J Neurotrauma. 20, 717-723.
Keys, A., Anderson, J. T. and Grande, F. (1965). Serum cholesterol response to
changes in the diet. I. Iodine value of dietary fat versus 2S-P. Metabolism
clinical and experimental. 14, 747-758.
Khan, W. A., Blobe, G., Halpern, A., Taylor, W., Wetsel, W. C., Burns, D., Loomis, C.
and Hannun, Y. A. (1993). Selective regulation of protein kinase C isoenzymes
by oleic acid in human platelets. J Biol Chem. 268, 5063-5068.
Kim, H. J., Fan, X., Gabbi, C., Yakimchuk, K., Parini, P., Warner, M. and Gustafsson,
J. A. (2008). Liver X receptor beta (LXRbeta): a link between beta-sitosterol
and amyotrophic lateral sclerosis-Parkinson's dementia. Proc Natl Acad Sci U S
A. 105, 2094-2099.

165

Koeppen, A. H., Barron, K. D. and Mitzen, E. J. (1973). Fatty acid chain elongation in
rat brain synaptosomes. Biochemistry. 12, 276-281.
Kojro, E., Gimpl, G., Lammich, S., Marz, W. and Fahrenholz, F. (2001). Low
cholesterol stimulates the nonamyloidogenic pathway by its effect on the alpha
-secretase ADAM 10. Proc Natl Acad Sci U S A. 98, 5815-5820.
Koldamova, R. P., Lefterov, I. M., Ikonomovic, M. D., Skoko, J., Lefterov, P. I.,
Isanski, B. A., DeKosky, S. T. and Lazo, J. S. (2003). 22R-hydroxycholesterol
and 9-cis-retinoic acid induce ATP-binding cassette transporter A1 expression
and cholesterol efflux in brain cells and decrease amyloid β secretion. Journal
of Biological Chemistry. 278, 13244-13256.
Kosters, A., Kunne, C., Looije, N., Patel, S. B., Oude Elferink, R. P. and Groen, A. K.
(2006). The mechanism of ABCG5/ABCG8 in biliary cholesterol secretion in
mice. J Lipid Res. 47, 1959-1966.
Kowalska, A. (2003). Amyloid precursor protein gene mutations responsible for earlyonset autosomal dominant Alzheimer's disease. Folia Neuropathologica. 41, 3540.
Kuo, Y. M., Emmerling, M. R., Bisgaier, C. L., Esseburg, A. D., Lampert, H. C.,
Drumm, D. and Roher, A. E. (1998). Elevated low-density lipoprotein in
Alzheimer's disease correlates with brain Abeta 1-42 levels. Biochemistry and
Biophysics Research Communication. 252, 711-715.

166

Laffitte, B. A., Repa, J. J., Joseph, S. B., Wilpitz, D. C., Kast, H. R., Mangelsdorf, D. J.
and Tontonoz, P. (2001). LXRs control lipid-inducible expression of hte
apolipoprotein E gene in macrophages and adipocytes. Proceedings of the
National Academy of Science. 98, 507-512.
Langley, B. and Ratan, R. R. (2004). Oxidative stress-induced death in the nervous
system: cell cycle dependent or independent? J Neurosci Res. 77, 621-629.
Langlois, J. A., Rutland-Brown, W. and Thomas, K. E. (2004). Traumatic brain injury
in the United States: emergency department visits, hospitalizations, and deaths.
Centers for Disease Control and Prevention, National Center for Injury
Prevention and Control, Atlanta (GA)
Laskowitz, D. T., McKenna, S. E., Song, P., Wang, H., Durham, L., Yeung, N.,
Christensen, D. and Vitek, M. P. (2007). COG1410, a novel apolipoprotein Ebased peptide, improves functional recovery in a murine model of traumatic
brain injury. J Neurotrauma. 24, 1093-1107.
Lehmann, J. M., Kliewer, S. A., Moore, L. B., Smith-Oliver, T. A., Oliver, B. B., Su, J.
L., Sundseth, S. S., Winegar, D. A., Blanchard, D. E., Spencer, T. A. and
Willson, T. M. (1997). Activation of the nuclear receptor LXR by oxysterols
defines a new hormone response pathway. J Biol Chem. 272, 3137-3140.
Liang, Y., Lin, S., Beyer, T. P., Zhang, Y., Wu, X., Bales, K. R., DeMattos, R. B.,
May, P. C., Li, S. D., Jiang, X. C., Eacho, P. I., Cao, G. and Paul, S. M. (2004).
A liver X receptor and retinoid X receptor heterodimer mediates apolipoprotein
167

E expression, secretion and cholesterol homeostasis in astrocytes. J
Neurochem. 88, 623-634.
Lund, E. G., Guileyardo, J. M. and Russell, D. W. (1999). cDNA cloning of cholesterol
24-hydroxylase, a mediator of cholesterol homeostasis in the brain. Proc Natl
Acad Sci U S A. 96, 7238-7243.
Lund, E. G., Xie, C., Kotti, T., Turley, S. D., Dietschy, J. M. and Russell, D. W.
(2003). Knockout of the cholesterol 24-hydroxylase gene in mice reveals a
brain-specific mechanism of cholesterol turnover. J Biol Chem. 278, 2298022988.
Lutjohann, D., Papassotiropoulos, A., Bjorkhem, I., Locatelli, S., Bagli, M., Oehring,
R. D., Schlegel, U., Jessen, F., Rao, M. L., von Bergmann, K. and Reinhard, H.
(2000). Plasma 24S-hydroxycholesterol (cerebrosterol) is increased in
Alzheimer and vascular demented patients. Journal of Lipid Research. 41, 195198.
Mabrouk, G. M., Helmy, I. M., Thampy, K. G. and Wakil, S. J. (1990). Acute
hormonal control of acetyl-CoA carboxylase. The roles of insulin, glucagon,
and epinephrine. J Biol Chem. 265, 6330-6338.
Mahley, R. W. and Innerarity, T. L. (1983). Lipoprotein receptors and cholesterol
homeostasis. Biochim Biophys Acta. 737, 197-222.
McGeer, P. L. and McGeer, E. G. (2001). Inflammation, autotoxicity and Alzheimer
disease. Neurobiol Aging. 22, 799-809.
168

McGeer, P. L. and McGeer, E. G. (2008). Glial reactions in Parkinson's disease. Mov
Disord. 23, 474-483.
Menon, D. K. and Wheeler, D. W. (2005). Neuronal injury and neuroprotection.
Anesthesia Intesive Care Medicine. 6, 184-188.
Miles, J. M. and Nelson, R. H. (2007). Contribution of triglyceride-rich lipoproteins to
plasma free fatty acids. Horm Metab Res. 39, 726-729.
Morganti-Kossmann, M. C., Satgunaseelan, L., Bye, N. and Kossmann, T. (2007).
Modulation of immune response by head injury. Injury. 38, 1392-1400.
Mutungi, G., Torres-Gonzalez, M., McGrane, M. M., Volek, J. S. and Fernandez, M.
L. (2007). Carbohydrate restriction and dietary cholesterol modulate the
expression of HMG-CoA reductase and the LDL receptor in mononuclear cells
from adult men. Lipids Health Dis. 6, 34.
Natale, J. E., Ahmed, F., Cernak, I., Stoica, B. and Faden, A. I. (2003). Gene
expression profile changes are commonly modulated across models and species
after traumatic brain injury. J Neurotrauma. 20, 907-927.
Navab, M., Yu, R., Gharavi, N., Huang, W., Ezra, N., Lotfizadeh, A., Anantharamaiah,
G. M., Alipour, N., Van Lenten, B. J., Reddy, S. T. and Marelli, D. (2007).
High-density lipoprotein: antioxidant and anti-inflammatory properties. Curr
Atheroscler Rep. 9, 244-248.
NINDS. (2002). Traumatic brain injury: hope through research. NIH Publication No.
02-158, National Institute of Health, Bethesda (MD)
169

Nishimura, M., Yaguti, H., Yoshitsugu, H., Naito, S. and Satoh, T. (2003). Tissue
distribution of mRNA expression of human cytochrome P450 isoforms
assessed by high-sensitivity real-time reverse transcription PCR. Yakugaku
Zasshi. 123, 369-375.
Ohashi, K., Osuga, J., Tozawa, R., Kitamine, T., Yagyu, H., Sekiya, M., Tomita, S.,
Okazaki, H., Tamura, Y., Yahagi, N., Iizuka, Y., Harada, K., Gotoda, T.,
Shimano, H., Yamada, N. and Ishibashi, S. (2003). Early embryonic lethality
caused by targeted disruption of the 3-hydroxy-3-methylglutaryl-CoA reductase
gene. J Biol Chem. 278, 42936-42941.
Ohyama, Y., Meaney, S., Heverin, M., Ekstrom, L., Brafman, A., Shafir, M.,
Andersson, U., Olin, M., Eggertsen, G., Diczfalusy, U., Feinstein, E. and
Bjorkhem, I. (2006). Studies on the transcriptional regulation of cholesterol 24hydroxylase (CYP46A1): marked insensitivity toward different regulatory axes.
J Biol Chem. 281, 3810-3820.
Olivier, L. M., Kovacs, W., Masuda, K., Keller, G. A. and Krisans, S. K. (2000).
Identification of peroxisomal targeting signals in cholesterol biosynthetic
enzymes. AA-CoA thiolase, hmg-coa synthase, MPPD, and FPP synthase. J
Lipid Res. 41, 1921-1935.
Ory, D. S. (2004). Nuclear receptor signaling in the control of cholesterol homeostasis:
have the orphans found a home? Circ Res. 95, 660-670.

170

Page, K. J., Hollister, R. D. and Hyman, B. T. (1998). Dissociation of apolipoprotein
and apolipoprotein receptor response to lesion in the rat brain: an in situ
hybridization study. Neuroscience. 85, 1161-1171.
Pak, D. T., Yang, S., Rudolph-Correia, S., Kim, E. and Sheng, M. (2001). Regulation
of dendritic spine morphology by SPAR, a PSD-95-associated RapGAP.
Neuron. 31, 289-303.
Pan, D. S., Liu, W. G., Yang, X. F. and Cao, F. (2007). Inhibitory effect of
progesterone on inflammatory factors after experimental traumatic brain injury.
Biomed Environ Sci. 20, 432-438.
Papassotiropoulos, A., Lutjohann, D., Bagli, M., Locatelli, S., Jessen, F., Buschfort, R.,
Ptok, U., Bjorkhem, I., von Bergmann, K. and Heun, R. (2002). 24Shydroxycholesterol in cerebrospinal fluid is elevated in early stages of
dementia. J Psychiatr Res. 36, 27-32.
Park, E., Bell, J. D. and Baker, A. J. (2008). Traumatic brain injury: can the
consequences be stopped? Cmaj. 178, 1163-1170.
Petanceska, S. S., DeRosa, S., Olm, V., Diaz, N., Sharma, A., Thomas-Bryant, T.,
Duff, K. E., Pappolla, M. and Refolo, L. M. (2002). Statin therapy for
Alzheimer's disease: Does it work? Journal of Molecular Neuroscience. 19,
155-162.
Peterson, D. R., Hjelle, J. T., Carone, F. A. and Moore, P. A. (1984). Renal handling of
plasma high density lipoprotein. Kidney Int. 26, 411-421.
171

Phan, C. T. and Tso, P. (2001). Intestinal lipid absorption and transport. Front Biosci.
6, D299-319.
Phillis, J. W., Horrocks, L. A. and Farooqui, A. A. (2006). Cyclooxygenases,
lipoxygenases, and epoxygenases in CNS: their role and involvement in
neurological disorders. Brain Res Rev. 52, 201-243.
Pilitsis, J. G., Coplin, W. M., O'Regan, M. H., Wellwood, J. M., Diaz, F. G., Fairfax,
M. R., Michael, D. B. and Phillis, J. W. (2003). Free fatty acids in
cerebrospinal fluids from patients with traumatic brain injury. Neurosci Lett.
349, 136-138.
Pitas, R. E., Boyles, J. K., Lee, S. H., Foss, D. and Mahley, R. W. (1987). Asrocytes
synthesize apolipoprotein E and metabolize apolipoprotein E-containing
lipoprotein. Biochimica et Biophysica Acta. 917, 148-161.
Plassman, B. L., Havlik, R. J., Steffens, D. C., Helms, M. J., Newman, T. N., Drosdick,
D., Phillips, C., Gau, B. A., Welsh-Bohmer, K. A., Burke, J. R., Guralnik, J. M.
and Breitner, J. C. (2000). Documented head injury in early adulthood and risk
of Alzheimer's disease and other dementias. Neurology. 55, 1158-1166.
Pocivavsek, A., Burns, M. P. and Rebeck, G. W. (2008). Low-density lipoprotein
receptors regulate microglial inflammation through c-Jun N-terminal kinase.
Glia.

172

Poirier, J., Hess, M., May, P. C. and Finch, C. E. (1991). Astrocytic apolipoprotein E
mRNA and GFAP mRNA in hippocampus after entorhinal cortex lesioning.
Brain Res Mol Brain Res. 11, 97-106.
Radhakrishnan, A., Ikeda, Y., Kwon, H. J., Brown, M. S. and Goldstein, J. L. (2007).
Sterol-regulated transport of SREBPs from endoplasmic reticulum to Golgi:
oxysterols block transport by binding to Insig. Proc Natl Acad Sci U S A. 104,
6511-6518.
Raghow, R., Yellaturu, C., Deng, X., Park, E. A. and Elam, M. B. (2008). SREBPs: the
crossroads of physiological and pathological lipid homeostasis. Trends
Endocrinol Metab. 19, 65-73.
Ramirez, D. M., Andersson, S. and Russell, D. W. (2008). Neuronal expression and
subcellular localization of cholesterol 24-hydroxylase in the mouse brain. J
Comp Neurol. 507, 1676-1693.
Rebeck, G. W. (2004a). Cholesterol efflux as a critical component of Alzheimer's
disease pathogenesis. J Mol Neurosci. 23, 219-224.
Rebeck, G. W. (2004b). Induction of cholesterol efflux in the CNS. Neurobiology of
Lipids. 3, 1-3.
Redgrave, T. G. (2004). Chylomicron metabolism. Biochem Soc Trans. 32, 79-82.
Refolo, L. M., Pappolla, M., LaFrancois, J., Malester, B., Schmidt, T., Thomas-Bryant,
T., Tint, G. S., Wang, R., Mercken, M., Petanceska, S. S. and Duff, K. (2001).

173

A cholesterol-lowering drug reduces beta-amyloid pathology in a transgenic
mouse model of Alzheimer's disease. Neurobiology of Disease. 8, 890-899.
Refolo, L. M., Pappolla, M., Malester, B., LaFrancois, J., Bryant-Thomas, T., Wang,
R., Tint, G. S., Sambamuri, K. and Duff, K. (2000). Hypercholesterolemia
accelerates the Alzheimer's amyloid pathology in a transgenic mouse model.
Neurobiology of Disease. 7, 321-331.
Reynolds, A. D., Glanzer, J. G., Kadiu, I., Ricardo-Dukelow, M., Chaudhuri, A.,
Ciborowski, P., Cerny, R., Gelman, B., Thomas, M. P., Mosley, R. L. and
Gendelman, H. E. (2008). Nitrated alpha-synuclein-activated microglial
profiling for Parkinson's disease. J Neurochem. 104, 1504-1525.
Riddell, D. R., Zhou, H., Comery, T. A., Kouranova, E., Lo, C. F., Warwick, H. K.,
Ring, R. H., Kirksey, Y., Aschmies, S., Xu, J., Kubek, K., Hirst, W. D.,
Gonzales, C., Chen, Y., Murphy, E., Leonard, S., Vasylyev, D., Oganesian, A.,
Martone, R. L., Pangalos, M. N., Reinhart, P. H. and Jacobsen, J. S. (2007).
The LXR agonist TO901317 selectively lowers hippocampal Abeta42 and
improves memory in the Tg2576 mouse model of Alzheimer's disease. Mol
Cell Neurosci. 34, 621-628.
Rioux, V., Catheline, D. and Legrand, P. (2007). In rat hepatocytes, myristic acid
occurs through lipogenesis, palmitic acid shortening, and lauric elongation.
Animal. 1, 820-826.

174

Robinson, P. J. and Rapoport, S. I. (1989). A method for examining turnover and
synthesis of palmitate-containing brain lipids in vivo. Clin Exp Pharmacol
Physiol. 16, 701-714.
Rocchi, A., Pellegrini, S., Siciliano, G. and Murri, L. (2003). Causative and
susceptibility genes for Alzheimer's disease: a review. Brain Research Bulletin.
61, 1-24.
Rojo, L. E., Fernandez, J. A., Maccioni, A. A., Jimenez, J. M. and Maccioni, R. B.
(2008). Neuroinflammation: implications for the pathogenesis and molecular
diagnosis of Alzheimer's disease. Arch Med Res. 39, 1-16.
Rothblat, G. H., de la Llera-Moya, M., Atger, V., Kellner-Weibel, G., Williams, D. L.
and Phillips, M. C. (1999). Cell cholesterol efflux: intergration of old and new
observations provides new insights. Journal of Lipid Research. 40, 781-796.
Rubink, D. S. and Winder, W. W. (2005). Effect of phosphorylation by AMP-activated
protein kinase on palmitoyl-CoA inhibition of skeletal muscle acetyl-CoA
carboxylase. J Appl Physiol. 98, 1221-1227.
Ruderman, N. B., Ross, P. S., Berger, M. and Goodman, M. N. (1974). Regulation of
glucose and ketone-body metabolism in brain of anaesthetized rats. Biochem J.
138, 1-10.
Sambamurti, K., Greig, N. H. and Lahiri, D. K. (2002). Advances in the cellular and
molecular biology of the beta-amyloid protein in Alzheimer's disease.
NeuroMolecular Medicine. 1, 1-31.
175

Sampath, H. and Ntambi, J. M. (2005). Polyunsaturated fatty acid regulation of genes
of lipid metabolism. Annu Rev Nutr. 25, 317-340.
Sanossian, N., Saver, J. L., Navab, M. and Ovbiagele, B. (2007). High-density
lipoprotein cholesterol: an emerging target for stroke treatment. Stroke. 38,
1104-1109.
Sato, R., Inoue, J., Kawabe, Y., Kodama, T., Takano, T. and Maeda, M. (1996). Steroldependent transcriptional regulation of sterol regulatory element-binding
protein-2. J Biol Chem. 271, 26461-26464.
Saucier, S. E., Kandutsch, A. A., Gayen, A. K., Swahn, D. K. and Spencer, T. A.
(1989). Oxysterol regulators of 3-hydroxy-3-methylglutaryl-CoA reductase in
liver. Journal of Biological Chemistry. 264, 6863-6869.
Schmitz, G. and Kaminski, W. E. (2001). ABC transporters and cholesterol
metabolism. Front Biosci. 6, D505-514.
Schoonjans, K., Brendel, C., Mangelsdorf, D. and Auwerx, J. (2000). Sterols and gene
expression: control of affluence. Biochimica et Biophysica Acta. 1529, 114125.
Shaw, G., Morse, S., Ararat, M. and Graham, F. L. (2002). Preferential transformation
of human neuronal cells by human adenoviruses and the origin of HEK 293
cells. Faseb J. 16, 869-871.
Simons, M., Keller, P., de Strooper, B., Beyreuther, K., Dotti, C. G. and Simons, K.
(1998). Cholesterol depletion inhibits the generation of beta-amyloid in
176

hippocampal neurons. Proceedings of the National Academy of Science. 95,
6460-6464.
Simpson, E. R. and Waterman, M. R. (1988). Regulation of the synthesis of
steroidogenic enzymes in adrenal cortical cells by ACTH. Annu Rev Physiol.
50, 427-440.
Smith, J. D., Le Goff, W., Settle, M., Brubaker, G., Waelde, C., Horwitz, A. and Oda,
M. N. (2004). ABCA1 mediates concurrent cholesterol and phospholipid efflux
to apolipoprotein A-I. J Lipid Res. 45, 635-644.
Sowadski, J. M., Ellis, C. A. and Madhusudan. (1996). Detergent binding to
unmyristylated protein kinase A--structural implications for the role of
myristate. J Bioenerg Biomembr. 28, 7-12.
Spencer, E. B., Bianchi, A., Widmer, J. and Witters, L. A. (1993). Brain acetyl-CoA
carboxylase: isozymic identification and studies of its regulation during
development and altered nutrition. Biochem Biophys Res Commun. 192, 820825.
Stannard, A. K., Riddell, D. R., Sacre, S. M., Tagalakis, A. D., Langer, C., von
Eckardstein, A., Cullen, P., Athanasopoulos, T., Dickson, G. and Owen, J. S.
(2001). Cell-derived apolipoprotein E (ApoE) particles inhibit vascular cell
adhesion molecule-1 (VCAM-1) expression in human endothelial cells. J Biol
Chem. 276, 46011-46016.

177

Streit, W. J. (2002). Microglia as neuroprotective, immunocompetent cells of the CNS.
Glia. 40, 133-139.
Sun, Y., Yao, J., Kim, T. and Tall, A. R. (2003). Expression of liver X receptor target
genes decreases cellular amyloid β peptide secretion. Journal of Biological
Chemistry. 278, 27688-27694.
Superko, R. H. (2001). Lipoprotein subclasses and atherosclerosis. Front Biosci. 6,
D355-365.
Sutterwala, S. S., Creswell, C. H., Sanyal, S., Menon, A. K. and Bangs, J. D. (2007).
De novo sphingolipid synthesis is essential for viability, but not for transport of
glycosylphosphatidylinositol-anchored proteins, in African trypanosomes.
Eukaryot Cell. 6, 454-464.
Tall, A. R. (2008). Cholesterol efflux pathways and other potential mechanisms
involved in the athero-protective effect of high density lipoproteins. J Intern
Med. 263, 256-273.
Teunissen, C. E., Floris, S., Sonke, M., Dijkstra, C. D., De Vries, H. E. and Lutjohann,
D. (2007). 24S-hydroxycholesterol in relation to disease manifestations of acute
experimental autoimmune encephalomyelitis. J Neurosci Res. 85, 1499-1505.
Thewke, D. P., Panini, S. R. and Sinensky, M. (1998). Oleate potentiates oxysterol
inhibition of transcription from sterol regulatory element-1-regulated promoters
and maturation of sterol regulatory element-binding proteins. J Biol Chem. 273,
21402-21407.
178

Tone, O., Miller, J. C., Bell, J. M. and Rapoport, S. I. (1987). Regional cerebral
palmitate incorporation following transient bilateral carotid occlusion in awake
gerbils. Stroke. 18, 1120-1127.
Torres-Gonzalez, M., Shrestha, S., Sharman, M., Freake, H. C., Volek, J. S. and
Fernandez, M. L. (2007). Carbohydrate restriction alters hepatic cholesterol
metabolism in guinea pigs fed a hypercholesterolemic diet. J Nutr. 137, 22192223.
Trigatti, B., Covey, S. and Rizvi, A. (2004). Scavenger receptor class B type I in highdensity lipoprotein metabolism, atherosclerosis and heart disease: lessons from
gene-targeted mice. Biochem Soc Trans. 32, 116-120.
Turley, S. D., Burns, D. K. and Dietschy, J. M. (1998). Preferential utilization of newly
synthesized cholesterol for brain growth in neonatal lambs. Am J Physiol. 274,
E1099-1105.
Turley, S. D., Burns, D. K., Rosenfeld, C. R. and Dietschy, J. M. (1996). Brain does
not utilize low density lipoprotein-cholesterol during fetal and neonatal
development in the sheep. J Lipid Res. 37, 1953-1961.
Uauy, R., Hoffman, D. R., Peirano, P., Birch, D. G. and Birch, E. E. (2001). Essential
fatty acids in visual and brain development. Lipids. 36, 885-895.
Vaughan, A. M. and Oram, J. F. (2003). ABCA1 redistributes membrane cholesterol
independent of apolipoprotein interactions. Journal of Lipid Research. 44,
1373-1380.
179

Vaya, J. and Schipper, H. M. (2007). Oxysterols, cholesterol homeostasis, and
Alzheimer disease. J Neurochem. 102, 1727-1737.
Vine, D. F., Croft, K. D., Beilin, L. J. and Mamo, J. C. (1997). Absorption of dietary
cholesterol oxidation products and incorporation into rat lymph chylomicrons.
Lipids. 32, 887-893.
Walcher, D., Kummel, A., Kehrle, B., Bach, H., Grub, M., Durst, R., Hombach, V. and
Marx, N. (2006). LXR activation reduces proinflammatory cytokine expression
in human CD4-positive lymphocytes. Arterioscler Thromb Vasc Biol. 26,
1022-1028.
Wang, Y., Muneton, S., Sjovall, J., Jovanovic, J. N. and Griffiths, W. J. (2008). The
effect of 24S-hydroxycholesterol on cholesterol homeostasis in neurons:
quantitative changes to the cortical neuron proteome. J Proteome Res. 7, 16061614.
Whitney, K. D., Watson, M. A., Collins, J. L., Benson, W. G., Stone, T. M., Numerick,
M. J., Tippin, T. K., Wilson, J. G., Winegar, D. A. and Kliewer, S. A. (2002).
Regulation of cholesterol homeostasis by the liver X receptors in the central
nervous system. Mol Endocrinol. 16, 1378-1385.
Williams, C. M., Bateman, P. A., Jackson, K. G. and Yaqoob, P. (2004). Dietary fatty
acids and chylomicron synthesis and secretion. Biochem Soc Trans. 32, 55-58.

180

Witt, M. R. and Nielsen, M. (1994). Characterization of the influence of unsaturated
free fatty acids on brain GABA/benzodiazepine receptor binding in vitro. J
Neurochem. 62, 1432-1439.
Wolozin, B., Kellman, W., Ruosseau, P., Celesia, C. G. and Siegel, G. (2000).
Decreased prevalence of Alzheimer disease associated 3-hydroxy-3methyglutaryl coenzyme A reductase inhibitors. Archive Neurology. 57, 14391443.
Worgall, T. S., Sturley, S. L., Seo, T., Osborne, T. F. and Deckelbaum, R. J. (1998).
Polyunsaturated fatty acids decrease expression of promoters with sterol
regulatory elements by decreasing levels of mature sterol regulatory elementbinding protein. J Biol Chem. 273, 25537-25540.
Wymann, M. P. and Schneiter, R. (2008). Lipid signalling in disease. Nat Rev Mol
Cell Biol. 9, 162-176.
Xie, C., Lund, E. G., Turley, S. D., Russell, D. W. and Dietschy, J. M. (2003).
Quantitation of two pathways for cholesterol excretion from the brain in normal
mice and mice with neurodegeneration. J Lipid Res. 44, 1780-1789.
Xu, J., Nakamura, M. T., Cho, H. P. and Clarke, S. D. (1999). Sterol regulatory
element binding protein-1 expression is suppressed by dietary polyunsaturated
fatty acids. A mechanism for the coordinate suppression of lipogenic genes by
polyunsaturated fats. J Biol Chem. 274, 23577-23583.

181

Yahagi, N., Shimano, H., Hasty, A. H., Amemiya-Kudo, M., Okazaki, H., Tamura, Y.,
Iizuka, Y., Shionoiri, F., Ohashi, K., Osuga, J., Harada, K., Gotoda, T., Nagai,
R., Ishibashi, S. and Yamada, N. (1999). A crucial role of sterol regulatory
element-binding protein-1 in the regulation of lipogenic gene expression by
polyunsaturated fatty acids. J Biol Chem. 274, 35840-35844.
Yamashita, S., Sakai, N., Hirano, K., Ishigami, M., Maruyama, T., Nakajima, N. and
Matsuzawa, Y. (2001). Roles of plasma lipid transfer proteins in reverse
cholesterol transport. Front Biosci. 6, D366-387.
Zhang, X., Chen, Y., Jenkins, L. W., Kochanek, P. M. and Clark, R. S. (2005). Benchto-bedside review: Apoptosis/programmed cell death triggered by traumatic
brain injury. Crit Care. 9, 66-75.
Zhang, Z., Fauser, U. and Schluesener, H. J. (2008). Early attenuation of lesional
interleukin-16 up-regulation by dexamethasone and FTY720 in experimental
traumatic brain injury. Neuropathol Appl Neurobiol. 34, 330-339.

182

APPENDIX A: ADDITIONAL EXPERIMENT RELATING TO CHAPTER II:
Cortical injury increases cholesterol 24S hydroxylase levels in the rat brain.

Experiment A-1. Cyp46 expression in mixed primary cell cultures

Hypothesis: Previous published literature describes Cyp46 as being expressed
exclusively in neurons except for the occasional astrocyte or oligodendrocyte in
postmortem AD tissue. We hypothesize that cells other than neurons express Cyp46 in
primary culture.

Methods: Cortices were taken from P1 Sprague-Dawley rats and cells were
mechanically dissociated, suspended in DMEM containing 10% FBS, and plated in
T75 flasks. Media was changed to 10% FBS at day 3 and every other day after that. At
day 14 in vitro cells were rinsed with PBS and fixed with 10% paraformaldehyde.
Cells were stained for Cyp46 and costained using antibodies against the cell markers
NeuN for neurons (Chemicon, 1:100), O4 for oligodendrocytes (Chemicon, 1:100),
Ox42 for microglia (Chemicon, 1:100), and GFAP for astrocytes (Chemicon, 1:200)
using the method for florescent staining and confocal imaging described previously
(page 41).
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Results: Most neurons express Cyp46 at high levels. Oligodendrocytes showed
occasional positive staining for Cyp46. Microglia also showed occasional positive
staining for Cyp46. Astrocytes showed did not show positive staining for Cyp46.

Conclusions: The cell culture conditions of this experiment were not optimized for
any particular cell type. However, under these conditions, it is clear that Cyp46 is
mostly neuronal, but not entirely.
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Figure A-1. Cyp46 expression colocalizes with neurons and some glia in rat
primary mixed cell culture. Cortical cells from rat P1 pups were cultured for 14 days.
Cells were stained for Cyp46 (green, column 2) and cell specific markers (column 1)
A) Staining of neurons with NeuN (red) showed that most neurons express Cyp46 at
high levels. B) Staining of oligodendrocytes with O4 (red) occasional positive staining
for Cyp46. C) Staining of microglia with Ox42 (red) also showed occasional positive
staining for Cyp46. D) Staining of astrocytes with GFAP (red) showed no positive
staining for Cyp46.
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Experiment A-2. Cyp46 expression in primary neuronal cultures

Hypothesis: In mixed primary cell cultures we saw that cell types other than neurons
can express Cyp46. We hypothesize that in hippocampal primary cultures Cyp46 will
show strong expression in neurons primarily at the soma but that non-neuronal cells
also express some Cyp46.

Method:
Hippocampal neurons were cultured from E18-19 Sprague-Dawley rats at 150 cells/
mm2 as described previously (Page 42). Cells were stained for Cyp46 and MAP-2 and
image taken by confocal microscopy as described previously (Page 44).

Results: In rat hippocampal neurons, Cyp46 levels were most pronounced in large,
well connected neurons with very high levels in the cytoplasm. Smaller, less connected
neurons showed lower Cyp46 levels. Although highest levels were at the cell body,
Cyp46 continues throughout the neuronal processes. Processes not containing Map-2
still contain Cyp46. Highest levels of expression are consistently in neuronal cells.
However, some MAP-2 negative cells show low levels of Cyp46 expression (Figure A2D).

187

Conclusions: In agreement with previously published findings (Lund et al., 1999;
Ramirez et al., 2008), we found that Cyp46 is primarily in neurons. In addition we
found that levels may depend on the maturity of neurons since large mature neurons
with many processes showed more intense expression. In addition we showed clear
evidence that non-neuronal cells express Cyp46 (Figure A-2D). Previous studies have
show that Cyp46 is associated with the ER in neurons (Ramirez et al., 2008). Here we
show that neuronal and non-neuronal Cyp46 expression appeared in a pattern also
consistent with ER association.
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Figure A-2. Cyp46 expression highest in mature primary neurons. (A) In rat
DIV16 hippocampal neurons, Cyp46 levels (Green) were most pronounced in large,
well connected neurons with very high levels in the cytoplasm. Smaller, less connected
neurons showed lower Cyp46 levels. Neuronal cells were identified using anti-MAP-2
antibody and Alexa 546 secondary (red). 20x (B-D) Although highest levels of Cyp46
is in the cell body, expression continues throughout the network of neuronal processes.
Processes without Map-2 still have Cyp46. 63x (D) Highest levels of Cyp46 are
consistently in neuronal cells as indicated by MAP-2 positive staining. However, some
MAP-2 negative cells show low levels of Cyp46 (arrows).
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Experiment A-3. Cyp46 expression in oligodendrocytes.

Hypothesis: In initial experiments looking at mixed glia we saw occasional Cyp46
positive staining in oligodendrocytes (Figure A-1). We hypothesize that in
oligodendrocyte enriched primary cultures, Cyp46 expression will be present.

Method:
Cortices were taken from E20 Sprague-Dawley rats and cells were mechanically
dissociated, suspended in DMEM containing 12% FBS, and plated in T75 flasks.
Media was changed to 10% FBS at day 3 and every other day after that. After 10-12
days in culture, the flasks were shaken at 100 rpm for an hour to remove the microglia.
Oligodendrocyte progenitor cells (OPCs) growing on top of the astrocytes were
detached by further shaking the flasks overnight at 200 rpm and 37C. OPCs were
plated on Poly-L-Ornithine coated coverslips in N1 media. After 2 hours, cultures were
treated with PDGF (10 ng/ml) for 3 days. Cells were then fixed for 10 min in 4%
paraformaldehyde. O4 staining demarked mature oligodendrocytes.

Conclusions:
PDGF stimulates maturation of oligodendrocytes from the progenitor state. Levels of
Cyp46 were strongest in cells with lower O4 levels (less mature) and lower in cells that
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had strong O4 expression (more mature). This may indicate that as oligodendrocytes
mature they decrease Cyp46 expression.
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Figure A-3. Cyp46 expression in oligodendrocytes. Primary rat oligodendrocyte
progenitor cell (OPC) cultures treated with PDGF for 3 days were stained for O4 (red)
and Cyp46 (green). Images were taken at magnifications of 20x (A) and 63x (B). OPCs
lacking O4 staining appeared to express more Cyp46 than more mature
oligodendrocytes expressing high levels of O4.
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Experiment A-4. Development of myc-tagged Cyp46 expression vector

Purpose: To develop an expression vector for a myc-tagged Cyp46 protein in a
commercially available plasmid.

Method: The human Cyp46 cDNA was PCR amplified out of the CMV6 vector ( a gift
of Dr. David Russell, UT Southwestern) using forward primer
CGCGCGGCCGCGGAGCCATGAGCCCCGGGCT and the reverse primer
CCGGAATTCGCAGGGGGGTGGTGGGGGTG. Amplification was performed using
0.4 µg of the original Cyp46 cDNA, 1.5 mM MgCl2, 200 µM dNTPs, 1 µM of each
primer, and 5 units Taq (Promega) in a 20 µl reaction. This reaction was incubated for
3 min at 96 ºC followed by 35 cycles at 94 ºC for 30 sec, 77 ºC for 1 min, 72 ºC for 2
min 30 sec. This was followed by incubation at 72 ºC for 5 min. The PCR product was
purified using the QIAquick PCR purification kit (Qiagen) according to manufacturer’s
directions. The resulting cDNA insert and the pExchange-6a vector (Stratagene) were
digested with the restriction enzymes Not I and EcoR I. The cDNA insert and
linearized vector were ligated together using T4 DNA ligase and incubating for 16 hr.
This cDNA transfer has been illustrated in Figure A-4.

The resulting Cyp46-myc cDNA was transformed into JM109 competent cells. Briefly,
50 µl competent cells and 1 µg Cyp46-myc cDNA were combined and incubated 10
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min on ice followed by incubation at 42 ºC for 45 sec and then 2 min on ice. 750 µl LB
media was added and the cells were incubated 1 hr 30 min at 37 ºC and shaking at 200
rpm. Cells were then cultured on LB agar plates containing 100 µg/mL ampicillin.

Clones from ten isolated colonies were cultured in 5 mL of LB media containing 100
µg/mL ampicillin. Plasmid DNA was purified from each clone using a plasmid miniprep purification kit (Quiagen) according to manufacturer’s directions. A sample of
purified plasmid DNA for each clone was sequenced (Retrogen) using primers against
the T3 and T7 promoters present in the pExchange-6a vector backbone. The resulting
sequences were compared to the published sequence for Cyp46 (Genebank accession
#AF094480).

We found that all resulting cDNA clones contained a mismatch at base pair 355
corresponding to amino acid 119 and resulting in a change in that amino acid from the
published arginine to a threonine. To determine whether this mismatch was present in
the original cDNA from the CMV6 vector we designed three primers to the Cyp46
sequence. The two forward primers were CAATCCAAAAACACATCTTG and
TACCTCTAACACCACACTGA while the reverse primer was
GGCTAAGAAGTATGGACCTG. These primers were used to sequence the original
Cyp46 cDNA in the CMV6 vector (Retrogen). The resulting sequences were compared
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to the Genebank sequence AF094480). We found that the mismatch at base pair 355
was present in the original Cyp46 cDNA from the CMV6 vector.

To correct the Cyp46 cDNA sequence, we designed the primer
TTGGCCGAAGAGTCTCTCACCAAACACAG corresponding to the surrounding
non-coding sequence of genebank sequence AF094480. We corrected the sequence of
the Cyp46 cDNA in the pExchange-6a vector using a PAGE purified form of this
primer, and the QuikChange Multi Site-Directed Mutagenesis Kit (Stratagene)
according to manufacturer’s directions. The resulting Cyp46 cDNA expression vector
was transformed into ultracompetent XL10-Gold cells provided in this kit. Cells were
cultured in NZY+ media for 1 hr and then cultured on a NZY+ agar plate containing
100 µg/mL ampicillin.

Ten clones were obtained from isolated colonies from this agar plate and cultured in
NZY+ media containing 100 µg/mL ampicillin. Plasmid DNA was isolated from these
cultures as described above. Samples of cDNA from each clone were sequenced using
primers to the T7 and T3 promoters in pEnchange-6a. All clones sequenced contained
the corrected sequence corresponding to genebank sequence AF094480 and were
identical to each other. This corrected Cyp46-myc expression vector was used in
experiments in this thesis.
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Figure A-4. Extraction of Cyp46 cDNA from CMV6 and
insertion into p-Exchange 6a vector.
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APPENDIX B: ADDITIONAL EXPERIMENTS RELATING TO
CHAPTER III: 24S-hydroxycholesterol effects on regulation of lipid metabolism
genes are modeled in traumatic brain injury.

Experiment B-1: 24S-hydroxycholesterol regulation of ApoE in BV2 microglia

Hypothesis: 24S-hydroxycholesterol is an agonist of the LXR nuclear receptor. A key
LXR regulated gene important for cholesterol efflux is ApoE. We hypothesize that
24S-hydroxycholesterol will upregulate mRNA levels of ApoE.

Method: BV2 cells were treated with 24S-hydroxycholesterol or vehicle for 48 hr as
described on page 80. mRNA from these cells was isolated and converted to cDNA
and measured by real-time PCR as described on pages 84-86. Primers to the ApoE
sequence for use in real-time PCR were designed as described on page 84 and are
listed in Table B-1.

Results: Contrary to our initial hypothesis, 24S-hydroxycholesterol treatment of BV2
cells led to a small but significant decreased ApoE mRNA levels (12%).
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Conclusion: Recent research from our laboratory (Pocivavsek et al., 2008) has shown
that LPS activation of BV2 cells through the toll receptor leads to significant decreases
in ApoE protein levels and that this is related to phosphorylation of c-jun N-terminal
kinase (JNK). We have shown that 24S-hydroxycholesterol upregulates LXR
controlled SREBP-1 in BV2 cells (Figure 3-6), indicating that 24S-hydroxycholesterol
is indeed activating LXR. Perhaps 24S-hydroxcholesterol treatment is leading
indirectly to microglial activation and the decreases in ApoE mRNA seen after 24Shydroxycholesterol treatment are a combined effect of limited upregulation through
LXR and downregulation through some yet to be defined pathway involving JNK.
Future studies looking into the effects of 24S-hydroxcholesterol on microglial
activation, examining the time course effects of 24S-hydroxycholesterol, or using
inhibitors to JNK, could help address this question.
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Target

Forward
Reverse

Cyp46

ATGGGGAGAATGGACACCTA
TTCACCTCCATCTGAGCAAAC C

ApoE

TCGGAAGGAGCTGACTGG
CCAGGGTTGGTTGCTTTG
APP
TCTGGGCTGACAAACATCAA
CACATCTTCAGCAAAGAACACC
BACE1 GCTGCCGTCAAGTCCATC
AAAATGTTCCAAGGGGTCGT
PS1
β-actin TGACAGGATGCAGAAGGAGA
ACATCTGCTGGAAGGTGGAC
Table B-1. Primers designed against mouse
sequences for real-time PCR. Cyp46: cholesterol
24S-hydroxylase; ApoE: apolipoprotein E; APP:
amyloid precursor protein; BACE1: Beta-site
amyloid precursor cleaving enzyme; PS1:
presenilin 1.
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Figure B-1. Effects of 24S-hydroxycholesterol on ApoE mRNA levels in
mouse microglial BV2 cells. BV2 cells were treated for 48 hr with 5 µM 24Shydroxycholesterol or vehicle control and mRNA levels were measured by realtime PCR. 24S-hydroxycholesterol decreased ApoE mRNA levels by 12%
(student’s t-test, * p<0.05, n=6). Error bars (standard error of the mean).
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Experiment B-2: Cyp46 mRNA levels 7 days after TBI.

Hypothesis: Because Cyp46 protein levels are significantly upregulated 7 days after
TBI, we hypothesize that Cyp46 mRNA levels are also increased after TBI.

Method: Cyp46 mRNA levels were measured by real-time PCR in cortex ipsilateral to
the site of injury 7 days after TBI. Descriptions of the injury model can be found on
page 80. mRNA from these brain samples was isolated and converted to cDNA and
measured by real-time PCR as described on pages 84-86. Primers to the Cyp46
sequence for use in real-time PCR were designed as described on page 84 and are
listed in Table B-1.

Results: Cyp46 mRNA levels at the site of injury were not significantly different from
contralateral cortex or sham cortex 7 days after TBI.

Conclusion: We have shown by western blot and immunohistochemistry that Cyp46
protein levels are significantly increased 7 days after TBI (Cartagena et al., 2008). In
addition, significant increases in SREBP-1 mRNA, decreases in SREBP-2 mRNA, and
decreases in mRNA levels of downstream cholesterol synthesis enzymes HMG CoA
reductase and squalene synthase all indicate the presence an oxysterol with LXR
activity, presumably 24S-hydroxycholesterol. However, we do not see any changes in
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Cyp46 mRNA at this time point. It is possible that changes in protein levels at one
week after TBI are due to earlier changes in mRNA which have returned to baseline by
that time point. Analysis of mRNA at various time points after injury could address
this issue.
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Figure B-2. Cyp46 mRNA levels 7 days after TBI. Cyp46 mRNA levels were
measured by real-time PCR in cortex ipsilateral to the site of injury 7 days after TBI
(tbi icx), contralateral cortex (tbi ccx) and sham cortex ipsilateral to craniotomy (sham
icx). Cyp46 mRNA levels at the site of injury were not significantly different from
contralateral cortex or sham cortex (n=5). Error bars (standard error of the mean).
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