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1.1 Introduction to pharmacological targets of lithium.

Lithium has the simplest structure of any therapeutic agent, and its bioactive properties
have been known for over a century. Lithium salts have proven to be a valuable tool for the
treatment of bipolar disorder, formerly known as manic depressive illness. As the name
implies, people who suffer from bipolar disorder experience drastic moodswings, from
extreme happiness to extreme depression. Between 0.4 and 1.6% of the population suffer
from this psychiatric condition. The use of lithium as a stabiliser of mood dates from 1949,
when australian physician John Cade observed the calming effect that lithium had on
animals and on himself (that is the way how he tested the safety of lithium) [133].

In the central nervous system, lithium has been reported to confer protection to neural
cells against a wide variety of insults, and to induce synaptic remodelling in neurons, which
may account for its positive clinical effects in the treatment of mood disorders [134]. Apart
from its mood-stabilising properties, profound developmental, metabolic, and
hematopoietic effects are reported to be caused by millimolar concentrations of lithium.
Lithium is found to profoundly affect the development of diverse lower organisms such as
Dyctyostelium and Xenopus [135, 136], but surprisingly few teratogenic effects are reported
in humans. Perhaps the most striking metabolic effect atributed to lithium is the stimulation
of glycogen synthesis, thus mimicking insulin action [137]. In humans, it is reported to
increase the number of circulating granulocytes and pluripotent hematopoietic stem cells
[138, 139].

Unfortunately, the molecular mechanisms underlying all these effects is still a matter of
debate. In 1971, some researchers reported reduced brain inositol levels in lithium-treated
rats [140]. Nowadays, lithium ions are still one of the few pharmacological tools available
to investigate the metabolic pathways involved in the phosphoinositide cycle, and the
ability of lithium to inhibit myo-inositol monophosphatase (IMPs) at terapeutically relevant
concentrations (0.5-1.5 mM) is now well established [141]. Glycogen synthase kinase—3
(GSK-3) is another protein whose in vitro activity has been reported to be inhibited by
lithium ions, and this action seems to account for the profound developmental alterations
lithium causes in Dyctiostelium or Xenopus [142]. IMPs and GSK-3 require from metal
ions for catalysis and are inhibitited by lithium in an uncompetitive manner, most likely by

displacing metal ions from the catalytic core. In central nervous system and in periferal
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tissues the actions of lithium can be mediated through inhibition of IMPs or GSK-3, but
probably the picture is far more complex than that. Now these putative molecular targets of

lithium are presented.

1.1.1 Lithium modulation of phosphoinositide cycle: inhibition of inositol

monophosphate phosphatases (IMPs).

Phosphoinositide-based signaling brings to the cell an incredibly rich modulation
potentiality, keeping in mind the presence of six hidroxyl groups on the inositol ring which
can be found in a phosphorylated state. The first round of phosphoinositide-derived second
messengers arrived with inositol 1,4,5-trisphosphate (Ins(1,4,5)P;) and DAG. They derive
from PLC hydrolysis of PtdIns(4,5)P,, a minor lipid constituent of cell membranes. The
former releases Ca’’ from intracellular stores, while the later activates certain PKC
isoforms. Ins(1,4,5)P; can be further phosphorylated to inositol (1,3,4,5)tetrakisphosphate,
a molecule that may also have second messenger functions. It can in turn be a substrate for
phosphatases and kinases and yield inositol(3,4,5,6)tetrakisphosphate, whose funtions on
the inhibition of the ionic conductance through Ca®"-activated chloride channels is well
reported [143]. It seems likely that a family of phosphoinositols downstream of Ins(1,4,5)P;
could be used by cells to modulate specific funtions [144].

But not only water soluble phosphates can be used by the cell to exert metabolic
control, lipids can also do the job, this time as tethers for proteins at cellular membranes.
Pleckstrin homology (PH) domains present in many different proteins (including PLC and
PLD) bind to PtdIns(4,5)P, or PtdIns(3,4,5)P,, and permit or facilitate their anchorage to
membranes [145]. PtdIns(3)P specifically binds to a module called FYVE domain, also
present in many proteins [146]. Alternatively, those lipid groups might be important for
catalysis, and it seems to be the case for enzymes like PLD [14].

So, both inositols and inositol lipids provide a complex level of regulation to the
cell. Therefore, it looks feasible that interference in the phosphoinositide cycle could easily
lead to deregulation of cellular functions. The nervous system is a site of intense inositol
turnover, since the transduction pathways of numerous neurotransmitters, neuropeptides
and hormones involve receptor-mediated hydrolysis of PtdIns(4,5)P, by PLC isoforms. The

resultant production of Ins(1,4,5)P; is rapidly metabolized and returned to free inositol as a
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‘shut down’ mechanism. The myo-inositol can then be incorporated to phosphoinositides
by means of phosphstidylinositol synthase, thereby closing the cycle (see Fig.7:
phosphoinositide cycle). Lithium has been shown to inhibit effectively IMPs, thus breaking
up the cycle and resulting in the accumulation of inositol monophosphates [147]. A lithium
inhibition of purified inositol polyphosphate 1-phosphatase, which metabolizes Ins(1,4)P,,
Ins(1,3)P, and Ins(1,3,4)P;, has also been reported [148, 149]. Many studies also clearly
demonstrate an increase in inositol 1-phosphate (Ins1P) and inositol 4-phosphate (Ins4P) in
brain following systemic injections of lithium to rats [150, 151]. Four hours after lithium
admisnistration a 15-30 fold increase in inositol monophosphates can be observed when
compared to saline treated animals, and a concomitant decrease of inositol is also found.
Based of these findings, the inositol depletion hypothesis was suggested. This hypothesis
considers that in tissues with relative deficiency of inositol, persistent activation of PLC in
the presence of lithium would lower cellular inositol concentration, leading eventually to
the depletion of PtdIns(4,5)P, and the impairment of DAG/calcium signaling [152].
Lithium inhibits IMPs in vitro with a K; (0.8mM), which is within the therapeutic range
(0.5-1.5mM) for lithium treatment of patients with bipolar disorder [153]. Additional
support for the inositol depletion hypothesis comes from the marked effects of lithium on
developing organisms. Exposure to millimolar concentrations of lithium during an early
stage of development causes expansion and duplication of dorsal and anterior structures in
Xenopus embyos. This lithium concentrations can inhibit IMPs in vivo and cause 30% drop
of inositol levels [154]. Interestingly, those teratogenic effects of lithium in Xenopus could
be overcome simply by coinjection of inositol [154]. Similarly, effects of lithium (in
addition to valproic acid and carbamazepine, two other drugs commonly used in the
treatment of bipolar disorder) on neuronal plasticity, in particular the observed increase in
growth cone area of sensory neurons, can be counteracted by inositol addition, thus
implicating inositol depletion in their actions [155]. Further support for the inositol
depletion hypothesis comes from the observation that neurotransmitter-stimulation of PLC
in presence of lithium leads to a dramatic accumulation of CDP-DAG [156]. PtdIns
synthase reaction therefore mirrors inositol depletion (see fig 7).

Although inositol depletion is an attractive model, some inconsistencies make it

possible that inhibition of IMPs is necessary but not sufficient to account for the effects of
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lithium in some settings. The most direct is that selective inhibitors of IMPs
(Bisphosphonates) have no effect on the development of Xenopus embryos, despite
complete inhibition of IMPs [157]. A novel hypothesis to explain lithium actions on
embryonic development and other cellular functions is based on the observation that

lithium is a direct inhibitor of GSK-3. This is now discussed in next section.
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Figure 7.The phosphoinositide cycle. Ligand binding to a surface receptor activates PLC,
which hydrolyzes the phospholipid PtdIns(4,5)P, to yield diacylglicerol (DAG) and inositol-1,4,5
trisphosphate (IP3). IP; is rapidly dephosphorylated by means of phosphatases to yield free inositol,
which is then incorporated back to PtdIns by the action of PtdIns synthase. As shown in this
simplified model, Li" ions inhibit inositol monophosphate phosphatase (IMPs) and inositol
polyphosphate 1-phosphatase. Inositol depletion hypothesis considers that the stimulation of PLC-
coupled receptors in presence of lithium ions would result in the accumulation of inositol
monophosphates and in the reduction of the pool of free inositol. The net effect of lithium would be
the blockade of ligand-dependent signaling through PKC and IP5/Ca". 1, PtdIns 4-kinase; 2, PtdIns
S5-kinase; 3, DAG kinase; 4, CTP-phosphatidate citidyltransferase; 5, PtdIns synthase.
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1.1.2 Lithium inhibition of glycogen synthase kinase-3 beta (GSK-3p).

The developmental phenotype that is induced by lithium in Xenopus is similar to
that caused by alteration in the expression of Wnt proteins [158, 159]. GSK-3 is a
serine/threonine kinase that controls glucose utilisation, cell survival and cell fate through
involvement in multiple signaling pathways [160]. It was named for its ability to
phosphorylate, and thereby inactivate, glycogen synthase (GS), a key enzyme for the
synthesis of glycogen [161-163]. GSK-3 is phylogenetically close to cyclin-dependent
protein kinases (Cdks) and MAPKs. Two isoforms sharing 97% sequence similarity have
been cloned, GSK-3a and GSK-3p. We now know that insulin treatment results in the
phosphorylation of GSK-3 at a N-terminal serine residue (Ser’' in GSK3a and Ser’ in
GSK3p) by protein kinase B (PKB, also called Akt). Thus, in response to insulin, PtdIns 3-
kinase dependent pathway is activated, PKB is turned on promoting GSK-3
phosphorylation (that renders it inactive) resulting in the dephosphorylation of GS and thus
in the stimulation of glycogen synthesis. Insulin, by inhibiting GSK-3, also stimulates the
dephosphorylation and activation of eukaryotic synthesis initation factor 2B (elF2B),
contributing to an increased rate of protein synthesis [163]. MAPK-activated protein
kinase-1 (MAPKAP-K1, also called RSK) provides a route for the inhibition of GSK-3 by
growth factors and other signals that activate MAPK pathway [164]. Another kinase that
phosphorylates GSK-3 at Ser*'/ Ser’ in vitro is p70 ribosomal S6 kinase-1 (S6K1). S6K1 is
regulated by the mammalian target of rapamycin (mTOR), a protein that senses the
presence of amino acids in the medium. Therefore, S6K1 phosphorylation of GSK-3 may
underlie the observed inhibition of GSK-3 induced by aminoacids [165]. Figure 8
summarises some of the proposed signaling pathways that inhibit GSK-3. Downstream
targets of GSK-3 are also included..

Being clarified its metabolic role on glycogen synthesis, GSK-3 reemerged this time
as an essential kinase in embryonic development and patterning in studies conducted in
Xenopus and Drosophila, and also involved in cell cycle control in mammals [160]. GSK-3
is now regarded as an essential component of the Wnt signaling pathway. Figure 9 depicts

a simplified model of Wnt pathway in mammalian cells. In the absence of Wnt signal,



106

EGF phorbol esters

e

L lau |
g ey

Figure 8. Signalling pathways that inhibit GSK-3. The phosphorylation of GSK-3 in
response to different extracellular signals can inhibit GSK-3. Some signals, as EGF, can use more
than one pathway to inhibit GSK-3. Several proposed substrates of GSK-3 are included and are
indicated by arrows. Dsh, dishevelled; mTor, mammalian target of rapamycin; PI3K,
phosphatidylinositol 3-kinase; ERK, extracellular regulated kinase; S6K, p70 ribosomal S6 kinase-
1; PKB, protein kinase B; MAPKAP-K1 (also named RSK), MAPK-activated protein kinase-1;
APC adenomatous poliposis coli gene product; elF2B, eukaryotic initiation factor 2B; Cyc DI,
cyclin D1.

active GSK-3 is present in a multiprotein complex that targets B-catenin for ubiquitin-
mediated degradation. This complex includes the scaffolding protein axin, the product of
the adenomatous polyposis coli (APC) gene and p-catenin itself. /n vitro, GSK-3
phosphorylates B-catenin on residues 33, 37 and 41, and this is proposed to permit -
catenin ubiquitination. GSK-3 requires a priming phosphorylation in position +4. Casein
kinase I in vitro phosphorylates Ser45. Thus, the combined phosphorylation of B-catenin by
casein kinase I first and then by GSK-3, seems to be required for B-catenin ubiquitin-
mediated degradation [166]. The binding of Wnt to the seven-transmembrane-spanning

receptor frizzled causes inactivation of GSK-3 leading to increased levels of cytoplasmatic
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B-catenin and its translocation to the nucleus, where it associates with TCF/LEF
transcription factors and enhances transcription of target genes. Thus, GSK-3 must be
inactivated for the Wnt signalling to proceed. Disturbance in the Wnt signalling of Xenopus
or Dyctiostelium, either by mutation or drug inhibition of any of the molecular components,
causes severe developmental abnormalities [160]. In mammals, GSK-3 has been implicated
in cell cycle regulation, supported by the finding that a surprisingly high rate of mutations
of elements of the Wnt pathway have been found in different tumours [167, 168].
Therefore, a tight control on -catenin levels by GSK-3 seems important for a normal cell
cycle to proceed. Cancer causing mutations often enable [-catenin to accumulate, resulting
in the transcription of oncogenic genes under TCF/LEF control (see fig. 9). Identified
mutational hotspots are proteins of the complex that targets -catenin to the proteasome,
like APC. As an example, some 80% of colon cancers contain a mutation in APC gene
[168].

The elucidation of GSK-3 three dimensional structure shed some light on its
inhibition mechanism. Inhibition of GSK-3 by insulin and growth factors is mediated by
phosphorylation at Ser’, turning the N-terminus into a pseudosubstrate inhibitor that
competes for binding with the ‘priming phosphate’ of substrates. In contrast, Wnt proteins
are thought to inhibit GSK-3 in a completely different way, since no phosphorylation on
Ser’ has been reported in response to Wnt glycoproteins [169].

Lithium, which inhibits uncompetitively GSK-3 in vitro, has been a valuable tool in
identifying potential roles of GSK-3. The K; is reported to be within the effective range for
lithium actions (1-2 mM) [142, 157]. In vivo, millimolar concentrations of lithium have
also been reported to inhibit GSK-3 [170]. Lithium, by inhibiting GSK-3, behaves as a
mimetic of Wnt signaling during embryogenesis, while also capable of mimicking the
actions of insulin on activation of GS. In Xenopus, lithium causes duplication of the dorsal
mesoderm while in Dyctiostelium exposure to lithium during early development blocks
spore cell fate and promotes formation of stalk cells [142]. Since GSK-3 has been involved
in the embryonic patterning, those teratogenic effects can be explained by lithium inhibition
of GSK-3. In mammalian cells, lithium leads to nuclear accumulation of [-catenin,

affecting cell proliferation either positively [171] or negatively [172, 173] depending on the



108

cell type. In BAEC cells, lithium arrested cell cycle and this effect was attributed to

lithium-induced accumulation of B-catenin and to stabilisation of p53 [173].

Figure 9 The Wnt signaling pathway in
mammalian cells. Wnts are a family of secreted
glycoproteins involved in embryonic patterning,
axonal remodelling and regulation of cellular

* proliferation. In the absence of Wnt, GSK-3f

dishevelled phosphOI"ylate's [-catenin resultir.lg ‘in its rapid
degradation via the proteasome. Binding of Wnt to
Lit \, A4 the frizzled receptor leads to the inhibition of GSK-

3B and allows stabilisation of of B-catenin and its
SB 216763 /\ accumulation in the nucleus, where binds to
SB 415286 1L

TCF/LEF transcription factors and turns on the
expression of targer genes, i.e. C-myc oncogene
and cyclin D (CycD). Lithium ions can inhibit
GSK-3 activity in vitro and in vivo. SB216763 and
SB415286 are specific inhibitors of GSK-3
developed by SmithKline Beecham
Pharmaceuticals.

nucleus

In summary, the evidence in support of GSK-3 as a relevant target of lithium action
includes: a) in vitro inhibition, b) in vivo inhibition, c¢) lithtum mimicking the embryonic
phenotype of GSK-3f3 loss of function mutants, d) downstream inhibition of Wnt signalling
blocking the effects of lithium, e) alternative inhibitors of GSK-3 (SB216763, SB45286)

mimicking lithium actions (reviewed in [142]).
1.2. The Ras/Raf/MEK/ERK pathway.

1.2.1 General view of MAP kinase signaling pathways.

Activation of mitogen-activated protein kinases (MAPKSs) transmits information from
surface receptors to nuclear transcription factors, and has been associated with stimulation
of cell proliferation, differentiation, migration and cell death [173]. The core of the MAPK
cascade consists of an evolutionally conserved module of three sequentially activated

protein kinases. The activation of the MAPK requires phosphorylation on conserved
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tyrosine and threonine residues localised to the so called activation loop, and is catalysed
by a dual-specificity MAPK kinase (MAPKK). MAPKK, in turn, is under control of a
MAPKK Kinase (MAPKKK), which, in turn, is regulated by G proteins and in some cases,
by a MAPKKK kinase (MAPKKKK). Three of these modules are present in mammalian
cells: extracellular signal regulated kinases (ERKs), N-terminal c-Jun kinases (JNKs), and
p38 ( see fig. 10A).

ERKSs, the first to be cloned, were initially characterised as kinases that phosphorylated
microtubule associated proteins (i.e. MAP2). Their actions have been best examined in the
context of growth factor signaling via receptor tyrosine kinases (RTKs). The archaetypal
ERK cascade involves the activation of the small GTPase Ras upon agonist stimulation of
RTK receptors. This stimulation leads to autophosphorylation of the RTK in tyrosine
residues and recruitment of adaptor proteins bearing SH2 and SH3 motifs (Shc and Grb2)
that bind to an exchange factor for Ras, SOS. SOS allows nucleotide exchange-dependent
activation of the MAPKKK Raf-1. Raf-1 is a kinase with serine/threonine specificity that
catalyses the activating phosphorylation of MEK1/2, which ultimately phosphorylates
ERK1/2 on its activation loop. Amplification via this signaling cascade is such that it is
estimated that activation of solely 5% of Ras molecules is sufficient to induce a full
activation of ERKs [174]. In resting cells, ERKs are anchored in the cytoplasm via
association with MEK1/2, but following activation they dissociate from the cytoplasmatic
anchoring complex and enter the nucleus, the site for signal termination [175]. Figure 10B
depicts in a simplified model the activation of ERKs in response to growth factors.

The second subgroup of MAPKs, JNK proteins, were first described as kinases that
phosphorylate serine residues on N-terminus of c-Jun transcription factor following UV
exposure. The third subgroup, p38, were found to be activated in response to different
forms of stress. Both JNK and p38 are given the more clarifying name SAPKs (stress
activated protein kinases). Rho family members (Rho, Rac, Cdc42) are thought to be

involved in SAPK activation in response to cytokines or cellular stress [173].
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Figure 10. A) Schematic view of MAPK signalling pathways in mammalian cells.

B) Archaetypical activation of ERK pathway by growth factors (GFs). TKR tyrosine kinase

receptors.
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1.2.2 MAPK:Ss in the regulation of cell cycle.

The cell cycle is controlled by a class of nuclear enzymes called cyclin-dependent
kinases (cdks), expressed constitutively but present in inactive form unless combined with
their cyclin partners. The stimulatory effects of cyclins are counteracted by the inhibitory
effects of cdk inhibitory proteins (CKIs), of which two families are well described: Ink4
and Cip/kip (p21) [176]. Progression through G1 phase is especially affected by
extracellular signals, and is regulated by cdk4/CycD, cdk6/CycD and cdk2/CycE
complexes. Most studies indicate that integrins and growth factors, by activating MAPK
pathways, typically control expression of Cyclin D1 and/or downregulate CKIs. In this
regard, the activation of the MEK/ERK pathway has been linked to the induction of cyclin
D1 transcription, since expression of dominant negative mutants of MEK and ERK
prevented growth factor-dependent transcription of the cyclin DI gene [177]. The
formation of active cyclinD/Cdk4 complex is considered rate-limiting for cell growth [178,
179]. Recent studies indicate that the critical determinant in the induction of cyclin DI is
the duration of the ERK signal. Activation of ERK can be transient or sustained, depending
on the stimulus. For example, serotonin induces a transient (10 min) stimulation of ERK in
CCL39 cells, while thrombin induces a far more sustained activation that peaks 3-4 hours
after addition to cells [180]. Some studies have observed a correlation between the strenght
of the mitogenic signaling and the duration of the ERK stimulation. While non-mitogenic
factors induce a transient activation of ERKs (less than 15 min) that does not lead to cell
cycle entry, mitogens induce cell proliferation and sustained ERK activation (up to 6 hours)
[181].

From these studies, an important link between MEK/ERK pathway and cell cycle
machinery was established, and furthermore, that sustained ERK activation was a common
characteristic elicited by mitogens that would permit entry and progresion through G1

phase of the cell cycle (see fig. 11).
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Figure 11. ERKs on cell cycle progression. ERKs phosphorylate APl and ETS
transcription factors turning on the expression of target genes including cyclin D (CycD).
Association of CycD with its cyclin dependent kinase partners (cdk), cdk4 and cdk6, results in the
phosphorylation of retinoblastoma protein (pRB). Its phosphorylation is required for progression
through G1 phase of the cell cycle. Other Cyc/cdk complexes (CycE/Cdk2, CycA/Cdk2) are
required for progression through late G1 and S phases.
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In the first part of this thesis we concluded that PLD activation is not a general
requirement for astrocyte proliferation, although it can take place concomitantly
following mitogen exposure. We wanted to keep on exploring molecular mechanisms
mediating astrocyte growth, in particular those involving signaling lipids. Since
phosphoinositide cycle can be impaired by lithium ions, we proposed initially to

study the effects of lithium on the proliferation of cultured astrocytes.
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SUMMARY

Exposure of cerebellar granule neurons to milimolar concentrations of lithium enhanced
MEK and ERK phosphorylation in a concentration-dependent manner. In asynchronous,
proliferating cortical astrocytes, lithium inhibited [*H]thymidine incorporation into DNA,
induced a G2/M cell cycle arrest, and inhibited phosphorylation of MEK and ERK, but did
not affect phosphorylation of Akt. In quiescent astrocytes, lithium inhibited cell cycle re-
entry as stimulated by endothelin-1, and also prevented stimulation of MEK and ERK
phosphorylation, but did not affect endothelin-1 or EGF activation of Ras. Lithium
inhibition of the astrocyte MEK-ERK pathway was not due to inositol depletion, as it was
not counteracted by exogenous addition of inositol. Treatment of astrocytes with compound
SB-216763 resulted in the inhibition of Tau phosphorylation at Ser’”®, and the stabilization
of cytosolic B-catenin, consistent with the inhibition of glycogen synthase kinase-3f3, but
failed to reproduce lithium effects on MEK and ERK phosphorylation and cell cycle arrest.
These opposing effects of lithium in neurons and astrocytes make lithium treatment a

promising strategy to favor neural repair and reduce reactive gliosis after traumatic injury.

Running title: Lithium inhibits astrocyte ERK
Keywords: Lithium, ERK, MEK, astrocytes, GSK-3, inositol

INTRODUCTION

Lithium has been used in the treatment of bipolar mood disorder for decades, but despite its
therapeutic efficacy, the molecular mechanisms underlying its actions remain unclear (Jope,
1999; Phiel and Klein, 2001). In this regard, based on the observation that lithium inhibits
inositol monophosphatase and inositol polyphosphate 1-phosphatase, thereby blocking
inositol 1,4,5-trisphosphate recycling to inositol, the inositol depletion hypothesis
considered that persistent activation of phosphoinositide phospholipase C in the presence of
lithium would lower the cellular inositol concentration, leading eventually to the depletion
of phosphatidylinositol 4,5-bisphosphate and the impairment of calcium signaling
(Berridge et al., 1989; Atack, 1996). This hypothesis has received some support recently,
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after the finding that lithium, carbamazepine, and valproic acid, all three drugs used in the
treatment of bipolar disorder, increase growth cone area in sensory neurons, in a manner
that was counteracted by inositol addition, and mediated probably by inhibition of prolyl
oligopeptidase by an as yet unknown mechanism (Williams et al., 2002).

In the past few years, however, lithium has emerged as a remarkable neuroprotective agent:
it was first shown to protect cerebellar granule neurons from undergoing apoptotic cell
death when cultured under non-depolarizing potassium conditions (D’Mello et al., 1994),
and soon thereafter similar observations were extended to many other apoptotic insults like
ischemia (Nonaka and Chuang, 1998), anticonvulsants (Nonaka et al., 1998) C,-ceramide
(Centeno et al., 1998), or B-amyloid (Alvarez et al., 1999), among others, where lithium
effects were independent of inositol depletion (Nonaka et al., 1998; Centeno et al., 1998).
Glycogen synthase kinase-33 (GSK-3p) is inhibited by lithium (Klein and Melton, 1996;
Stambolic et al., 1996), and this discovery has greatly fueled the interest on the
biochemistry of this classic therapeutic agent. In many instances, the activation of GSK-3(3
taking place after disruption of the phosphatidylinositol 3-kinase/Akt pathway appears
related to apoptotic cell death, and it is generally acknowledged today that this kinase
constitutes the primary site of action underlying the cytoprotective actions of lithium
(Grimes and Jope, 2001). Lately, more selective GSK-3[3 inhibitors have been developed
with potent cytoprotective effects, lending further support to the involvement of GSK-3f3 in
the regulation of cell survival and apoptosis (Cross et al., 2001). Interestingly, inhibition of
GSK-3p may not be the sole mechanism underlying lithium neuroprotection, as the ion also
potentiates Akt phosphorylation in cerebellar neurons (Chalecka-Franaszek and Chuang,
1999; Mora et al., 2001). The relevance of GSK-3f inhibition in bipolar therapy, however,
is still a matter of controversy, although it is supported by the fact that valproate, another
drug used in the treatment of bipolar disorder, has been reported to inhibit GSK-3f3 in vitro
(Chen et al., 1999a) and also in vivo (Hall et al., 2002; De Sarno et al., 2002). The
inhibitory action of lithium and valproate on GSK-3 is not restricted to neuroprotection
against apoptotic insults: lithium has been shown to mimic the action of WNT-7a,
promoting axonal remodeling and synaptic differentiation (Hall et al., 2000). This
neuroplastic action of anti-bipolar drugs may be therapeutically relevant, as there is

evidence supporting the occurrence of neuronal loss and/or atrophy in patients with mood
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disorder (Drevets et al., 1997; Ongur et al., 1998). In fact, valproic acid has been shown to
promote neurite growth in neuroblastoma cells by a mechanism that implies activation of
the MEK-ERK cascade of mitogen-activated protein kinases (Yuan et al., 2001), a
signaling pathway whose relevance in the regulation of neuronal function, synaptic
plasticity, and survival is receiving growing attention (Grewal et al., 1999).

The present study was undertaken to explore whether lithium, like valproic acid, does
stimulate ERK in neural cells. Experimental studies on the plasticity and regeneration of the
nervous system often disregard the role of glial cells as trophic support for neurons or as
source of inflammatory cytokines, so we compared the effects of lithium in neurons and
astrocytes. We found that lithium strongly potentiates ERK phosphorylation in cerebelar
granule neurons, but to our surprise, it exerts opposite effects in astroglial cultures,

inhibiting MEK and ERK phosphorylation, DNA synthesis, and inducing cell cycle arrest.

MATERIALS AND METHODS

Materials

Dulbecco’s modified Eagle’s medium (DMEM), fetal calf serum, penicillin, streptomycin,
and glutamine were obtained from Gibco. Endothelin-1 (ET-1) was from Alexis. MEK
inhibitors U0126 and PD98059, tyrphostin AG1478 and antibody against phosphoserine
396-Tau were from Calbiochem. Antibodies against total and phosphorylated ERK, MEK,
and Akt were from Cell Signaling Technology. Anti Ras antibody was from Oncogene,
antibody against B-catenin was from BD Transduction Laboratories, and antibody against
B-tubulin was from BD PharMingen. Secondary peroxidase-conjugated antibodies were
from Transduction Laboratories. [Methyl-’H]thymidine (87.0 Ci/mmol) was from
Amersham Pharmacia. GSK-3 inhibitor SB216763 was kindly donated by
GlaxoSmithKline, Stevenage, Herts (UK).

Cell culture

Primary cultures of cerebral cortical astrocytes were prepared from newborn (<24 h)
Sprague-Dawley rats as previously described (Servitja et al., 2000). Cells were plated into
176 cm” dishes (12.5 x 10° viable cells/dish) in DMEM supplemented with 10% FCS, 33
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mM glucose, 2 mM glutamine, 50 units/ml penicillin, and 50 pg/ml streptomycin. The
cultures were incubated at 37°C in a humidified atmosphere of 5% C02/95% air. After 24
h, the medium was changed to remove non-adhered cells. Before confluence, cells were
replated into polylysine-coated 6-well plates (10° cells/well). At this time,
immunocytochemical staining for glial fibrillary acidic protein revealed that cultures
consisted of 90-95% astrocytes. Cells were maintained in serum-containing DMEM with or
without LiCl, and then processed for Western blot analysis. In some experiments, cells
were serum-starved for 2 days before being stimulated with ET-1. Each independent
experiment was performed using a separate culture. Primary cultures of rat cerebelar
granule cells were prepared as previously described (Masgrau et al., 2000). Briefly, cells
were seeded at 2 x 10° cells/well in 6-well plates in DMEM medium containing 10% FCS,
25mM KCl, SmM glucose, penicillin (50 units/ml), streptomycin (50 pg/ml), sodium
pyruvate (0.1 mg/ml), 7mM p-aminobenzoic acid, and 2mM glutamine. 24 hours after
plating, 10 uM cytosine arabinofuranoside was added to prevent growth of glial cells, and

neurons were maintained for 7 days.

Western blot analysis

Astrocytes were washed twice with ice-cold phosphate-buffered saline prior to scraping and
lysis. For ERK, MEK and Akt immunoblots, lysis buffer consisted of 50 mM Tris-HCI, pH
7.5, containing 0.1% Triton X-100, 2mM EDTA, 2mM EGTA, 50mM NaF, 10mM (-
glycerophosphate, 5SmM sodium pyrophosphate, 1mM sodium orthovanadate, 0.1% (v/v) B-
mercaptoethanol, 250 uM PMSF, 10 pg/ml aprotinin and leupeptin. For immunoblots of
cytoplasmic B-catenin, hypotonic lysis buffer was 50 mM Tris-HCI, pH 7.5, with 2mM
EDTA, 2mM EGTA, 0.5mM NaF, 10mM [-glycerophosphate, 5mM sodium
pyrophosphate, ImM sodium orthovanadate and the same protease inhibitors as above. Cell
lysates were centrifuged at 15000xg for 15 min at 4°C. Equal amounts of protein (10-20 ug)
were subjected to sodium dodecylsulphate polyacrilamide gel electrophoresis (SDS-PAGE)
and electrophoretically transferred to PVDF membranes (Immobilon-P, Millipore). Blots
were blocked in 5% non fat dry milk /TBST buffer (20 mM Tris-HCI, 0.15 M NacCl, 0.1%
Tween-20) and immunoblotted for: total ERK1/2, phosphothreonine 202/phosphotyrosine
204-ERK 1/2, total MEK 1/2, phosphoserine 217/221 MEK 1/2, total Akt, phosphoserine
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473 Akt, Ras, B-tubulin, or phosphoserine 396-Tau. Blots were then labeled with anti-
mouse IgG:HRP or anti-rabbit IgG:HRP, incubated for 1 min with ECL reagent (ECL,
Amersham-Pharmacia) according to the supplier’s instructions, exposed to Hyperfilm ECL
and developed. Quantification was performed by densitometric scaning of the film using a

GS-700 Imaging Densitometer with Multi-Analyst 1.1 software (BioRad).

[ H] Thymidine incorporation into DNA

As an indication of mitogenic induction in astrocytes, we measured the incorporation of
[methyl->H]thymidine into DNA. Astrocytes were incubated 7 days in serum-containing
medium with or without lithium and pulse labeled with 1 pCi/ml of [’H] thymidine during
the last 24h. At the end of the incubation, cells were washed with ice-cold Krebs-Henseleit
buffer and treated with ice-cold HCIO4 (1 M) for 30 min. The acid-precipitated material
was washed with ethanol and solubilized with 0.5 M NaOH. An aliquot was collected for

liquid scintillation counting.

Cell cycle analysis

The cell cycle distribution was determined by flow cytometric analysis of propidium
iodide-labeled cells. Briefly, astrocytes were plated in six-well plates 28h prior to treatment
with either NaCl or LiCl for the indicated doses and times. After trypsinization, cells were
collected, washed twice in ice cold PBS, and fixed in ice-cold 70% ethanol. Cells were then
washed twice with ice-cold PBS, incubated at 37°C for 30 min with propidium iodide (20
mg/ml) PBS solution containing 0.1 % (v/v) Triton X-100, 100 units/ml RNase A, and
analyzed by flow cytometry with a FACSCalibur flow cytometer (Becton Dickinson, San
Jose, CA, USA). The results were analyzed with CellQuest and Modfit LT Software.

Ras activation

Astrocytes were serum-starved for 2 days, and upon stimulation cells were lysed at 4 °C in
a buffer containing 20 mM HEPES, pH 7.4, 0.1 M NaCl, 1% Triton X-100, 10 mM EGTA,
40 mM B-glycerophosphate, 20 mM MgCl,, 1 mM Na3;VOy4, 1 mM dithiothreitol, 10 pg/ml
aprotinin, 10 pg/ml leupeptin, and 1 mM PMSF. Lysates were incubated for 30 min with 10
ug of a GST fusion protein including the Ras-binding domain of Raf-1 (RBD) previously
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bound to glutathione-Sepharose beads (Upstate Biotechnology cat#14-278), followed by

three washes with lysis buffer. Total Ras levels in the cell lysates and GTP-bound forms of

Ras associated with GST-Raf-1-RasBD were quantified by Western blot analysis using an

anti-Ras antibody.

RESULTS

Lithium stimulates ERK phosphorylation in neurons.

Treatment of cerebellar granule neurons with lithium (1-10 mM) for 3 hours resulted in a

concentration-dependent increase of the phosphorylation status of ERK and MEK (Fig. 1),

in agreement with the reported ERK-stimulating effects of valproic acid (Yuan et al., 2001).

In contrast, lithium did not affect Akt phosphorylation. Lithium stimulatory effects on the
neuronal MEK-ERK pathway were not mimicked by the GSK-3f3 inhibitor SB216763 (Fig.

).
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Figure 1. Lithium induces MEK
and ERK phosphorylation in
cerebelar granule neurons.

A) Primary cultures of cerebelar
granule neurons were treated for 3h
with the indicated LiCl concentrations,
or with 3 uM SB216763, and then
cells were lysed and processed for
Western ~ blot  analysis  with
antiphosphothreonine  202/tyrosine
204-ERK  1/2, antiphosphoserine
217/221 MEK 1/2, antiphosphoserine
473 Akt, or with the corresponding
anti-ERK 1/2, anti MEK 1/2 or anti
Akt antibodies. 20ug of protein were
loaded on each lane. B) Densitometric
analysis of phospho-ERK isoforms
and phospho-MEK, relative to each
total protein. Open bars represent the
effect of SB216763. The results
shown are from an experiment that
was repeated twice with similar
results.
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Lithium inhibits DNA synthesis and induces a G2/M cell cycle arrest in asynchronous
astrocytes.

Stimulation of ERK in dividing cells is expected to constitute a mitogenic stimulus, and in
fact pituitary astrocytes have been shown to proliferate in response to lithium (Levine et al.,
2000). Thus, we decided to study the effect of lithium on astrocyte DNA synthesis by
measuring [*H]thymidine incorporation. In our initial experiments, we found no stimulatory
effects of lithium in serum-deprived astrocytes (not shown), and looked for effects in
subconfluent, asynchronous astrocytes that had been exposed to various LiCl
concentrations for 3 days. Compared to controls, the amount of [*H]thymidine
incorporation into DNA in 5 mM lithium-treated astrocytes was reduced by more than 60%,
while with 10 mM the reduction was about 90%, as shown in Fig.2A (left). Since lithium is
known to interfere inositol 1,4,5-trisphosphate recycling to myo-inositol, we checked
whether lithium inhibitory effects on DNA synthesis in astrocytes could be due to
intracellular inositol depletion. As shown in Fig. 2A (right), supplementation of the culture
medium with 3 mM myo-inositol did not affect lithium inhibition of [*H]thymidine
incorporation, but reverted the potentiation due to 5 mM LiCl towards the accumulation of
[’H]CDP-diacylglycerol in [*H]cytidine-prelabeled, carbachol-stimulated astrocytes (not
shown), an effect that mirrors inositol depletion (Godfrey, 1989; Claro et al., 1993).

To further characterize the inhibitory effect of lithium on astrocyte proliferation, we
monitored the cell cycle profiles of subconfluent, asynchronous astrocytes that had been
treated for 3 days with different LiCl concentrations. As shown in Fig 2B, the percentage of
tetraploid cells increased with lithium in a dose-dependent manner. The greater effect was
observed with 10 mM LiCl, with 17.2% occurrence of cells in the G2/M phase compared to
the 5.8% observed under control conditions. The cell cycle phase distribution was also
monitored after a 7-day lithium treatment and showed similar results (14.3% of cells in
G2/M in 5SmM LiCl treated cells, compared to 4.9% in control cells, not shown). No signs
of sub-diploid (apoptotic cells) were observed in any of the conditions assayed. Also, we
found no impairment of cell adhesion in lithium-treated cells, indicating that lithium-

induced cell cycle arrest occurred in the absence of cytotoxicity.
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Figure 2. Lithium inhibits astrocyte DNA synthesis and induces a G2/M cell cycle arrest.

A) Determination of [3H]thymidine incorporation in asynchronous secondary astrocytes.
Subconfluent astrocytes were treated with LiCl at the indicated doses for 3 days in presence/absence
of 3 mM added myo-inositol. The cells were pulse-labeled with 1 uCi/ml of [3H]thymidine during
the last 24h of treatment. [3H]Thymidine incorporated into DNA was determined as shown in
Methods. The results are means= S.D. of three independent experiments. B) Cell cycle analysis.
Asynchronous astrocytes were treated with the indicated concentrations of LiCl for 3 days. After
trypsinization, the cells were ethanol fixed and labeled with propidium iodide for quantification of
DNA content by flow cytometry. The percentage of cells in each phase of the cell cycle was
determined using Modfit LT software. The flow cytometric profiles shown are representative of two
independent experiments.

Chronic lithium reduces ERK and MEK phosphorylation in astrocytes.
Given the essential role of the MEK-ERK signaling cascade in the stimulation of DNA
synthesis and cell cycle progression (Chang and Karin, 2001), we hypothesized that lithium

could exert opposite effects in this pathway in neurons and astrocytes. As shown in Fig. 3, a
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chronic (7 days) treatment of proliferating, asynchronous astrocytes with lithium resulted in
an effective inhibition of ERK and MEK phosphorylation. This was already apparent at 1
mM lithium, while a 10 mM lithium treatment reduced these phosphorylated kinases to
barely detectable levels. In contrast, lithium did not significantly affect the phosphorylation
status of Akt (Fig. 3), indicating that, rather than being the outcome of a general collapse of
the ATP balance, the effect of lithium is somehow selective on the MEK-ERK pathway.

Figure 3. Chronic lithium treatment

7-day LiCl treatment (mM) blocks ERK 1/2 and MEK

L 0 3 2 ! phosphorylation in  asynchronous

P-ERK —_——= —_———— astrocytes. .
Secondary astrocytes were incubated for
total FRK SIS EmImESSE== 1 week with the indicated concentrations
. of LiCl in DMEM containing 10% FCS.
P-MEK _— - —_ Cell extracts were processed as indicated
in Methods, and subjected to Western
total MEK SN SN s ans 0 SHD 45 45 s S blot analysis for determination of
phospho-ERK 1/2, phospho-MEK 1/2,
P-Akt —— e ———— — phospho-Akt, and the corresponding
total proteins. The blots shown are

Total Akt T — — ———— — ———

representative  of 5
experiments.

independent

Chronic lithium prevents ET-1 stimulated ERK phosphorylation.

We next investigated whether lithium may preclude mitogen activation of the MEK-ERK
pathway. ET-1 is a well-characterized mitogen to astrocytes, whose actions are especially
relevant on reactive gliosis taking place upon central nervous system damage (Stanimirovic
et al., 1995), and therefore ET-1 was chosen as the stimulus. Astrocytes were arrested in GO
by switching to serum-free DMEM for 24h, and were further maintained in this medium for
7 days in the presence of different LiCl concentrations, then challenged with ET-1 for 3h.
As shown in Fig. 4, chronic lithium at all concentrations tested prevented ET-1-stimulated
ERK phosphorylation. 1mM LiCl reduced phospho-ERK levels by 20% while 10mM

dropped its levels to those of quiescent astrocytes.
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Lithium does not affect Ras activation

Lithium effects on ET-1 stimulated ERK phosphorylation were rapid, as they could be
reproduced in acute treatment with a high concentration (10 mM). As shown in Fig. 5A,
phospho-ERK and phospho-MEK levels were reduced even when ET-1 and lithium were

added simultaneously, while a 24-hour lithium treatment totally abolished ET-1 stimulated

Figure 4. Chronic lithium
treatment prevents ET-1-
stimulated phosphorylation
5 2 1~ mMLCl of ERK 1/2. Secondary
astrocytes were serum-starved
for 24h in DMEM, and then
incubated in the same medium
for 1 week in the presence or
absence of the indicated LiCl
concentrations. Upon
stimulation with 25 nM ET-1
for 3 h, the cells were lysed
and processed for immunoblot
analysis. 10ug of protein were
loaded on each lane of a SDS-
PAGE and immunoblotted for
phospho-ERK and total ERK.
The lower panel shows a
ET-1 densitometric  analysis  of
phospho-ERK.
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MEK and ERK phosphorylation. To gain some insight into the mechanism whereby lithium
interferes with MEK-ERK signaling, we checked Ras activation under conditions (10mM
LiCl, 24h preincubation) that precluded ET-1 mediated MEK and ERK phosphorylation.
As shown in Fig. 5B, a 3-min stimulation of quiescent astrocytes with ET-1 induced a clear
increase in GTP-bound Ras, which was not affected by lithium pretreatment. Lithium also
failed to prevent the robust activation of Ras in EGF-stimulated cells, in contrast to the total
effectiveness of the EGF receptor kinase inhibitor tyrphostin AG1478. Taken together,
these results indicate that lithium exerts its inhibitory effects on the astrocyte MEK-ERK

pathway at a level downstream of Ras.
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Figure 5. Acute lithium treatment prevents

A LiCl MEK and ERK phosphorylation but does

24h  6h oh not affect Ras activation.

A) Subconfluent astrocytes were serum-

ET-1 starved for 48h, pretreated for the indicated
times with 10mM LiCl and stimulated with 25

P-ERK B e——— nM ET-1 for 3h. In the Oh condition, LiCl and
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Total ERK stimulation, samples were processed for

P-MEK - v

western blot analysis.10ug of protein were
loaded on each lane of a SDS-PAGE and
immunoblotted for phosphoERK,
phosphoMEK and the corresponding total

Total MEK — — G— — S proteins. A 24-h preincubation with lithium

GTP-Ras T —— ——_—
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phosphorylation of ERK and MEK. B) Serum-

cnl Lt ETl Lt EGF Lt AGI478 starved astrocytes were either left untreated or
ET-1 EGF EGF pretreated for 24h with 10mM LiCl, and then

stimulated for 3 min with either 25 nM ET-1
or 25 ng/ml EGF. Upon stimulation, cells were
lysed and incubated with a GST fusion protein
including the Ras binding domain of Raf-1
previously bound to glutathione-Sepharose
beads (upper panel). Equal quantities of cell
extracts were analyzed to ensure equal amounts of total Ras in the assay (lower panel). An extract

of astrocytes treated for 15 min with 1 pM AG1478 prior to the addition of EGF is included as
control.

GSK-3 inhibition does not account for lithium effects on MEK-ERK and cell cycle.

To gain insight into the pharmacological target underlying lithium effects, we tested
whether GSK-3 inhibition in astrocytes could uncouple the MEK-ERK pathway. For this
purpose, we took advantage of the recently developed compound SB216763, which has
been shown to inhibit GSK-3 and protect neurons from apoptosis induced by inhibition of
phosphatidylinositol 3-kinase (Cross et al., 2001). As shown in Fig. 6A, pretreatment of
proliferating, asynchronous astrocytes with 10 mM lithium for 3 hours resulted in a
reduction in phospho-ERK and phospho-MEK levels, while a 3-hour exposure to 3uM
SB216763 not only did not reduce ERK and MEK phosphorylation, but actually increased
it slightly. Further, SB216763 also failed to reproduce the delay induced by lithium on the
cell cycle re-entry stimulated by ET-1 (Table 1). Nevertheless, treatment of astrocytes with

SB216763 induced cytosolic P-catenin stabilization and completely prevented Tau
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396

phosphorylation in Ser”” (Fig. 6B), which correlates with the effective inhibition of GSK-

3B (Hart et al., 1998; Ikeda et al., 1998; Torreilles et al., 2000).

A ONL Lit <Bo16763 w0126 pposnse  Figure 6. Lithium effects on ERK
STTTIRRRLA SRR signaling are not mediated by
P-ERK EE—S= GSK-3 inhibition.

A) Asynchronous astrocytes were

left untreated (CNL), or treated for 3

WEWERK S S IS S ES hours with 10 mM LiCl, 3 puM
SB216763, or with the MEK

inhibitors  U0126  (20uM) or

P-MEK . e T PD98059 (50uM). 10pg of protein
were loaded on each lane of a SDS-

feal MR - D D D D D S PAGE and immunoblotted for
phosphoERK, phosphoMEK and the

B corresponding total proteins. The
Control SB216763 immunoblots shown are

representative of three independent

P-catenin S = experiments. B)  Asynchronous
astrocytes were left untreated or

. — treated for 3 hours with 3uM

P-Ser’™ Tau = WS S SB216763. Cells were hipotonically
lysed and the levels of cytosolic -

B-tubulin S — catenin were determined, or

alternatively, cells were lysed in a
0.1% TritonX-100 containing lysis
buffer to determine phosphorylation of Tau on Ser396 using a phospho-specific antibody. An
antibody against B-tubulin was used in the same Western blot as a loading control. This experiment
was performed three times with identical results.

DISCUSSION

The present study shows that lithium exerts different effects on the MEK-ERK pathway in
cerebellar granule neurons and in cortical astrocytes. This is the first report showing lithium
stimulation of MEK and ERK phosphorylation in neurons, although a similar effect has
been found in SH-SYSY neuroblastoma cells treated with valproate (Yuan et al., 2001). In
that case, stimulatory effects of valproate were shown to take place well upstream of the
pathway, as the drug was ineffective in dominant negative Raf and Ras mutants. We are
currently investigating whether lithium stimulatory effects in the pathway are present at the
Ras and/or Raf levels. It is well known that both lithium and valproate stimulate AP-1
binding activities (Ozaki and Chuang, 1997; Asghari et al., 1998; Chen et al., 1999b). Thus,



Results: lithium actions on ERK pathway in neural cells 133

as ERK is involved in the activation of AP-1 (Frost et al., 1994), stimulation of neuronal
ERK could contribute substantially to the modulation of gene expression and plasticity by
antibipolar drugs. Regarding the pharmacological target of lithium, we show that
SB216763, a selective inhibitor of GSK-3 (Cross et al., 2001), fails to stimulate neuronal
MEK or ERK phosphorylation. Further, we have observed that inositol supplementation of
the culture medium does not revert lithium effects in neuronal ERK. Although inositol
supplementation may seem a rather indirect way to test for lithium actions mediated by
inositol phosphatase inhibition, it is fully effective to revert lithium-dependent, agonist-
stimulated accumulation of CDP-diacylglycerol (Godfrey, 1989; Claro et al., 1993;
Centeno et al., 1998), and its use is justified by the absence of selective inositol
monophosphatase inhibitors other than the poorly permeable L-690,330 (Atack et al.,
1993). It is important to note, however, that inositol depletion may not be the only effect of
inositol phosphatase inhibition: inositol polyphosphate 4-phosphatase has been shown to be
120 to 900 fold more effective to hydrolyze phosphatidylinositol 3,4-bisphosphate
(PtdIns3,4P,) than inositol polyphosphates (Norris and Majerus, 1994), and therefore it is
conceivable that lithium inhibition of this enzyme could induce a buildup of PtdIns3,4P,
promoting the activation of Akt (Nystuen et al., 2001). This would in turn act
synergistically with lithium inhibition of GSK-3 to mimic WNT signaling, and could
contribute to the stimulatory effects of lithium on axon and growth cone remodeling (Hall
et al., 2000). Such action on inositol polyphosphate 4-phosphatase could explain in part the
reported increases in Akt phosphorylation in neurons treated with lithium (Chalecka-
Franaszek and Chuang, 1999; Mora et al., 2001). In our hands, however, we see that
lithium potentiation of MEK and ERK phosphorylation in neurons is not accompanied by
an increase in phospho-Akt, in agreement with De Sarno et al. (2002). Taken together, our
observations suggest that lithium stimulation of neuronal MEK-ERK is mediated by targets

other than GSK-3f and inositol monophosphatases.

Lithium effects on the astrocyte MEK-ERK pathway were opposite to those in neurons,
leading ultimately to the inhibition of cell cycle progression. Interestingly, lithium was
effective to rapidly downregulate this mitogenic cascade in asynchronous, proliferating

astrocytes, and also to block its activation by a mitogenic stimulus. Similar to what we
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found in neurons, lithium effects were neither reproduced by a selective inhibition of GSK-
3 with SB216763, nor they were abrogated by exogenous addition of inositol. Again, taking
into account that lithium did not increase Akt phosphorylation, our results argue against the
involvement of GSK-3 or inositol monophosphatases on the inhibitory effects of lithium in
the astrocyte MEK-ERK pathway. In contrast with the situation in SH-SYSY
neuroblastoma cells, where valproate stimulatory effects were already patent at the Ras
level (Yuan et al., 2001), lithium inhibitory effects in astrocytes were clear regarding MEK
phosphorylation, but Ras activation by either EGF or endothelin-1 remained unaffected.
This points at Raf as the putative primarily affected component of the astrocyte pathway,
and suggests that these lithium effects in astrocytes take place by a mechanism that is not

simply the opposite to that occurring in neurons.

GO/GL |[S |G2/M
control 92.7 3.1 |42
FCS, 20h 77.6 18.5 [3.8
[FCS, 24h 590  [20.8 [20.2
Li* + FCS, 24h 782 171 |47
[ET-1 16h 845  [12.1 |35
[ET-1 20h 81.0  [145 |45
‘ET-1 24h ‘79.3 ‘12.0 |88 TABLE 1: Lithium, but not the
GSK-3B inhibitor SB216763,
‘ET'1 48h ‘94'5 ‘1'9 |3'5 delays cell cycle re-entry.
‘ ‘ ‘ | Astrocytes deprived of serum for
o 3 days were treated with 10 mM
‘ET_1 + LI 16h ‘91'6 ‘6'5 |1'9 LiCl or 3 uM SB216763 for 24
[ET-1 + Li* 20h 908  [8.0 [1.2 h. Then, cell cycle re-entry in
R synchronized astrocytes was
[ET-1 LI’ 24h B85 |87 |27 initiated by addition of 10% FCS
‘ET"I +Li" 48h ‘87-1 ‘6-1 |6-8 or 25 nM endothelin-1, and
‘ ‘ ‘ | phase distribution was analyzed
at  different  times after
‘ET"I + SB216763 16h ‘84'1 ‘12'6 |3'8 stimulation. Results are means of
[ET-1 + SB216763 20h |80.9 135 |5.6 2 independent experiments, and
1+ 7 10. ) represent percent occurrence of
‘ET 1+ SB216763 24h ‘80 ‘ 0-5 |8 8 cells in GO/G1 (diploid), G2/M
[ET-1 + SB216763 48h (96.2 1.7 [2.1 (tetraploid), or S.
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Although lithium inhibition of the MEK-ERK pathway has not been reported before,
lithium has been shown to induce cell cycle arrest in bovine aortic endothelial cells by a
mechanism involving stabilization of p53 (42). This antitumor transcription factor is
stabilized by different mechanisms, including the Akt-GSK-3-Bcatenin cascade. However,
this mechanism does not seem to account for our results, as the GSK-3 inhibitor SB216763
failed to arrest the astrocyte cell cycle, while effectively stabilized -catenin and inhibited
Tau phosphorylation. However, p53 may be involved in lithium-induced astrocyte cell
cycle arrest: it has been reported that ERK inhibition contributes with the activation of p38
MAP kinase in the stabilization of p53 induced by nitric oxide (Kim et al., 2002), and in
fact lithium may stimulate p38 (Nemeth et al., 2001). We have preliminary evidence that
lithium-induced inhibition of DNA synthesis in astrocytes is partly reversed by the p38
inhibitor SB-203580, suggesting that both ERK inhibition and p38 activation could be

contributing to cell cycle arrest.

It would be worth testing whether lithium, a drug able to favor neuronal survival and
plasticity and, at the same time, inhibit astrocyte proliferation, would be effective in the
treatment of CNS traumatic injuries: these result in a rapid proliferative response from
resident astrocytes, a process known as reactive astrogliosis or glial scarring, that has been
suggested to be an attempt made by the CNS to restore homeostasis through isolation of the
damaged region (Fitch and Silver, 1997). Upon CNS damage involving destruction of the
brain-blood barrier, endothelium-derived ET-1 and plasma components intrude into
parenchyma and initiate astrogliosis. The subsequent formation of a glial scar may interfere
with any subsequent neural repair (McGraw et al., 2001). Current experimental approaches
to attenuate gliotic reaction, however, do not constitute viable therapeutic interventions. In
this context, lithium therapy could contribute to axonal regeneration after its own

neuroplastic action and the inhibition of reactive astrogliosis.
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Part I. Role of PLD in cellular proliferation and membrane ruffling.

Is PLD involved in signal transduction?

PtdCho is the main lipid constituent of eukaryotic membranes, accounting for 40-
70% of total membrane phospholipids. Its turnover is mostly controlled by PLD, which
catalyses its cleavage leading to the production of choline and PtdOH, a lipid that plays
a central role in the synthesis of the major membrane phospholipids. PLD activation
takes place within seconds in response to an incredibly rich variety of extracellular
signals in different cell types (see table 2 on page 20). This observation suggested that
PLD activation, well appart from its housekeeping functions, may be part of the complex
signal transduction machinery that allow the cell to adapt and to respond to a changing
environement. The requirement for PLD in several cellular events, such as vesicular
trafficking, exocytosis or cell proliferation, has been proposed and studied in the last ten
years. The methodologies used in studies on PLD cellular functions include the use of
alcohols, that act by diverting the production PtdOH, antisense oligonucleotides or RNA;
approaches to reduce its endogenous expression, or overexpression of wild-type and
catallytically inactive forms. Unfortunately, the use of alcohols remains as a frequently
used approach to unmask the putative role of PLD in a particular cellular event, and it is
forced by the lack of more specific inhibitors. This strategy is rather contentious, since
alcohols, besides being PLD substrates, are pleiotropic compounds with marked actions
on different metabolic pathways. The appropriate concentrations should be the optimal
for the transphosphatidylation reaction, an that appears not always to be the case for

some studies on PLD actions.

A) Role of PLD in cellular proliferation

Many reports have been published providing evidences for a role of PLD in cellular
proliferation, and for some of those papers the postulated implication of PLD is via
production of lysophosphatidic acid, a lipid messenger with well known proliferating

actions on different cell types [94]. Raf-1 can also provide a link between PLD
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activation and activation of the MAPK pathway, since PtdOH greatly enhances Raf-1
kinase activity in vitro [9, 99]. The specific interaction site for PtdOH was mapped to a
domain rich in basic and hydrophobic amino acids (residues 389-423) and is suggested
to facilitate and stabilise the translocation of Raf-1 to the membrane [9, 98]. Recently
mTOR has been added to the group of proteins that are controlled by PtdOH that could
provide a new link connecting PLD activation to mitogenic signal transduction. mTOR
senses amino acid presence in the medium and mediates nutrient-dependent cell growth
by controling mRNA tranlation initiation [100].

We adressed the study of PLD in transduction of mitogenic signaling in cultured
astrocytes. As early mentioned, astrocyte proliferation is a naturally occurring
phenomenon in response to certain pathological situations such as traumatic injury to the
central nervous system. Cultured astrocytes display a wide variety of receptors coupled
to PLD activation and exhibit a robust proliferative response following mitogen
exposure. We took advantage of this and determined the ability of a set of different
stimuli (including growth factors, other mitogens and non-mitogenic agonists) to induce
DNA synthesis and to stimulate PLD activity. The aim of this strategy was to determine
if correlation between PLD activation and mitogenesis did occur. We found a lack of
correlation between both responses, supporting the idea of mitogenesis and PLD
activation being independent phenomena. This lack of correlation has been observed by
others [118]. We also made use of alcohols to divert the PtdOH formation elicited by
mitogens. The protocol was designed taking special care on the side-effects associated to
the use of alcohols. We therefore allowed just short alcohol incubations, since for most
of the cases short time mitogen stimulation was sufficient to elicit a full response. This
strategy proved to be devoid of cytotoxicity when leakage of cytosolic markers or viable
dye staining were analysed. Regarding thymidine incorporation into DNA, primary
alcohol treatment along with mitogens gave no significant diferences when compared to
non-PLD substrate alcohols, suporting again the non requirement of PtdOH formation in
mitogenic signaling.

We assume that these findings are not conclusive by themselves, and that additonal
data are needed to clearly establish the absence of any link in the cell system studied

(reduction of endogenous expression of PLD isoforms, overexpression of catallytically
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inactive forms of PLDs, overexpression of mutant ARFs defective in PLD activation). In
particular, we have addressed without succes an antisense aproach to reduce the
expression of PLD in a cell line. The results presented are restricted to the astrocyte
model, and should not be extended to other cell types. Is is possible that for particular
cell types with strong PtdOH deacylation activity to yield lysoPtdOH, a positive link
between PLD activation and proliferation could occur. The mechanism of deactivation
of PtdOH could be cell-type specific. Therefore, the existence of a relationship between
proliferation and PLD activation could have more to do with the specific pathways
employed by each cell type to metabolise PLD-derived PtdOH than simply to the
activation of PLD. We should also bear in mind that alcohol inhibition of PtdOH
formation is never complete. Taking into consideration that amplification mechanisms
between PLD activation and DNA synthesis may exist, the remaining PtdOH produced
might be enough for the transduction of mitogenic signals. A role of PLD in sustained
PKC activation was regarded as a possible mechanism underlying the potential
mitogenic actions of PLD. Recently this hypothesis lost support, as PLD-derived DAG

is rich in alkyl linkages, which are unable to activate classical or new PKC isoforms [9].

B) Role of PLD in membrane ruffling.

We addressed the study of other cellular funtions where PLD could be involved, in
particular the membrane ruffling, which, for some cell types (e.g. mast cells and related
cell lines), accompanies the fusion of secretory vesicles with the plasma membrane. The
results presented were developed in collaboration with a foreign lab providing extense
facilities and background knowledge on mast cell physiology. Mast cells and their
related cell lines are good models to study secretory processes and show extense ruffling
upon Fc receptor crosslinking [182]. When analysed, not only ruffling, but also
PtdIns(4,5)P, syntesis were profoundly affected following butan-1-ol exposure, while
they remained unaffected when butan-2-ol was used. The observations that A) time-
courses of PLD activation and ruffling coincided in time following antigen stimulation
and B) that ruffling resumed after butan-1-ol removal, led us to the idea that continuous

PLD activation was required for membrane ruffling to take place. Studies on the
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subcellular localisation of tagged-PLD isoforms identified PLD2 as the potential
isozyme involved. We demonstrated that both isoforms, PLD1 and PLD2, can be
regulated by antigen stimulation, but while PLD2 localised mainly to the plasma
membrane, PLD1 was found in an intracellular vesicular compartment and did not
change dramatically after antigen addition. This pattern of PLD1 and PLD2 localisation
has recently been described by others [42]. We do not exclude a role of PLDI in the
process, since some works provide evidence of PLDI1b colocalisation with markers of
secretory granules and plasma membrane recruitment following stimulation [44, 183],
something that could not be reproduced in our hands.

We report that ARF6 is able to reconstitute PtdIns(4,5)P, synthesis from cytosol-
depleted cells challenged with antigen. PLD-generated PtdOH production seems to be
required, as butan-1-ol, but not butan-2-ol, blocked PtdIns(4,5)P, synthesis stimulated
with antigen plus ARF6. Since from all the ARF isoforms, ARF6 is the only one
reported to localise to the plasma membrane upon stimulation [66, 82], we propose that
both ARF6 and PLD2 are required for the synthesis of PtdIns(4,5)P, at the plasma
membrane. When assayed in streptolysin-O-permeabilised cells, ARF1 but not ARF6
was found to leak out of the cell, pressumably because of its association with
intracellular structures. Endogenous ARF6 has been found at sites of intense cortical
actin rearrangement and has been involved in cell motility events [184, 185].
Furthermore, ARF GTPase cycle is reported to control an endosome/plasma membrane
recycling pathway [109]. This plasma membrane recycling pathway is active during
ruffling. Interestingly, we have observed PLD2-containing endocytic structures in
PLD2-transfected cells undergoing ruffling.

These results promted us to propose a model for membrane ruffling. As already
mentioned in the introduction, membrane ruffling requires from two independent events:
reorganisation of the cortical actin plus an active membrane recyling pathway. Both
GTP-ARF6 and GTP-Racl are plasma membrane localised proteins that have been
involved in actin rearrangements [109] and both can mediate antigen stimulation of PLD
in RBL cells [183]. We consider that the plasma membrane is a site for recruitment of
proteins required for actin dynamics, since the tips of growing cortical actin filaments

are just a few nm away from the inner surface of the plasma membrane. We propose that
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GTP-ARF6 (and possibly GTP-Racl) would guarantee PLD2 activation at the plasma
membrane. The formed PtdOH would contribute to ARF6-mediated PIP 5-kinaseo
activation, and the subsequent PtdIns(4,5)P, formation would contribute to a second step
of PLD2 activation, as a cooperative loop. PtdIns(4,5)P, would also facilitate
recruitment of actin-binding PH domain-containing proteins (gelsolin, profilin, ARNO,
ASAP members of ARF-GAPs), therefore contributing to the cortical actin remodelling.
In addition, an ARF6 cycle along with PIP5-kinase and PLD2 might account for the
membrane recycling processes. To conclude, the concomitant opperation of a Rac cycle,
an ARF cycle, and activation enzymes that modify plasma membrane composition (PLD
and PIP 5-kinase) might be required for membrane ruffling to take place and inhibition
of any of them would halt ruffling. This conclusions support the observation that PLD2-
overexpressing cells, while displaying high basal activity and a four-fold increase in
PtdOH levels, are still dependent on antigen stimulation to undergo ruffling.

Interestingly, we show that ruffling and exocytosis, while a prominent feature
elicited by engagement of IgE receptors on RBL-2H3 cells, are not always coupled
phenomena, since phorbol ester stimulation could induce ruffling and lamellipodial
extensions but not secretion.

As long as I am aware, this is the first time a study includes measures of PtdOH and
PtdBut formation in cells transfected with PLD isoforms. As expected, we found that
transfected cells upregulate mechanisms to compensate the enhanced PLD activity by
increasing the rate of PtdOH removal. This explains why no further increase in PtdOH
levels is observed in transfected cells after antigen stimulation, while a clear increase in

PtdBut formation is still observed.

C) Oleic acid activation of PLD2 but not PLD1.

Another finding from our studies is the confirmation that oleic acid is a selective
activator of PLD2. Oleic acid, when used at millimolar concentrations, greatly enhanced
PLD activity from PLD2- but not PLD1-overexpressing cells and these results were

reproduced in membrane preparations from PLDI and PLD2 overexpressing cells.
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Furthermore, the oleic acid stimulation of PLD in membranes from various cell types
showed correlation with PLD2 immunoreactivity levels when examined. We took
advantage from this property to study whether the overexpressed PLD2 colocalised with
the endogenous enzyme. Membrane fractionation of homogenates from PLD2-
overexpressing cells demonstrated that overexpressed PLD2 fractionated in an identical
location to the endogenous PLD2, which was found to overlap with plasma membrane
markers. These results support that overexpression does not lead to mislocalisation of
the enzyme. Taken together, we can conclude that oleic acid is a useful tool to localise
PLD2 and to identify whether a particular cell type has PLD2. This is specially relevant
in a situation where the availability of antibodies is restricted and detection of
endogenous forms is difficult because of low levels of expression. We observed that the
concentration of oleic acid required for optimal PLD2 activation is critical and clearly
depends on protein concentration. This fact could explain the remaining controversy
regarding the identity of the oleate-activated PLD, since some researchers reported
inhibition of PLD2 [13] while others have reported stimulation [186]. From our studies,
it is clear that oleic acid should be carefully titrated, taking into consideration the protein
concentration used in the assay. We assume that the-oleate sensitive PLD is none other
than PLD2. Unfortunately, the use of oleic acid on living cells is restricted due to
cytotoxicity. We found that oleic acid could stimulate short-lived ruffling on its own, but
clear cytotoxic effects could be observed soon after addition. The optimal concentration
of oleic acid for stimulation of PLD2 in living cells is in the millimolar range when
added exogenously. On a membrane preparation, the optimal concentration is reduced to
10-50 uM, depending on protein concentration. We consider that oleic acid (or other
unsaturated fatty acids such as arachidonic acid), if released intracellularly by a PLA,

activity, could be physiologically relevant in the modulation of PLD2.

Part I1. Modulation of the ERK pathway in neural cells by lithium.

Having observed a lack of correlation between cell mitogenesis and PLD activation,

and a positive link regarding membrane ruffling, we continued the study of the
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involvement of signaling lipids on the molecular mechanisms regulating astrocyte
proliferation. Since lithium impairs the phosphoinositide cycle, we used this agent with
the initial aim of exploring a possible role of PLC-elicited signals. We found that lithium
effectively prevented thymidine incorporation into DNA in asynchronous astrocytes. A
3-day incubation with 10 mM lithium completely abolished DNA synthesis. Results
obtained from flow cytometric analysis were consistent with a G2/M cell cycle arrest,
since a build up in tetraploid cells was observed. Furthermore, we observed that lithium
delays mitogen-elicited cell cycle re-entry in serum deprived astrocytes. Astrocytes can
become quiescent (GO phase) by removing the serum from the culture medium for 3
days, and can then be forced to re-enter cell cycle by adding back serum. If cycle phase
distribution is analysed in those synchronised cells 24 hours after serum addition, a
typical 20% of the cells reach the S phase and a 22% reach the G2/M phase. Lithium-
pretreatment of the cells results in a delay in their progress through cell cycle, since
virtually no cells can be observed in the G2/M phase. Those effects of lithium on cell
cycle showed dose-dependency and lacked cytotoxicity when measured by viable-dye
staining. Also, flow cytometry revealed no signs of apoptosis associated to lithium
incubations (no significant population of subdiploid cells, evidencing DNA degradation,
could be observed).

We explored the molecular mechanisms underlying lithium effects on astrocyte cell
cycle. To date, IMPs are widely accepted pharmacological targets of lihium ions that
may mediate its clinical and cytoprotective properties [134, 142]. However, inhibition of
IMPases could not account for lithium effects on the cell cycle, since they were not
reverted after inositol supplementation of the culture medium. GSK-3 is also regarded as
a molecular target mediating lithium actions with implications on cell cycle control [170,
187]. One of the jobs of GSK-3 is to target the B-catenin protein to ubiquitin-mediated
degradation. Cancer causing mutatons enable B-catenin to accumulate, which leads to
increased transcription of TCF/LEF genes and cell cycle deregulation [167, 168]. This
could be a possible mechanism underlying the effects of lithium on astrocyte
proliferation. However, from flow cytometric analysis of cell cycle phase distribution,

the selective inhibition GSK-3 by SB216763 could account for lithium-induced cell
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cycle arrest. These results were validated by showing that SB216763 affected
downstream targets of GSK-3. In particular, SB216763 completely prevented the
phosphorylation of Tau protein and effectively stabilised B-catenin.

The search for the mechanisms underlying the observed cell-cycle arrest ended up
with the finding that lithium prevented signalling through the canonical ERK pathway.
Reduced phosphorylation on ERK and MEK proteins was observed in lithium-treated
quiescent astrocytes challenged with mitogens (endothelin-1 or serum). The shut down
of the pathway upon challenge with those mitogens was already seen after short
incubation times (3h) with high lithium concentrations (10mM) or alternatively after
long incubations (1 week) with therapeutic lithium concentrations (ImM).

Being clarified that lithium effects were not mediated by its most commonly
recognised targets, we analysed further in detail lithium actions on upstream components
of the ERK pathway, in particular its effects on Ras activation. We showed that lithium
could not preclude activation of Ras in conditions that completely abolished ERK/MEK
phosphorylation of quiscent astrocytes challenged with ET-1, indicating that lithium
effects might take place downstream of Ras activation, namely at the Raf level. We are
now currently investigating whether the kinase activity of Raf isoforms is sensitive to
lithium and its expression levels in lithium-pretreated cells. Depending on the results of
these experiments, the search can continue with modulators of Raf, as Rapl.

Our study has been completed showing the dual effects of lithium on ERK pathway
in two different neural cell types, cerebellar granule neurons and astrocytes.

In the former, ERKs activation is reported to confer neuroprotection against different
kinds of insults (ischemia [188], C2-ceramide [189], anticonvulsants [190], B-amyloid
peptides [191], non-depolarising conditions [192], glutamate [193]) and are also
involved in synaptic plasticity events [194, 195]. In the latter, ERKs are mainly involved
in the transduction of mitogenic signals following growth factor receptor stimulation.
Glial proliferation is a physiologically relevant situation observed in vivo upon central
nervous system damage. Traumatic injuries to the central nervous system typically result
in a robust proliferative response from resident astrocytes, a process known as reactive

astrogliosis or glial scarring, which can interfere with neural repair and axonal
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regeneration [196]. The expression of extracellular matrix molecules or soluble
mediators by reactive astroglia might account for the lack of neuronal regeneration
[197]. Current experimental approaches to attenuate the gliotic reaction constitute no
viable therapeutic interventions. In that sense, lithium could prove to be a valuable drug
since it would contribute to axonal regeneration by preventing neuronal cell death and at
the same time, it would attenuate astrocyte proliferation. We plan to test this hypothesis
in vivo, in animals with traumatic-spinal cord or central nervous induced lesions. In one
group of animals lithium will be included in the regular diet. The extension of the
damaged lesion and morphological features of the glial scar will be compared to control
animals. Hopefully, we will be able to corroborate whether what is seen in the petri dish

does take place in vivo.
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GENERAL CONCLUSIONS
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1. PLD activation is not a general requirement for agonist-elicited cell
proliferation of astrocytes. This conclusion is supported by two findings. First, a lack
of correlation between PLD activation and enhancement of DNA synthesis is observed
for variety of stimuli including growth factors, G protein-coupled receptor agonists
and the tumour promoter PMA. Second, short chain primary alcohol exposure under
non cytotoxic conditions, while diverting up to 60% PLD-catalysed formation of

PtdOH, did not reduce mitogen-stimulated thymidine incorporation into DNA..

2. Long term alcohol exposure affects viability of astrocytic cultures. Therefore,
these methodogies should not be used when studying the putative role of PLD in a

particular cellular function.

3. Continual production of PtdOH by PLD is required for antigen-stimulated
membrane ruffling in RBL mast cells. Butan-1-ol but not butan-2-ol reversibly
inhibited antigen-mediated membrane ruffling and it resumed soon after butan-1-ol
removal. Time-course patterns of antigen mediated PLD activation and membrane

ruffling are tightly coupled.

4. Antigen can stimulate both isoforms of PLD, but only PLD?2 is found in membrane
ruffles of RBL mast cells upon antigen stimulation. Overexpressed GFP-PLDI1
localises to an intracellular vesicular compartment and does not translocate following
stimulation. We therefore assume that PLD?2 is the isoform involved in membrane

ruffling.

5. PLD-catalysed PtdOH formation is not sufficient to drive the dynamic actin
cytoskeletal rearrangements and membrane recycling events characteristic of
ruffling. PLD2 transfected cells, despite displaying four-time higher basal levels of
PtdOH when compared to mock transfected cells, were still dependent on antigen
stimulation to undergo ruffling. Antigen-mediated activation of other pathways,

namely Racl GTPase, must then be required.
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6. PLD-derived PtdOH is required for PtdIns(4,5)P, formation in antigen-
stimulated RBL mast cells. In cytosol-depleted RBL cells, which had lost the
capacity to synthesise PtdIns(4,5)P, after stimulation with antigen, the addition of
ARF1 or ARF6 recombinant proteins could restore the ability to synthesise
PtdIns(4,5)P,, but it did not occur in presence of butan-1-ol.

7. Oleic acid is a selective activator of PLD2 but not PLD1. Optimal concentrations
are dependent on protein concentration in the in vitro assay and lie within the
micromolar range. In vivo, optimal concentrations lie in the millimolar range, probably
because oleic acid has to gain acces to the inner leaflet of the plasma membrane,
where PLD2 is located. This property can be used to detect the presence of PLD2 in

subcellular preparations but its use is limited in vivo because of cytotoxicity.

8. Lithium inhibits DNA synthesis and induces a G2/M cell cycle arrest in
asynchronous astrocytes. In quiscent astrocytes, lithium prevented ET-1- elicited

cell cycle re-entry.

9. Chronic or acute lithium treatments prevented ERK and MEK
phosphorylations in both asyncronous and quiscent astrocytes challenged with
ET-1. The blockade occurs downstream of Ras, since lithium did not affect ET-1 or
EGF-stimulated Ras activation.This effect was cell-type dependent, as demonstrated
by the fact that lithium enhaced signaling through the ERK pahway in cerebelar

granule cells.



References 155

REFERENCES



References 157

[1] HOKIN L.E., HOKIN M.R. (1955). Effects of acetylcholine on the turnover of
phosphoryl units in individual phospholipids of pancreas slices and brain cortex slices.
Biochim.Biophys.Acta.1000: 470-478.

[2] DOWNES C.P. AND CURRIE R.A.(1998) Lipid signalling. Curr. Biol. 8: 865-867.

[3] AOKI J., NAGAI Y., HOSONO H., INOUE K., ARAI H. (2002) Structure and function
of phosphatidylserine-specific phospholipase AlBiochim Biophys Acta 23;1582:26-32.

[4] SONODA H., AOKI J., HIRAMATSU T., ISHIDA M., BANDOH K., NAGAI Y.,
TAGUCHI R., INOUE K., ARAI H. (2002) A novel phosphatidic acid-selective
phospholipase Al that produces lysophosphatidic acid. J.Biol. Chem. 277:34254-34263.

[5] BALSINDE J., WINSTEAD MV., DENNIS EA.. (2002) Phospholipase A2 regulation
of arachidonic acid mobilization FEBS Lett. 30;531:2-6.

[6] RHEE SG (2001) Regulation of Phosphoinositide-specific Phospholipase C.
Annu.Rev.Biochem. 2001, 70: 281-312.

[7] KATAN M (1998) Families of phosphoinositide-specific phospholipase C: structure
and function Biochim. Biophys. Acta 1436:5-17.

[8] WANG X., XU L., ZHENG L. (1994) Cloning and expression of phosphatidylcholine-
hydrolyzing phospholipase D from Ricinus communis. J.Biol.Chem 269: 20312-20317

[9] DANIEL L.W., SCIORRA V.A., GHOSH S. (1999) Phospholipase D, tumor
promoters, proliferation and prostaglandins. Biochim.Biophys.Acta 1439: 265-276.

[10] KANFER J.N. (1980) The base exchange enzymes and phospholipase D of
mammalian tissue. Can.J. Biochem 58: 1370-1380.

[11] ROSE, K., RUDGE, S.A., FROHMAN, M.A., MORRIS, A.J., ENGEBRECHT, J .,
(1995) Phospholipase D signaling is essential for meiosis. Proc.Natl.Acad.Sci.USA 92:
12151-12155

[12] HAMMOND, S.M., ALTSHULLER, Y.M., SUNG, T.-C., RUDGE, S.A., ROSE, K.,
ENGEBRECHT, J., MORRIS, A.J. I FROHMAN, M.A.. (1995) Human ADP-ribosylation
factor-activated phosphatidylcholine-specific phospholipase D defines a new highly
conserved gene family. J. Biol. Chem., 270: 29640-29643.

[13] KODAKI T., YAMASHITA S (1997) Cloning, expression and characterization of a
novel phospholipase D complementary DNA from rat brain. J.Biol. Chem. 272:11408-
11413.

[14] COLLEY WC., ALTSHULLER YM., SUE-LING CK., COPELAND NG., GILBERT
DJ., JENKINS NA., BRANCH KD., TSIRKA SE., BOLLAG RJ., BOLLAG WB,,
FROHMAN MA. , (1997) Cloning and expression analysis of murine phospholipase D1.
Biochem. J. 326:745-753.

[15] COLLEY WC., SUNG TC., ROLL R., JENCO J., HAMMOND SM., ALTSHULLER
Y., BAR-SAGI D., MORRIS AJ., FROHMAN MA. (1997) Phospholipase D2, a distinct
phospholipase D isoform with novel regulatory properties that provokes cytoskeletal
reorganization. Curr. Biol. 7:191-201.



158 References

[16] LISCOVITCH M. , CZARNY M., FIUCCI G.LAVIE Y..and TANG T (1999)
Localization and possible functions of phospholipase D isozymes. Biochim. Biophys. Acta
1439: 245-263.

[17] FROHMAN, M.A., SUNG, T.-C. MORRIS, A.J. (1999) Mammalian phospholipase D
structure and regulation Biochim. Biophys. Acta 1439: 175-186.

[18] COCKCROFT S. (2001) Signalling roles of mammalian PLD1 and PLD2. Cell
Mol.Life. Sci 58, 1674 1687.

[19] GOTTLIN E.B., RUDOLPHA E., ZHAO Y., MATTHEWS H.R. and D DIXON J.E.
(1998) Catalytic mechanism of the phospholipase D superfamily proceeds via a covalent
phosphohistidine intermediate. Proc.Natl.Acad.Sci. USA, 95:9202-9207.

[20] ELLA K.M., MEIER K.E. KUMAR A., ZHANG Y. And MEIER G.P. (1997)
utilisation of alcohols by plant and mammalian phospholipase D. Biochem.Mol.Biol.Int
41:715-724.

[21] SHEN Y, XU L, FOSTER DA. (2001) Role for phospholipase D in receptor-mediated
endocytosis. Mol Cell Biol. 21:595-602.

[22] KOTTER K. KLEIN J. (1999) Ethanol inhibits astroglial cell proliferation by
disruption of phospholipase D-mediated signaling. J. Neurochem. 73: 2517-2523.

[23] PONTING C.P. and KERR ID. (1996).A novel family of phospholipase D
homolgues that includes phospholipid synthases and putative endonucleases:identification
of duplicated repeats and potential active site residues. Protein Sci. 5, 914-922.

[24] HAMMOND, S.M., JENCO, J.M., NAKASHIMA,S., CADWALLADER,Q., COOK,
S. NOZAWA, Y., PRESTWICK, G.D., FROHMAN, M.A., MORRIS, A.J., (1997)
Characterization of two alternately spliced forms of phospholipase D1. Activation of the
purified enzymes by phosphatidylinositol 4,5-bisphosphate, ADP-ribosylation factor, and
Rho family monomeric GTP-binding proteins and protein kinase C-alpha J.Biol. Chem 272:
3860-3868.

[25] REDINA O.E., FROHMAN M.A.(1998) Organization and alternative splicing of the
murine phospholipase D2 gene. Biochem. J. 331: 845-851.

[26] SCIORRA V.A., RUDGE S.A.,, PRESTWICH G.D., FROHMAN M.A.
ENGEBRECHT J., MORRIS A.J.(1999) Identification of a phosphoinositide binding motiv
that mediates activation of mammalian and yeast phospholipase D isoenzymes. EMBO J.
20, 5911-5921.

[27] SUGARS J.M., CELLEK S., MANIFAVA M., COADWELL J., KTISTSKIS N.T.
(1999) Fatty acid acylation of phospholipase D1 on cysteine residues 240 and 241
determines localization on intracellullar membranes. J. Biol. Chem. 274, 30023-30027.

[28] LEIROS 1., SECUNDO F., ZAMBONELLI C., SERVI S. and HOUGH E.The first
crystal structure of a phospholipase D. Structure Fold. Des. 8:655-667.

[29] STUCKEY J.A. and DIXON J.E.(1999).Crystal structure of a PLD superfamily
member. Nat.Struct.Biol. 6: 278-284.



References 159

[30] PEDERSON K.M., FINSEN B., CELIS J.E. and JENSEN N.A.(1998) Expression of a
novel murine phospholipase D homolog coincides with late neuronal development in the
forebrain. J. Biol. Chem., 273: 31494-31504.

[31] GIBBS T.C. and MEIER K.E. (2000) Expression and regulation of phospholipase D
isoforms in mammalian cell lines. J.Cell Physiol., 182: 77-87.

[32] SAITO S., SAKAGAMI H., KONDO H.(2000) Localisation of mRNAs for
phospholipase D (PLD) type 1 and 2 in the brain of developing and mature rat.
Dev.Brain.Res. 120: 41-47.

[33] STEED P.M., CLARK K.L., BOYAR W.C. D.J. LASALA (1998) Characterisation of
human PLD2 and the analysis of PLD isoform splice variants. FASEB J.12: 1309-1317.

[34] SERVITJA JM. MASGRAU R., SARRI E. PICATOSTE F. (1999) Group I
metabotropic glutamate receptors mediate phospholipase D stimulation in rat cultured
astrocytes. J. Neurochem.72: 1441-1447

[35] LEE M.Y., KIM S.Y., MIN D.S.,CHOI Y.S., SHIN S.L., CHUN M.H.(2000)
Upregulation of phospholipase D in astrocytes in response to transient forebrain ischemia.
Glia 30: 311-317

[36] GRINER R.D.,QIN F.,JUNG E.SUE-LING C.K.,,CRAWFORD K.B.,MANN-
BLAKENEY R. (1999) 1,25-dihydroxyvitamin D3 induces phospholipase d1 expression in
primary mouse epidermal keratinocytes. J.Biol. Chem. 274: 46663-4670.

[37] OHGUCHI K., NAKASHIMA S. AND NOZAWA Y. (1999) Phospholipase D
development during differentiation of human promyelocytic leukemic HL60 cells.
Biochim.Biophys.Acta 1439: 215-227.

[38] EL MARJOU M.,MONTALESCOT V. BUZYN A. GENY B. (2000) Modifications in
phospholipase D activity and isoform expression occur upon maturation and differentiation
in vivo and in vitro in human myeloid cells. Leukemia 14: 2118-2127.

[39] UCHIDA N. OKAMURA S. KUWANO H., (1999) Phospholipase D activity in
human gastric carcinoma. Anticancer Research 19: 671-675.

[40] UCHIDA N. OKAMURA S. NAGAMACHI Y. YAMASHITA S., (1997) Increased
phospholipase D activity in human breast cancer Journal of Cancer Research & Clinical
Oncology. 123: 280-5.

[41] YOSHIDA M. OKAMURA S. KODAKI T. MORI M. YAMASHITA S. (1998)
Enhanced levels of oleate-dependent and ARF-dependent phospholipase D isoforms in
experimental colon cancer. Oncology Research 10: 399-406.

[42] CHOI W.S. KIM Y.M., COMBS C. FROHMAN M.A. BEAVEN M.E.(2002)
Phospholipases D1 and D2 regulate different phases of exocytosis in mast cells J. Immunol.
168: 5682-5689.

[43] POWNER D.J.,, HODKIN M.N. WAKELAM M.J.O. (2002)Antigen-stimulated
activation of phospholipase DIb by Racl, ARF6, and PKCa in RBL-2H3 cells.
Mol.Biol.Cell. 13: 1252-1262.



160 References

[44] BROWN F.D..THOMPSON N.SAQIB K.M., CLARK JM., POWNER D.,
THOMPSON N.T., SOLARI R.,,WAKELAM M.J.O. (1998) Phospholipase D1 localises to
secretory granules and lysosomes and is plasma-membrane located on cellullar stimulation.
Curr.Biol., 8:835-838.

[45] HONDA A., NOGAMI M., YOKOZEKI, T., YAMAZAKI M., NAKAMURA H.,
WATANABE H., KAWAMOTO K., NAKAYAMA K., MORRIS A.J., FROHMAN M.A.,
AND KANAHO Y. (1999) Phosphatidylinositol 4-phosphate 5-kinase o is a downstream
effector of the small G protein ARF6 in membrane ruffle formation. Cel/ 99: 521-532.

[46] HAN J.M., KIM J.H.,LEE B.D., KIM Y.JUNG Y.W. LEE S., CHO W.,OHBA M.,
KUROKI T., SUH P.G., RYU S.H.(2002) Phosphorylation-dependent regulation of
phospholipase D2 by PKC9 in rat pheochromocytoma PC12 cells. J.Biol. Chem 277: 8290-
8297.

[47] DENMAT-OUISSE L-A., PHEBIDIAS C.,HONKAVAARA P., ROBIN P., GENY
B., MIN D.S., BOURGOIN S., FROHMAN M.A., RAYMOND M-N. (2001) Regulation
of constitutive protein transit by PLDs in HT28-c119A cells. J.Biol. Chem 275: 48840-
48846.

[48] DIVECHA N., ROEFS M., HALSTEAD J.R., D’ANDREA S., FERNANDEZ-
BORGA M., OOMEN L., SAQIB K.M., WAKELAM M.J.O., D’'SANTOS C. (2000)
Interaction of the type Ia PIPkinase with phospholipase D: a role for the local generation of
phosphatidylinositol 4,5-bisphosphate in the regulation of PLD2 activity. EMBO J. 19:
5440-5449.

[49] WHATMORE J.,, MORGAN C.P., CUNNINGHAM E., COLLISON K.S.,,
WILLISON K.R., COCKCROFT S. (1996) ADP-ribosylation factor 1-regulated
phospholipase D activity is localized at the plasma membrane and intracellular organelles
in HL60 cells. Biochem. J. 320: 785-794.

[50] LINDMAR R, LOFFELHOLZ K. (1998) Phospholipase D in rat myocardium:
formation of lipid messengers and synergistic activation by G-protein and protein kinase C.
Biochem Pharmacol. 56: 799-805.

[51] OHGUCHI, K., BANNO, Y., NAKASHIMA, S. I NOZAWA, Y., (1996) Regulation
of membrane-bound phospholipase D by protein kinase C in HL60 cells. Synergistic action
of small GTP-binding protein RhoA. J. Biol. Chem., 271: 4366-4372.

[52] MELLOR H., PARKER P.J. (1998) The extended protein kinase C family. Biochem.
J. 332: 281-292.

[53] SERVITJA J.M., MASGRAU R., PARDO R., SARRI E., EICHEL-STREIBER C.,
GUTKIND J.S., PICATOSTE F. (2003) Metabotropic glutamate receptors activate
phospholipase D in astrocytes through a protein kinase C-dependent and Rho-independent
pathway. Neuropharmacology 44:169-178.

[54] CLARK K., MURRAY A.W. (1995) Evidence that bradykinin-induced activation of
phospholipase and of the mitogen-activated protein kinase cascade involve different
protein kinase C isoforms. J.Biol. Chem. 270: 7097-7103



References 161

[54] LOPEZ 1., BURNS D.J.,, LAMBETH J.D. (1995) Regulation of phospholipase D by
protein kinase C in human neutrophils. Conventional isoforms of protein kinase C
phosphorylate a phospholipase D-related component in the plasma membrane. J. Biol.
Chem. 270: 19465-19472.

[55] KIM Y., HAN JM., PARK JB., LEE S.D.,, OH Y.S., CHUNG C.(1999)
phosphorylation and activation of phospholipase D1 by protein kinase C in vivo:
determination of multiple phosphorylation sites. Biochemistry 38: 10344-10351.

[56] CONRICODE K.M., BREWER K.A., EXTON JI.H. (1992) Activation of
phospholipase D by protein kinase C. Evidence for phosphorylation-independent
mechanism. J.Biol.Chem. 267: 7199-7202.

[57] SIDDIQI A.R., STRAJER G.E., LESLIE C.C. (2000) Regulation of human PLD1 and
PLD2 by calcium and protein kinase C. Biochym.Biophys. Acta. 1497: 103-114.

[58] HAN J.M. (2002) Phosphorylation dependent regulation of phospholipase D2 by
protein kinase Cd in rat pheocromocytoma PC12 cells. J.Biol. Chem. 277: 8290-8297

[59] PARK S.K., MIN D.S., EXTON J.H.(1998) Definition of the protein kinase C
interaction site of phospholipase D. Biochem. Biophys.Res. Commun. 244: 364-367.

[60] BROWN H.A., GUTOWSKI S., MOOMAW C.R., SLAUGHTER C., STERNWEIS
P.C. (1993). ADP-ribosylation factor, a small GTP-dependent regulatory protein, stimulates
phospholipase D activity. Cell 75: 1137-1144.

[61] COCKCROFT S., THOMAS G.M., FENSOME A., GENY B., CUNNINGHAM E.,
GOUT I, HILES L., TOTTY N.F., TRUONG O., HSUAN J.J., (1994) Phospholipase D: a
downstream effector of ARF in granulocytes. Science. 263: 523-526.

[62] MOSS J., VAUGHAN M. (1998). Molecules in the ARF orbit. J.Biol. Chem. 273:
21431-21434.

[63] JONES D., BAX B., COCKCROFT S. (1999) ADP-ribosylation factor GTPases in
signal transduction and membrane traffic: independent functions? Biochem.Soc.Trans. 27:
642-647.

[64] LOPEZ 1., ARNOLD R.S., LAMBETH J.D. (1998) Cloning and initial
characterisation of a human phospholipase D2 (hPLD2). ADP ribosylation factor regulates
hPLD2. J.Biol.Chem. 273: 12846-12852.

[65] SUNG T.C., ALTSHULLER Y.M., MORRIS A.J., FROHMAN M.A. (1999)
Structural analysis of phospholipase D2. J.Biol. Chem. 274: 494-502.

[66] PETERS P.J., HSU V.W., OOI C.E., FINAZZI D., TEAL S.B., OORSHOT V.,
DONALDSON J.G., KLAUSNER R.D. (1995) Overexpression of wild-type and mutant

ARF1 and ARF6: distinct perturbations of nonoverlapping membrane compartments. J.
Cell. Biol. 134: 935-947

[67] RADHAKRISHNA H., KLAUSNER R.D., DONALDSON J.G. (1996) Aluminium
fluoride stimulates surface protrusions in cells overexpressing the ARF6 GTPase
J.Cell.Biol. 134: 935-947.



162 References

[68]GUILLEMAIN I. EXTON J.H. (1997) Effects of brefeldin A on phosphatidylcholine
phospholipase D and inositol phospholipid metabolism in HL-60 cells. Eur J. Biochem.,
249: 812-819.

[69] NAKAMURA Y., NAKASHIMA S., KUMADA T., OJIO K., MIYATA H.,
NOZAWA Y. (1996) Brefeldin A inhibits antigen- or calcium ionophore-mediated but not
PMA-induced phospholipase D activation in rat basophilic leukemiaa (RBL-2H3)cells.
Immunobiology 195: 231-242

[70] SHOME K., NIE Y., ROMERO G. (1998) ADP-ribosilation factor proteins mediate
agonist-induced activation of phospholipase D. J.Biol. Chem 273: 30836-30841

[711 BOWMAN E.P., UHLINGER D.J., LAMBERTH J.D.(1993) Neutrophil
phospholipase D is activated by membrane-associated Rho family small molecular weight
GTP-binding protein. J.Biol. Chem. 268: 21509-21512

[72] MALCOLM K.C., ROSS A.H., QIU R.G. SYMOSNS M. EXTON J.H. (1994)
Activation of rat liver phospholipase D by the small GTP binding protein RhoA.
J.Biol.Chem. 269: 25951-25954.

[73] SUNG T.C., ROPER R.L., ZHANG Y., RUDGE S.A., TEMEL R., HAMMOND
S.M., MORRIS A.J.,, MOSS B., ENGEBRECHT J., FROHMAN M.A. (1997) Mutagenesis
of phospholipase D defines a superfamily including a trans-Golgi viral protein required for
poxvirus pathogenicity. EMBO J. 16: 4519-4530.

[74] MALCOLM KC., ELLIOTT C.M., EXTON J.H. (1996) Evidence for Rho-mediated
agonist stimulation of phospholipase D in ratl fibroblasts. Effects of Clostridium botulinum
C3 exoenzyme. J.Biol.Chem. 271: 13135-13139.

[75] SCHMIDT M., RUMENAPP U., BIENEK C., KELLER J., EICHEL-STREIER C.,
JAKOBS K.H. (1996) Inhibition of receptor signalling to phospholipase D by Clostridium
difficile toxin B. Role of Rho proteins. J.Biol. Chem 271: 2422-2426.

[76] HESS JA., ROSS AH., QIU RG., SYMONS M., EXTON J.H. (1997) Role of Rho
family proteins in phospholipase D activation by growth factors. J.Biol. Chem. 272: 1615-
1620.

[77] PARK S.K., PROVOST J.J., BAE C.D., HO W.T., EXTON J.H.(1997). Cloning and
characterization of phospholipase D from rat brain. J.Biol. Chem. 272: 29263-29271.

[78] WAY G., OLUANAIGH N., COCKCROFT S. (2000). Activation of exocytosis by
crossliking of the IgE receptor is dependent on ARF-regulated phospholipase D in RBL-
2H3 mast cells: evidence that the mechanism of activation is via regulation of PIP,
synthesis. Biochem. J. 346: 63-70.

[79] HODKIN M.N., MASSON M.R., POWNER D., SAQIB K.M., PONTING C.P.
WAKELAM M.J. (2000) Phospholipase D regulation and localisation is dependent upon a
phosphatidylinositol 4-5 biphosphate-specific PH domain. Curr.Biol. 10: 43-46.

[80] SUNG T.S., ZHANG Y., MORRIS A.J., FROHMAN M.A. (1999) Mutational
analysis of human phospholipase D1. J.Biol. Chem. 274: 3659-3666.



References 163

[81] CHUNG J.K., SEKIYA F., KANG HS., LEE C., HAN J.S., KIM S.R., BAE Y.S,,
MORRIS A.J., HEE S.G. (1997) Synaptojanin inhibition of phospholipase D activity by
hydrolysis of phosphatidylinositol 4,5-bisphosphate J.Biol. Chem. 272: 15980-15985.

[82] DONALDSON J.G., JACKSON C.L. (2000) Regulators and effectors of the ARF
GTPases. Curr.Opin.Cell Biol. 12: 475-482.

[83] VENKATESWARLU A., OATEY P.B., TAVARE J.M., CULLEN P.J. (1998)
Insulin-dependent translocation of ARNO to the plasma membrane of adipocytes requires
phosphatidyl-inositol 3-kinase. Curr.Biol. 8: 463-466.

[84] CARNERO A., CUADRADO A.., DEL PESO L., LACAL JC. (1994) Activation of
type D phospholipase by serum stimulation and ras-induced transformation in NIH3T3
cells. Oncogene 9: 1387-1395.

[85] KONDO T., INUI H., KONISHI F., INAGAMI T. (1992) Phospholipase D mimics
platelet-derived growth factor as a competence factor in vascular smooth muscle cells.
J.Biol. Chem. 267: 23609-23616.

[86] PEARCE B., JAKOBSON K., MORROW C., MURPHY S. (1994) Phosphatidic acid
promotes phosphoinositide metabolism and DNA synthesis in cultured cortical astrocytes.
Neurochem.Int. 24: 165-171.

[87] MIN D.S., KWON T.W., PARK W.S., CHANG J.S., PARK S.K., AHN B.H. et a/
Neoplastic transformation and tumorigenesis associated with overexpression of
phospholipase D isozymes in murine fibroblasts. Carcinogenesis 22: 1641-1647.

[88] DEL PESO L., ESTEVE P., HERNANDEZ R., LACAL J.C. (1996) Activation of
phospholipase D by Ras proteins is independent of protein kinase C. J.Cell. Biochem 61:
599-608.

[89] SONG J., PFEFFER L.M., FOSTER D.A. (1991) V-Src increases diacylglycerol
levels via a type D phospholipase-mediated hydrolysis of phosphatidylcholine.
Mol.Cell.Biol. 11: 4903-4908.

[90] JIANG H., LU Z., LUO J-Q, WOLFMAN A., FOSTER D.A. (1995) Ras mediates the
activation of phospholipase D by v-Src. J.Biol. Chem. 270: 6006-6009.

[91] FRANKEL P.A., RAMOS M., FLOM J., BYCHERNOK S., KERKHOF E., RAPP
U.R., FEIG L.A., FOSTER D.A.(1999) Ral and Rho dependent activation of phospholipase
D in v-Raf transformed cells. Biochem.Biophys.Res.Commun. 255: 502-507.

[92] JIANG Y-W., SONG J., ZANG Q., FOSTER D.A.(1994) Phosphatidylcholine-
specific phsopholipase D activity is elevated in v-Fps-transformed cells.
Biochem.Biophys.Res.Commun. 203: 1195-1203.

[93] LUO J., MILLER MW. (1998) Growth factor-mediated neural proliferation: target of
ethanol toxicity. Brain Res. - Brain Res Rev. 27:157-167

[94] HLA T., LEE M.J.,, ANCELLIN N., PAIK JH., KLUK M.J. (2001)
Lysophospholipids: receptor revelations. Science 294: 1875-1878.

[95] WESTERMANN AM., HAVIK E., POSTMA FR., BEIJNEN JH., DALESIO O.,
MOOLENAAR W.H.,, RODENHUIS S. (1998) Malignant effusions contain
lysophosphatidic acid (LPA)-like activity. Annals of Oncology: 437-42.



164 References

[96] FANG X., GAUDETTE D., FURUI T., MAO M., ESTRELLA V., EDER A,
PUSTILNICK T., SASAGAWA T., LAPUSHIN R., YU S. et al. (2000) Lysophospholipid
growth factors in the initiation, progression, metastases and managenment of ovarian
cancer. Ann. NY. Acad.Sci .905: 188-208.

[97] EICHHOLTZ T, JALINK K., FAHRENFORT 1., MOOLENAAR WH. (1993) The
bioactive phospholipid lysophosphatidic acid is released from activated platelets. Biochem.
J.291: 677-680

[98] GOSH S., STRUM JC., SCIORRA VA., DANIEL L., BELL RM. (1996) Raf-1 kinase
possesses distinct binding domains for phosphatidylserine and phosphatidic acid.
J.Biol. Chem. 271:8472-8480.

[99] RIZZO M.A., SHOME K., VASUDEMAN C., STOLZ D.B., SUNG T.C.,
FROHMAN M.A.(1999) Phospholipase D and its product, phosphatidic acid, mediate
agonist-dependent Raf-1 translocation to the plasma membrane and the activation of the
mitogen-activated protein kinase pathway. J.Biol.Chem. 274: 1131-1139.

[100] FANG Y., VILELLA-BACH M., BACHMANN R., FLANIGAN A., CHEN 1J.
(2001) Phosphatidic acid-mediated mitogenic activation of mTOR signaling. Science 294:
1942-1945.

[101] PARK 1., BACHMANN R., SHIRAZI H., CHEN A..(2002) Regulation of ribosomal
S6 kinase 2 by mammalian target of rapamycin. J.Biol.Chem. 277: 31423-31429.

[102] KTISTAKIS N.T., BROWN H.A., WATERS M.G., STERNWEIS P.C., ROTH
M.G.(1996) Evidence that phospholipase D mediates ADP ribosilation factor-dependent
formation of Golgi coated vesicles. J.Cell. Biol. 134: 295-306.

[103] CHEN Y.G., SIDDHANTA A., AUSTIN C.D., HAMMOND S.M., SUNG T.C.,
FROHMAN M.A.(1997) Phospholipase D stimulates release of nascent secretory vesicles
from the trans-Golgi network. J.Cell. Biol. 138: 495-504.

[104] WEST M.A., BRIGHT N.A., ROBINSON M.S. (1997) The role of ADP-ribosylation
factor and phospholipase D in adaptor recruitment. J.Cell Biol. 138: 1239 1254.

[105] JENKINS G.H.,, FISSETTE P.L., ANDERSON R.A. (1994) Type 1
phosphatidylinositol 4-phosphate 5 kinase isoforms are specifically stimulated by
phosphatidic acid. J.Biol. Chem. 269: 11547-11554.

[106] FENSOME A., CUNNINGHAM E., PROSSER S., TAU S.K., SWIGART P.
THOMAS G. et al. (1998) ARF and PITP restore GTPyS-stimulated protein secretion from
cytosol-depleted HL-60 cells by promoting PIP, synthesis. J.Biol. Chem. 6: 730-738.

[107] ASP L., CLAESSON C., BOREN J., OLOFSSON S.0. (2000) ADP-ribosylation
factor 1 and its activation of phospholipase D are important for the assembly of very low
density lipoproteins. J.Biol. Chem. 275: 26385-26292.

[108] CROSS M.J., ROBERTS S., RIDLEY A.J., HODGKIN M.N. STEWART A,
CLAESSON-WELSH L. ef al. (1996) Stimulation of actin stress fibre formation mediated
by activation of phospholipase D. Curr.Biol. 6: 588-597.



References 165

[109] RADHAKRISHNA H., AL-AWAR O., KHACHIKIAN Z., DONALDSON
J.G.(1999). ARF6 requirement for Rac ruffling suggests a role for membrane trafficking in
cortical actin rearrangements. J.Cell.Sci. 112: 855-866.

[110] FENSOME A., WHATMORE J., MORGAN C.P., JONES D., COCKCROFT S.
(1996). ADP-ribosylation factor and Rho proteins mediate fMLP-dependent activation of
phospholipase D in human neutrophils. Current Biology 273: 13157-13164.

[111] MARCIL J., HABOUR D., MOORMAN J.P., BOBAK D.A., BRUNI P., MOSS J. et
al (1999) Monosodium urate crystal-stimulated phospholipase D in human neutrophils.
Biochem J. 337: 185-192.

[112] SHOME K., RIZZO M.A., VASUDEMAN C., ANDRESEN B., ROMERO G.(2000)
The activation of phospholipase D by endothelin-1, angiotensin II, platelet-derived growth
factor in vascular smooth muscle A10 cells is mediated by small G proteins of the ADP-
rybosylation factor family. Endocrinology 141: 2200-2208.

[113] LEE S.D., LEE B.D., KIM Y., SUH P.G., RYU S.H. (2000) Bradykinin activates
phospholipase D2 via protein kinase C-delta in PC12 cells. Neurosci.Lett. 294: 130-132.

[114] RUMENAPP U., ASMUS M., SCHABLOWSKI H., WOZNICKI M., HAN L.,
JACOBS K.H. ef a/.(2001) The M3 muscarinic acetylcholine receptor expressed in HEK-
293 cells signals to phospholipase D via G12 type G proteins: RGS proteins as tools to
dissect pertussis toxin-resistant G proteins in receptor-effector-coupling. J.Biol. Chem. 276:
2474-2479.

[115] HITOMI T., YANAGI S., INATOME R, YAMAMURA H. (1999) Cross-linking of
the B cell receptor induces activation of phospholipase D through Syk, Btk and
phospholipase C-y2. FEBS Lett. 445: 371-374.

[116] DEVLIN M.A., DAS S., SINGH 1., BOURGOIN S., BRINDLEY D.N., GINSBERG
J. (2000) The characterization of phospholipase D in FRTL-5 thyroid cells.
Mol.Cell.Endocrinol. 167: 107-115.

[117] HESS J.A., JI W.S., CARPENTER G., EXTON J.H. (1998) Analysis of platelet-
derived growth factor-induced phospholipase D activation in mouse embryo fibroblasts
lacking phospholipase C-y1. J.Biol. Chem 273: 20517-20524.

[118] KOTTER K, KLEIN J. (1999) Adrenergic modulation of astroglial phospholipase D
activity and cell proliferation. Brain Res. 830:138-145.

[119] KOTTER K., JIN S., EICHEL-STREIBER C., PARK J.B., RYU S.H., KLEIN J.
(2000) Activation of astroglial phospholipase D activity by phorbol ester involves ARF and
Rho proteins. Biochim.Biophys.Acta. 1485:153-162.

[120] KANFER JN., MCCARTNEY D. (1994) Phospholipase D activity of isolated rat
brain plasma membranes. FEBS Lett. 337: 251-254.

[121] RIBBES G., CANE A., PLANAT V., BRETON M. et al (1996) Transacylase-
mediated alkylacyl-GPC synthesis and its hydrolysis by phospholipase D occur in separate
cell compartments in the human neutrophil. J.Cell. Biochem. 62: 56-68.



166 References

[122] MORGAN C.P., SENGELOV H., WHATMORE 1J, BORREGAARD N,
COCKCROFT S. (1997) ADP-ribosylation-factor-regulated phosphoplipase D activity
localizes to secretory vesicles and mobilizes to the plasma membrane following N-

formylmethionyl-leucyl-phenylalanine stimulation of human neutrophils. Biochem. J. 325:
581-585.

[123] DECKER C., MIRO-OBRADORS M.J., SILLENCE D.J., ALLAN D. (1996)
Phorbol ester-sensitive phospholipase D is mainly localized in the endoplasmatic reticulum
of BHK cells. Biochem. J. 30: 885-890.

[124] BALBOA M.A., INSEL P.A. (1995) Nuclear phospholipase D in Madin-Darby
canine kidney cells.Guanosine 5’-O-(thiotriphosphate)-stimulated activation is mediated by
Rho A and is downstream of protein kinase C. J.Biol.Chem.270: 29843-29847.

[125] BANNO Y., TAMIYA-KOIZUMI K., OSHIMA H., MORIKAWA A. et al. (1997)
Nuclear ADP-ribosylation factor (ARF)- and oleae-dependent phospholipase D (PLD) in
rat liver cells. Increases of ARF-dependent PLD activity in regenerating liver cells.
J.Biol.Chem. 269: 31207-31213.

[126] KANFER J.N., McCARTNEY D., SINGH L.N., FREISZ L.(1996) Phospholipase D
activity in rat brain neuronal nuclei. J. Neurochem. 67: 760-766.

[127] MADESH M., BALASUBRAMANIAN K.A. (1997) Metal ion stimulation of
phospholipase D-like activity of isolated rat intestinal mitochondria. Lipids 32: 471-479.

[128] CZARNY M., LAVIE Y., FIUCCI G., LICOVITCH M.(1999) Localization of
phospholipase D in detergent-insoluble, caveolin-rich membrane domains. Modulation by
caveolin-1 expression and caveolin-1g;.191. J.Biol. Chem. 274: 2717-2724.

[129] IYER S.S., KUSNER D.J.(1999) Association of phospholipase D activity with the
detergent-insoluble cytoskeleton of U937 promonocytic leukocytes. J.Biol. Chem. 274:
2350-2359.

[130] HUANG C., WYKLE R.L., DANIEL L., CABOT M.C. (1992) Identification of
phosphatidylcholene-selective and phosphatidylinositol-selective phospholipase D in
Madin-Darby canine kidney cells. J.Biol. Chem. 267: 16859-16865.

[131] SIDDIQUI A.R., SMITH J.L., ROSS A.H., QIU R-G, SYMONS M., EXTON J.H.
(1994). Regulation of phospholipase D in HL60 cells. Evidence for a cytosolic
phospholipase D. J.Biol. Chem.270: 8466-8473.

[132] VINGGAARD A.M., PROVOST J.J., EXTON J.H., HANSEN H.S.(1997) ARF and
RhoA regulate both the cytosolic and the membrane-bound phospholipase D from human
placenta. Cell.Signal. 9: 189-196.

[133] CADE J. (1949) Lithium salts in the treatment of psychotic excitement. Med.J. Aust.
2:349-352

[134] JOPE R.S.(1999) Anti-bipolar therapy: mechanism of action of lithium Mol
Psychiatry 4: 117-128
[135] LIVINGSTON B.T., WILT F.H.(1989) Lithium evokes expression of vegetal-

specific molecules in the animal blastomeres of sea urchin embryos.
Proc.Natl. Acad.Sci.USA 86: 3669-3673.



References 167

[136] MAEDA Y. (1970) Influence of ionic conditions on cell differentiation and
morphogenesis of the cellular slime molds. Dev. Growth Differ. 12: 217-227.

[137] NYFELER F., WALTER P. (1979) Effect of lithium on glycogen synthesis in
hepatocytes from rat liver. FEBS Lett. 108:197-199.

[138] QUESENBERRY P.J., COPPOLA M.A., GUALTIERI R.J., WADE P.M., SONG Z.
(1984) Lithium stimulation of murine hematopoiesis in liquid culture: an effect mediated by
marrow stromal cells. Blood 63: 121-127.

[139] BALLIN A., LEHMAN D., SIROTA P., LITVINJUK U., MEYTES D. (1998)
Increased number of peripheral blood CD34+ cells in lithium-treated patients.
Br.J.Haematol.100: 219-221.

[140] ALLISON J.H., STEWART M.A. (1971) Reduced brain inositol in lithium-treated
rats. Nature 233: 267-268.

[141] BERRIDGE M.J., IRVINE R.F. (1989) Inositol phosphates and cell signalling.
Nature 341: 197-205.

[142] PHIEL C.J., KLEIN P.S. (2001) Molecular targets of lithium action.
Annu.Rev.Pharmacol.Toxicol. 41: 789-813

[143] XIE W., KAETZEL M.A., BRUZIK K.S. DEDMAN J.R.,SHEARS S.B., NELSON
DJ. (1996) Inositol 3,4,5,6-tetrakisphosphate inhibits the calmodulin-dependent protein
kinase Il-activated chloride conductance in T84 colonic epithelial cells. J Biol Chem.
271:14092-14097.

[144] SHEARS S.B. (1996) Inositol pentakis- and hexakisphosphate metabolism adds
versatility to the actions of inositol polyphosphates. Novel effects on ion channels and
protein traffic. Subcell Biochem. 26: 187-226.

[145] ITOH T., TAKENAWA T. (2002) Phosphoinositide-binding domains: Functional
units for temporal and spatial regulation of intracellular signalling.Cell Signal. 14: 733-743.

[146] STENMARK H., AASLAND R., DRISCOLL P.C.(2002) The phosphatidylinositol
3-phosphate-binding FYVE finger.FEBS Lett. 513: 77-84.

[147] HALLCHER L.M., SHERMAN W.R.(1980) The effects of lithium ion and other
agents on the activity of myo-inositol-1-phosphatase from bovine brain. J.Biol. Chem. 255:
10896-10901

[148] HONCHAR M.P., MAJERUS P.W. (1987) Inositol polyphosphate 1-phosphatase
from calf brain. Purification and inhibition by Li, Ca’" and Mg*". J.Biol.Chem. 262:
15946-15952.

[149] INHORN R.C., MAJERUS P.W.(1988) Properties of inositol polyphosphate 1-
phosphatase. J.Biol.Chem. 263: 14559-14565.

[150] SHERMAN W.R., MUNSELL L.Y., GISH B.G.,, HONCHAR M.P. (1985) The
effect of systemic administration of lithium on phosphoinositide metabolism in rat brain,
kidney and testis. J. Neurochem. 44: 798-807.



168 References

[151] SUN G.Y., NAVIDI M. ET AL (1992) Lithium effects on inositol phospholids and
inositol posphates: evaluation of an in vivo model for assessing polyphosphoinosite
turnover in the brain. J. Neurochem. 58: 290-297.

[152] BERRIDGE M.J., DOWNES C.P., HANLEY M.R.(1989) Neural and developmental
actions of lithium: a unifying hypothesis. Cell 59: 411-419.

[153] ATACK, J.R. (1996) Inositol monophosphatase, the putative therapeutic target for
lithium. Brain Res. Rev. 22: 183-190.

[154] MALANSKI J.A., LESHKO L., BUSA WB. (1992) Lithium-sensitive production of
inositol phosphates during amphibian embryonic mesoderm induction. Science 256: 243-
245.

[155] WILLIAMS, R.S.B., LILI, C., MUDGE, A.W., AND HARWOOD, A.J. (2002). A
common mechanism of action of three mood-stabilizing drugs. Nature 417: 292-295.

[156] SARRI E., PICATOSTE F., CLARO E. (1995) Neurotransmitter-specific profiles of
inositol phosphates in rat brain cortex: relation to the mode of receptor activation of
phosphoinositide phospholipase C. J.Pharmacol Exp.Ther. 272: 77-84

[157] KLEIN P.S., MELTON D.A.(1996). A molecular mechanism for the effect of lithium
on development. Proc.Natl.Acad.Sci. USA 93: 8455-59.

[158] HEDGEPETH C.M, CONRAD L.J., ZHANG J., HUANG H.C., LEE V.M., KLEIN
P.S. (1997) Activation of the Wnt signaling pathway: a molecular mechanism for lithium
action. Dev.Biol. 185: 82-91.

[159] DAVIES J.A., GARROD D.R. (1995) Induction of early stages of kidney tubule
differentiation by lithium ions. Dev.Biol. 167: 50-60.

[160] FRAME S., COHEN P. (2001) GSK-3 takes centre stage more than 20 years after its
discovery. Biochem.J. 359: 1-16

[161] COHEN P., NIMMO H.G., PROUD C.G. (1978) How does insulin stimulate
glycogen synthesis? Biochem.Soc.Symp. 43: 69-95.

[162] EMBI N., RYLATT D.B., COHEN P. (1980) Glycogen synthase kinase-3 from
rabbit skeletal muscle. Separation from cyclic-cAMP-dependent protein kinase and
phophorylase kinase. Eur.J.Biochem. 107: 519-527.

[163] WELSH G.I., PROUD C.G. (1993) Glycogen synthase kinase-3 is rapidly inactivated
in response to insulin and phosphorylates eukaryotic initiation factor elF2B. Biochem J.
294: 625-629.

[164] SUTHERLAND P, COHEN C. (1994) The alpha-isoform of glycogen synthase
kinase-3 from rabbit skeletal muscle is inactivated by p70 S6 kinase or MAP kinase-
activated protein kinase-1 in vitro. FEBS Lett. 338: 37-42.

[165] ARMSTRONG J.L., BONAVAUD S.L., TOOLE B.J., YAEAMAN S.J. (2001)
Regulation of glycogen synthesis by aminoacids in cultured human muscle cells.
J.Biol.Chem. 276: 952-956.

[166] DING Y., DALE T. (2002) Wnt signal transduction: kinase cogs in a nano-machine?
TRENDS Biochem.Sci. 27: 327-329.



References 169

[167] POLAKIS P.(2000) Wnt signaling and cancer. Genes Dev. 14: 1837-1851.

[168] BIENZ M., CLEVERS H. (2000) Linking colorectal cancer to Wnt signaling. Cell.
103: 311-20.

[169] DING V.W., CHEN R.H., McCORMICK F. (2000) Differential regulation of
glycogen synthase kinase 3f by insulin and Wnt signalling. J.Biol.Chem. 275: 32475-
3248l.

[170] STAMBOLIC V., RUEL L., WOODGETT J.R. (1996). Lithium inhibits glycogen
synthase kinase-3 activity and mimics wingless signalling in intact cells. Curr.Biol. 6:
1664-1668.

[171] OHTEKI T., PARSONS M., ZAKARIAN A., JONES R.G., NGUYEN L.T. et a/
(2000) Negative regulation of T cell proliferation and interleukin 2 production by the serine
threonine kinase GSK-3. J. Exp.Med. 192: 99-104.

[172] SMITS V.A., ESSERS M.A., LOOMANS D.S., KLOMPMAKER R., RIJKSEN G.,
MEDEMA R.H. (1999) Inhibition of cell proliferation by lithium is associated with
interference in cdc2 activation. FEBS Lett. 457: 23-27.

[173] SHAEFFER H.J., WEBER M.J. (1999) Mitogen-activated protein kinases: specific
messages for ubiquitous messengers. Mol.Cell. Biol. 19: 2435-2444.

[174] HALLBERG B., RAYTER S.I., DOWNWARD J. (1994) Interaction of Ras and Raf
in mammalian cells upon extracellular stimulation. J.Biol. Chem. 269: 3913-3916.

[175] VOLMAT V., CAMPS M., ARKINSTALL S., POUYSSEGUR J., LENORMAND
P. (2001) The nucleus, a site for signal termination by sequestration and inactivation of
p42/p44 MAP kinases. J.Cell.Sci. 114: 3433-1443.

[176] NAKAYAMA K., NAKAYAMA K. (1998) Cip/Kip cyclin-dependent kinase
inhibitors: brakes of the cell cycle engine during development. Bioessays 20:1020-1029.

[177] LAVOIE JN., L’ALLEMAIN G., BRUNET A., MULLER R., POUYSSEGUR ]J.
(1996) Cyclin D1 expression is regulated positively by the p42/p44MAPK and negatively
by the p38/HOGMAPK pathway. J.Biol. Chem. 271: 20608-20616.

[178] LAVOIE JN., RIVARD N., L’ALLEMAIN G., POUYSSEGUR J. (1996) A
temporal and biochemical link between growth factor-activated MAP-kinases, cyclin D1
induction and cell cycle entry. Prog.Cell.Cycle Res. 2: 49-58.

[179] WHITMARSH A.J., DAVIS R.J.(2000) A central control for cell growth. Nature
403: 255-256.

[180] MELOCHE S., SEUWEN K., PAGES G., POUYSSEGUR J.(1992) Biphasic and
synergistic activation of p44 MAPK (ERK1) by growth factors: correlation between late
phase activation. Mol. Endocrinol. 6: 845-854.

[181] KAHAN C., SEUWEN K., MELOCHE S., POUYSSEGUR J.(1992) Coordinate
biphasic activation of p44 mitogen activated protein kinase and S6 kinase by growth factors
in hamster fibroblasts. J.Biol. Chem. 267: 13369-13375.



170 References

[182] GUILLEMOT J.C., MONTCOURRIER P., VIVIER E., DAVOUST 1J. (1997)
Selective control of membrane ruffling and actin plaque assembly by the Rho GTPases
Racl and Cdc42 in Fc epsilon-activated rat basophilic leukemia cells. J.Cell.Sci. 110: 2215-
2225.

[183] POWNER D.J., HODGKIN M.N., WAKELAM M.J. (2002) Antigen-stimulated
activation of phospholipase D1b by Racl, ARF6 and PKC alpha in RBL-2H3 cells.
Mol.Biol.Cell 13: 1252-1262.

[184] SONG J. KHACHIKIAN Z., RADHAKRISHNA H., DONALDSON G (1998)
Localisation of endogenous ARF®6 to sites of cortical actin rearrangement and involvement
of ARF6 in cell spreading. J.Cell.Sci. 111:2257-2267.

[185] SANTY L.C., CASANOVA J.E. (2001) Activation of ARF6 by ARNO stimulates
epithelial cell migration through downstream activation of both Racl and phospholipase D.
J.Cell.Biol. 154: 599-610.

[186] KIM J.H., KIM Y., LEE S.D., LOPEZ 1., ARNOLD R.S., LAMBETH J.D., SUH
P.G., RYU S.H. (1999) Selective activation of phospholipase D2 by unsaturated fatty acid.
FEBS Lett. 454: 42-46.

[187] KIM L., KIMMEL A.R. (2000) GSK-3, a master swich regulating cell-fate
specification and tumorigenesis. Curr.Opin. Gen.Dev. 10: 508-514.

[188] NONAKA S., CHUANG D.M. (1998) Neuroprotective effects of chronic lithium on
focal cerebral ischemia in rats. Neuroreport 9: 2081-2084.

[189] CENTENO F., MORA A., FUENTES J.M., SOLER G., CLARO E. (1998) Partial
lithium-associated protection against apoptosis induced by C2-ceramide in cerebellar
granule neurons. Neuroreport 9: 4199-4203.

[190] NONAKA S., KATSUBE N., CHUANG D.M. (1998) Lithium protects rat cerebellar
granule cells against apoptosis induced by anticonvulsants, phenytoin and carbamazepine.
J.Pharm.Exp.Ther. 286: 539-547.

[191] ALVAREZ G., MUNOZ-MONTANO JR., SATRUSTEGUI J., AVILA ],
BOGONEZ E., DIAZ-NIDO J. (1999) Lithium protects cultured neurons against beta-
amyloid-induced neurodegeneration. FEBS Lett. 453: 260-264.

[192] D’MELLO S.R., ANELLI R., CALISSANO P. (1994) Lithium induces apoptosis in
immature cerebellar granule cells but promotes survival of mature neurons. Exp.Cell.Res.
211:332-338.

[193] NONAKA S., HOUGH C.J., CHUANG D.M. (1998) Chronic lithium treatment
robustly protects neurons in the central nervous system against excitotoxicity by inhibiting
N-methyl-D-aspartate receptor-mediated calcium influx. Proc. Natl. Acad. Sci. U S A 95:
2642-2647.

[194] KOH Y.H., RUIZ-CANADA C., GORCZYCA M., BUDNIK V. (2002) The
Ras/mitogen-activated protein kinase signal transduction pathway regulates synaptic
plasticity through fasciclin II-mediated cell adhesion. J. Neurosci. 22: 2496-2504.

[195] THIELS E., KLANN E. (2001) Extracellular signal-regulated kinase, synaptic
plasticity, and memory. Rev Neurosci. 12: 327-345.



References 171

[196] McGRAW J., HIEBERT G.W., STEEVES J.D. (2001) Modulationg astrogliosis after
neurotrauma. J. Neurosci Res. 63: 109-115.

[197] RIDET J.L., MALHOTRA S.K., PRIVAT A., GAGE F.H. (1997) Reactive
astrocytes: cellular and molecular cues to biological function. Trends Neurosci. 20: 570-
5717.



Acknowledgements ( agradecimientos) 173

ACKNOWLEDGEMENTS
(AGRADECIMIENTOS)



Agradecimientos 175

AGRADECIMIENTOS

En la cuestion de agradecer me pasaré al idioma materno, ya le he hecho bastantes
concesiones al inglés en esta tesis. Toda tesis es como la gestacion de un bebé pero que en
lugar de durar nueve meses, se prolonga durante cuatro afios o mas, con el agravante que
los dolores del parto se extienden unos tres meses, el tiempo que se tarda en darle contenido
a la susodicha. Durante todo ese tiempo muchas personas pasan por tu vida, hay muchas
cosas que agradecer, asi que intentaré no dejarme a nadie, aunque probablemente lo haga.

Empezaré por Fernando, una pesona que me permitié dar a luz a este mamotreto.
No lo fecundo, porque la semillita que te impulsa a lanzarte al mundo de la ciencia es
anterior, y en mi caso al menos no s¢ de donde procede. En cualquier caso Pica me
introdujo en el mundillo cientifico y aprendi muchas cosas estando a su lado. Surgieron
diferencias, pero espero que no guarde un mal recuerdo de mi paso por su laboratorio. Este
agradecimiento es del todo sincero y no forzado por la situacion, que quede bien claro.

A Bet le agradezco haber tenido la paciencia suficiente para ensefiarme, dirigirme y
sugerirme ideas en los momentos que compartimos, tanto aqui en la Auténoma como en
Londres. También le estoy agradecido por acogerme en su apartamento de Londres cuando
lo necesitaba. Estas cosas no se olvidan. Y por tu ayuda en la elaboracion del articulo de la
proliferacion.

A Enrique le agradezco ser como es, un tipo sin desperdicio. Me me alegro
enormemente de haberle conocido. Trataré de manener con €l una buena relacion. Nunca
sabes lo que te va a deparar el futuro. Mi abuelita catalana me dicia sabiamente que
conviene llevarse bien con los que parten el bacalao. Trataré de suguir su sabio (e
interesado) consejo.

A Shamshad Cockcroft le agradezco enormente el haberme permitido trabajar
durante una larga temporada en su laboratorio. Aprendi un monton de ti. Gracias por
haberme financiado parcialmente mis estancias. Gracias por preocuparte tanto por mis
resultados, por hacerme sentir que lo que hacia te importaba y mucho, por ese entusiasmo
por la ciencia. Extiendo los agradecientos a la truppe londinense: a Bruno el gavacho
thanks por las mil y una pintas compartidas ( y por aceptar formar parte del tribunal de mi

tesis), a Jean-Marie el jacobino por hacer que me muriera de la risa y a Luan por acogerme



176 Agradecimientos

en su zulo. Y al resto, a Victoria de voz dulce, a Clive, a Amanda, Allison, Michelle y
Claudia por ensefiarme pacientemente y por los momentos compartidos.

Y ahora paso a los de mi calafia, aqui en Barcelona, a los becarios/contratados/sin
contrato pero igualmente currantes de laboratorio. Decir que me han ayudado a vivir el dia
a dia. Son muchas las cosas que hemos compartido, las juergas y las borracheras, las
conversaciones en nuestro salon de té, las patidas de Quake, los rebotes con los
titulares.....tantas cosas. Le agradezco a Joan-Marc y a Roser el haberme ensenado a
manejarme el el laboratorio. Como me llevan unos afiitos de ventaja, siempre me fijo en
ellos, me gustaria seguir en el mundillo cientifico como ellos han hecho (bueno, en realidad
no lo tengo tan claro). Y deseo sinceramente que tengan la oportunidad de ganarse
dignamente la vida como cientificos en este pais. William, Belén y Alberto llegaron mas
tarde. A William sonrisa profident decirle que estd como las maracas de Machin, que le
recordaré siempre, siendo como es, aunque a veces pienso que a pesar de ser como es. A
Belén me gustaria decirle que ha sido un placer ser su anfitriébn y su compafiero de
laboratorio. He aprendido mucho de ella en lo laboral, pero mucho mas en lo personal. jDe
lo cual no debe extraerse que trabaje mal! Sobretodo le agradezco por haber estado cuando
la necesitaba, especialmente en la recta final de mi tesis. Gracias de las de verdad. Alberto
fue el ultimo en llegar desde tierras castellanas, y lamento no haber podido estar mas por ¢l
debido a problemas con el parto (cesarea).Gracias por revolucionar el gallinero. jYa sé que
no votas al PP joder!. Aunque si asi fuera tampoco me importaria lo mas minimo. ;O si?.

Al resto de la truppe, a Cristina Malagelada, a Cristina Gutiérrez, a Xavito, a
Calimero, a Noe, a la mora tranquila Iman (la ultrasur, siempre carifiosamente), a Sandra, a
Alex (nunca le estaré lo suficentemente agradecido por ofrecerme entrar a formar parte del
selecto club Unicej Sin Fronteras), a Eli, a Maria la supermama venezolana, a Jordi Gomez,
a Jordi Ortiz, Anna Torrent, a Mar (la alternativa, con ese puntito autodestructivo que tanto
me gusta), a Rosa, a todos vosotros gracias por hacer la travesia mas divertida. Y a los que
se fueron antes, Marc, Alex, Moro6n, Pili, Maribel, Ddmaso... Y a Simén, no quisiera
olvidarme del enano, con el que me he divertido a rabiar por las montafias del Pirineo y las
veces que se dejaba caer por el labo. Y alla por Groningen.

A Melchor y también a Dolors gracias también por hacer lo posible para que el

barco no se unda y provoque una marea negra peor que la del Prestige. Melchor, eres un



Agradecimientos 177

poco cabroncete, pero te echaré un montéon de menos el dia que emigre. Y también a Oscar
el travieso, de quien envidio su capacidad de escuchar y ensefar (santa la paciencia que ha
tenido ensefiandome a manejar el Adobe Phostoshop). Y a Salva por la ayuda prestada con
las dichosas TLCs y la microscopia.

Y a mis amigos, que como bien dicia Perich son los tnicas personas que s6lo hablan
mal de ti delate tuyo. Se me ocurre otra manera de diferenciarlos. Son los que, cuando les
pides un cigarrillo, te lo dan a pesar de que so6lo les quede uno en la cajetilla. Alexis, por

cierto bicho, te agradeceria que no hicieses el comentario de para qué carajos sirve esta

Bet.

Y a la familia que sigue sin entender qué carajos hace Raul. Y a la familia que si me
entiende: mis primitos Maria y Carlos y mi tio Alberto.

Y ahora toca ponerse un poco serio. Esta tesis va dedicada en parte a todos aquellos
que logran sacar su tesis adelante en condiciones precarias, no es necesario poner ejemplos
concretos que son por todos sabidos. A todos los que no han podido disfrutar de una beca
como de la que yo he drisfutado, y que a pesar de todo logran presentar su tesis. Me quito el
sombrero ante ellos.

Y sobretodo a las dos personas que mas se hubieran alegrado de que Raul presentara
algun dia una tesis doctoral, mi madre y mi iaia catalana. Lastima que no puedan estar

resentes para verlo. Quien sabe, quizas si lo “vean”.
9



179

Publications:

- Sarri E., Pardo R., Amanda F.G., Cockcroft S. (2003) Endogenous phospholipase D2
localises to the plasma membrane of RBL-2H3 mast cells and can be distinguished

from ARF-stimulated phospholipase D1 activity by its specific sensitivity to oleic
acid. Biochem. J. 369: 319-329.

- O'Luanaigh N., Pardo R., Fensome A., Allen-Baume V., Jones D, Holt M.R., Cockcroft
S. (2002). Continual production of phosphatidic acid by phospholipase D is
essential for antigen-stimulated membrane ruffling in cultured mast cells. Mol

Biol. Cell 13: 3730-3746.

- Servitja J.M., Masgrau R., Pardo R., Sarri E., Eichel-Streiber C., Gutkind J.S., Picatoste
F. (2002) Metabotropic glutamate receptors activate phospholipase D in astrocytes
through a protein kinase C-dependent and Rho-independent pathway.
Neuropharmacology. 44:169-178.

- Cockcroft S, Way G, O'Luanaigh N, Pardo R, Sarri E, Fensome A. (2002) Signalling
role for ARF and phospholipase D in mast cell exocytosis stimulated by
crosslinking of the high affinity Fce R1 receptor. Mol. Immunol. 38:1277-1282.

- Masgrau R., Servitja J.M., Young K.W., Pardo R., Sarri E., Nahorski S.R., Picatoste F.
Characterization of the metabotropic glutamate receptors mediating
phospholipase C activation and calcium release in cerebellar granule cells:
calcium-dependence of the phospholipase C response. Eur. J. Neurosci. (2001),
13:248-256

- Servitja J.M., Masgrau R., Pardo R., Sarri E., Picatoste F. (2000) Effects of oxidative
stress on phospholipid signaling in rat cultured astrocytes and brain slices. J.
Neurochem.75:788-794.

- Pardo R., Ramos B., Picatoste F., Claro E. Lithium inhibits the MEK/ERK pathway
in astrocytes by a mechanism independent of GSK-3 and inositol depletion.
Submitted for publication.

- Pardo R., Servitja J.M., Masgrau P, Sarri E., Picatoste F. Phospholipase D activation

is not a general requirement for agonist-elicited proliferation in cultured

astrocytes. Submitted for publication.



Abbreviations

AP-1
APC
ARF
ATP
BSA
CNS
DAG
DMEM
DNP
elF2B
EGF

ERK (p42/p44MAPK)

ET-1

GFP

GPCR
GSK-3
GST

GTP
HEPES

IgE

IMPs
Ins(1,4,5)Ps
LEF
LysoPtdOH

MAPKAP-K1 (Rsk)
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Adenomatous polyposis gene product
ADP-ribosylation factor
Adenosine trisphosphate
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Dubecco’s modified Eagle medium
Dinitrophenol

Eukaryotic initiation factor 2B
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kinase)
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Lymphoid enhancer-binding factor
Lysophosphatidic acid
MAPK-activated protein kinase-1
Mitogen-activated protein kinase kinase
Mammalian target of rapamycin
Phosphate buffered saline
Platelet-derived growth factor
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PIPES
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PKC
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PLA;
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PtdCho
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PtdIns(3)P
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Phosphatidylinisitol 4-phosphate 5-kinase
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Protein kinase B

Protein kinase C

Phospholipase A;

Phospholipase A,

Phospholipase C

Phospholipase D

Phorbol 12-myristate 13-acetate
Phosphatidylbutanol

Phosphatidylcholine

Phosphatidylinositol

Phosphatidylinositol 3-phosphate
Phosphatidylinositol 4,5-bisphosphate
Phosphatidic acid

Phox homology domain

Rat basophilic leukemia cells

P70 ribosomal S6 kinase-1

T-cell factor
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Top left: Mid-plane confocal section of endogenous ERKs in astrocytes in culture.A 60x

Leica immersion oil objective was used.

Top right: Single RBL-2H3 cell transfected with GFP-PLD2 undergoing membrane
ruffling upon PMA stimulation.

Bottom: Bright field image of RBL-2H3 cells by using Nomarsky optics. The cells were

viewed in an Olympus microscope with a 100x immersion oil objective.
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