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SUMMARY

Depression is a complex and significant public health problem for which
currently available medications are often ineffective and their therapeutic effects
routinely delayed by 1-2 months after initial administration. Due to the relative lack
of understanding of the biochemical etiology of depression and for the mechanistic
activities of available antidepressant medications, establishing an appropriate
system to model a depressed state and evaluate the mechanisms by which
antidepressants act is difficult. Establishing a model that adequately presents all of
the intricacies and complexity of such a biological system is likely not possible.
Nevertheless, previous studies from our laboratory have shown that: 1) Gas, the
protein that activates adenylyl cyclase, localizes to lipid rafts in depressed subjects
and 2) that chronic antidepressant treatment mediates translocation of Gas out of
lipid rafts. Translocation of Gas presents a potential mechanistic explanation for the
delayed onset of therapeutic action, but the precise molecular mechanisms
orchestrating Gas translocation remain.

Published data suggests that localization of Gas to the plasma membrane
results from N-terminal palmitoylation, and it appears that the localization of Gas to
lipid rafts requires palmitoylation (3). Based on this, | proposed that the gradual
accumulation of antidepressants in lipid rafts resulted in an antidepressant-induced
depalmitoylation of Gas. Moreover, | proposed that the translocation of Gas to non-
raft regions of the plasma membrane is a mechanistic factor describing

antidepressant hysteresis.
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SUMMARY (CONTINUED)

We have generated and established stably transfected C6 glioma cells with
(i) Gas-GFP N-terminal acylation mutants that prevent Gas N-terminal palmitoylation
(Cys3Ser) and (ii) mutant Gas that is both myristoylated and palmitoylated
(Asn6Ser), which modifies Gas similar to Gai. Analysis by cellular fractionation of
both mutant Gas-GFP constructs displayed an antidepressant insensitive Gas.
Furthermore, immunoprecipitation of Gas with conformation specific nanobodies
revealed that chronic antidepressant treatment and acylation state of Gas directly
influence the molecular partners to which Gas associates. These results may
provide new molecular insights and targets that allow for the eventual discovery of
novel therapies for depression.

| evaluated those molecular associations of Gas that direct Gas to the plasma
membrane using a conformation specific nanobody (NB35). | then compared the
effects of different antidepressant treatments (drug, time, and concentration) and
analyzed the associations of all immunoprecipitations using electrospray ionization
tandem mass spectrometry (ESI-MS/MS) analysis.

In Aim 1, | correlated the accumulation of antidepressants in plasma
membrane microdomains with the localization of Gas. Since C6 cells do not
express reuptake transport proteins, while antidepressants still mediate
translocation of Gas from lipid raft microdomains, there is likely another target(s)
that is/are mediating chronic antidepressant treatment effects. The principle
hypothesis behind experiments in these aims is that modulation of the cytoskeletal

components in association with Gas, function to maintain Gas in lipid raft
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SUMMARY (CONTINUED)
microdomains and that chronic antidepressant treatment destabilizes the
aforementioned interactions. Upon destabilization, Gasis able to translocate from
the lipid raft and interact with Adenylyl Cyclase (AC).

In aim 2, | evaluated the effects of acylation on the subcellular localization of
Gas with stably transfected C6 cells expressing wt GFP-Gas,
palmitoylated/myristoylated (Gai-like) GFP-Gas, and non-acylated GFP-Gas
recombinant constructs. Acylation of Gas is important for plasma membrane,
whereas deacylation suggests activation and altered subcellular localization of Gas.
As such, | evaluated the effects of chronic antidepressant treatment on changes to
the association partners and the palmitoylation state of Gas. Immunoprecipitations
of Gas, with NB35, suggest that gradual antidepressant accumulation in lipid raft
microdomains correlates with a depalmitoylation of Gas and an acylation state
directed panel of molecular association partners.

The results obtained and presented in this dissertation suggest a mechanism
of action for antidepressants that is apart from the inhibition of monoamine
reuptake. These observations are likely not the only accompanying mechanistic
action that chronic antidepressant treatments mediate, nor do they discount the
importance of the accumulation of monoamines (serotonin and norepinephrine) in
response to antidepressant therapy. These results have the potential to provide
new molecular targets in the antidepressant signaling cascade(s) and may allow for
the discovery of novel therapies that reduce the therapeutic latency characteristic of

antidepressant treatments. In the future, | would accomplish this through packaging
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SUMMARY (CONTINUED)
a selected antidepressant with adjuvant therapies designed to modulate the
palmitoylation of Gas in the acute phase or through peptides designed to disrupt the

lipid or protein anchors holding Gas in the lipid raft of target cells.
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Chapter 1 — Literature Review
1.1 Introduction
“It is an outrage that a person with a biochemical problem in their liver is treated with
compassion, whereas a person with a biochemical problem in their brain is scorned!”
~Edward M. Kennedy

Mental health disorders are serious, costly, and debilitating ilinesses for which
the social stigma associated is often sufficient to prevent a person suffering from one or
more to avoid seeking treatment. As recently reported in the New York Times, the
overall cost of mental iliness in the United States, which is the sum of reduced wages,
usage of poverty services, direct medical costs, and lost productivity are costing the
U.S. economy roughly $500 billion dollars per annum (4). Some of this expense
however, is hard to quantify, as depression leads to reduced motivation and
consequently a reduction in potential productivity. Even so, depression is one of the
most commonly diagnosed psychiatric disorders (5). Moreover, while effective in some
patients, therapeutic options have improved little beyond the available antidepressant
medications that have been on the market for years. This is due to a lack of
understanding of the biochemical etiology of depression as well as an incomplete
understanding of the biochemistry by which antidepressants mediate their full
therapeutic action.

In the treatment of depression, antidepressants have revealed that their
mechanisms of action are more pharmacologically complex than a simple monoamine-
mediated process. Specifically, the fact that therapeutic efficacy, if achieved at all,
depends upon sustained antidepressant administration over weeks to months

(hysteresis), all while the presence of monoamines increases within days of beginning a



treatment regimen, suggests that alternative mechanisms of action exist and that
unexploited targets that may provide better treatment options exist as well. Therefore,
fully understanding the biochemical mechanisms that account for antidepressant
pharmacological action is necessary to more precisely characterize and tailor effective

treatments for patients suffering from depression.



1.2 Depression

Depression is a chronic illness that affects the way sufferers feel, think, and
behave. The persistent feelings of sadness can result in a loss of interest in previously
enjoyable activities (anhedonia) and may lead to an array of emotional and physical
problems as well. Major Depressive Disorder (MDD) is the leading cause of long term
disability in the industrialized world(6) and it is estimated that ~15% of the world’s
population is affected at some point during their lifetime (7). In diagnosing depression,
at least five of the nine diagnostic criteria for MDD, outlined in the Diagnostic and
Statistical Manual of Mental Disorders (DSM), must be present nearly every day.
According to the DSM, MDD is diagnosed based on the presence of long-lasting key
symptoms that include: low mood or irritability most of the day, anhedonia, feelings of
worthlessness, guilt, or despair, significant appetite or weight change (>5%), sleep
disturbances (insomnia or hypersomnia), psychomotor issues (fatigue and anergia),
diminished ability to think and concentrate, and suicidal ideation. However, before
diagnosing depression, physical illness, medication, substance abuse, dysthymia (a
mild chronic mood disturbance that persists for at least two years), adjustment disorder,
or bipolar disorder (depressive phases alternate between periods of mania and

hypomania) must be ruled out as potential causes.



1.3 Biology of Depression

Since the observations of Schildkraut in the 1950s and ‘60s, depression has
been associated with a global reduction in monoamine content in the brain (8).
However, there is a significant hysteresis between the increase in monoamines and
therapeutic efficacy with antidepressant therapies. Alternatively, depression may result
from a reduction in the overall size and volume of specific brain regions most affected
by depression: hippocampus, prefrontal cortex, amygdala, cingulate gyrus, and nucleus
accumbens (9-13) and that chronic antidepressant therapy induces neurogenesis in
afflicted regions (14-16). Supporting evidence for this theory derives from the similarity
in lengths of time in the maturation cycle of newly incorporated granule cells with the
hysteresis in antidepressant therapeutic efficacy (17). Moreover, neuronal atrophy in
the depressed state is due to a decrease in the expression of brain derived neurotrophic
factor (BDNF) that chronic antidepressant treatment appears to restore (18-24).
However, the observed decrease in hippocampal volume in depressed patients is less
than the variability that occurs naturally (25) and brain regions not normally associated
with depression, such as the cerebellum, also shrink in volume. Therefore, the
importance of neurogenesis in response to chronic antidepressant treatment as a
potential mechanism of action in treating depression remains doubtful.

There is a growing consensus however that depression is caused by altered
synaptic plasticity (synaptogenesis) affecting cognitive and behavioral functions (6).
Synaptogenesis is a process by which new connections between neurons occur without
producing a new cell (neurogenesis). Though they appear related, synaptogenesis and

neurogenesis are independent processes. Glial cells are known to support neuronal



maintenance, but conduct a rather strange task of preventing neuronal cell
differentiation (26). Almost half of the human brain is composed of glial cells (27) that
play an important role in synapse formation. Recent evidence suggests that astroglial
cells control the number of synapses formed, are integral to synaptic stability,
necessarily exert influence over postsynaptic function, and mediate structural and
functional synaptic changes throughout the nervous system (28, 29). Furthermore,
chronic antidepressant treatment increases the expression and release of glial cell
derived neurotrophic factor (GDNF) in glial cell populations (30-33), which further
implicates synaptogenesis in depression and the antidepressant response. Regardless,
they are likely two sides of the same coin, as chronic antidepressant treatment results in
an increased accumulation of cellular cyclic adenosine monophosphate (CAMP) (34),
which necessarily mediates phosphorylation and activation of the cAMP response
element-binding protein (CREB) (30, 35-37), and subsequently activation of BDNF (or
GDNF) in a CREB-mediated process (22, 38).

Recent positron emission tomography (PET) evidence showed that cAMP is
diminished (throughout the brain) in depressed patients, but rebounds in subjects
responding to antidepressants (39). Currently the prevailing theory of how
antidepressants function, this could be termed the cAMP theory of depression.
However, CREB deficient mice, which effectively could be achieved from reduced
expression of CREB or from reduced cAMP accumulation, display increased
neurogenesis and experience a rapid onset of action with chronic desipramine (34);
serotonin (5-HT) depletion reverses the effects of CREB deficiency. The serotonin

receptor family is composed of members coupled to both Ga; and to Gas; 5-HT 5 are



Gai coupled and 5-HT4se7 are Gas coupled; 5-HT, is Gag coupled and 5-HT3 is an ion
channel. Thus, serotonin appears to be signaling through 5-HT ;5 in the system they are
observing as these receptors are Ga; coupled, which will result in an increase in cellular
cAMP accumulation and activated CREB. This suggests that the monoamine serotonin
is not terribly important for antidepressant action, but also that cAMP and neurogenesis
are opposing forces. Moreover, if serotonin were a significant mediator of the chronic
antidepressant response, there would not be a hysteresis to therapeutic efficacy.
Regardless, many still consider depression a result of a deficiency in monoamine
neurotransmitters in the synaptic cleft (monoamine hypothesis). However,
antidepressant hysteresis suggests that mechanism(s) apart from signaling through the
serotonin, dopamine, and/or adrenergic receptors exist (40-43), which is in contrast to
the prevailing dogma that antidepressants work via a presynaptic mechanism. The
monoamine and cAMP (neurogenesis/synaptogenesis and genomic) theories of
depression together appear to only begin to explain the complexity of depression and
the complex pharmacology of antidepressants. Thus, an alternative molecular target(s)
for each antidepressant rather than the monoamine transporters or monoamine oxidase

(MAO) appears to exist.



1.4 Antidepressants

Psychoactive agents and drugs have been used for thousands of years for
therapeutic, hallucinogenic, and various other purposes. However, until the relatively
recent rapid advances in medical science, the mechanism(s) by which many of these
drugs acted were largely unknown. While the scientific community is now better able to
address these gaps in knowledge and characterize the mechanism(s) by which many of
these drugs act, for some very commonly prescribed psychoactive drugs (e.g.
antidepressants) there still remains a relative lack of understanding of precisely how
they work. Much of the hindrance to the discovery of new antidepressant therapies and
the precise mechanism antidepressants engage results from the social stigma
associated with depression and the complex pharmacology that antidepressants exhibit
(hysteresis, etc.).

Among others, Schildkraut first proposed in 1965 the most widely known theory
of antidepressant action, “the catecholamine hypothesis of affective disorders,” more
commonly referred to as the monoamine hypothesis. In which, he asserts that, “some,
if not all, depressions are associated with an absolute or relative decrease in
catecholamines, particularly norepinephrine, available at central adrenergic receptor
sites,” and that, “Elation, conversely, may be associated with an excess of such amines”
(8). This assessment was rooted in observations made in the 1950s that hydrazine
agents, used to treat tuberculosis, also exhibited antidepressant effects and the fact that
the same compounds were later found to inhibit monoamine oxidase (44). Therefore,
the reasoning was that it must be true that a deficiency in signaling associated with the

monoamine neurotransmitters was the root cause. Even though depression has long



been thought of as an imbalance (i.e. deficiency) in monoamine neurotransmitters, the
monoamine hypothesis fails to address the fact that antidepressants exhibit delayed
onsets of action, of at least a week and often longer, that cannot be accounted for by a
simple increase in monoamine neurotransmitter density (40-43). This increase occurs
relatively soon after treatment begins, but the hysteresis to therapeutic action cannot
fully account for the assumption that monoamines alone are responsible.

Owing to the monoamine hypothesis, the current treatment options for
depression are pharmacological agents designed to enhance the density of serotonin,
norepinephrine, or a combination of the two in the synaptic cleft. While beneficial in
many patients, many more do not respond to conventional therapies. For instance, the
racemic mixture drug citalopram (Celexa) is associated with a remission rate of only
36.8 %, and 40% of patients on antidepressants relapse within a year (45). It is not
surprising that treatment efficacies are not improving, as each new drug is essentially a
derivative of the preceding one. As the low hanging fruit has essentially all been picked,
it is necessary to understand on a more fundamental level the mechanism(s) by which
current antidepressants act, so that novel or newly devised adjunct therapies for the
treatment of MDD be designed.

Antidepressants are particularly unusual in that their effects take weeks to
manifest (46, 47). Moreover, patients routinely cease taking a prescribed
antidepressant, often citing improved health or that they do not work. Often the
symptoms relapse, but about one third of individuals do not respond to a first line
antidepressant regimen. The Sequenced Treatment Alternatives to Relieve Depression

(STAR*D) trial taught us that nearly 70% of sufferers of MDD fail to respond with a first
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line antidepressant regimen (48, 49). This assessment may be due to an actual lack of
response or it may occur before realizing the therapeutic effects. However, the former
is most likely as all participants were treated for two months. For these reasons, the
mechanisms by which antidepressants act and the reasons for their hysteresis have
been under investigation for some time. A listing of the currently available
antidepressants, their class, and characterized function is summarized in TABLE I.
However, a conclusive explanation accounting for the delay between beginning a
treatment regimen and achieving a desired physiological response remains.

A mechanistic explanation accounting for the delayed onset in therapeutic action
(hysteresis) remains elusive and presents a significant gap in our understanding of the
complex pharmacology antidepressants display. Much of the currently available
antidepressants are designed with the monoamine hypothesis in mind, but the increase
in monoamine neurotransmitters occurs in hours to days, whereas the therapeutic
effects in patients that respond manifest over weeks of treatment. Apart from increasing
monoamine density in the synaptic cleft, the hysteresis to therapeutic efficacy coupled
with long-term (chronic) antidepressant treatment suggests the engagement of other
signaling pathways. This dissertation addresses the salient features of a key
mechanism that accounts for the manifestation of depression as well as antidepressant
hysteresis. Experiments test the hypothesis that: different antidepressant drugs display
distinct patterns of action, which may be through direct interaction with a protein or lipid
component of lipid rafts, through interference with associations anchoring Gas in lipid

rafts coupled with mediating depalmitoylation of Gas.



TABLE I. Antidepressant Classes, Drug Structures, and Designed Mechanistic

Function.
Class Antidepressants Activity
CH;
o _X_
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®
Monoamine Oxidase IPRONIAZID
Inhibitor (MAOI) Inhibit Monoamine
o / l \ Catabolism
d N
1960s N‘E)k(\}—cm Nt gg
£ N-g ]
ISOCARBOXAZID PHENELZINE
TRANYLCYPROMINE

Tricyclic Antidepressant (TCA)

1960s - 80s

Selective Serotonin Reuptake

Inhibitor (SSRI)

1980s -

R=CH,; R,=H Imipramine
R=H Ri=H Desipramine
R=CH; R=C1 Clomipramine

X

O

l N _CHs

“CH,
X=0 Doxepine
X=8 Dothiepin
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Fluoxetine

Cltalopram

R=CH, Amitryptyline
R=H Nortriptyline

Protrypyline

FiC

Sertraline

. O-H
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CH;
Trimipramine

Butryptyline

Norfluoxetine 9
FiC
Fluvoxamine \QYV\/OM‘

|
N\O/\/NHZ

NHMe

CH,
CH,

Inhibit Serotonin/
Norepinephrine
Reuptake Transporters

Inhibit Serotonin/
Norepinephrine
Reuptake Transporters

Table 1: Antidepressant drug classes, associated drugs, and their canonical mechanistic function.
Representatives from each class of antidepressant are assayed in the following experiments:
Phenelzine (MAQI), Desipramine (TCA), Fluoxetine (SSRI), and Escitalopram (SSRI).

10
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1.5 G-protein coupled receptors

G protein-mediated signaling pathways are highly conserved throughout the
evolutionary spectrum and transmit signals regulating numerous cellular processes. G
protein-coupled receptors (GPCRs) are responsible for most of the signaling of
hormones and neurotransmitters via activation of heterotrimeric guanine nucleotide
binding proteins (G protein) (50). GPCRs are a diverse class of receptors, most of
which are integral membrane proteins that contain seven transmembrane domains.
Many of the structural characteristics of the GPCR super family are based upon
sequence homology with the first GPCR to be crystallized, Bacteriorhodopsin (51) and
later the first mammalian GPCR crystal structure for Rhodopsin (52).

GPCRs transmit their associated signals via significant ligand mediated
conformational rearrangements of the receptor, most notably through forming a cavity
due to outward movement of the transmembrane domains 5 and 6 (50, 53), coupled
with conformational rearrangement and activation of the coupled G protein (Figure 1)
(50, 53-55). These conformational rearrangements promote association with guanine
nucleotide exchange factors (GEFs) that exchange the bound GDP to GTP on the Ga
subunit. GTP bound Ga subunits dissociate from GBy and are free to engage signaling
pathways specific to the particular Ga subunit (56). Effectively, a GPCR is a GEF for

heterotrimeric G proteins.
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1.6 G-proteins and signaling

There are two classes of G-proteins, monomeric and heterotrimeric, which are
activated via signals external to the cell transmitted inward through a receptor. Both
classes are regulated via GDP/GTP exchange to mediate a variety of functional
activities; hence G (guanine nucleotide binding) protein. However, the types of
receptors that activate each are markedly different.

Monomeric G proteins, more commonly referred to as small GTPases or the Ras
superfamily of GTPases, is quite large with over 100 members (57), but essentially
consists of five subfamilies (Rab, Ran, Ras, Rho, and ARF) (68). One of the ways in
which small GTPases are activated is through receptor tyrosine kinase (RTK) activation.
RTKs are comprised of two subunits that unite and cross phosphorylate each other,
which facilitates the docking of adaptor protein growth factor receptor-bound protein 2
(Grb2) through its Src homology 2 (SH2) domain as well as the Son of Sevenless
homolog (SOS) through Src homology 3 (SH3) domains of Grb2 (59). SOS in turn
binds the monomeric G protein and recruits a guanine nucleotide exchange factor
(GEF) to the membrane that induces GDP to GTP exchange (active state) (60).

The active G protein dissociates and affects kinases or cytoskeletal and vesicle
trafficking targets downstream. The Rab family principally targets vesicle trafficking
machinery (61), the Ras family primarily affects growth and differentiation involved
kinase cascades (62), the Rho family regulates actin filament polymerization (63-65),
and ARF plays a role in the formation of vesicle formation (66). Association with
GTPase activating proteins (GAPs) results in termination of signaling through small

monomeric G proteins.
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Heterotrimeric G proteins by contrast consist of a, 3, and y subunits. There are
27 Ga, 5 GB, and 14 Gy subunits currently known to exist, which presents a possible
diversity of 27x5x14=1890 combinations of heterotrimers (67). However, the actual
number of potential combinations is likely much lower due to tissue specific expression
patterns. The fact that there are 27 different Ga subunits suggests that it, rather than 3
and y subunits, is the principal mediator of the diverse signaling pathways GPCRs
transmit. The Ga subunits consist of four families: Gai (Gaioi1/23 Ga, Gay Gagust), GAg11
(Gag Gai1 Gais Gaisie), Gas (Gas Gaer), and Gaqz13 (Gai2 Gass). Upon activation, G
protein coupled receptor (GPCR) conformational rearrangements promote exchange of
GDP for GTP, resulting in Ga activation, and functional dissociation of Ga from Gy
(56). Moreover, there is significant conformational rearrangement of the Ga subunit
when GTP bound, as opposed to GDP bound, which promotes this dissolution (1, 2, 50,
53-55) (Figure 1). GPCR mediated signaling pathways are turned off via the intrinsic
GTPase activity of the respective Ga subunits, which can be accelerated by regulators

of G-protein signaling (RGS) (68-70).
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Figure 1. Heterotrimeric Ga proteins dissociated from Gy and undergo
significant conformational rearrangement upon activation.

Inactive GDP bound
Heterotrimeric G protein

Active GTP bound Ga

PDB: 1GG2 PDB: 1GIA

Exchange of GDP for GTP on the Ga subunit of heterotrimeric G-proteins results in activation through significant
conformational rearrangement of the Ga subunit, and dissolution of the complex between Ga and GBy. GDP bound
G protein heterotrimer. Ga;(G203A) complexed with Gy (PDB entry 1GG2); Ga - red, GB - green, and Gy — blue
(1). GTP bound and conformationally active Ga; subunit (PDB entry 1GIA); Ga — red (2).
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1.7 Acylation

Proteins that interact with the hydrophobic plasma membrane lipid bilayer require
hydrophobic surfaces for insertion, such as a-helices or B-sheets, or be modified with
lipid anchors (acylated). The latter serves the purpose of inserting into the hydrophobic
hydrocarbon core of the lipid bilayer. Examples of acylated proteins include the
lipidated forms of receptors, monomeric and heterotrimeric G-proteins (71-73), and
protein tyrosine kinases (74, 75).

Acylation is a common protein modification that enables and directs membrane-
associated proteins to the inner leaflet and regulates their signaling capacity. Acyl
modifications essentially belong to two categories: |) Glyocophosphatidylinositol (GP1)
linked (76, 77) and cholesteroylation (78-80) modifications that orient the protein
extracellularly. GPI linkage aids the trafficking of proteins through the secretory
pathway from the endoplasmic reticulum. 1l) Those that mediate association with the
cytosolic face of the plasma membrane. Cytosolic lipidations are further divided into: N-
myristoylation (81, 82), prenylation (71, 83-86), and palmitoylation (87-94).

The two most common acyl modifications are myristoylation (14 carbon) and
palmitoylation (16 carbon) (95). Both modifications may be dynamically regulated, but
the linkage of myristate to the N-terminus of glycine, as opposed to the S-linkage with
cysteine in the case of palmitoylation, makes this a more stable bond and less readily
turned over (95). N-myristoylation occurs via an amide linkage between the 14-carbon
saturated fatty acid myristate and the N-terminal amino group of a target protein with the
sequence Met-Gly-protein. The N-terminal methionine is cleaved by methionine

aminopeptidase and N-myristoyltransferase catalyzes the amide linkage of myristoyl-
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CoA to the N-terminal glycine (81). Prenylation, by contrast, occurs on a C-terminal
cysteine thiol on which farnesyl (15 carbon) or geranylgeranyl (20-carbon) are thioester
linked by farnesyltransferase (96, 97) or geranylgeranyltransferase (98-100)
respectively. Finally, the comparatively more exciting from a signaling perspective,
palmitoylation occurs through thioester linkage of the saturated 16-carbon fatty acid to a
cysteine thiol side chain of a target protein (87-91, 94, 101-109).

Palmitoylation is catalyzed by protein palmitoyltransferases (PATs), but the target
motifs that many PATs recognize are poorly characterized (94, 110). The primary
function of palmitoylation is to direct palmitoylated proteins to the membrane (94).
Palmitoylation also targets proteins to lipid rafts, as when palmitoylation is blocked by
mutagenesis or PAT inhibition, proteins no longer localize to lipid rafts (111-114).
However, the unique feature of this modification is that it is reversible and that rapid
palmitoylation turnover allows modified proteins to shuttle between the plasma
membrane and other subcellular regions (69, 87, 115-123). Therefore, the dynamic
reversibility of palmitoylation differentiates it from the other types of acyl modifications,
and makes it the comparatively more interesting and important acyl modification
because it serves a dual purpose as a lipid anchor, but also allows proteins to shuttle
between cellular regions via a cycle of palmitoylation and depalmitoylation. The
structure and catalyzing enzyme families for each lipid modification are summarized in
TABLE II.

There are a considerable number of proteins that are only palmitoylated. In fact,
a single, reversible palmitoylation catalyzed by a DHHC maotif containing protein

(DHHC3/7) (124) anchors Gas to the plasma membrane, which enhances its interaction



17

with GBy, an essential step in cell signaling cycles (68). Moreover, regulators of G-
protein signaling (RGS) are also singly palmitoylated, which regulates membrane
localization and inactivation of G proteins by turning off GPCR mediated signaling
pathways (68, 69). Acylation of many G protein alpha subunits and small GTPases is
what directs their association with the inner leaflet of the plasma membrane and may
control their association with lipid rafts (3, 124, 125), in part because it regulates the
association between Ga and Gpy, the latter associating with the membrane via
prenylation (126, 127). Moreover, Gas is the only Ga subunit that exhibits activation-
induced translocation coupled with depalmitoylation (88, 107, 128-132).

Dual acylation with a palmitoyl and a prenyl or myristoyl group is also possible.
For example, the Ras proteins, H-Ras and N-Ras, are palmitoylated and farnesylated
(96, 133) and the G protein Gai is palmitoylated and myristoylated (128, 134-136). In
each case, the first modification (e.g. prenylation and myristoylation) provides a weak
membrane interaction and the subsequent palmitoylation generates sufficient
hydrophobicity for a strong membrane affinity (3, 107, 137, 138). Gas is the most
difficult Ga to extract from the membrane with detergent (139), likely owing to the fact
that palmitate, in contrast with myristate (137), is more than capable of mediating strong
association with the plasma membrane even though it is reversible (104). Taken
together, it may be possible that one, or a companion, of the potential mechanism(s) of
antidepressant-induced translocation of Gas from lipid rafts is via attenuating its N-
terminal palmitoylation.

Although antidepressants mediate translocation of Gas from lipid rafts, until the

results presented herein it was unknown if they mediated depalmitoylation of Gas, or
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possibly even activated Gas. Where DHHC3/7 are responsible for palmitoylating Gas
(124), acyl-protein thioesterase 1 (APT1) is the enzyme responsible for depalmitoylating
Gas (140). Knockdown of DHHC3 and DHHC7 appear to have little effect apart from
impairing membrane localization of their protein targets (124, 141), whereas knockdown
of APT1 reduces synaptic spine volume (142). Thus, knockdown of either
palmitoylating or depalmitoylating enzymes does not appear to be toxic to cells and
likely only affects localization of palmitoylated proteins (122, 124, 141). Interestingly,
inactivation of the closely related palmitoyl protein thioesterase 1 (PPT1) results in
infantile neuronal ceroid lipofuscinosis, which is characterized by degradation target
accumulation in the lysosome, neurodegeneration, and ultimately death (143).
Regardless, an acute activator of APT1, or acute inhibitor of DHHC3/7 could be
therapeutically useful in combination with a chronic antidepressant treatment in treating

MDD.



TABLE Ill. Structures and Catalyzing Enzymes for the Principle types of Protein

Lipid Modification.
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Lipid Modification Enzyme
o
Il .
Protein—N-C_ ~_ "~~~ Myristoylation N-myristoy!
H transferase
o
. II .
Protein—S—C _ "\ _ "~ Palmitoylation Palmitoyl
transferase
Protein Farnesyl
transferase/
CHBO\"/ﬁ\/S EN R A Farnesylation Geranylgeranyl
o transferase |
Protein
CH.O C S . Geranylgeranyl
3 \BI/H\/ x X X Geranylgeranylation transferase |l

Table 2: The hydrophobic chains allow for insertion into the hydrophobic plasma membrane lipid bilayer,
which mediates the association of the accompanying protein with the membrane. In the case of acylation by
either myristoylation or palmitoylation, the chemistry of attachment determines the lability of turnover in that

covalent linkage with the cysteine thiol is inherently less stable than covalent linkage to the N-terminal amine.
Prenylation by contrast is sometimes referred to as iso-lipidation due to the way in which bonding occurs

intrachain as opposed to the terminus.
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1.8 Plasma membrane and Lipid Raft microdomains

The fluid mosaic model proposes that the plasma membrane is a fluid lipid
bilayer in which integral and associated proteins are able to freely diffuse laterally. In
some cases, this is true, but the compartmentalization of the membrane into
microdomains via interactions between different lipids, proteins, and the cytoskeleton
greatly restrict much of this lateral mobility. In particular, regions of the plasma
membrane rich in Caveolin, cholesterol, sphingolipids, and GPI-anchored proteins
known as lipid rafts, contain many of the anchoring cytoskeletal-associated membrane
structures (144-146). Lipid rafts bring together and facilitate molecular association(s) of
a vast array of different membrane imbedded and membrane-associated proteins to
theoretically initiate intracellular signaling. However, lipid rafts are enriched with
sphingomyelin and low in phosphatidylcholine, presumably to maintain similar choline
content between the raft and non-raft regions of the plasma membrane. Moreover, due
to the rigid nature of cholesterol, it preferentially partitions into the lipid rafts where acyl
chains of the sphingolipids and others are more saturated and less fluid; thus
maximizing van der Waals interactions. Thus, the rigidity and tight packing of lipid rafts
is sufficient to restrict lateral diffusion of integrated as well as membrane-associated

proteins.
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1.9 G proteins and Lipid Raft microdomains

While lipid rafts can facilitate the clustering of signaling molecules (147, 148), the
rigid structure afforded by increased cholesterol content appears to actually have a
globally dampening effect on G protein signaling, as many GPCRs are lipid raft
localized (149). For example, Gas is a membrane-associated protein whose signaling is
impaired by lipid raft microdomains, presumably through inhibiting association(s)
between raft and non-raft based molecules (132, 150). Dampened signaling, through
Gas and/or Gas coupled receptors, is consistent with the observed increase in Gas
association with rafts as well as damped cAMP signaling seen in MDD (151).
Accordingly, Gas content within lipid rafts is diminished after chronic treatment with
fluoxetine, desipramine, and escitalopram (152, 153), cCAMP is increased (154), and
enhanced neurite outgrowth ensues (155, 156); presumably through induction of GDNF
expression (30-33). Moreover, lipid raft disruption through cholesterol depletion or
cytoskeletal disruption displaces many raft proteins, but activation or antidepressant
treatment displaces only Gas, as there was not any change in raft localization of Ga; or
Gag (139, 153).

Displacement of Gas from lipid rafts could mean intracellular translocation.
However, increased Gas and Adenylyl Cyclase (AC) physical coupling was observed by
co-immunoprecipitation (co-IP) after chronic, but not acute antidepressant treatment,
which resulted in enhanced activation of AC; chronic amphetamine did not show similar
effects (157). This suggests rather that translocation is into non-raft regions of the
plasma membrane as AC is quite large and less likely to readily internalize. The overall

amount of Gas was unchanged and intrinsic GTP binding nor intrinsic AC activity was
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altered; Ga; and AC inhibition were not altered (154). Furthermore, chronic (3 week) but
not acute (1 week) treatment of rats with amitriptyline, desipramine, imipramine,
iprindole, or electroconvulsive shock (ECS) increased activation of AC in the cortex and
hypothalamus, but not in the liver or kidney (158). Lastly and importantly, escitalopram
increases Gas/AC coupling and lipid raft translocation to non-raft regions of the plasma
membrane of C6 glioma cells in a time and concentration dependent manner in which
the inactive enantiomer R-citalopram had no effects (152). Taken together, this
suggests that antidepressant effects are mediated through induction of the cAMP
generating system: G alpha S (Gas)-Adenylyl Cyclase (AC)—cAMP dependent protein
kinase (PKA) in mediating the antidepressant response. However, the known targets of
currently available antidepressants are the reuptake transporters or monoamine oxidase
(MAO), neither of which couples with Gas. Together, these findings suggest a
significant role for Gas in depression and in mediating the physiological effects of

antidepressants.
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1.10 Aim of the Dissertation

Although antidepressants are the most widely prescribed class of drugs in the
United States, the precise mechanisms by which they function are not well defined. The
goal of this study is to better understand the molecular mechanisms accounting for the
delayed onset of their therapeutic action. Depression is a significant public health
problem and the hysteresis of antidepressant action complicates this problem. The goal
of any drug treatment is a rapid, sustained, and complete remission of symptoms.
However, antidepressant drugs exhibit a hysteresis to their physiological effects that
may last several weeks to months. Previous studies from our laboratory have shown
that chronic antidepressant treatment mediates movement of Gas out of lipid rafts (132,
139, 151-153, 157, 159-163), which presents a potential mechanistic explanation for the
delayed onset of therapeutic action, but the molecular mechanisms mediating
movement of Gas into and out from lipid rafts presents a significant knowledge gap.
Therefore, in response to chronic antidepressant treatments, | directly evaluated the

effects that antidepressants have on Gas and its localization.
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1.11 Innovation and Impact

The suggestion that one action of antidepressants is to move Gas out of lipid rafts
is a unique and novel biochemical mechanism. We propose that this finding and the
results contained within this dissertation will establish Gas as a new diagnostic marker
of depression. Moreover, that the biochemical alterations that antidepressants mediate
upon Gas are exploitable in creating novel targeted pharmacological therapies.
Successful completion of the proposed experiments have furthered our understanding
of a possible site of action of a variety of disparate drugs that act as antidepressants
and may lead to the rational design of new antidepressant therapies. Data derived from
this project might also lead to new screening methodologies for newly developed
antidepressant drugs by analyzing the modification status of the biomarker Gas. We
suggest that the localization of Gas in lipid rafts represents a biological signature of
depression and that antidepressant-induced translocation of Gas through accumulation
in lipid rafts is a useful indicator of antidepressant responsiveness. This provides the

overriding rationale for the studies in this dissertation:
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1.12 Hypothesis of Antidepressant Action

In response to chronic, but not acute antidepressant treatment, Gas moves out of
lipid raft microdomains and increasingly interacts with AC. The molecular anchors
localizing Gas to the lipid raft regions of plasma membrane and changes to them
consequent to chronic antidepressant treatment remain poorly characterized.
Therefore, | tested a novel hypothesis that chronic treatment with antidepressants
leads to their gradually accumulation in lipid rafts, which mediates the
depalmitoylation of Gas, the remodeling of the molecular associations in which

Ga, participates, and ultimately the membrane localization of Gas.
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1.13 Specific Aims

Previous studies from our laboratory have shown that chronic antidepressant
treatment mediates movement of Gas out from under the inhibitory effects of lipid
rafts (132, 139, 151-153, 157, 159-163). The precise molecular mechanisms of this
phenomenon are not well defined and present a significant knowledge gap.
Specifically, | employed the following aims to test the hypothesis (Figure 2):
AIM 1: Determine the molecular associations/mechanisms that modulate Gas
translocation from lipid rafts under chronic antidepressant treatment in vitro.

| directly evaluated the molecular mechanisms acting on Gas in response to
acute (1 hr) and chronic (72 hrs) antidepressant treatments. | analyzed molecular
associations of Gas with ESI-MS/MS and correlated Gas localization with the expression
of cytoskeletal factors (e.g. Tubulin isoforms) in C6 glioma cells that lack any
monoamine transporter system (antidepressants also exert post-synaptic effects).
Further, | determined the accumulation of antidepressants in lipid rafts by extraction and
analysis with absorbance and confirmed with GC-MS. Antidepressant presence was
determined by screening obtained mass spectra against available libraries. | expect
that antidepressants alter cytoskeletal architecture; enabling the key molecular
event of Gas movement out from lipid rafts, before achieving a therapeutic
response.

1A. Determine the extent of gradual accumulation of different antidepressant drugs
in lipid raft and non-raft fractions of the plasma membrane and correlate this

with Gas subcellular localization.



27
1B. Evaluate changes to the molecular associations in which Gas participates
mediated by chronic antidepressant treatment, specifically flament proteins.
AIM 2: Determine the effects of acylation state of Gas on its subcellular
localization and molecular associations that maintain lipid raft localization.
Acylation of Gas appears to direct its subcellular localization and likely the
molecular associations in which it is involved. Wild type (wt) Gas is palmitoylated in the
N-terminus (125), localizing it to the plasma membrane. | will stably transfect C6 cells
with wt Gas-GFP, as well as mutant variants that are palmitoylated/myristoylated (Gai
like) Gas-GFP mutants, and acylated deficient Gas-GFP for examining changes in
association partners. | compared acute (1 hr) and chronic (72 hrs) antidepressant
treatments for alterations in Gas complexes, precipitated using conformationally specific
(GTP bound) camelid nanobodies (164). Molecular associations were analyzed by ESI-
MS/MS, confirmed via western blot analysis, and acyl modification(s) determined by
GC-MS. Taken together, | examined the effects that acylation has on the
antidepressant mediated molecular event of translocation of Gas out of lipid rafts,
before achieving a therapeutic response.
2A. Evaluate the effects of acylation state on the subcellular localization of Gas and
how this affects changes to the nascent molecular associations in which Gas
participates in response to chronic antidepressant treatment.
2B. Determine whether chronic treatment with antidepressants mediates

depalmitoylation of Gas and if depalmitoylation affects lipid raft anchoring of Gas.
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Figure 2. Proposed model of chronic antidepressant mediated effects upon Gas
plasma membrane localization.
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N-terminal palmitoylation directs Gas to the plasma membrane, preferentially to lipid raft regions. | hypothesize that
Gas is enriched in lipid rafts during depression. Subsequent to chronic treatment with various antidepressant
compounds, Gas is translocated from lipid raft regions of the plasma membrane to non-raft membrane regions that
allow greater interaction with/activation of Adenylyl Cyclase. | further hypothesize that translocation of Gas is
accompanied by dissociation of Gas from Tubulin (Ta/TB) or additional raft anchors; which is accompanied by

depalmitoylation of Ga..



Chapter 2 — Research Design and Methods
2.1 Model Systems

Any system will be fraught with some level of complexity. In this dissertation, we
will be using C6 astroglial cells because of their relative ease of biochemical and
pharmacological manipulation, but most importantly because of their lack of expression
of monoamine transport proteins. The latter is of paramount importance for the study of
the post-synaptic effects attributed to the chronic presence of antidepressant drugs,
which is suggests by the hysteresis of antidepressant action that will be described in
detail throughout the rest of this document.

| evaluated the mechanism(s) of antidepressant action and the consequent
movement of Gas out of lipid rafts in rat C6 glioma cells, which is a system that others
and we have used for years. While C6 cells have transporters for glutamate, they lack
any monoamine transporter system, which does not discount the relevance of
monoamine reuptake inhibition, but rather does suggest that antidepressants also exert
post-synaptic effects independent of reuptake. | suggest that this
“transmitter/transporter-independent” effect is due to some reordering of membrane
components and that it is a process requiring days (in cells) to weeks (in rodents or

humans).
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2.2 Chemicals

Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum, trypsin, and
penicillin/streptomycin were purchased from Sigma-Aldrich, St Louis, MO. Cell culture
flasks were from NUNC (VWR International, West Chester, PA). Escitalopram and R-
citalopram were kindly provided from H. Lundbeck A/S, Copenhagen, Denmark.
Desipramine hydrochloride and olanzapine were purchased from Tocris Bioscience,
Ellisville, MO. Phenelzine sulfate, fluoxetine hydrochloride, N-ethylmaleimide, and

Hydroxylamine were purchased from Sigma-Aldrich, St Louis, MO.

2.3 Western blotting

Westerns were conducted according to standard protocols with a mouse mono-
clonal anti-Gas (1:1,000), rabbit mono-clonal anti-Cav1 (1:10,000), and mouse mono-
clonal anti-B-actin (1:5,000). Membranes were blocked in 5% milk for 30 min at RT,
primary antibody incubations conducted in 5% BSA, 0.2% NaNs, and 1X protease
inhibitors for 4 hrs at 4 °C. Secondary antibody incubations were conducted in 5% milk

for 2 hrs at RT.
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2.4 Drug Treatments

To date, most drugs investigated relate in some way to monoaminergic
transmission. The STAR*D study suggests that a subset of patients started on
citalopram that fail to respond see some improvement with the addition of a second
drug (48). We are in a position to test such “combination therapies” in our simple model
system.

C6 cells were cultured in DMEM, 4.5 g of glucose/L, 10% newborn calf serum
(Hyclone Laboratories, Logan, UT), 100 mg/mL bacteriostatic penicillin-streptomycin at
37 °C in humidified 5% CO, atmosphere to a confluence of ~40% before chronic
treatments were begun. Treatment with 10 uM antidepressant for 72 hrs is a standard
assay condition (152) and parallels doses used in rat studies (139, 165), even though
these drugs are effective at concentrations as low as 50 nM over the same period (160).
This is ~ 2x the plasma concentration seen after a 20 mg/day dose, but closer to a
biologically consistent level. Culture media and drug were changed daily and no
apparent change in cell morphology occurred during treatment.

Intact cells were rinsed twice with pre-warmed 1X phosphate buffered saline
(PBS) to remove debris and wash away unbound drugs. C6 cells were stimulated with
0, 0.01, 0.1, 1, and 10 uM escitalopram for dose response curve generation and 10 uM
escitalopram for temporal stimulation at 0 hr, 3 hr, 12 hr, 24 hr, 48 hr, 72 hr, and 120 hr;
100 nM escitalopram for 120 hrs was also tested; R-citalopram served as the control

(152, 166, 167).
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2.5 GFP tagging
Fluorescent tagging of proteins, particularly with GFP, has proven to be a

powerful tool in analyzing the localization and trafficking of different proteins in live cell
imaging. We have generated a GFP tagged Gas construct that behaves much the same
as untagged wild type Gas when transfected into C6 cells and treated with
antidepressants (moves out of lipid rafts) (168). Importantly, Gas-GFP however
accumulates in detergent resistant membrane fractions, whereas endogenous Gas
predominates in the buoyant fraction with lipid rafts. We have thus modified the GFP
tag to be monomeric, according to published methods (169). We have verified the
oligomeric state of Gas-GFP through decreased accumulation in the detergent resistant
membrane fractions, similar to endogenous Gas, and observing enhanced membrane
localization of Gas-GFP. Our lab has constructed acylation mutants in the N-terminus of
Gas-GFP at Cys3Ser and Asn6Ser residues to affect the palmitoylation and
myristoylation state respectively. Modification of Cys3 impairs palmitoylation of Gas and
mutation of Asn6Ser provides the recognition sequence necessary for myristoylation
(170) of the nascent Gly2 residue of Gas. These acylation mutant Gas constructs are
invaluable tools for evaluating the effects of antidepressants on the localization and
associations of Gas. When kept to a moderate level of expression (2 to 3 fold that of
endogenous Gas), the expression of GFP-Gas is transparent to cellular physiology while

allowing a window on the movements of Gas (159).
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2.6 Lipid Raft Isolation

Cells were washed and harvested in ice-cold 1X PBS. Lipid raft fractions were prepared
as previously described with minor modification (171). C6 cells were scraped into 0.75 mL of
HEPES buffer (10 mM HEPES, pH 7.5, 150 mM NaCl, 1 mM DTT, and protease inhibitors)
containing 1% TX-100. Samples were homogenized and mixed 1:1 v/v with an 80% sucrose
HEPES buffer, and loaded into an ultracentrifuge tube. A sucrose gradient was sequentially
layering 30, 15, and 5% over the homogenate and centrifuged at 200,000xG for 20 hrs in an
SWS55 rotor (Beckman, Palo Alto, CA). Lipid raft bands exist between 15 and 30% sucrose
layers (171). 500 pL fractions were collected from the top down into 1.5 mL ultrafuge tubes,
diluted 3:1 in HEPES buffer, and pelleted at 20,000xG. Pellets were resuspended in HEPES
buffer and analyzed by western blot.

Alternatively, treated C6 cells were separated by Triton-X100/114 (Tx100/114). The
ratio of Gag in Tx-100 (non-raft) vs. Tx-114 (raft) extracts is comparable to sucrose gradient
preparation, but offers a much higher throughput (139). Cells were pelleted, washed with 1X
PBS, lysed in TME buffer (10 mM Tris-HCI, 1 mM MgCI2, 1 mM EDTA, pH 7.5, protease
inhibitors), and centrifuged at 100,000xG for 30 min. at 4°C to pellet membranes. Cytosolic
supernatant was aspirated and saved. Membrane pellets were resuspended and rotated in
TME containing 1% Tx-100 and 150 mM NacCl, for 30 min. at 4°C. Membranes were pelleted at
100,000xG for 30 min. at 4°C (Tx-100 non-raft fraction). Pellets were resuspended and
homogenized in TME containing 1% Tx-114 and 150mM NaCl at 4°C (Tx-114 lipid raft fraction).

All procedures are carried out under ice-cold conditions.
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2.7 Accumulation of Antidepressants measured by UV-Vis

Similar to protocols for determining tableting efficiency (172), the ratio of
escitalopram absorbance at 238 nm (S- and R-citalopram) was normalized to protein
absorbance at 280 nm. Eisensamer and colleagues observed the accumulation of
antidepressants and other psychoactive drugs in membranes by spiking membrane
fractions with known concentrations of drug and subjecting them to HPLC (173);
detection is through their characteristic absorbance. Although minimized by column
chromatography, biomolecular absorbance may obscure any “drug” readings detected.
In the case of citalopram, peptide bond absorbance (190-220 nm) likely obscures its
absorbance maximum at 238 nm. This is why | have normalized my measurements to
protein content (280 nm) and point out that the reported values are only useful in
qualitatively suggesting drug presence.

The UV absorbance of antidepressants was used to determine their association
with membrane fractions as before (173), with modifications. C6 cells chronically
treated (72 hrs) with 10 uM escitalopram, R-citalopram, fluoxetine, desipramine,
phenelzine, or olanzapine were extracted by Tx100/114 and the cytosolic, non-raft
membrane, and lipid raft fractions analyzed by UV absorbance and normalized to
protein content (A = 280 nm). Furthermore, 500 pL sucrose density gradient fractions
were spiked with a final concentration of 10 uM escitalopram or R-citalopram. S- and R-
citalopram absorbance (A = 238 nm) in each fraction was assessed before and after
spiking, measurements normalized to protein and blanked. The drug absorbance units

per mg protein (238/280 ratio) suggests antidepressant accumulation in lipid rafts.
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2.8 Antidepressant drug hydrophobicity

Partition coefficients of drugs were determined as previously described (174) in a 1:1 v/v octanol
to ddH,O and the UV-Vis spectrum recorded for each phase. If the distribution of a drug in this system
predominates in the octanol phase, it is more hydrophobic and if the drug predominates in the water
phase, it is more hydrophilic. The mixtures were prepared with 100 nmol of drug in a total volume of 210
uL (0.48 mM), vortexed 3 X 20s, and centrifuged at 2000 x G to separate the phases; octanol has a
density of 824 kg/m® and water is 999.97 kg/m”.

The UV-Vis spectrum was then taken for each phase (n=3). Absorbances: phenelzine (256 nm),
desipramine (252 nm), fluoxetine (226 nm), citalopram (238 nm), or olanzapine (270 nm). The partition
coefficients were calculated using:

un—ionized
octanol

[q"l ¢ ]un—ionized
sofute water

[solute]

log Poctjwat = log
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2.9 Accumulation of Antidepressants measured by Gas Chromatography Mass
Spectrometry (GC-MS)

The accumulation of antidepressants in lipid rafts and non-raft membranes of C6
glioma cells was measured via GC/MS to accompany results obtained via increases in
the UV absorbance spectrum for escitalopram as opposed to R-citalopram. C6 cells
were chronically treated (72 hrs) with 10 uM escitalopram, R-citalopram, fluoxetine,
desipramine, phenelzine, or olanzapine. More elaborate concentration and temporal
measurements were restricted to escitalopram. The accumulation of increasing
concentrations, 10 nM to 10 pM, of escitalopram over 72 hrs, as well as temporally from
3-120 hrs with 10 yM escitalopram was measured in lipid raft and non-raft membrane;

R-citalopram served as the control.

1) Cells were trypsinized and pelleted at 1500 rpm. Membranes were fractionated into
Tx-100 soluble and Tx-114 soluble fractions. The ratio of Gas in Triton X-100 (non-raft)
vs. Triton X-114 (raft) extracts is comparable to sucrose gradient preparation (30, 15,
and 5%), where rafts exist between the 15 and 30% sucrose layers (171), but offers a
much higher throughput (139, 151). Sucrose gradients, however, are more sensitive
and more likely to detect subtle changes in raft localization. | measured the
accumulation of antidepressants in lipid rafts and non-raft membranes of C6 glioma
cells. | further measured the accumulation of increasing concentrations, from 10 nM to
10 pM, of escitalopram for 3 days in order to be consistent with plasma concentrations

and studies done in cells and animals; R-citalopram served as the control.
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2) Extraction of accumulated antidepressant drugs in lipid rafts (Tx-114 fraction) may be
assessed on large volume samples as previously described (175), but is not appropriate
for small volumes here. Extraction of antidepressants from membrane structures, in
order, with ammonium hydroxide, n-butyl chloride/ethyl ether, 2N sulfuric acid, hexane,
ammonium hydroxide, and butyl acetate failed as the elimination of leftover lipid and/or
cholesterol emulsions by the addition of excess ethyl ether following the n-butyl
chloride/ethyl ether extraction step, likely removed the drugs as well. Membrane
fractions were chloroform-methanol precipitated as previously described (176) and the
water, chloroform, and methanol phases vacuum centrifuged to recover accumulated
drug. Desiccant was dissolved into 1 mL of methanol for direct injection onto an Agilent

capillary column.

3) GC-MS analyses were performed using an Agilent HP-6890 gas chromatograph,
equipped with an Agilent 19091S-602 HP-1MS capillary column (25 m, 0.20 mm, 0.33
um, 7 inch cage), and interfaced with an Agilent HP-5973 mass selective detection
(MSD) spectrometer equipped with a Single Flame lonization Detector, Single 100 psi
EPC Split/Splitless Injection Ports, 7673C-6890 Auto sampler: 6890 Control Electronics,
6890 Injector, 100 Position Tray and 6890 Mounting Bracket. Helium was used as the
c