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Abstract
For over fifty years the elemental cation lithium (Li+) has been the primary agent
used in the treatment and prophylaxis of bipolar disorder, but its therapeutic
mechanism of action remains unknown.

Bipolar disorder is associated with

alterations in ion distributions and may be the result of abnormal ion channel
function. Consistent with this, anticonvulsants which block voltage gated sodium
(Na+) channels are the second most commonly prescribed mood stabilisers, after
Li+, for the treatment of bipolar disorder. How Li+ may share a membrane effect
with the anticonvulsants has presented an unresolved paradox.

While

anticonvulsants block voltage gated Na+ channels, Li+ readily enters neurons
through voltage gated Na+ channels and can replace Na+ in membrane
depolarisation. This paradox has deterred the development of an ion channel
hypothesis for the mechanism of action of the anticonvulsants and Li+ in the
treatment of bipolar disorder, and may have prevented progress in understanding
of the pathophysiology of this disease.
Recent work has indicated that voltage gated Na+ channels are functionally and
structurally coupled to potassium (K+) channels sensitive to the intracellular
concentration of Na+, these channels generate the Na+ activated K+ conductance
(IKNa+). Evidence suggests that Li+ cannot replace Na+ in IKNa+ channel activation,
however, because previous studies investigating IKNa+ channels have replaced the
majority of external Na+ with Li+, the effect of low concentrations of Li+ on IKNa+
channels in the presence of physiologically relevant Na+ levels is unclear. If lower,
more therapeutically relevant concentrations of Li+ were to interfere with IKNa+
channel activation this would suggest a common target of Li+ and the
anticonvulsants on the electrical membrane properties of brain neurons. Li+ may

ii
directly block IKNa+ channels, and the anticonvulsants indirectly block IKNa+
channels through their primary effect to block voltage gated Na+ channels.
The work in this thesis has provided a systematic characterisation of the effects of
low concentrations of Li+ on the electrical properties of a neuronal membrane. The
results indicate that Li+ increases membrane excitability, and decreases the decay
slope and after-hyperpolarisation (AHP) of individual action potentials, consistent
with decreased activation of IKNa+ channels.

Li+ is shown to decrease the

activation of a persistent, voltage dependent outward current active at
subthreshold potentials, an effect dependent upon Li+ entry into neurons through
voltage gated Na+ channels. These effects of Li+ cannot be explained by a simple
inability of Li+ to activate IKNa+ current, and it is proposed that low concentrations
of Li+ actively interferes with Na+ activation of IKNa+ channels.
This work indicates that Li+ has a direct effect on the electrical properties of
neurons. Interestingly, anticonvulsant drugs, also used in the treatment of bipolar
disorder, have long been known to alter the electrical properties of neurons
through inhibition of voltage gated Na+ channels. Based on our findings with Li+
and the well characterised effects of the anticonvulsants, we propose that Li+ and
the anticonvulsants target structurally and functionally coupled ion channels
involved in the short and long term control of membrane excitability. This is
consistent with increasing genetic evidence indicating that bipolar disorder could
be a disease of ion channels (a channelopathy), and has exciting implications for
our understanding of the pathophysiology of mood disorders.
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1.1

Introduction and Statement of the Problem
Lithium (Li+), the third element of the periodic table, is one of the most

effective drugs in the treatment of bipolar disorder, a chronic psychiatric disorder
which presents clinically as an episodic disturbance in mood. Bipolar disorder is
estimated to affect between 0.3% and 1.5% of the population, according to cross
national epidemiological studies (Weissman et al., 1996), and is one of the leading
causes of disability worldwide (Murray & Lopez, 1997). The recurrence rate of
bipolar disorder is 90% (Shastry, 2005) and suicide risk is ~10% (Jamison, 2000;
Gurvich & Klein, 2002).

As such it is a significant burden on society and is

predicted to have an increasing impact in coming years (Shastry, 2005).
Despite more than 50 years since the first reported use of Li+ in the
treatment of bipolar disorder (Cade, 1949), its mechanism of action remains
unclear. Li+ treats both the manic (Tondo et al., 1998; Poolsup et al., 2000) and
depressive (Noyes et al., 1974) phases of bipolar disorder and prevents further
fluctuations in mood (Calabrese et al., 2003), i.e. it is a mood stabiliser. Although
Li+ remains the frontline treatment for bipolar disorder it is effective in only 6080% of patients and has a number of side effects (Manji et al., 1999).

The

therapeutic window of Li+ is extremely small, with optimal serum concentrations
between 0.8 and 1.2 mM. Toxicity, convulsions and death occur at 2-4 mM (Jope &
Williams, 1994; Atack et al., 1995). Therefore, despite Li+ being the first line of
treatment for bipolar disorder it is far from the perfect drug and much research
has been focused on elucidating the mechanisms by which Li+ acts in bipolar
disorder, in order to guide the development of new, more patient-friendly, drugs.
Li+ exerts an array of effects on brain biology, but in general these effects
can be separated into two distinct groups, presynaptic effects on membrane
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properties and neurotransmitter systems, and postsynaptic effects on second
messengers and signal transduction pathways (el-Mallakh, 1983a). For the most
part, research has focused on the postsynaptic effects of Li+ (see (Quiroz et al.,
2004) for review), the best documented being the effect of Li+ on phosphoinositol
signaling (Section 1.3.1).
Investigations into the presynaptic effects of Li+ have for the most part
focused on neurotransmitter release and re-uptake (Branisteanu & Volle, 1975;
Crawford, 1975; Valentin et al., 1997; Corbella & Vieta, 2003) with little research
focusing on the effects of Li+ on the electrical properties of neuronal membranes.
This is surprising given the mechanistic profiles of other drugs used in the
treatment of bipolar disorder. The anticonvulsants are the second most commonly
prescribed drug for the treatment of bipolar disorder (American Psychiatric, 2002),
and much research has focused on common effects between Li+ and the
anticonvulsants (Post et al., 1992; Gurvich & Klein, 2002) in the hope that this may
guide the development of better drugs, and shed light on the pathophysiology of
bipolar disorder. The anticonvulsants effective in bipolar disorder (valproate,
lamotrigine, carbamazepine) all act to block voltage gated Na+ channels, thereby
decreasing membrane excitability (Courtney & Etter, 1983; Willow et al., 1985;
VanDongen et al., 1986; Lees & Leach, 1993; Taverna et al., 1998; Xie & Hagan,
1998). Because Li+ readily enters neurons through Na+ channels (Hille, 1972), a
shared mechanism of action of Li+ and the anticonvulsants on membrane
properties has seemed paradoxical. The search for a common mechanism of action
between Li+ and the anticonvulsants has therefore been focused on molecular
effects common between the two drugs (Gurvich & Klein, 2002; Harwood &
Agam, 2003).
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The work in this thesis has characterised the effects of Li+ on the electrical
properties of a central brain neuron and suggests that Li+ may in fact share a
membrane effect with the anticonvulsants, an effect based on the normal
electrophysiological response to Na+ and Li+ entry. The results in this thesis are
consistent with view that a general biological effect is most likely to underlie the
efficacy of Li+ in the treatment of bipolar disorder (Rinaldi et al., 1986). In this
regard an effect of Li+ (and the anticonvulsants) on ion channels contributing to
the long term control of neuronal membrane excitability is an attractive
hypothesis.
This introduction will first outline the defining characteristics of bipolar
disorder for which Li+ is such an effective treatment, before working through the
most comprehensively researched hypotheses for the action of Li+ on postsynaptic signal transduction pathways and neurotransmitter systems. I will then
work through the argument that bipolar disorder could be the result of an ion
channel disease (channelopathy) and that an effect of Li+ on neuronal membrane
excitability (an effect shared by other drug treatments for bipolar disorder) is a
strong hypothesis for the efficacy of Li+ in the treatment of bipolar disorder.

1.2

Bipolar Disorder
Bipolar disorder is a spectrum disorder with a range of phenotypes (Angst,

2007) but is most commonly subdivided into type 1, type 2, cyclothymic and
bipolar disorder not otherwise specified (Hirschfeld et al., 2000). Bipolar disorder
type 1 is classical bipolar disorder (Tondo et al., 1998) where patients cycle
between periods of depression, characterised by hypersomnia, feelings of
worthlessness and signs of psychomotor retardation (Mitchell et al., 2001), and
periods of mania where patients experience feelings of grandiosity, increased
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energy and motor activity and decreased sleep (McElroy et al., 1997). Bipolar
disorder type 2 is characterised by periods of depression and periods of
hypomania, a milder form of mania (Piver, 2002), and cyclothymic bipolar
disorder characterised by rapid cycling between less severe episodes of mania and
depression (Akiskal, 2001).
Although the clinical symptoms of bipolar disorder have been well
characterised, the underlying brain pathology is not clear. Evidence suggests that
white and grey matter and ventricular volume are unaltered in bipolar disorder
patients but that there is altered activity in the prefrontal cortex and the anterior
cingulate cortex during depression and mania, as well as anatomical changes
including reduced density in the prefrontal cortex (Haldane). How and if these
changes underlie the mood swings which characterise bipolar disorder, however,
is unclear.
Despite the lack of clarity on the brain changes associated with bipolar
disorder, much can be learnt from the mechanisms of action of drugs effective in
the alleviation of bipolar disorder symptoms and the stabilisation of mood. Not
surprisingly therefore, much research has focused on effects of Li+ in the brain in
the hope that this will shed light on the underlying pathology of bipolar disorder.
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1.3
1.3.1

Molecular Effects of Li+
Phosphoinositol Signaling

The effect of Li+ on the phosphoinositol (PI) signal transduction pathway is
perhaps the most well characterised effect of Li+ on brain biology (see Atack et al.,
1995 for review). PI signaling is an intracellular signal transduction pathway
activated in response to neurotransmitter binding to Gq coupled receptors.
Receptor binding activates protein kinase C which mediates the hydrolysis of
phosphatidylinositol-4,5-bisphosphate

(PIP2)

into

the

diacylglycerol (DAG) and inositol 1,4,5-triphosphate (IP3).

second

messengers

IP3 stimulates Ca2+

release from the endoplasmic reticulum and is metabolized through multiple steps
to free inositol, the precursor of PIP2 (Majerus, 1992; Gould & Manji, 2002). Thus
metabolism of IP3 is important for the maintenance of PIP2 signaling (Atack et al.,
1995).
Li+ noncompetitively inhibits IMPase, an enzyme involved in the
metabolism of inositol, and important for the maintenance of PI signaling
(Berridge et al., 1989). Because the PI signal transduction pathway is coupled to a
number of adrenergic, cholinergic and serotinergic receptors the effect of Li+ on
this pathway has been suggested to underlie the mood stabilising effects of Li+
(Manji et al., 1995). Subsequently, despite little evidence suggesting a link between
PI signaling and the pathophysiology of bipolar disorder (Atack et al., 1995), many
studies have focused on the effect of Li+ on PI signaling as a possible target of Li+
therapeutic action.
Early experiments indicated that Li+ administration to rats’ increased the
level of brain myo-inositol-1-phosphate, an inositol intermediate (Allison et al.,
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1976; Sherman et al., 1981; Berridge et al., 1982) and it has been suggested that this
could explain the therapeutic effects of Li+ in bipolar disorder (Sherman et al.,
1981; Berridge et al., 1982).

The inositol depletion hypothesis of Li+ action is

therefore based on a Li+ induced decrease in intracellular inositol, and a
subsequent decrease in the concentrations of IP3 and DAG, second messengers
important for a number of cellular processes (Berry et al., 2004).
After years of investigation, however, the inositol depletion hypothesis of
Li+ action has been all but deserted. The majority of studies to look at the effect of
Li+ on inositol depletion, do so in in vitro slice preparations of the brain in which
the inositol supply readily degrades (Atack et al., 1995). In vivo treatment with Li+
has been shown to have no effect on IP3 levels in rat cortex and hippocampus (Jope
et al., 1992) or in the mouse cortex, following chronic Li+ treatment (Whitworth et
al., 1990). Additionally, at therapeutic concentrations of Li+ (0.8-1.2mM) (Ehrlich &
Diamond, 1980; Hopkins & Gelenberg, 2000) IMPase is only partially inhibited,
and total inhibition of IMPase is only achieved at toxic Li+ concentrations (>2 mM)
(Jope & Williams, 1994).

1.3.2

Adenylate Cyclase

The effect of Li+ on adenylate cyclase (which catalyses the formation of cyclic 3’5’adenosine monophosphate, cAMP) has also been extensively investigated (Wood
& Goodwin, 1987), however results are inconclusive (Walker, 1974). Evidence
suggests that 2 mM Li+ inhibits the formation of cAMP in cerebral cortex (Forn &
Valdecasas, 1971), but in glial tumor cells, Li+ enhances the activity of epinephrine
activated adenylate cyclase (Schimmer, 1971).
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1.4

Effects of Li+ on Neurotransmitter Systems
An effect of Li+ on signal transduction pathways is an attractive hypothesis

to explain the clinical efficacy of Li+, especially when aligned with research
suggesting that abnormalities in neurotransmitter systems are associated with
bipolar disorder (see Wood & Goodwin, 1987; Manji & Lenox, 2000; Corbella &
Vieta, 2003 for review).

Bipolar disorder patients have altered plasma

concentrations of a number of neurotransmitters, including norepinephrine and 5hydroxyindoleacetic and their metabolites as well as homovanillic acid, a major
dopamine metabolite (Manji & Lenox, 2000). Such findings have fueled interest in
the direct effects of Li+ on neurotransmitter systems (see (Corbella & Vieta, 2003)
for review).

1.4.1

Serotonin

Evidence suggests that Li+ exposure causes an up regulation of 5-HT
neurotransmission (Price et al., 1990). Li+ increases the release of 5-HT in the
hippocampus (Treiser et al., 1981) and enhances neuronal activity in response to
stimulation of the ascending 5-HT pathway (Blier & De Montigny, 1985).

1.4.2

Acetyl Choline

Chronic Li+ treatment in vivo increases the synthesis and release of
acetylcholine in rat brain (Corbella & Vieta, 2003).
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1.4.3

Dopamine

It has been suggested that reduced motor activity following a Li+ injection
in rats is due to a reduction in striatal dopamine release (Otero Losada & Rubio,
1985). Evidence also suggests that the dopamine metabolite 3-MT is significantly
increased in the corpus striatum of Li+ treated rats (Maggi & Enna, 1980). In
general however, there is little consensus as to the effect of Li+ on dopamine
neurotransmission (Wood & Goodwin, 1987).

1.4.4

λ – Aminobutyric acid (GABA)

High doses of Li+ (4 meq/kg) increase dialysate GABA levels in the rat
frontal cortex (Antonelli et al., 2000). Li+ has also been shown to normalise GABA
levels in the plasma and cerebrospinal fluid of bipolar disorder patients who had
previously low levels of GABA (Berrettini et al., 1983).

1.4.5

Glutamate

Li+ has been shown to stimulate glutamate release and thus increase IP3
accumulation through NMDA receptor activation in cerebral cortex slices from
mouse and rhesus monkey (Dixon et al., 1994; Hokin et al., 1996). This effect of Li+
has been suggested to be due to a decrease in glutamate re-uptake (Dixon &
Hokin, 1998), but other studies have also suggested this is a direct result of
increased glutamate release from presynaptic terminals (Hokin et al., 1996).
Evidence suggests that the effect of Li+ on glutamate release is dependent
on the dose and duration of treatment (Antonelli et al., 2000). Moderate levels of
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Li+ treatment (2 meq.kg) increase dialysate glutamate levels in the frontal cortex,
and higher concentrations (4 meq.kg) cause a long lasting reduction in glutamate
levels (Antonelli et al., 2000).
Effects of Li+ on neurotransmitter release could be secondary to an effect on
membrane excitability. Membrane depolarisation contributes to neurotransmitter
release (Nicholls et al., 1987; Hochner et al., 1989), and indeed, many studies have
reported depolarisation of nerve fibers when external Na+ is replaced with Li+
(Gallego & Lorente de No, 1947, 1952; Yonemura & Sato, 1967). A secondary effect
of Li+ on neurotransmitter systems, stemming from membrane depolarisation
could explain the broad effect of Li+ on neurotransmitter systems.
Despite many studies reporting membrane depolarisation when external
Na+ is substantially or completely replaced with Li+ (Klingman, 1966; Obara &
Grundfest, 1968; Koketsu & Yamamoto, 1974), no study has ever systematically
characterised the effect of Li+ on the membrane properties of a central neuron.
Additionally, very few studies have investigated the effects of lower
concentrations of Li+ (≤ 10 mM) on membrane properties (i.e. in the presence of
near to physiological concentrations of Na+).

11

1.5

Ion Distributions in Bipolar Disorder
John Cade first reported the efficacy of Li+ in the treatment of bipolar

disorder in 1949 (Cade, 1949). His initial report was on the use of Li+ in the
treatment of mania in 10 patients, and he suggests that the effect of Li+ is so
specific that mania may be the direct result of a Li+ deficiency (Cade, 1949).
Contemporaneously, in the squid giant axon, Hodgkin and Huxley were using Li+
as a Na+ substitute in their investigations of the ionic movements associated with
neuronal excitability.

They concluded that the effects of Li+ and Na+ on an

excitable membrane were ‘almost identical,’ with Li+ readily replacing Na+ in
membrane depolarisation (Hodgkin & Katz, 1949). In the decades following these
two landmark discoveries there was ongoing interest in the possibility that bipolar
disorder resulted from a malfunction in ion regulation in the brain, and that Li+
may act to correct this.
Studies initially investigated the excretion of Na+ and K+ in the urine of
depressed and manic patients, indicating that depressive episodes were
accompanied with a decreased rate of Na+ excretion in the urine (Schottstaedt et
al., 1956; Anderson et al., 1964). Urinary excretion studies however were widely
criticised as psychiatric patients were often unable to co-operate with the
procedures required to obtain controlled results (Whybrow & Mendels, 1969).
This may account for urinary excretion studies being carried out in depressed as
opposed to manic patients.
Individual patients with very clear cut and predictable swings in mood
have nevertheless supported the notion that Na+ excretion is altered in mania and
depression.

A highly controlled clinical and biochemical analysis of a single

patient, suffering regular, highly predictable rhythmic episodes of mania and
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depression allowed a detailed investigation of the associated biochemical
fluctuations (Klein et al., 1945). The results indicated large increases in water,
chloride and Na+ excretion in the urine during periods of mania and retention of
water and salt during depression (Klein et al., 1945).
The distribution of water and electrolytes in manic and depressed patients
has also been estimated using multiple isotope techniques and total body counting
(Coppen et al., 1966). Such techniques require less co-operation from patients;
hence provide more reliable results on ion distributions in psychiatric illness
(Whybrow & Mendels, 1969). Residual Na+ is the Na+ found in cells plus a small
amount of rapidly exchanging Na+ in bone (Coppen et al., 1966). Both depression
and mania are associated with an increase in residual Na+, although the increase is
more pronounced in mania (200% increase verses 50% increase in depression)
(Shaw, 1966). Other studies have indicated that although there is no change in
erythrocyte Na+ concentration in patients during mania, erythrocyte Na+
concentration is markedly reduced in depressed patients (Naylor et al., 1970).
Measurements of intracellular Ca2+ in platelets and lymphocytes suggest that
intracellular Ca2+ is increased in both manic and depressed bipolar patients
(Dubovsky et al., 1989; Dubovsky et al., 1992).
These early studies consistently indicated an alteration in ion handling in
bipolar disorder patients.

Such findings are consistent with recent genetic

findings which suggest that bipolar disorder could be the result of an ion channel
disease or channelopathy (Askland, 2006; Askland & Parsons, 2006; Gargus, 2006;
Askland et al., 2009).
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1.6

Ion Channel Disease
Kathleen Askland has proposed the bi-axial model of bipolar disorder. This

model acknowledges the genetic, cellular, system and behavioral contributions to
affective disorders (Askland & Parsons, 2006), and is based on extensive genetic
associations studies, investigating genetic links in affective disorders.
Askland and Parsons (2006) suggests that the subgroup of genes thought to
be involved with the pathophysiology of affective disorders can be subdivided
into neuroelectrical or neurochemical groups, both of which alter the function of
primary affective neurons (Askland & Parsons, 2006). It is proposed that this
alteration in cell function affects neuronal networks in the brain stem and limbic
system which contribute to primary affective function. It is also suggested that
phenotypic variability at the population level is the result of the variety of
molecular alterations which can occur at the gene level (Askland & Parsons, 2006).
Askland and Parsons (2006) highlight the inconsistencies in genetic linkage studies
focusing on monoaminergic and second messenger intracellular signaling
pathways, and suggest that the most consistent susceptibility loci for affective
disorders overlaps with regions of genes encoding proteins which contribute to
membrane excitability, most commonly Na+, K+ and Cl- channel genes (Askland,
2006; Askland & Parsons, 2006).
Bipolar disorder is associated with a balanced, reciprocal translocation at
t(1;11)(q42;q14) which has been argued to suggest dominant inheritance (Porteous
et al., 2003). This inheritance pattern is supported by twin studies estimating the
concordance rates for bipolar disorder and epilepsy to be 62% for monozygotic
and 18% for dizygotic twin pairs suggesting a strong genetic link in both disorders
(Askland, 2006).
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Carriers of the t(1;11)(q42;q14) translocation have central nervous system
abnormalities due to an alteration in one or more K+ channels encoded either side
of the translocation break point (Askland, 2006). A genetic malfunction leading to
alterations in an ion channel normally involved in neuronal excitability will have
run-off effects on neurotransmitter systems, many of which have been implicated
in the pathophysiology of bipolar disorder, although a direct association has never
been made (Stoll & Severus, 1996).
Askland et al (Askland et al., 2009) have also reviewed whole-genome
association studies from the National Institute of Mental Health and the WelcomeTrust Case Control Consortium and, using pathways based analysis, have shown
that voltage gated ion channel activity is the most significantly enriched gene set
associated with bipolar disorder (Askland et al., 2009). Such evidence strongly
indicates that bipolar disorder could be the direct result of an ion channel
malfunction (Gargus, 2006).
Further evidence to support the hypothesis that bipolar disorder could be
an ion channel disease stems from the action of drugs aside from Li+ which also
show efficacy as mood stabilisers. Although Li+ is the frontline mood stabiliser,
the anti-epileptic drugs are also commonly used in the treatment of bipolar
disorder.

1.7

Anticonvulsants in the Treatment of Bipolar Disorder
Genetic evidence suggesting bipolar disorder could be an ion channel

disease is consistent with the drug profiles of the main drug treatments for bipolar
disorder.

Aside from Li+, the most commonly used mood stabilisers are the
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anticonvulsants, whose common target is ion channels regulating neuronal
excitability (El-Mallakh & Huff, 2001; Rogawski & Loscher, 2004a; Askland &
Parsons, 2006).
Anticonvulsants are the only known alternative to Li+ for the stabilisation
of mood (Rogawski & Loscher, 2004b). The anticonvulsants effective in bipolar
disorder target voltage gated Na+ channels, binding to, and stabilising the inactive
state of the channel (El-Mallakh & Huff, 2001; Errington et al., 2005), (Van den Berg
et al., 1993). Lamotrigine, carbamazepine and valproic acid are the anticonvulsants
with the most compelling evidence for a mood stabilising effect (Stoll & Severus,
1996; Stahl, 2004).

1.7.1

Lamotrigine

Lamotrigine is highly effective in maintenance treatment of bipolar disorder
(Goodwin et al., 2004), and is described as a first line pharmacological treatment
for bipolar depression (after Li+) (American Psychiatric, 2002).
Lamotrigine blocks sustained repetitive firing, induced by depolarising
voltage steps, in cultured mouse spinal cord neurons, but does not entirely block
Na+ action potentials (Cheung et al., 1992; Xie et al., 1995). This indicates that
lamotrigine may act specifically on voltage dependent Na+ channels which slowly
inactivate in response to prolonged depolarisation (Xie et al., 1995). Lamotrigine
inhibition of Na+ channels is highly specific for the inactivated state of the Na+
channel (Lees & Leach, 1993; Xie & Hagan, 1998). In this way, lamotrigine does
not alter cellular physiology under normal conditions but will selectively suppress
increased repetitive firing and glutamate release, which is suggested to underlie
the manic phase of bipolar disorder (Xie & Hagan, 1998). Lamotrigine has been

16
shown to suppress the IA K+ conductance in hippocampal neuron-derived H19-7
neurons (Huang et al., 2004).

1.7.2

Carbamazepine

The anticonvulsant carbamazepine is used in acute and prophylactic treatment
of bipolar disorder (Post et al., 1983; Kleindienst & Greil, 2000) and is effective in
the treatment of both bipolar mania and depression (Ballenger and Post 1980).
Carbamazepine reduces sustained high frequency firing in mouse spinal cord
neurons (McLean & Macdonald, 1986) and reduces the excitability of afferent
fibers and cell bodies in pyramidal neurons of the CA1 region of the rat
hippocampus (Hood et al., 1983). Studies indicate that carbamazepine reduces Na+
current by binding Na+ channels in their inactive, closed state, resulting in use
dependent block (Courtney & Etter, 1983; Willow et al., 1985). Carbamazepine
inhibits voltage gated Na+ channels by occupying a receptor site associated with
channel activation (Willow et al., 1985).

1.7.3

Valproate

Valproate is efficacious in the treatment of acute mania (Pope et al., 1991;
Freeman et al., 1992; Bowden et al., 1994; American Psychiatric, 2002) and is
arguably the best studied of the anticonvulsants used in the treatment of bipolar
disorder.
Valproate (2.4 mM) has been shown to block Na+ and K+ current (in a ratio
2:1) in myelinated nerve fibres of the Xenopus laevis (VanDongen et al., 1986).
Further studies have indicated that 200 µM valproate blocks 80% of Na+ current
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through persistent Na+ channels (Taverna et al., 1998).

Taverna et al (1998)

estimate the EC50 for valproate block of persistent Na+ channels to be 13.87 µM,
and provide evidence that low, clinically relevant concentrations of valproic acid
specifically block the persistent Na+ channel with little effect on the transient Na+
channel.
A number of authors have attempted to identify common modes of action
of anticonvulsants and Li+ (Post et al., 1992; Stoll & Severus, 1996; Gurvich & Klein,
2002). For the most part, these reviews have focused on the effects of the drugs on
second messenger signal transduction pathways.

Gurvich and Klein (2002)

describe effects of Li+ and valproic acid on molecular targets involved in basic
regulatory pathways (the inositol pathway, adenylate cyclase), but do not discuss
the main effect of anticonvulsants; blockade of voltage gated Na+ channels. This is
likely because it is unclear how Li+ may share this effect of the anticonvulsants.
Li+ readily enters neurons through voltage gated Na+ channels and can replace
Na+ in membrane depolarisation (Hodgkin & Katz, 1949), in contrast to
anticonvulsants which block voltage gated Na+ channels (Stahl, 2004).
It has been pointed out that the known mood stabilisers (Li+, valproate,
carbamazepine) do not act to directly alter neurotransmitters or receptors (Stoll &
Severus, 1996), and that the effect of these mood stabilisers may be a general
biological effect, rather than a specific effect on specific receptors and enzymes
involved in signal transduction (Rinaldi et al., 1986). El-Mallakh and Huff (2001)
suggest that alterations in neurotransmitter systems in affective disorder are, in
fact, due to an underlying alteration in Na+ distributions in the brain.

They

propose that this alteration in Na+ handling is due to dysregulation of the Na+/K+ATPase (El-Mallakh, 1983a, c; El-Mallakh & Wyatt, 1995), however, altered
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electrolyte handling could also result from the malfunction of an ion channel
(Askland, 2006; Askland & Parsons, 2006).
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1.8

1.8.1

Membrane Effects of Li+

Li+ Transport and Distribution

Li+ enters neurons through voltage gated Na+ channels and is the most
permeate ion for the Na+ channel aside from Na+. The Na:Li permeability ratio is
0.93, accounting for a ~20% decrease in inward current when external Na+ is
totally replaced with Li+ (Hille, 1972).
Although Li+ entry into neurons through voltage gated Na+ is well
characterised, Li+ efflux is less well understood. In human red blood cells (HRB),
four mechanisms have been shown to be involved in the movement of Li+ across
the membrane.

Counter transport has been shown to be the main Li+ efflux

system in human red blood cells (responsible for 75% of efflux) (Ehrlich &
Diamond, 1979).

Li+ is transported out of the cell via a Na+/Li+ counter

transporter that moves Li+ out of the cell and Na+ into the cell down its
electrochemical gradient. Li+ can also be transported out of the cell via the Na+/K+
pump, but the much larger affinity of Na+ than Li+ for the Na+ binding site means
that this mechanism contributes little to Li+ efflux under physiological condition
(Ehrlich & Diamond, 1979).
In neurons, Li+ efflux from the cell is not well understood but it has been
concluded that Li+ must be actively extruded from the cell (possibly involving
Na+/Li+ co-transport) (Gani et al., 1993) based on the way Li+ distributes across the
cell membrane. Due to the negativity of the resting membrane potential, it is
estimated that Li+ would accumulate to a concentration 10 times higher than has
been found if it were not actively extruded (Kabakov et al., 1998).
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Lam and Christensen (1992) provide the most comprehensive study into the
distribution of therapeutically relevant concentrations of Li+ in the mammalian
brain. They provide evidence that the whole brain Li+ concentration is higher than
that in the plasma of rats following three months of Li+ administration (0.66 ± 0.11
mmol/kg and 0.52 ± 0.10 M respectively).

They also provide evidence that

following three months of dietary Li+, intracellular Li+ concentrations are between
0.7 and 1.2 mM Li+.
Lam and Christensen (1992) also investigated in vitro application of Li+ (1
mM) to somatosomes and suggest the intracellular concentration of Li+ is
approximately 4 mM when administered in this way. Based on electrochemical
equilibrium it was calculated that Li+ would passively distribute across a
synaptosomal membrane to reach an intracellular concentration of 34 mM
following an in vitro Li+ exposure, and 24 mM in rats treated with Li+ long term
(Lam & Christensen, 1992). Lam and Christenesen (1992) conclude that Li+ must
be actively extruded from the cell due to the much lower intracellular
concentrations of Li+ observed (~4 mM).

1.9

1.9.1

The Na+/K+-ATPase Hypothesis

The Na+/K+-ATPase in Bipolar Disorder

Early studies indicating an alteration in ion handling in bipolar disorder
patients lead to the hypothesis that bipolar disorder could be the direct result of a
loss of regulation of the Na+/K+ ATPase (Singh, 1970).
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El-Mallakh has published extensively on the hypothesis that both mania
and depression result from a decrease in Na+/K+-ATPase activity (see El-Mallakh
& Wyatt, 1995 for review). It is proposed that a small decrease in pump activity
will cause an increase in neuronal communication and could underlie mania, and
a greater decrease in pump activity will decrease membrane excitability and could
underlie depression (El-Mallakh & Wyatt, 1995). Although the Na+/K+-ATPase
hypothesis of bipolar disorder may make theoretical sense; there is little direct
evidence to support it.
Studies have indicated that rats with stress-induced depression have
reduced Na+/K+-ATPase activity in the hippocampus (de Vasconcellos et al., 2005)
and that erythrocyte Na+/K+-ATPase activity is significantly reduced in manic
(Hokin-Neaverson et al., 1974) and depressed (Hesketh et al., 1977) bipolar
disorder patients. Other studies have indicated that depression is associated with
decreased activity of a number of membrane ion transport mechanisms
(Rybakowski et al., 1984). Rybakowski et al (1984) provide results to suggest there
is a decrease in the ouabain sensitive transport of Na+ and K+, as well as Na+/Li+
counter transport in patients suffering depression.

The Mg2+-ATPase and the

Ca2+/Mg2+-ATPase also undergo significant reductions in activity in depressed
patients (Rybakowski et al., 1981). Such studies indicate that a number of active
membrane properties are significantly altered in mania and depression, but there
is little evidence to suggest that such alterations are the direct cause of bipolar
disorder.
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1.9.2

Effect of Li+ on the Na+/K+-ATPase

Fueling interest in the hypothesis that bipolar disorder could result from an
alteration in Na+/K+-ATPase activity, has been the suggestion that Li+ may affect
the Na+/K+-ATPase.

Because the pump is pivotal in maintaining the

transmembrane gradients of Na+ and K+, and thus normal neuronal function, this
has been an appealing hypothesis to explain the efficacy of Li+ in the treatment of
bipolar disorder.
The Na+/K+-ATPase actively transports Na+ and K+ against their
electrochemical gradients and is activated by intracellular Na+ or extracellular K+.
It is electrogenic, pumping three Na+ ions out of the cell for every two K+ ions it
pumps in (Rakowski et al., 1989).
There is no firm evidence to indicate that Li+ alters the activity of the
Na+/K+-ATPase. Different studies have reported both inhibition (Logan, 1980)
and elevation (Tobin et al., 1974) of pump activity in Li+, whilst other studies have
reported no change in pump activity (Gutman et al., 1973; Hesketh et al., 1977;
Reading & Isbir, 1979).
Li+ was first suggested to affect the Na+/K+-ATPase in mammalian neurons
by Ploeger and colleagues in 1973 (Ploeger & den Hertog, 1973). They provided
evidence that Li+ (< 5 mM) inhibits K+ evoked increases in pump activity and
suggest this could be through competition with K+ at the extracellular K+ binding
site on the Na+/K+-ATPase. In a later publication it is suggested that 60 mM Li+ is
required to inhibit the Na+/K+-ATPase by 50% (Ploeger, 1974).
Many of Ploegers conclusions are based on the similarities between the
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effects of Ouabain and Li+ on nerve activity. Ouabain blocks the Na+/K+-ATPase
(Balestrino et al., 1999) thus dissipating the Na+ and K+ transmembrane gradients
and the driving force for Na+ and K+ movement across the membrane. If Li+ were
to act to decrease the membrane conductance to either Na+ or K+, this would
present in a similar way to blockade of the Na+/K+-ATPase (Wallen et al., 2007).
There is no compelling evidence to suggest Li+ alters the activity of the
Na+/K+-ATPase, despite extensive investigation (El-Mallakh, 1983b). Studies have
focused on the Na+/K+-ATPase because of its role in maintaining Na+ and K+
distributions and because studies indicate altered homeostasis of these ions in
bipolar disorder (El-Mallakh & Wyatt, 1995). However, as has been outlined,
bipolar disorder could be the direct result of an ion channel malfunction and as
such, an affect of Li+ on ion channels involved in the control of membrane
excitability could underlie the efficacy of Li+ in the treatment of bipolar disorder.
It is interesting to note that in these early studies, and right up until the
2000s, the possibility that bipolar disorder and the resulting alterations in
electrolyte handling could be the result of an ion channel malfunction was never
considered. Research was focused on the Na+/K+-ATPase with little reward.
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1.10 Effects of Li+ on Ion Channels
In 1984 Mayer and colleges first reported an effect of Li+ on key
components of an action potential (Mayer et al., 1984). Their experiments involved
the use of Lucifer yellow, a low solubility fluorescent marker which was prepared
as the more soluble Li+ salt (1 M). Action potentials were shown to be unusually
long, and further investigation suggested that this was the direct result of the
presence of Li+ in the recording pipette. Mayer et al. (1984) suggested that this
effect of Li+ was not solely due to a change in membrane potential, and could be
the result of alteration to the balance of Ca2+ and K+ currents.
Action potential broadening following Li+ exposure has been suggested to
underlie Li+ enhancement of excitatory synaptic transmission at the presynaptic
terminal in CA1 and CA3 pyramidal neurons of the hippocampus (Colino. A,
1998). Li+ also increases the amplitude of excitatory postsynaptic potentials in
CA1 cells of the hippocampus (Rinaldi et al., 1986). Their results showed that
presynaptic fiber volleys were decreased in amplitude following 11-22 minutes
exposure to 20 mM Li+. These findings were later replicated (Valentin et al., 1997),
and Li+ shown to decrease paired pulse facilitation.

Because paired pulse

facilitation is driven by the presynaptic terminal it was concluded that the effect of
Li+ was due to an alteration in the excitability of the presynaptic membrane.
A subset of K+ channels in the mammalian brain is preferentially activated
by Na+ influx through voltage gated Na+ channels (see Bhattacharjee &
Kaczmarek, 2005 for review).

Although Li+ can replace Na+ in membrane

depolarisation (Hodgkin & Katz, 1949), Li+ cannot replace Na+ in activation of
outward current through Na+ activated K+ (IKNa+) channels (Dryer et al., 1989;
Haimann et al., 1992; Safronov & Vogel, 1996; Bischoff et al., 1998; Franceschetti et
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al., 2003; Budelli et al., 2009). Experiments investigating the effect of partial and
total replacement of external Na+ with Li+ (40-135 mV) in neocortical intrinsically
bursting neurons, have indicated that the post burst after-hyperpolarisation (AHP)
is markedly reduced in Li+ but individual action potentials are unchanged
(Franceschetti et al., 2003). Franceschetti et al (2003) also provide evidence that Li+
does not act to decrease the activation of voltage gated K+ channels. In lamprey
spinal cord neurons it has been suggested that Li+ may be able to partially
substitute for Na+ in the activation of transient IKNa+ channels but not persistent
IKNa+ channels (Hess et al., 2007), however, this has never been reported in
mammalian central neurons.

1.11 Sodium Activated Potassium Channels (IKNa+)
IKNa+ channels were first described in cardiac myocytes in 1984 (Kameyama
et al., 1984) and in neurons in 1985 (Bader et al., 1985) only 3 years after the first
reports of Ca2+ activated K+ channels (Marty, 1981; Pallotta et al., 1981; Adams et
al., 1982).

Ca2+ activated K+ channels however have received dedicated

investigation over the past 30 years and are now well characterised. In contrast,
IKNa+ channels were initially overlooked as it was thought they were only relevant
to pathological states due to the high intracellular concentrations of Na+ required
for activation (Dryer, 1994).

Only in recent years has the relevance of IKNa+

channels for normal physiology been realised (Bhattacharjee & Kaczmarek, 2005;
Budelli et al., 2009).
IKNa+ channels are not themselves voltage dependent (Bhattacharjee &
Kaczmarek, 2005), but are indirectly voltage dependent due to their reliance on
Na+ influx through voltage gated channels for activation.

IKNa+ channels are

activated within a few milliseconds of Na+ channel activation, and in response to a
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single voltage step, indicating the channels contribute to action potential
repolarisation (Bader et al., 1985; Bertrand et al., 1989; Dryer et al., 1989; Martin &
Dryer, 1989; Hess et al., 2007). They also contribute to the potentials following a
single action potential (Liu & Leung, 2004) as well as bursts of action potentials
(Schwindt et al., 1989; Kim & Mccormick, 1998; Franceschetti et al., 2003; Wallen et
al., 2007). IKNa+ channels are active at subthreshold potentials and thus contribute
to the control of membrane excitability. Experiments in Layer V neurons of cat
sensorimotor cortex indicate IKNa+ channels are activated by small subthreshold
depolarisations, enough to activate persistent but not transient Na+ channels
(Schwindt et al., 1989).
The possibility that local increases in Na+ in the vicinity of IKNa+ channels
could occur under physiological conditions, implicating the channels in normal
membrane function was first suggested in 1985 (Hartung, 1985). It was not until
2009 however that compelling evidence to support this suggestion was published
(Budelli et al., 2009). Budelli et al. (2009) show that increasing the concentration of
Na+ in the bulk cytoplasm has little effect on IKNa+ channel activation, but that
under these conditions Na+ influx through voltage gated Na+ channels still results
in significant activation of outward current. They take this as evidence to suggest
that Na+ influx through voltage gated channels concentrates in a micro domain,
reaching the high concentrations required to activate K+ flux.

1.12 IKNa+ Channel Distribution in the Mammalian Brain
Electrophysiological experiments have located IKNa+ channels in many
areas of the brain, including the brain stem (Dryer et al., 1989), the olfactory bulb
(Egan et al., 1992), dorsal root ganglion neurons (Bischoff et al., 1998), motor
neurons (Safronov & Vogel, 1996), and the nodes of Ranvier of myelinated axons
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in Xenopus (Koh et al., 1994). The discovery of two genes, SLICK and SLACK,
encoding IKNa+ channels (Joiner et al., 1998) and subsequent imaging experiments
have confirmed that the channels are located widely throughout the brain
(Bhattacharjee et al., 2002; Bhattacharjee et al., 2005).
Expression of SLICK and SLACK in Xenopus and Chinese hamster oocytes
has allowed extensive investigation of the properties of Na+ activated K+ channels.
SLACK (sequence like a Ca2+ activated K+ channel) was isolated in 1998 (Joiner et
al., 1998) and has been investigated extensively.

SLACK has a unitary

conductance of 25-65 pS between voltages of -40 mV and +60 mV and at its C
terminus has a PDZ-binding terminus which suggests it may be clustered within
neurons (Joiner et al., 1998). The channel can be activated at membrane potentials
greater than -60 mV, and has been shown to be inhibited by 1 µM Ca2+ (Joiner et
al., 1998).
In situ hybridisation and immunohistochemistry has been used to map the
expression of SLACK in the mammalian brain.

SLACK is expressed in high

concentrations in the brain stem, vestibular and oculomotor nuclei, auditory
system, medial nucleus of the trapezoid, olfactory bulb, red nucleus, deep
cerebellar nuclei, thalamus, substantia nigra, amygdala and prefrontal cortex. The
highest concentration is in the brain stem particularly the trigeminal system and
reticular formation (Bhattacharjee et al., 2002).
SLICK channels are 74% homologous with SLACK channels (Bhattacharjee
et al., 2005) and have a unitary conductance of 140 pS. SLICK channels have an
ATP binding site and are active at resting cellular Na+ concentrations
(Bhattacharjee et al., 2003). They also activate much more rapidly in response to
depolarisation than SLACK channels (Bhattacharjee et al., 2005). SLICK expression
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has been found in the red nucleus, facial nucleus, pontine nucleus, occulomotor
nucleus, substantia nigra, olfactory bulb, deep cerebellar nuclei, vestibular nucleus
and the thalamus as well as the hippocampus, the dentate gyrus, supraoptic
nucleus, hypothalamus and cortical layers II, III and V (Bhattacharjee et al., 2005).
Many studies have suggested that IKNa+ channels are not activated when
Li+ replaces external Na+ (Dryer et al., 1989; Haimann et al., 1992; Safronov &
Vogel, 1996; Bischoff et al., 1998; Franceschetti et al., 2003; Budelli et al., 2009).
However no study has systematically investigated the possibility that Li+ alters
IKNa+ channel activation in the presence of a physiological concentration of
external Na+. If low concentrations of Li+ entering neurons through voltage gated
Na+ channels were to decrease the activation of outward current, this would
suggest a common mode of action with the anticonvulsant mood stabilisers.
Anticonvulsants directly block voltage gated Na+ channels (Ragsdale & Avoli,
1998; Clare et al., 2000) thereby indirectly decreasing the activation of outward
current through IKNa+ channels and indeed, there have been reports that
anticonvulsants effective in bipolar disorder block outward currents (VanDongen
et al., 1986). Therapeutic concentrations of Li+, although entering freely through
voltage gated channels, may be unable to replace Na+ in activation of outward
current or even inhibit Na+ access to intracellular binding sites on IKNa+ channels,
thereby also decreasing outward membrane current.
Therefore, both Li+ and the anticonvulsants may act on ion channels
contributing to the control of membrane excitability. However, despite many
studies reporting the inability of Li+ to replace Na+ in activation of IKNa+ channels,
no study has investigated the possibility that Li+ directly acts to decrease IKNa+
channel activation in the presence of a normal extracellular concentration of Na+,
and thus normal activation of IKNa+ channels.
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1.13 Summary
Despite a large body of research showing diverse effects of Li+ in the brain,
there is no strong hypothesis as to the mechanism of action of Li+ in bipolar
disorder. Li+ has been the frontline treatment for bipolar disorder for over 50
years (Cade, 1949), but the effect of Li+ on ion channels is unclear.
With evidence accumulating to suggest that bipolar disorder could be an
ion channel disease (Askland & Parsons, 2006; Askland et al., 2009) the work in
this thesis has set out to investigate the effects of Li+ on the electrical properties of
a principal output neuron of the brain, with a focus on Na+ activated K+ channels.
These channels are expressed throughout the brain and make one of the biggest
contributions to outward membrane current in many neuronal types (Budelli et al.,
2009).

They contribute to action potential repolarisation (Bader et al., 1985;

Bertrand et al., 1989; Hess et al., 2007) and after potentials (Schwindt et al., 1989;
Franceschetti et al., 2003; Liu & Leung, 2004) as well as to subthreshold potentials
and the rise to action potential threshold through their activation by persistent Na+
current (Schwindt et al., 1989; Budelli et al., 2009). A defining characteristic of
IKNa+ channels is that they are not activated when external Na+ is replaced with Li+
(Dryer et al., 1989; Haimann et al., 1992; Safronov & Vogel, 1996; Bischoff et al.,
1998; Franceschetti et al., 2003; Budelli et al., 2009), however, the effect of Li+ on
IKNa+ channels in the presence of a physiological concentration of Na+ (as would
occur in bipolar disorder patients) is unclear.
If lower concentrations of Li+ were to affect ion channels involved in the
control of membrane excitability this would suggest a common mechanism of
action of Li+ and the anticonvulsants, the two most effective drugs used in the
treatment of bipolar disorder. Anticonvulsants which block voltage gated Na+
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channels are the second most commonly prescribed drugs for the treatment of
bipolar disorder, and a common mechanism of action between Li+ and the
anticonvulsants has long been sought (Post et al., 1992; Stoll & Severus, 1996;
Gurvich & Klein, 2002). The work in this thesis shows that low concentrations of
Li+ alter neuronal membrane properties through decreased activation of IKNa+, in
the presence of close to normal concentrations of extracellular Na+.

1.14 Aim
Aim 1: To characterise the effect of low concentrations of Li+ on the membrane
properties of a principal output neuron of the brain, mitral cells of the mouse
olfactory bulb.
Hypothesis 1: Li+ will increase neuronal excitability consistent with blockade of
an outward current.
Aim 2: To determine the mechanisms underlying these effects of Li+.
Hypothesis 2: Li+ effects mitral cell excitability through a direct effect on IKNa+.
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2.1

The Olfactory Bulb
Mitral cells of the olfactory bulb were chosen for the experiments in this

thesis, as the olfactory bulb is a well characterised tissue with distinctive cellular
layers and well characterised synapses (Wachowiak & Shipley, 2006). Mitral and
tufted cells are the main output neurons of the olfactory bulb, with their primary
axons forming the lateral olfactory tract which projects to the olfactory cortex
(Shipley et al., 2008). The apical dendrites of mitral and tufted cells are located
within specific glomeruli which have been described as the most anatomically
distinct multi-cellular units within the cortex (Chen & Shepherd, 2005).
Mitral cells receive excitatory glutamatergic input from the olfactory nerve
and other mitral cells (Heinbockel et al., 2004), as well as GABAergic input from
granule cells (Nicoll, 1971) and periglomerular cells (Urban & Sakmann, 2002),
(Figure 2.1). Therefore, exposure of mitral cells to GABA and glutamate receptor
blockers isolates mitral cells from their major synaptic inputs.
Mitral cells contain the usual repertoire of voltage gated ion channels (Chen
& Shepherd, 1997), however they also have one of the highest concentrations of
IKNa+ channels in the mammalian brain (Bhattacharjee et al., 2002; Bhattacharjee et
al., 2005). Li+ has been shown to be ineffective in replacing Na+ in IKNa+ channel
activation (Dryer et al., 1989; Haimann et al., 1992; Safronov & Vogel, 1996; Bischoff
et al., 1998; Franceschetti et al., 2003; Budelli et al., 2009), so these channels were of
key interest when investigating the effect of Li+ on neuronal membrane properties.
The high concentration of IKNa+ channels in mitral cells is consistent with
their bistable nature and ability to generate spontaneous activity, independent of
synaptic input (Ennis et al., 1996; Ciombor et al., 1999). Mitral cells are bistable,
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they spontaneously oscillate between two membrane potentials separated by ~10
mV (Heyward et al., 2001). This bistability is likely the result of the reciprocal
interaction between persistent Na+ current and IKNa+ channels. Persistent Na+
current has been suggested to underlie bistability in mitral cells (Desmaisons et al.,
1999; Heyward et al., 2001), and recent evidence suggests that persistent Na+
channels and IKNa+ channels are functionally coupled with Na+ influx through
persistent channels, the main activator of IKNa+ channels (Budelli et al., 2009).
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Figure 2.1

Olfactory bulb schematic

Mitral cells receive excitatory glutamatergic input (black arrows) from the olfactory nerve
and other mitral (MC) and tufted (ET) cells and inhibitory GABA input (red arrows) from
periglomerular (PG) cells. PG cells also make a dopaminergic and/or GABA (blue arrow)
synapses with olfactory nerve terminals (ONL).

Granule cells (GC) are activated by

glutamate released from mitral cells and release GABA onto surrounding mitral cells to
create centre surround inhibition. Short axon cells (SA) link glomeruli in the glomerular
layer (GL), creating centre-surround inhibition in this layer through activation of
periglomerular cells.
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2.2

Justification of the Preparation
The effect of Li+ on membrane properties was investigated using current

and voltage patch clamp recordings on mitral cells, in olfactory bulb slices of the
mouse brain. This preparation was used because:
1) Mitral cells are the principal output neuron of an archetypical cortical
structure (Chen & Shepherd, 2005).
2) The olfactory bulb is well characterised, consisting of distinct cellular layers
(see (Lledo et al., 2005) for review and Figure 2.2). Although an olfactory
deficit in bipolar disorder patients has not been reported, the main interest
of these experiments was the electrophysiological effect of Li+ on brain
neurons in situ. It was therefore more important to choose a model system
with well understood synaptic connections and cellular architecture than a
system known to be associated with mood processes. The in vitro slice
preparation allowed control of experimental conditions, Li+ exposures and
synaptic blockade in particular.
3) Numerous studies have shown the presence of IKNa+ channels in olfactory
bulb mitral cells (Egan. TM, 1992; Bhattacharjee et al., 2002; Bhattacharjee et
al., 2005; Budelli et al., 2009). IKNa+ channels were of keen interest in these
experiments as Li+ cannot replace Na+ in their activation.
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2.3

Considerations
When designing these experiments a number of considerations were taken

into account.
1) Mitral cells were isolated from major synaptic inputs using GABA and
glutamate receptor blockade (McLennan, 1971; Nicoll, 1971; Berkowicz et
al., 1994; Heinbockel et al., 2004), to ensure that any effects of Li+ were direct
effects on the mitral cell membrane.
2) To keep the osmolarity of the extracellular solution consistent between
control and Li+ conditions, Li+ replaced an equal concentration of Na+ in the
extracellular medium. Control recordings were carried out to ensure that
removal of 10 mM external Na+ (the maximum Li+ concentration used) did
not alter membrane current responses.
3) Whole cell patch clamp recordings were used to investigate the effects of
Li+ on membrane currents.

Control experiments were carried out to

determine how membrane properties change over the duration of a whole
cell recording to ensure that any conclusions made about the effect of Li+
were not simply due to changes in membrane properties over time.
Macroscopic currents were studied in mitral cells in situ rather than using
single channel recordings as single channel recordings in mitral cells have
indicated that IKNa+ channels undergo rundown which can occur in less
than a minute in some patches (Egan. TM, 1992). This rundown is likely
due to a lost ability to concentrate Na+ in the vicinity of the IKNa+ channel.
Recent experiments have indicated that Na+ entering neurons through
voltage gated channels is concentrated to at least 70 mM in the vicinity of
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the IKNa+ channel (Budelli et al., 2009). Detached single channel recordings
may interfere with the ability of IKNa+ to accumulate Na+. For this reason it
was decided to investigate macroscopic currents in the intact cell.

2.4

Ion Channels Involved in Membrane Excitability
Experiments presented in Chapters 3 and 4, investigate the effect of Li+ on

the action potential waveform to provide an indication of the conductances
sensitive to Li+.

Below is a brief description of the main ion conductances

contributing to the membrane excitability in central neurons.

2.4.1

Inward Currents

Na+ and Ca2+ influx through voltage gated ion channels mediate the
depolarisation phase of the action potential (Sigworth, 1994; Hille, 2001).
Transient Na+ Conductance
Transient Na+ channels are responsible for the fast upstroke of an action
potential. The channels rapidly activate and inactivate in response to membrane
depolarisation and require the membrane to repolarise before inactivation is
removed and the channels are ready for activation once more (Hille, 2001).
Persistent Na+ Conductance
A small proportion of Na+ current is carried by persistent (non-inactivating)
Na+ channels (INap) (Crill, 2003). INap is maximally active at potentials close to rest
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(~-40 mV) and contributes to the control of repetitive firing and prolonged
depolarisations during synaptic integration (French et al., 1990).

Na+ current

through persistent voltage-gated channels is also the main activator of IKNa+
channels (Budelli et al., 2009).

INap contributes to the rise to action potential

threshold (Lee & Heckman, 2001; Kuo et al., 2006) and the control of intrinsic
bursting (Bevan & Wilson, 1999; Del Negro et al., 2002; Ramirez et al., 2004; van
Drongelen et al., 2006).
Ca2+ Channels
Voltage-gated Ca2+ channels open in response to membrane depolarisation
after a short delay, shut rapidly and deactivate at hyperpolarised potentials (Hille,
2001). Voltage gated Ca2+ channels can be divided into two families, low voltage
activated, or transient (T-type), and high voltage activated, of long lasting (L-type)
(Bertolino & Llinas, 1992), both of which are found in mitral cells (Migliore &
Shepherd, 2002). T-type channels activate in response to weak depolarisation and
inactivate rapidly in response to prolonged depolarisation (Bertolino & Llinas,
1992). L-type channels are activated by larger depolarisation and inactivate more
slowly during a prolonged depolarisation (Bertolino & Llinas, 1992).

2.4.2

Outward Currents

K+ channels mediate action potential repolarisation and after-potentials
following single action potentials and bursts of action potentials (Viana et al.,
1993).
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Delayed Rectifier K+ (IK)
IK, delayed rectifier K+ channels are the main contributor to action potential
repolarisation (Hodgkin & Huxley, 1952a). They activate more slowly in response
to membrane depolarisation and remain open for longer than the transient Na+
channels (Hodgkin & Huxley, 1952b). The main role of IK channels is to keep
action potentials short (Hille, 2001).
Transient K+ Channel (IA)
The IA K+ conductance is a transient conductance which activates and
inactivates faster than IK (Connor & Stevens, 1971) and is thought to regulate
neuronal excitability through its involvement in subthreshold potentials (Segal et
al., 1984). The main role of IA is in allowing cells to fire at low frequencies over the
long term (Hille, 2001).

The channels activate in response to membrane

depolarisation, provided it is preceded by a period of hyperpolarisation to deinactivate the channel. IA therefore activates as the membrane depolarises towards
action potential threshold, slowing the rate of rise until it inactivates and the
membrane reaches action potential threshold (Hille, 2001).
Ca2+ Activated K+ Channels (IKCa2+)
IKCa2+ channels are activated by Ca2+ influx through voltage gated channels,
and contribute to the after hyperpolarisation following a single action potential
(Sah, 1996).
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Na+ Activated K+ Channels (IKNa+)
IKNa+ channels are activated by Na+ influx through voltage gated Na+
channels (Bader et al., 1985; Bertrand et al., 1989; Liu & Leung, 2004; Hess et al.,
2007). The IKNa+ conductance contributes to action potential repolarisation (Bader
et al., 1985; Bertrand et al., 1989; Hess et al., 2007), and has a major role in shaping
the potentials immediately following an action potential (Schwindt et al., 1989;
Franceschetti et al., 2003; Liu & Leung, 2004). The channels are activated by Na+
influx through transient (Hess et al., 2007) and persistent (Schwindt et al., 1989;
Budelli et al., 2009) Na+ channels, but it is thought that the majority of activation
comes from Na+ influx through persistent channels (Budelli et al., 2009).
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2.5

2.5.1

Slice Preparation

Animals

All experiments were carried out with the approval of the University of
Otago Animal Ethics Committee. Experiments were conducted on 185 male Swiss
out bred mice aged between 18 and 24 days. Mice of this age were obtained from
the Taieri Animal Unit and were delivered at least two days prior to experiments
to allow mice to recover from the stresses of travel.
For two months, the mice we received were suffering from parvovirus.
Parvovirus is an autoimmune disease and as such is a concern in experiments
involving tumors and immunology (Division of Animal Resources). Parvovirus is
not such a concern in the experiments presented in this thesis, however, as a
precaution, in the results presented in this thesis parvovirus mice never made up
more than 50% of the n for a given experimental protocol. This was easily ensured
as it was only for a two month period that we received mice infected with
parvovirus.

2.5.2

Dissection

Mice were decapitated using a guillotine and the head immediately
submerged in ice-cold (4°C) artificial cerebrospinal fluid (aCSF) for 30 seconds.
The skin was cut away from the skull and the bones surrounding the olfactory
bulbs removed. Upon exposure the olfactory bulbs were doused with ice-cold
aCSF. The bones to either side of the bulbs were removed and the bulbs cut away
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from the rest of the brain using a razor blade. The bulbs and underlying cribiform
plate were removed and placed in a dish of ice-cold aCSF.

2.5.3

Slicing

The bulbs were dissected apart, and a single bulb removed from the dish
with a small spatula placed along the medial aspect of the bulb. Bulbs were
secured by their ventral surface to the stage of a vibrating microtome (Leica VT
1000s) using cyanoacrylate glue. Bulbs was submerged in ice-cold aCSF and the
top 500 µm of the bulb sliced off and discarded. 350 µm thick slices of the bulb
were cut parallel to the long axis of the bulb. Slices were placed in a holding
chamber and maintained at 30°C for one hour and then held at 20°C.

For

recordings, slices were transferred from the holding chamber to a perfusion bath
mounted on a microscope stage (Figure 2.3). Slices were held between two mesh
rings (Figure 2.3) and aCSF pumped through the bath at a rate of 2.5 ml/min
using a peristaltic pump (Masterflex LS, Cole Parmer USA). The temperature
throughout all recordings was maintained at 30°C by a Cell Micro-control TC2 BIP
temperature controller. These temperatures are standard for electrophysiological
experiments (Heinbockel et al 2004), as at temperatures higher than 30°C the
integrity of slices is compromised.

43

2.6 Experimental Set up

2.6.1

Visualisation

Slices were visualised using a modified Nikon Measurescope fitted with a
Zeiss 40/0.75 water immersion objective lens.

Slices were illuminated using

asymmetric illumination contrast (Kachar, 1985) and the slice image displayed on
a computer using a Dage-MTI CCD 100 camera and Win TV2000 software (Figure
2.2).

2.6.2

Recording Electrodes

Recording electrodes were conventional patch-clamp micropipettes, made
from borosilicate fire polished glass tubes containing a filament, using a Sutter
Instruments Flaming/Brown micropipette puller model P-97. The resistance of
the electrodes when filled with pipette filling solution (see Section 2.7) was 3.5-6
MΩ. A positive pressure of 3-4 kPa was maintained through the recording pipette
to ensure the tip was kept clear of debris, while it was advanced to the recorded
cell.

2.6.3

Whole Cell Recordings

All experiments were carried out using an A-M Systems (USA) patch clamp
amplifier (model 2400). Recordings were filtered at 5.0 kHz and sampled at 10
kHz. Probe gain was set to low (10 MΩ feedback resistor).
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Mitral cells are located in a very distinct layer (Figure 2.2) of the olfactory
bulb and being the only large neurons in the vicinity are easily identified without
staining (Figure 2.2).

Once a target mitral cell was visualised, a recording

electrode (Figures 2.2 and 2.3) was guided into the tissue using a MX7600
manipulator (SD Instruments, USA). The resistance at the tip of the recording
electrode was monitored on an oscilloscope (Hitachi v-212) by passing a 10 ms by
10 mV square wave through the pipette tip. The recording electrode was first
brought to rest just above the slice, pipette capacitance compensation carried out,
and the offset between the recording and bath electrodes set to zero.

The

recording electrode was then guided to the cell membrane and positive pressure
reduced to zero, as the resistance at the pipette tip began to increase (decreased
height of the square wave), to achieve a gigaohm seal. If a gigaohm seal was not
immediately achieved a small amount of negative pressure was applied to the
pipette tip to achieve the seal. A -60 mV holding current was applied to the tip of
the pipette and whole cell break-through achieved by a negative pressure pulse
generated by a syringe, connected to the recording electrode via a 3-way valve
system.

Following break-through, whole cell capacitance compensation and

series resistance compensation were adjusted to minimise transients.

2.6.4

Single-Unit Extracellular Recordings

For extracellular recordings, recording electrodes were filled with standard
aCSF. The recording electrode was advanced into the mitral cell layer until close
enough to a single mitral cell that the macroscopic currents associated with action
potentials could be detected.
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2.6.5

Data Acquisition

Data was acquired using WinWCP Electrophysiology Software, University
of Strathclyde V4.1.1 and digitised with a National Instruments BNC 2090A
interface. Recordings were analysed offline using pCLAMP 9.2 software (Axon
Instruments, USA).

2.6.6

Statistics

Comparison of means for raw data in which three or more conditions were
compared was carried out using repeated measures ANOVA with a Bonferroni
correction and a 0.05 level of significance (SPSS Statistics v17.0). Where only two
groups were compared, a paired t-test was used with a 0.05 level of significance
(Microsoft Excel 2007). Figures, unless otherwise specified, plot average data and
standard errors (Microcal Origin 6.0).

2.6.7

Cellular Properties

A number of parameters were monitored throughout recordings to ensure
the health of the recorded cell. Access resistance and membrane capacitance were
monitored by passing a voltage step (10 ms by 10 mV) at 15 minute intervals and
monitoring the changes in the transients. Series resistance was measured at 15
minute intervals by measuring the amount of current passed to hold the cell at a
certain membrane potential (15-20 mV negative to rest, depending on
experimental protocol) and using Ohms law, V=IR to calculate resistance.
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Membrane capacitance was on average 3.35 ± 0.12 µF at the beginning of
recordings and 3.39 ± 0.15 µF by the end.
Access resistance was 11.02 ± 0.05 MΩ at the beginning of recordings and
13.46 ± 0.07 MΩ by the end. If access resistance exceeded 15 MΩ the recording was
terminated.
Membrane potential was -46.44 ± 1.09 mV uncorrected for a junction
potential of ~13.5 mV at 30ºC (Axoscope 9.2, Axon Instruments, USA).
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2.6.8

The Olfactory Bulb Mitral Cell Layer

Figure 2.2

Whole cell patch clamp of a mitral cell

An image of the mitral cell and surrounding layers taken with Win TV 2000 software
during a whole cell recording.

The mitral cell layer is located between the external

plexiform layer (consisting of a dendritic network) and the granule cell layer which
consists of much smaller granule cells. Mitral cells are therefore easily identified as the
only large cells in the vicinity.
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2.6.9

Experimental Set-up

Figure 2.3

Recording set-up

The olfactory bulb slice sits in the bath on a mesh ring (A) and is held in place by an upper
mesh ring. ACSF is pumped into the bath and heated under a copper plate to 30ºC before
entering the bath and washing both above and below the slice before being sucked out.
The picture also shows the bath and recording electrodes and the positive pressure inlet.
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2.7 Solutions

2.7.1

Artificial Cerebrospinal Fluid (aCSF)

The standard aCSF used in all experiments consisted of (in mM) NaCl 120*,
KCl 3, CaCl2 1.3, MgSO4 1.3, glucose 10, NaHCO3 25, Bes Biological Buffer 5. This
was saturated with 5% CO2/95%O2 throughout experiments.
ACSF was always made on the week of experiments.
* In experiments using LiCl (Li+), the concentration of NaCl (Na+) in the
aCSF was adjusted to maintain a constant osmolarity between conditions.

2.7.2

Pipette Filling Solution (PFS)

For whole cell patch clamp recording, electrodes were filled with (in mM)
KGluconate 125**, Hepes 10, EDTA 0.2, NaCl 1, MgCl2 2, Mg2ATP 2, Na3GTP 0.3.
The pH of the solution was brought to 7.2 using KOH and the osmolarity of
the solution then brought to between 285 and 300 mOsmols using KGluconate.
** The final concentration of KGluconate was higher than 125 mM due to its
use to adjust osmolarity.
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2.8

Drugs

All drugs were obtained from Sigma Aldrich NZ.

2.8.1

Lithium Chloride

For all experiments in which Li+ was used, Li+ replaced Na+ in the
extracellular medium.

2.8.2

Kynurenic Acid and Picrotoxin

The majority of experiments were carried out in the presence of 0.1-2 mM
kynurenic acid (Dale & Grillner, 1986; Hilmas et al., 2001) and 0.1 mM picrotoxin
(MacVicar et al., 1989) to block glutamate and GABA receptors respectively and
thus isolate mitral cells from ionotropic synaptic input.
A stock solution of kynurenic acid was made up in 1 M NaOH to a
concentration of 1 M kynurenic acid. Stock solution of picrotoxin was made up to
a concentration of 0.5 M in Dimethylsulfoxide (DMSO). Both kynurenic acid and
picrotoxin were kept as frozen aliquots (-20 ºC) and measured directly into aCSF
on the day of experiment.

2.8.3

DNQX and AP5

In some initial experiments the glutamate receptor blockers 6,7dinitroquinoxaline-2,3, (DNQX, 20 µM) (Safiulina et al., 2006) and amino-5-

51
phosphonopentanoic acid (AP5, 100 µM) (Herman & Jahr, 2007) were used to
block α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and Nmethy-D-aspartate (NMDA) receptors respectively. A stock solution of DNQX
was made up in DMSO and a stock solution of AP5 made up in milliQ water.
These were kept in aliquots at -20ºC until the day of experiments. These blockers
were used in initial current clamp experiments when investigating the effect of Li+
on spontaneous action potential waveform (Chapter 3).

2.8.4

Apamin

Apamin (100 nM) was used to block small conductance Ca2+ activated K+
(SK) channels (Maher and Westbrook 2005). A 0.4 mM solution of apamin was
made up in MilliQ water and stored in aliquots at -20ºC until use.

2.8.5

TTX

TTX (100 nM) (Stys et al., 1992) was used to block voltage gated Na+
channels. A stock solution of TTX was made up in MilliQ water and aliquots
stored at -20ºC until the day of experiment.

2.8.6

4-Aminopyridine (4-AP)

4-AP (100 µM) (Campbell et al., 1993) was used to block the transient K+
conductance IA. 4-AP was measured directly into extracellular medium on the day
of experiment.
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2.8.7

Cadmium (Cd2+)

Cd2+ (100 µM) (Mintz et al., 1995) was used to block Ca2+ entry through
voltage gated Ca2+ channels. Cd2+ was made up in MilliQ to a concentration of 1
M and kept at 4ºC until use.

2.8.8

BAPTA-AM

BAPTA-AM (5 µM) (Thandroyen et al., 1991) was used to chelate
intracellular Ca2+ thereby preventing the activation of intracellular Ca2+ dependent
mechanisms (i.e. Ca2+ activated K+ channels).

2.8.9

Riluzole

Riluzole (10 µM) (Urbani & Belluzzi, 2000) was used to block persistent Na+
channels. Stock solution was made up in MilliQ water and aliquots stored at -20ºC
until use.
In experiments investigating the effect of Li+ in the presence of drugs (listed
above), the main interest was the comparison between the recordings made in the
drug and the recordings made following the addition of Li+. Therefore, because
the solvents in which the drugs were dissolved were present across control, Li+
and washout conditions, control recordings to investigate the effect of the solvents
on membrane properties were not carried out.
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2.9

Recordings and Protocols

2.9.1

Li+ Exposures

Figure 2.4 shows the standard protocol used to investigate the effects of Li+.

Figure 2.4 Experimental protocol for Li+ exposures
Control recordings were always made 20 minutes after membrane break-through and 15
minutes exposure to GABA and glutamate receptor blockers. ACSF containing 10 mM Li+
(substituted for 10 mM Na+) was then superfused onto the slice and recordings made
following 5 and 10 minutes. The medium was then returned to control aCSF, and washout
recordings made following 10 minutes. The final recordings made from a cell would typically
occur approximately 60 minutes post break-through.

GABA and glutamate receptor blockers were included in all experiments to isolate
mitral cells from synaptic input. This was done despite no apparent role of GABA
and glutamate neurotransmission in the effect of Li+ (Chapter 3) because it could
not be certain whether or not further drug and/or electrical manipulations
(Chapters 4 and 5) would uncover circuitry effects of Li+.
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2.9.2

Drug Exposures

Drugs with known mechanisms of action were used as tools to investigate
the mechanism of action of Li+. For these experiments the aCSF containing the
drug as well as GABA and glutamate receptor blockers was superfused onto the
slice following control recordings (in GABA and glutamate receptor blockers).
Drug recordings were made after 10-15 minutes drug exposure. Li+ aCSF (also
containing GABA and glutamate receptor blockers and the drug of interest) was
then superfused onto the slice and recordings made following 10 minutes (Figure
2.5).

Figure 2.5 Drug exposure protocol

A control recording in synaptic blockers was made at 20 minutes following break-through.
The drug of interest was then added to the bathing medium and a recording made following a
15 minute drug exposure. Li+ was then added to the recording medium and a Li+ recording in
the presence of the drug of interest was made following 10 minutes. Li+ was then removed
from the recording medium and a Li+ washout recording (in the drug) made following 10
minutes washout.
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2.9.3

Spontaneous Action Potential Frequency

Current clamp recording of spontaneous action potentials was carried out
during all drug superfusions. Spontaneous firing rate was calculated by counting
the number of action potentials over a one minute period at the time points
indicated in Figures 2.4 and 2.5.

It was also at these time points that the

electrophysiological protocols were run (Figures 2.8, 2.10, 2.12 and 2.14).

2.9.4

Measurement of Resting Membrane Potential

Because mitral cell membrane potential fluctuates at rest (they are bistable,
Heyward et al., 2001), it is difficult to get an accurate reading of their resting
membrane potential.

In order to measure the resting membrane potential all

points analysis was used to show the distribution of membrane potentials for a cell
(Figure 2.6). An all points analysis plot gives an indication of voltages at which
the cell is spending the majority of its time (i.e. where it is resting), and is
commonly used when wanting to know the resting membrane potential in bistable
cells (Heyward et al., 2001; Heinbockel et al., 2004). To calculate resting membrane
potential, the membrane potentials at which the cell spent 50% of its time were
averaged and plotted (Figure 2.6).
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Figure 2.6 Measurement of resting membrane potential
A histogram showing membrane potential distribution for a single cell. The peak of the
distribution curve indicates where (on the x-axis) the cell is spending the majority of its time
(i.e. where it is resting). Membrane potential was calculated by averaging the membrane
potentials at which the cell spent 50% of the time (shaded). The voltages associated with an
action potential occur to the far right of the all point s analysis plot (off the axis).

2.9.5

Spontaneous Action Potential Waveforms

The effect of Li+ on the waveform of spontaneously generated action
potentials was investigated.

The membrane potential was monitored during

control conditions and maintained with current injection through the pipette
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during Li+ exposure. This allowed comparison of action potentials from the same
voltages, despite a depolarising shift in the membrane potential in the presence of
Li+. Figure 2.7 shows the aspects of the action potential which were compared
across conditions.

Figure 2.7

Action potential measurements.

The effect of Li+ on peak amplitude, half width and anti-peak amplitude were measured
and compared across conditions, as well as the rise and decay slope, and time, between 10
and 90% of peak amplitude. The rise and decay slope and time were also measured
between absolute voltages (Chapter 3).
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2.9.6

Firing Properties in Response to Current Injection

Protocol
Current clamp experiments were carried out to investigate the effects of Li+
on the firing properties of mitral cells. The response of a neuron to sustained
current injection is a tool often used to characterise neuronal firing properties. A
1.5 second current step of 150 pA was applied through the recording pipette
(Figure 2.8).

Figure 2.8

Current injection to investigate mitral cell firing properties

Cells were held 15 mV negative to resting membrane potential and a 150 pA depolarising
current step applied for 1.5 seconds.
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Analysis
Figure 2.9 shows the firing of a cell in response to the protocol shown in Figure 2.8.

Figure 2.9

Firing response to depolarising current injection

Arrows indicate the time from current step onset to the first action potential, and a single
inter-spike interval.

1) The effect of Li+ on the rise to the first action potential was investigated by
measuring the time from stimulus onset to the peak of the first action
potential.
2) The effect of Li+ on spike frequency adaptation was measured by plotting
the duration of the inter-event interval in the order in which they
occurred (interval 1 between the 1st and 2nd action potentials etc).
3) Action potential threshold was measured for the first action potential.
Threshold was taken as the voltage at which the rate of membrane
depolarisation exceeded 20 mV/ms.
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Protocol
The effect of Li+ on the potentials following a single action potential was
investigated using brief depolarising current injections (Figure 2.10).
Single action potentials were evoked from 15 mV negative to rest (~60 mV)
using a Grass Stimulator (model SD9G) to activate current injection through the
recording pipette. The stimulus amplitude was just greater than action potential
threshold, 10% greater than the minimum current required to elicit a response.
The current pulse was 0.05 ms in duration and the frequency of stimulation 0.5
pulses/second. In some experiments, the ability of the cell to fire a second action
potential was investigated by passing a second current stimulus at an interval of
10 ms (Figure 2.10).
Because the majority of mitral cells fire spontaneous action potentials at
rest, the membrane was hyperpolarised with negative current injection through
the recording pipette in these experiments, to allow single action potentials to be
stimulated.

Action potentials stimulated in this way were followed by a

depolarised after-potential which slowly decayed to a hyperpolarised afterpotential (Figure 2.11).

Figure 2.10

Protocol to investigate the after-potentials following a single action
potential

Cells were held 15 mV negative to rest and small current pulses passed to evoke single
action potentials.

In some experiments the ability of the cell to fire a second action

potential at a interval of 10 ms was also investigated.
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Analysis

Figure 2.11 shows an evoked action potential. In order to quantify the
effect of Li+ on after-potentials, the membrane potential 10 ms from action
potential peak was measured and averaged over a number of cells.

Figure 2.11

Evoked action potential waveform

A single action potential evoked using the protocol shown in Figure 2.10. Arrows indicate
the stimulus artifact, peak action potential amplitude and the point, 10 ms from action
potential peak at which the membrane potential was measured and averaged to quantify
the effect of Li+ on after-potentials (dotted line). Arrows also mark 10% and 90% of action
potential peak between which decay slope was measured.
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2.10 Voltage Clamp Protocols
Voltage clamp protocols were used to investigate the membrane currents
affected by Li+. The currents generated with a voltage clamp protocol show the
amount of current the amplifier must pass to hold the membrane potential at the
command voltage. In order to hold the membrane potential at the command
voltage, the amplifier has to pass an equal and opposite amount of current to the
current flow across the membrane at that potential.
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2.10.1

Action Potential-Like Voltage Command

Protocol
A voltage clamp protocol was developed to mimic an action potential and
isolate the currents flowing across the membrane immediately following a single
action potential (Figure 2.12).
As has been previously reported it is extremely hard to maintain voltage
clamp at the onset of such a voltage protocol (Goldberg & Wilson, 2005). Such a
protocol however is sufficient when the main focus is on current flow across the
membrane immediately following the action potential, as at this point the action
currents and capacitive transients are over and adequate voltage clamp is
regained.

Figure 2.12

Action potential-like voltage command

Voltage clamp protocol to investigate current flow immediately following a single action
potential. Cells were held 20 mV negative to rest (~-65 mV) and stepped 70 mV (to ~+5
mV) for 2 ms.
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Analysis
The protocol shown in Figure 2.12 isolated a transient outward current
(Figure 2.13). The nature of the current was investigated using pharmacological
manipulation.

Figure 2.13

Current output in response to an action potential-like voltage command

Transient outward current isolated by the protocol shown in Figure 2.12. Arrows indicate
the peak current and time to peak current (from voltage step onset) which were measured
and averaged over a number of cells.
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2.10.2

Voltage Clamp Protocol to Isolate IKNa+ Channels

Protocol
As has been outlined in Section 1.11, Li+ fails to activate IKNa+ channels
when Li+ totally replaces external Na+, but the effect of low concentrations of Li+
on current through IKNa+ channels is unclear. I therefore designed a voltage clamp
protocol (Figure 2.14) to isolate current through IKNa+ channels and investigate the
effects of low concentrations of Li+ on this channel.
IKNa+ channels are active at subthreshold potentials due to their activation by Na+
influx through persistent voltage gated Na+ channels (Schwindt et al., 1989; Budelli
et al., 2009).

The protocol outlined in Figure 2.14 was therefore designed to

investigate currents at subthreshold potentials.
At subthreshold potentials:
1) IKNa+ channels are open due to their dependence on Na+ influx through
persistent voltage gated channels for activation. IKNa+ channels do not
show inactivation during voltage steps as long as 1000 ms (Budelli et al.,
2009).
2) IKCa2+ will make minimal contribution to outward current as these channels
do not activate until ~-40 mV (Schwindt et al., 1989).
3) Voltage gated K+ channels will only be ~10% active (Klee et al., 1995) so
contribution from these channels to the total outward current will be small.
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4) Transient IA K+ channels will initially activate in response to a depolarising
current injection from a hyperpolarised potential, but will inactivate within
200 ms of voltage step onset (Rogawski, 1985).
Therefore, K+ flux through IKNa+ channels will be the main contributor to
outward current evoked by depolarising voltage steps to subthreshold potentials,
measured at least 200 ms after voltage step onset.

Figure 2.14

Voltage clamp protocol used to isolate IKNa+ channels

Cells were held at -80 mV and 5 mV incremental depolarising voltage steps applied to the
membrane through the recording pipette. Voltage steps were held for 750 ms to allow
measurement of transient and steady state current. At steady state, K+ flux through IKNa+
channels will be the main contributor to outward current.
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Analysis
Figure 2.15 shows the membrane currents generated in response to the
voltage clamp protocol in Figure 2.14.

Figure 2.15

Membrane currents generated in response to subthreshold voltage steps

Membrane currents generated by the voltage clamp protocol in Figure 2.14. The transient
and steady state- current were plotted against the appropriate voltage step to generate I/V
curves. The slope between 90% and 10% of peak current (for a voltage step from -80 mV to
-50 mV) was also measured to look at the decay of the transient current.

For the voltage step from -80 mV to -50 mV, the decay slope of the peak
transient current (between 90% and 10% of peak current) was measured.
In Chapter 5, the Li+-sensitive current has been obtained by subtracting
membrane currents generated in Li+ from membrane currents generated in
control. This gives the difference in the amount of current that the amplifier must
pass between control and Li+ conditions in order to hold the membrane potential
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at the command voltage. Therefore, if the current difference is positive, this means
that the amplifier must pass less current in Li+ than in control conditions. If the
current is negative this indicates that the amplifier must pass more current under
Li+ conditions than under control conditions.

2.11 Measurement of Action Potential Rise and Decay
As will be seen in Chapter 3, a number of different measurements were made to
quantify the effect of Li+ on the rise and decay of an action potential. This was
done because:
1) The software used to analyse the action potential rise and decay (pClamp
9.2) could only measure between sampling points which had been obtained
at a sampling frequency of 10 kHz.

This meant that there were

inconsistencies between measurement points across conditions (Figure
2.16), which would especially confound rise and decay times. To control
for slight deviations in cursor placements as a result of the sampling
frequency, measurements of the rise and decay slope (as opposed to time)
were the measurements given the most weight when interpreting the effect
of Li+ on the rise and decay of an action potential.
2) Many automated measurements of action potential rise and decay are based
on peak amplitude (i.e. time and slope between 10 and 90% of action
potential peak).

Therefore changes in action potential peak amplitude

between conditions could confound these measurements. Rise and decay
slopes between set voltages were therefore also measured.
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Figure 2.16

Problems with measuring the rise and decay of an action potential

An expanded time scale of an action potential depolarisation. Black squares along the plot
indicate the points at which the membrane potential was sampled. Measurement of the
rise time between 20 mV and 60 mV (orange, B) will be underestimated as the closest
sampling points occur at ~22 mV and ~55 mV (purple, A). In this example the rise time is
underestimated by 25% but the rise slope is only underestimated by 10%.
The rise slope is less affected by deviations in cursor placements and is the measurement
given the most weight in the experiments presented here.
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3.1

Introduction
Previous studies using extracellular recordings have shown Li+ (1-10 mM)

increases mitral cell spontaneous action potential frequency, consistent with
membrane depolarisation (Butler-Munro et al., 2010).

Extracellular recordings

however can provide little insight into the mechanisms of Li+ action.

The

following experiments investigated the effect of Li+ on mitral cell activity using
whole cell patch clamp. This allows monitoring of changes in membrane potential
and membrane conductance in the presence of Li+.

3.2

Effect of Li+ on Spontaneous Activity
To begin, I confirmed that Li+ increased spontaneous activity, when cells

are recorded using the whole cell patch clamp configuration. Figure 3.1 shows the
effect of 10 mM Li+ on action potential frequency from a single cell recorded in a
whole cell configuration.
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Figure 3.1

Effect of Li+ on action potential frequency

Raw data recorded with a whole cell patch clamp configuration showing increased action
potential frequency following 10 minutes exposure to 10 mM Li+ and following 10 minutes
recovery.

The effect of Li+ (5 and 10 mM) on action potential frequency was compared
between cells recorded using extracellular or whole cell patch clamp
configurations (Figure 3.2).

There was a greater increase in action potential

frequency in cells recorded from using extracellular pipettes than in cells recorded
in a whole cell configuration.
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Figure 3.2

Action

potential

frequency,

extracellular and whole cell recordings
The effect of Li+ (5 and 10 mM) on spontaneous
action potential frequency in mitral cells recorded
using either extracellular (EC) or whole cell (WC)
recording techniques. Bars express the change in
Li+, as a multiple of control frequency. * = p < 0.05,
paired t-test. 5 mM WC n = 7, 5 mM EC n = 5, 10
mM WC n = 4, 10 mM EC n = 5.

In Figure 3.2, using extracellular recording, action potential frequency
increased to 2.40 ± 0.54 times greater than control in 5 mM Li+ (from 7.11 ± 1.30 Hz
in control to 15.27 ± 3.12 Hz in Li+) and 5.70 ± 1.58 times greater than control in 10
mM Li+ (from 6.37 ± 2.43 Hz in control to 27.94 ± 6.63 Hz in Li+). Whole cell
recordings showed a 1.71 ± 0.13 increase in action potential frequency in 5 mM Li+
(from 11.30 ± 4.90 Hz in control to 17.72 ± 7.22 Hz in Li+) and a 2.71 ± 0.58 times
increase in 10 mM Li+ (from 7.45 ± 1.78 Hz in control to 17.72 ± 2.48 Hz in Li+).
The effect of Li+ on spontaneous action potentials seen in whole cell
recordings was dose-dependent. As shown in Figure 3.3, Li+ (5-10 mM) causes a
significant increase in action potential frequency, an effect which is reversible
following Li+ washout in control medium. This finding is consistent with previous
experiments in which extracellular recordings indicated a dose dependent increase
in action potential frequency in the presence of Li+ (Butler-Munro et al., 2010).
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Figure 3.3

Action potential frequency, dose response

Dose response curve showing action potential frequency (calculated by number of action
potentials in one minute) for cells recorded from in a whole cell patch clamp configuration,
averaged over a number of cells. Bars indicate action potential frequency as a multiple of
control frequency. * = p < 0.05 repeated measures ANOVA, 2 mM n = 5, 5 mM n = 7, 10
mM n = 5.

Figure 3.3 shows Li+ causes a significant, dose dependent increase in action
potential frequency in mitral cells recorded from in a whole cell patch clamp
configuration.

The effect of Li+ is reversible, indicating that the increased

frequency is not simply due to a tendency of mitral cells to increase activity over
time. Interestingly, action potential frequency following Li+ washout is lower than
action potential frequency before Li+ exposure (i.e. under control conditions). This
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undershoot may be due to an attempt by the membrane to maintain normal
activity by up-regulating an ion channel to counteract the effect of Li+. If this upregulation were sluggish to down regulate following the removal of Li+ this could
result in the undershoot in action potential frequency shown in Figures 3.1 and
3.3. However, this was not investigated further in these experiments.
The main synaptic inputs to mitral cells are glutamatergic input from
olfactory receptor neurons and other mitral cells and GABAergic input from
granule and periglomerular cells (Figure 1.1). Blockade of glutamate and GABA
receptors did not prevent the effect of Li+ on action potential frequency. The data
shown in Figure 3.3 were obtained from slices exposed to 0.1 mM kynurenic acid
(EC50 for glutamate receptor block) and 0.1 mM picrotoxin to block GABA
receptors.

Similar results were obtained using 2 mM kynurenic acid (total

glutamate receptor block) and 0.1 mM picrotoxin (Figure 3.4). A t-test assuming
unequal variance indicated there was no significant difference in the increase in
action potential frequency in 2 mM (n = 5) and 0.1 mM (n = 6) kynurenic acid (p =
0.068).
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Figure 3.4

Action potential frequency, synaptic

blockade

Li+ (10 mM) significantly increases action potential
frequency in cells recorded from using a whole cell
patch clamp configuration and total synaptic blockade (2
mM kynurenic acid and 0.1 mM picrotoxin). * = p <
0.05, repeated measures ANOVA n = 5.

Li+ (5 mM, 10 mM) causes a significant increase in action potential
frequency in cells recorded from in a whole cell patch clamp configuration, data
which supports previous extracellular recordings (Butler-Munro et al., 2010). This
effect

of

Li+

is

not

dependent

on

ionotropic

glutamate

or

GABA

neurotransmission, suggesting Li+ exerts a direct effect on the mitral cell
membrane. All subsequent experiments were carried out in 2 mM kynurenic acid
and 0.1 mM picrotoxin, to block ionotropic glutamatergic and GABAergic
neurotransmission respectively. Throughout the following experiments, ‘control’
medium refers to standard aCSF (Section 2.7) containing 2 mM kynurenic acid and
0.1 mM picrotoxin, unless otherwise specified.
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3.3

Effect of Li+ on Resting Membrane Potential
Having confirmed that mitral cells undergo a significant increase in action

potential frequency in the presence of Li+ in cells recorded in whole cell mode, I
set about investigating the mechanism for this increase using whole cell patch
clamp recordings.
Increases in spontaneous activity are often the result of membrane
depolarisation.

Figure 3.5 shows the effect of Li+ on the resting membrane

potential of a representative mitral cell.

Figure 3.5

Membrane potential, all points analysis

All points analysis to investigate changes in membrane potential in the presence of Li+ for
a single cell. Li+ (black) causes a depolarising shift in the membrane potential from control
(grey), this effect of Li+ reverses following washout in control medium (light grey).
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Li+ (10 mM) causes the membrane potential distribution to shift towards
more positive values, indicating membrane depolarisation. The curve moves back
towards the control curve following Li+ washout, indicating that the effect of Li+ is
reversible. This also provides reassurance that the effect of Li+ is not due to a
progressive change in recording stability or cell health. The effect of Li+ on resting
membrane potential is quantified for 11 cells in Figure 3.6.

Figure 3.6

Membrane potential, quantification

Quantification of the effect of Li+ (10 mM) on the resting membrane potential in mitral
cells. Bars show the average membrane potential at which the membrane spends 50% of
its time (see Methods, Section 2.9.4). Li+ depolarises the resting membrane potential, an
effect which is reversible following Li+ washout. * = p < 0.05, repeated measures ANOVA,
n = 11.
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Exposure to Li+ (10 mM) for 10 minutes depolarised the resting membrane
potential from -46.4 ± 3.6 mV in control to -43.2 ± 4.7 mV following 10 minutes
exposure to 10 mM Li+.

When the bathing medium was returned to control

medium following Li+ exposure, the resting membrane potential returned to
control values within 10 minutes (control = -46.4 ± 3.6 mV, washout = -46.2 ± 5.1
mV).

3.4

Effect of Li+ on Spontaneous Action Potential Waveform
With evidence to suggest Li+ depolarises the resting membrane potential I

next investigated the effect of Li+ on individual action potentials. In order to
compare action potentials across conditions, holding current was injected into the
cell via the recording pipette in order to keep the resting membrane potential
constant. In this manner the direct effect of Li+ on individual action potentials
could be investigated, independently of changes in resting membrane potential.
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Figure 3.7

Effect of Li+ on action potential waveform

Li+ (black) slows action potential repolarisation and decreases the amplitude of the AHP
from control (purple) values. These effects of Li+ are reversible (orange). Each condition is
an average of 200 action potentials from the same cell.

As can be seen in Figure 3.7, Li+ markedly decreased the AHP and slowed
the repolarisation of a single action potential. This suggests that Li+ is acting on
membrane properties which mediate action potential repolarisation and afterpotentials (i.e. K+ channels).
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Figures 3.8-3.12 quantify the effect of Li+ on spontaneous action potential
waveform, averaged over 6 cells.

Figure 3.8

Peak action potential amplitude and AHP amplitude

Peak amplitude and anti-peak amplitude (maximum AHP) for spontaneous action
potentials initiated from the resting membrane potential recorded under control conditions
(~-46 mV). * = p < 0.05, repeated measures ANOVA n = 6.
NB: Values indicate the absolute change from resting membrane potential.

Action potential peak amplitude did not significantly differ between control
and Li+ conditions (74.7 ± 2.43 mV in control to 70.0 ± 2.71 mV in Li+, repeated
measures ANOVA p < 0.05). Ten minutes of Li+ washout in control medium
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however resulted in a significant decrease in peak amplitude from initial control
values (from 74.7 ± 2.4 3 mV in control to 67.9 ± 2.66 mV in washout). This
suggests that peak amplitude may undergo a progressive decrease over the
duration of a whole cell recording.
As can be seen in Figure 3.8 (B), Li+ significantly decreases the amplitude of
the AHP following a spontaneous action potential.

Li+ decreases the after

hyperpolarisation from -7.45 ± 1.07 mV in control to -4.59± 1.06 mV in Li+
(repeated measures ANOVA, p < 0.05). Recordings made following Li+ washout
in control medium were not significantly different from control values (-7.00 ± 1.13
mV), indicating recovery following Li+ exposure.

3.4.1

Rise and Decay of the Action Potential

The depolarisation phase of the action potential is mediated by Ca2+ and
Na+ influx through voltage dependent ion channels, and the repolarisation phase
by increased K+ conductance through a variety of K+ channels (Section 2.4). I
therefore analysed the effect of Li+ on the rise and decay of the action potential to
determine whether Li+ was acting on an inward or an outward current (or both).
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Figure 3.9

Action

potential

rise,

decay and width

Effect of Li+ on the average action potential
half width and average rise and decay
times between 10% and 90% of peak action
potential amplitude. * = p < 0.05 repeated
measures ANOVA n = 6.

The average time for the action potential to rise between 10% and 90% of
the peak amplitude was not significantly changed (p < 0.05 repeated measures
ANOVA) in the presence of Li+ (from 0.67 ± 0.2 ms in control to 0.89 ± 0.3 ms in
Li+), or following 10 minutes of Li+ washout (0.83 ± 0.2 ms).
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The time to decay between 90% and 10% of the peak amplitude was
significantly increased in the presence of Li+ (from 0.66 ± 0.4 ms in control to 0.76 ±
0.06 ms in Li+ n = 6). Although washout (0.71 ± 0.04 ms) was not significantly
different from Li+, it had moved back towards and was not significantly different
from control values. This suggests that the increase in decay time in the presence
of Li+ cannot simply be attributed to changes in membrane properties as a result of
time. Although an increase action potential repolarisation time would normally
lead to a decrease in firing frequency, it must be remembered that Li+ has a
multiplicity of effects on the action potential. Despite an increased decay time, Li+
causes increased action potential frequency most likely as a result of the marked
reduction in AHP amplitude as shown in Figure 3.8B.
Action potential half width was significantly increased in Li+ (from 0.71 ±
0.03 ms in control to 0.81 ± 0.02 ms in Li+, p < 0.05). Again, although washout (0.80
± 0.03 ms) was not significantly different from Li+, it was also not significantly
different from control. The increase in half width in Li+ (Figure 3.9 C) can be
attributed to a slowed repolarisation phase (Figure 3.9 B).
As has been outlined in Section 2.11, the software used to calculate the rise
and decay times of average action potentials (pClamp 9.2) could only measure
between points which had been recorded by the acquisition software at a sampling
rate of 10 kHz. This meant that there was an error due to measurement points
simply being the closest sample points to the desired voltage (10 or 90% of peak
voltage). Therefore the slope (not the time) between 10% and 90% of peak is a
more precise measurement of action potential rise and decay, as it will not be
affected by small deviations in sampling points between conditions (see Section
2.11).
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Figure 3.10

Action potential rise and decay slope 10-90% of peak

Li has no effect on the rise slope measured between 10% and 90% of action potential peak
amplitude, but does decrease the decay slope.
* = p < 0.05, repeated measures ANOVA, n = 6.

As can be seen in Figure 3.10, rise slope is not significantly altered from
control (128.3 ± 34.8 mV/ms) during Li+ exposure (99.5 ± 29.1 mV/ms) or
following ten minutes of Li+ washout in control medium (95.0 ± 28.9 mV/ms).
Decay slope shows a significant decrease from control values in Li+ (from -91.5 ±
3.85 mV/ms in control to -75.2 ± 1.76 mV/ms in Li+), and shows partial recovery
upon Li+ washout in control medium (-78.0 ± 3.39 mV/ms).
Comparisons between Figures 3.9 and 3.10, show the rise slope from 10% to
90% of peak amplitude (Figure 3.10 A) undergoing a stepwise decrease, a pattern
which is not seen in the time taken to rise between 10% and 90% of the peak
amplitude (Figure 3.9 A). Theoretically, the changes in time and slope should be
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of a similar magnitude if measured between the same points, this is not the case
for the reasons mentioned above (and see Section 2.11 for a more thorough
explanation).
The measurements to characterise the rise and decay of the action potential
shown in Figures 3.9 and 3.10, are based upon the peak amplitude, and, as we
have seen in Figure 3.8 (A), peak amplitude decreases between conditions.
Changes in the time to rise and decay between 10% and 90% of peak amplitude
could therefore be confounded by changes in peak amplitude upon which the
measurement is based. To address this concern, the time and slope of the rise and
decay of the action potential were measured between set voltages.

Figure 3.11

Action potential rise between 20 mV and 30 mV

The effect of Li+ on action potential rise time and slope between 20-35 mV positive to
resting membrane potential. Li+ does not significantly change the rise time or the rise
slope between 20 and 35 mV (positive to resting membrane potential). Although the rise
time following Li+ washout is unchanged, the rise slope is significantly decreased from
control. * = p < 0.05, repeated measures ANOVA, n = 6.
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The average time for the action potential to rise from +20 mV to +35 mV
(positive to resting Vm) was measured. The range of measurement was smaller
than for the decay of the action potential (Figure 3.12) to ensure a steep consistent
aspect of the action potential was measured, and to avoid action potential
threshold. The time for the action potential to rise between +20 mV and +35 mV
was not significantly altered by Li+ (from 0.19 ± 0.02 ms in control to 0.22 ± 0.03 ms
in Li+) or following 10 minutes of Li+ washout in control medium (0.24 ± 0.03 ms).
The rise slope, although not significantly altered in Li+ (203.3 ± 18.s mV/ms in
control to 172.2 ± 16.5 mV/ms in Li+) was significantly altered from control
following 10 minutes of Li+ washout in control medium (161.3 ± 14.5 mV/ms).

Figure 3.12

Action potential decay between 50 mV and 15 mV

The effect of Li+ on the action potential decay time and slope between 50 mV and 15 mV
positive to resting Vm. Li+ significantly increases action potential decay time and slope.
Washout values return towards and are not significantly different, from control.
* = p < 0.05, repeated measures ANOVA, n = 6.
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The time for the action potential to decay from +50 mV to +15 mV was
significantly increased in Li+ (from 0.43 ± 0.02 ms in control to 0.51 ± 0.01 ms in
Li+). Following 10 minutes of washout in control medium, decay time (0.49 ± 0.02)
was not significantly different from control. This suggests there is a reversible
effect of Li+ on decay time.
The decay slope, (the preferred measurement over decay time as it is not
effected by slight variability in cursor placements), was significantly decreased in
Li+ (from -95.0 ± 4.3 mV/ms in control to -81.3 ± 2.5 mV/ms in Li+, p < 0.05
repeated measures ANOVA) and returned towards control values following 10
minutes Li+ washout (-83.5 ± 3.6 mV/ms). Washout slope was not significantly
different from control slope, again suggesting a partially reversible effect of Li+ on
action potential decay.
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When investigating the effect of Li+ on spontaneous action potentials, a
primary interest was whether Li+ had direct effects on action potential shape or
indirect effects, secondary to the membrane depolarisation that occurs in Li+
(Figures 3.5 and 3.6).

Current was therefore injected into the cell during Li+

exposure, to maintain the resting membrane potential at constant values. Figure
3.13 shows the average membrane potential from which spontaneous action
potentials were initiated in each of the three conditions. As can be seen in Figure
3.13 there were small deviations in membrane potential between conditions. This
was due to both experimental error, and the bistable nature of mitral cells.

Figure 3.13

Membrane potential from which spontaneous action potentials occurred

Average membrane potential calculated as the average potential at which the membrane
spends 50% of its time, for each of the three experimental conditions (see Section 2.9.4).
There is a stepwise decrease in membrane potential which could not be controlled,
however this was not significant (repeated measures ANOVA p < 0.05).
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Although there were no significant changes in membrane potential between
control, Li+ and washout conditions (repeated measures ANOVA, 0.05 level of
significance), the average membrane potential from which spontaneous action
potentials are generated decreases by ~1 mV in Li+, (from -43.84 ± 1.4 mV in
control to -42.95 ± 1.22 mV in Li+) and then again to -41.73 ± 1.92 mV in washout.
Although these are not significant decreases, it was important to ensure that the
changes in action potential waveform in the presence of Li+ were robust. In order
to have more control over the resting membrane potential, it was decided to
hyperpolarise the cell to at least 15 mV negative to rest and to stimulate individual
action potentials using intracellular current pulses. A hyperpolarised membrane
potential is more stable and can be more accurately maintained between different
experimental conditions. The results of these experiments are shown in Chapter 4.

3.5

Current Injection to Investigate Firing Properties
I next investigated the effect of Li+ on neuronal activity in response to

prolonged, depolarising current injection.

Current clamp step protocols are

routinely used to characterise the firing and electrical properties of a neuronal
membrane. Such protocols can indicate whether or not a cell under goes spike
frequency adaptation in response to a depolarising current injection, and can
indicate the presence of specific ion channels. Figure 3.14 shows the effect of Li+
on the basic firing properties of a mitral cell in response to a depolarising current
injection.
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Figure 3.14

Effect of Li+ on responses to depolarising current injection

Li+ decreases the time to the first action potential from current step onset. This effect is
reversible. This data also suggests that Li+ inhibits spike frequency adaptation.
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3.5.1

Rise to First Action Potential

The most striking effect of Li+ is a marked decrease in the time to the first
action potential following current injection. A number of membrane conductances
contribute to the rate of rise to the first action potential following current injection.
Most well characterised is the transient K+ conductance (IA) (Connor & Stevens,
1971) and the persistent Na+ conductance (INap) (Kuo et al., 2006). Figure 3.15
shows the response to a depolarising step at an expanded time scale.

Figure 3.15

Effect of Li+ on the rise to first action potential following depolarising
current injection

Li+ exposure results in a steeper rise to the first action potential following a depolarising
current injection.
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As can be seen in Figure 3.15, under control conditions, the rise to the first
action potential is slower and less steep compared to during exposure to Li+.
Figure 3.16 quantifies the effect of Li+ on the time from current step onset to the
peak of the first action potential, and the threshold of the first action potential,
averaged for 9 cells.

Figure 3.16

Quantification of the time to first action potential from current step
onset and action potential threshold

A) The time to the first action potential from current step onset. Li+ causes a significant
decrease in the time to the first action potential in response to a prolonged depolarising
current pulse. This effect of Li+ is reversible.
B) Ten minutes exposure to 10 mM Li+ causes action potential threshold to shift to more
hyperpolarised voltages. This is reversible following Li+ washout in control medium.
(Dark grey bars n = 9, light grey bars n = 7. * = p < 0.05 repeated measures ANOVA).
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As can be seen in Figure 3.16, Li+ causes a significant decrease in the time to
the first action potential following a depolarising current pulse (from 126 ± 21.16
ms in control to 67.72 ± 14.36 ms following ten minutes exposure to 10 mM Li+ (p <
0.05 repeated measures ANOVA n = 9). This effect of Li+ was reversible following
10 minutes in control medium (156.92 ± 21.16 ms). Statistics were not carried out
on washout recordings as washout recordings were not obtained for all cells (7 out
of 9 cells).

3.5.2

Action Potential Threshold

From Figure 3.15 it is apparent that Li+ shifts action potential threshold to
more hyperpolarised potentials. Action potential threshold is the point at which
the activation of voltage gated Na+ channels becomes self regenerating. From
resting membrane potential, small depolarisations open voltage gated Na+
channels.

The resulting Na+ influx causes further membrane depolarisation,

opening more Na+ channels and depolarising the membrane potential towards
action potential threshold (see (Kandel et al., 2001) for review).

As this is

occurring, outward K+ conductances are providing a hyperpolarising influence,
slowing the rise to action potential threshold.

Action potential threshold

therefore, is the most depolarised value at which inward Na+ flux and outward K+
flux are equal and opposite. At this point, activation of further Na+ channels
becomes self perpetuating and results in the rising phase of the action potential.
Figure 3.16 (B) quantifies the effect of Li+ on action potential threshold for
the first action potential following current injection (see Section 2.9.6). Li+ shifts
action potential threshold to more hyperpolarised potentials (from -32.03 ± 1.21
mV in control to -33.94 ± 1.32 mV following 10 minutes exposure to 10 mM Li+, p <
0.05, repeated measures ANOVA n = 9).

Action potential threshold returns
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towards control values following Li+ washout (washout recordings were not
included in statistics as were not obtained for all cells). This indicates that in the
presence of Li+, Na+ current becomes self perpetuating at more negative potentials,
suggesting that Li+ either causes increased sensitivity of Na+ channels, or that Li+
blocks a K+ conductance which normally prevents Na+ influx from coming self
perpetuating too early.
Figure 3.15 also shows a progressive decrease in action potential peak
amplitude in Li+. Although the first action potentials in control and Li+ conditions
are of similar amplitude, subsequent action potentials in Li+ are markedly reduced
in amplitude. This most likely reflects the Li+ induced decrease in the amplitude
of the AHP (Figure 3.7 and 3.8 B).

Because Li+ decreases amplitude of the

membrane hyperpolarisation between action potentials, a greater proportion of
Na+ channels will remain inactive and be unavailable to contribute to membrane
depolarisation (Hille, 2001), resulting in decreased action potential amplitude.
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3.5.3

Spike Frequency Adaptation

Spike frequency adaptation is seen when a cell responds to a prolonged
depolarising current injection, first at a high frequency, then as the input
progresses, with a gradually decreasing frequency (Engel et al., 1999).

Spike

frequency adaptation is observed in most sensory systems including the olfactory
bulb (Engel et al., 1999).

Figure 3.17

Inter-event interval measurements, spike frequency adaptation

Scatter graph plotting the inter-event interval (in ms), against the number of the interval
(i.e interval number 1 = the time elapsed between the first and second action potentials
etc). Thick lines are linear fits (see Table 3.1 for values) and the thin lines to either side are
the 95% confidence intervals for these fits. (n = 8).
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Figure 3.17 plots the inter-event intervals in the order in which they occur
throughout the spike train (1st interval between action potentials 1 and 2, 2nd
interval between action potentials 2 and 3 etc). The intervals obtained from 8 cells
were plotted for control, Li+ and washout conditions and linear fits made through
the combined data (values describing the fit are shown in Table 3.1). Ninety five
percent confidence intervals were also plotted. As can be seen in Figure 3.17, the
95% confidence intervals for the Li+ fit do not overlap with control and washout
confidence intervals, indicating that the slope of the linear fit for Li+ (0.16 ± 0.01
ms/interval) is significantly different from control (0.42 ± 0.02 ms/interval) and
washout (0.48 ± 0.03 ms/interval).

Assessing for overlap in 95% confidence

intervals as a means of determining significant differences between groups of data
is a very conservative approach (Payton et al., 2003), with the only danger being
false negatives.
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Ion

Control

Lithium

Washout

Average (ms)

35.08652

26.16266

40.86816

Standard Error (ms)

0.70359

0.44133

1.05656

Maximum (ms)

83.3535

80.6007

100.613

Minimum (ms)

13.91409

11.01069

15.916

Range (ms)

69.43941

69.59001

84.69698

Sample Size

355

489

232

Y-Intercept (ms)

22.31618

18.97785

25.98983

Standard Error of Y-intercept

0.83926

0.59702

1.21543

Slope (ms/interval)

0.42207

0.16392

0.48169

Standard Error of Slope

0.02235

0.0108

0.03117

Correlation Coefficient

0.70888

0.56679

0.71368

P value

<0.0001

<0.0001

<0.0001

Table 3.1

Inter-spike interval linear fit description

Table describing the scatter plot in Figure 3.17. The first 6 rows describe the scatter plot values and
the last 6 rows describe the linear fits, n = 8.
The first 6 values describe the scatter points. There are a greater number of scatter points in Li+
(489) than in control (355) and washout (232) conditions as there are a greater number of action
potentials, hence a greater number of intervals during exposure to Li+.
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The values shown in Table 3.1 are consistent with decreased spike
frequency adaptation in Li+. The correlation coefficient (Table 3.1) describes the
relationship between the x and y axes. For these data, a correlation coefficient of 1
would indicate that as the current injection progresses, the duration of inter-spike
intervals increases (i.e. spike frequency adaptation occurs).

A correlation

coefficient of zero would indicate that there is no change in the duration of interspike intervals over the duration of the current injection (i.e. that no spike
frequency adaptation occurs). The fitted lines have a correlation coefficient of 0.71
for control, 0.57 for Li+ and 0.71 for washout. Although all of these correlation
coefficients have a very low probability of being zero (p < 0.0001), the relationship
between the x and y axis is weaker during Li+ exposure, consistent with a decrease
in spike frequency adaption.
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3.6

Summary
The results presented in this Chapter indicate that Li+ increases action

potential frequency in mitral cells (consistent with previous extracellular
recordings), accompanied by depolarisation of the resting membrane potential.
The effect of Li+ on action potential frequency was more pronounced in cells
recorded from using an extracellular configuration rather than a whole cell patch
clamp configuration. This most likely reflects dilution of the intracellular medium
in cells recorded from using whole cell methods. The results presented here also
indicate that Li+ acts preferentially on action potential repolarisation and the AHP,
suggesting inhibition of an outward K+ current.
Experiments in this section also used prolonged, depolarising current
injections to investigate the firing properties of mitral cells in the presence of Li+.
These experiments indicated that Li+ decreases the time to rise to the first action
potential following current injection, and decreases spike frequency adaptation.
Both these effects of Li+ are consistent with decreased outward K+ current.
The effects of Li+ presented in this section are reversible within 10 minutes
of return to control medium. Interestingly, action potential frequency following
Li+ washout was associated with a decrease from control values (i.e. action
potential frequency undershoots control frequencies upon Li+ washout).

This

phenomenon was not investigated further in these experiments, but, it is
interesting to note that although action potential frequency did not significantly
increase following exposure to 2 mM Li+, frequency was significantly decreased
from Li+ values following washout (Figure 3.3).

If Li+ acts to decrease a

component of outward membrane current, this could result in compensatory upregulation of K+ channels. Such a compensatory mechanism may be sufficient to
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prevent significant changes in cell excitability in response to low concentrations of
Li+, but may be sluggish to turn off following Li+ washout, resulting in membrane
hyperpolarisation and decreased excitability.

It is unclear from the results

presented here, however, whether or not membrane hyperpolarisation occurs
following Li+ washout (Figure 3.6). In order to investigate this further, extensive
control experiments would be required to characterise changes in membrane
excitability over time.
The quick recovery from Li+ exposure may also be informative in terms of
the mechanism by which Li+ decreases outward current.

For example, it is

unlikely that Li+ is binding to specific sites on ion channels, as this is often
irreversible (e.g. apamin block of SK channels (Stocker et al., 1999). The quick
washout of Li+ is consistent with an action based on the time dependent
distribution of Li+ in nanodomains located at the intracellular side of Na+
channels, as will be developed in coming sections.
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Chapter 4
Effect of Li+ on Evoked Action Potentials
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4.1

Introduction
Exposure to Li+ depolarises mitral cells and increases their spontaneous

activity (Figures 3.1-3.6). The effect of Li+ on individual action potentials is more
pronounced in the repolarisation phase, with a significant decrease in
repolarisation slope and a marked decrease in AHP amplitude (Figures 3.8-3.12).
Action potential parameters, however, can be influenced by the resting membrane
potential, which depolarises with Li+ exposure (Figure 3.5 and 3.6). Attempts
were made to keep membrane potential constant between conditions through
current injection, but spontaneous fluctuations in membrane potential were hard
to control for (Figure 3.13).

In these next experiments, mitral cells were

hyperpolarised relative to resting membrane potential to quench spontaneous
activity. Small current pulses were then passed to stimulate individual action
potentials and allow investigation of action potential parameters in a more
controlled manner.
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4.2

Methods
Protocols used in Chapter 4 (as described in Section 2.9.6 and 2.10.1).

Figure 4.1

Protocol to investigate the after-potentials following a single action

potential

Cells were held 15 mV negative to rest and small current pulses passed to stimulate action
potentials. In some experiments the ability of the cell to fire a second action potential at an
interval of 10 ms was also investigated.

Figure 4.2

Action potential-like voltage command

Voltage clamp protocol to look at current flow immediately following a single action
potential. Cells were held 20 mV negative to rest (~-65 mV) and stepped 70 mV (to ~ +5
mV) for 2 ms.

105
In the experiments presented in this Chapter, changes in membrane
properties over a 60 minute recording period in control medium were
investigated. Figure 4.3 shows the protocol used to measure changes in
membrane properties over time.

Figure 4.3

Protocol to investigate changes in membrane properties over time

A) In initial experiments slices were exposed to synaptic blockers (SB) at 3 minutes post breakthrough and recordings made from 10 minutes post break-through onwards.

Action

potentials stimulated at 10 minutes post break-through were relatively hyperpolarised but
it was unclear whether this was due to the time from membrane break-through or the time
in synaptic blockers (~3 minutes).
B) To address this, a second set of control experiments were carried out in which slices were
exposed to synaptic blockers (SB) at 13 minutes post break-through and recordings made
from 20 minutes.
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4.3

Evoked Action Potentials
Cells were held 15 mV negative to resting membrane potential (in current

clamp mode) and single action potentials evoked by brief current injections
(current steps just above rheobase for 0.05 ms, Figure 4.1). This protocol resulted
in a stimulus artefact which obscured the initial ~ 30 - 50% of the depolarisation
phase of the action potential. The repolarisation phase of the action potential was
unaffected by the stimulus artifact. The repolarisation phase was initially rapid,
slowing at 5-15 mV positive to the holding potential. The subsequent slow decay
towards resting membrane potential took between 5 and 20 ms, and is termed an
after-depolarisation.

The membrane potential then underwent a slow

hyperpolarisation of between 4 and 8 mV in absolute amplitude and which lasted
upwards of 25 ms. This form of action potential has been seen in many other
preparations in which this stimulus protocol has been used e.g. (Connors et al.,
1982; Liu & Leung, 2004).

4.4

Changes in Membrane Properties over Time
To start with, experiments were carried out to investigate the stability of

evoked action potential properties over time in whole cell recordings. Action
potentials were evoked at 10 minute intervals for one hour following acquisition
of a whole cell recording, as outlined in Figure 4.3 (A). Immediately following
break-through, the medium was switched to control aCSF (synaptic blockers). The
approximately 3 minute wash-in time for the medium to replace that in the bath
was not controlled for.
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Figure 4.4 Control experiments, changes in membrane properties over time
From 20 minutes post break-through, evoked action potential remain stable. This is illustrated
by superimposing action potentials generated at different intervals post break-through.
A) Initial experiments show that action potentials evoked at 10 minutes post break-through
(BT) (7 minutes in synaptic blockers, SB) differ from those evoked at 60 minutes (A1), but
action potentials evoked at 20 minutes do not(A2). This is seen as a sharp increase in the
membrane potential measured 10 ms from action potential peak between 10 and 20
minutes (A3).
B) Action potentials evoked at 20 minutes post BT (7 minutes in SB) do not differ from action
potentials evoked at 60 minutes (B1), nor do action potentials evoked at 30 minutes (B2).
There is less of a jump between 20 and 30 minutes when the average membrane potential
10 ms from action potential peak is averaged over 3 cells. NB: In A3 and B3 the first line of
numbers indicate the time from BT and the second line of numbers the time in SB.

108
As can be seen in Figure 4.4 (A1 and 3), after-potentials at 10 minutes post
break-through were increased in amplitude relative to those evoked at later time
points (Figure 4.4 A2 and 3). In order to quantify changes in after-potentials, the
membrane potential 10 ms from action potential peak was measured and averaged
over 3 cells. Although there are no significant differences (repeated measures
ANOVA, n = 3), there is a trend for values to be more negative at 10 minutes, than
those recorded from 20 minutes and over.

The relative hyperpolarisation of after-potentials evoked at 10 minutes
compared to those evoked from 20 minutes onwards (Figure 4.4 A) could be
attributable to one of two things.

1) The time from break-through. At 10 minutes post break-through the cell
cytoplasm may not have reached equilibrium with the pipette filling
solution.
2) The amount of time the slice is exposed to synaptic blockers. In order to
conserve solutions, slices were not exposed to synaptic blockers until
obtaining a whole cell recording. This meant that at 10 minutes post breakthrough the cell had been exposed to synaptic blockers for approximately 7
minutes.
To investigate these possibilities I carried out additional control
experiments in which slices were not exposed to synaptic blockers until ~13
minutes post break-through (Figure 4.4B). This meant that for recordings made at
20 minutes post break-through slices had only been exposed to synaptic blockers
for ~7 minutes. If after-potentials recorded at 20 minutes post break-through did
not differ from recordings made at later time points, it would suggest that the
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changes in after-potential amplitude shown in Figure 4.4 (A) were due to the
duration of whole cell recording and not the duration of exposure to synaptic
blockers.

Figure 4.4 indicates that recordings made 20 minutes post break-through
but following only 7 minutes exposure to synaptic blockers superimpose exactly
on recordings made at later time points.

This suggests that the relative

hyperpolarisation observed after 10 minutes in Figure 4.4 (A) is due to the time at
which the recording was made following break-through, and not the duration of
exposure to synaptic blockade. These results highlight the importance of making
control recordings at least 20 minutes after establishing whole cell recording, when
membrane properties have stabilised.

Having established that action potentials evoked between 20 and 60
minutes post break-through undergo minimal changes as a result of time, I next
investigated the effect of Li+ on the waveform of evoked action potentials. In the
following experiments, control and Li+ recordings were made close to 20 and 30
minutes post break-through respectively. I could therefore compare the changes
occurring over time, with the changes occurring in response to Li+ exposure.
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4.5

Effect of Li+ on Evoked Action Potentials
Exposure to Li+ caused a marked reduction in the absolute amplitude of

the AHP, often reversing it to a depolarising after-potential (Figure 4.5).

Figure 4.5

Effect of Li+ on evoked action potentials

The effect of Li+ on the waveform of an action potential evoked from -60 mV (control and
Li+ are each an average of 20 trials for each condition). Li+ (10 mM for 10 minutes, black)
converts the AHP in control (grey) to an after-depolarisation. Insert shows the same data
on an expanded time base to allow comparison of decay slopes. The action potentials
shown are each an average of 20 evoked action potentials.

The control experiments shown in Figure 4.5 indicate that the profound
effect of Li+ on after-potentials in mitral cells cannot be attributed to changes in
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membrane properties over time. Figure 4.6 shows that the membrane potential
10 ms from action potential peak does not change over time whereas the change
in Li+ is pronounced.

Figure 4.6

Effect of Li+ on after-potentials

Average change in membrane potential measured 10 ms from action potential peak. Li+
reverses the after-potential from a hyperpolarised potential in control to a depolarised
potential in Li+ (black). Grey bars indicate that there is no significant change in afterpotentials over time.
* = p < 0.05 paired t-test. Time n = 6, Li+ n = 6

As can be seen in Figure 4.6, 10 mM Li+ causes a significant depolarisation
in the average membrane potential measured 10 ms from action potential peak
(from -3.87 ± 0.66 mV in control to 0.6 ± 0.59 mV in Li+). In control experiments
where changes in membrane potential 10 ms from peak were recorded over time,
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there was no significant change between 20 minutes (-4.74 ± 0.73 mV) and 30
minutes (-4.27 ± 0.53 mV), the time points at which control and Li+ recordings
were usually made.

4.5.1

Refractory Period

Another approach for quantifying the effect of Li+ on after-potentials is to
look at the ability of the cell to fire a second action potential. Following an action
potential, cells enter a refractory period in which a second action potential cannot
be initiated, or requires increased input.

The refractory period is due to a

combination of Na+ channel inactivation and K+ channel activation/delayed
inactivation (Hodgkin & Huxley, 1952b).
When current pulses are passed at a 10 ms interval, the second pulse fails
to evoke an action potential under control conditions (Figure 4.7 A). Following
10 minutes exposure to Li+, however, the second pulse is successful in evoking a
second action potential (Figure 4.7 B).
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Figure 4.7

Effect of Li+ on relative refractory period

Raw data showing the ability of the cell to generate a second action potential at an
interval of 10 ms. Under control conditions a second stimulus 10 ms following the first,
fails to activate an action potential. In the presence of Li+, the after-potential depolarises
to such an extent that a second action can be initiated at an interval of 10 ms.

The number of successfully evoked action potentials for each condition
was calculated as a fraction of the total number of stimulations, and plotted. As
can be seen in Figure 4.8, the number of successfully evoked action potentials at a
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10 ms interval increased by 76.5 ± 12.1% from 17.11 ± 12.3% in control to 93.66 ±
5.11% following 10 minutes exposure to 10 mM Li+. In contrast, experiments
investigating the change in success rate over time show that over a ten minute
period, the success rate changed by only 6.33 ± 10.17% over a 10 minute period
(from 0% at 20 minutes to 6.33 ± 10.17% at 30 minutes).

Figure 4.8

Generation of a second action potential at an interval of 10 ms

Bars express the mean percentage difference in successful generation of a second action
potential. Li+ causes a significant (76.5 ± 12.1%) increase in successful generation of a
second action potential (right bar). In the absence of Li+ the ability of the cell to fire a
second action potential only altered by 6.33 ± 10.17% over ten minutes and was not
significant (left bar). * = p < 0.05 repeated measures ANOVA.
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The control experiments carried out in this section provide evidence that
by 20 minutes after break-through, membrane properties have stabilised. This
likely reflects the time it takes for exchange of the pipette filling solution with the
cell cytoplasm.
These experiments have also provided evidence that between 20 and 60
minutes after break-through, cell membrane properties remain stable indicating
this time-frame is appropriate to investigate the effects of Li+ on neuronal
membrane properties. The results have made it clear that the pronounced effect
of Li+ on after-potentials of evoked action potentials was a direct effect of Li+ and
not due to changes in membrane properties over time.

116

4.5.2

Rise and Decay Slope

As has been outlined in Section 2.4, analysing the influence of Li+ on the
rise and decay phases of the action potential can provide important insight into
the membrane conductances affected by Li+.
As can be seen in Figure 4.9, Li+ causes a significant decrease in the decay
slope (between 90 and 10% of action potential peak) from -70.7 ± 5.19 mV/ms in
control to -56.6 ± 7.06 mV/ms in Li+. Li+ also causes a significant decrease in the
rise slope from 338.18 ± 21.92 mV/ms in control to 279.81 ± 16.16 mV/ms in Li+.

Figure 4.9

Effect of Li+ on the rise and decay slope of evoked action potentials

A) Rise slope was measured between -25 mV and +25 mV to ensure that the stimulus artifact
did not interfere with measurements.

Li+ decreases the rise slope of evoked action

potentials.
B) Li+ decreased the average decay slope between 90 and 10% of action potential peak.
* = p < 0.05, paired t-test (rise slope n = 5, decay slope n = 6).
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The change in the rise slope (between -25 mV and +25 mV) and decay
slope (90% - 10% of peak amplitude) over time in control medium (synaptic
blockade) was also measured. There were no significant changes in the rise or
decay slope over time, indicating that the effect of Li+ on these parameters cannot
be explained by artefactual changes in membrane properties over time (the rise
slope of one cell could not be measured as -25 mV was obscured by the stimulus
artifact).

4.5.3

Action Potential Peak

The effect of Li+ on action potential peak amplitude was also measured.
The peak amplitude of an action potential occurs near the reversal potential for
Na+ (~+35 mV) and marks the point where Na+ influx ceases to generate the
dominant current and K+ efflux takes over.
Figure 4.10 shows the action potential peak amplitude at 30 minutes
standardised to 20 minutes with and without Li+.
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Figure 4.10

Peak amplitude of evoked

action potentials

Li+ decreases the peak amplitude of action
potentials

evoked

from

hyperpolarised

potentials. Recordings made at 30 minutes
and following Li+ exposure are normalised to
20

minutes

and

control

recordings

respectively. Time n = 6 cells, Li+ n = 6 cells,
20 action potentials averaged for each
condition * = p < 0.05 paired t-test.

As can be seen in Figure 4.10, Li+ decreased the action potential peak
amplitude (n = 6 paired t-test p < 0.05). Peak amplitude decreased from an
absolute value of 96.26 mV ± 3.72 mV in control to 90.92 mV ± 3.18 mV in Li+ (a
decrease of 5.44 ± 1.27%). Over a 10 minute control period, there was no change
in the peak amplitude (from 97.28 ± 2.57 at 20 minutes to 98.12 ± 2.43 at 30
minutes, an increase of 0.90 ± 0.81%). These results are in contrast to the results
presented in Chapter 3, in which there is no significant change in the action
potential peak amplitude of spontaneously generated action potentials. It can be
concluded that the slight variation in the potential from which the spontaneous
action potentials were generated (Figure 3.13) may have confounded changes in
the peak amplitude of spontaneously generated action potentials in Li+.

A

decrease in action potential peak amplitude as shown with evoked action
potentials, is consistent with experiments indicating that Li+ is not quite as
permeant as Na+ through the voltage gated Na+ channel, and therefore when
external Na+ is replaced with Li+, inward currents are slightly reduced (Hille,
1972).
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4.6

Ca2+ Activated K+ Channels
In many neurons, Ca2+ and Na+ activated K+ channels contribute to the

AHP following action potentials (Sah, 1996; Franceschetti et al., 2003).
To investigate the possibility that Li+ changes the shape of action potential by
inhibiting Ca2+ activated K+ channels, the effect of Li+ was tested following prior
exposure to 100 µM Cd2+. Cd2+ blocks Ca2+ influx through voltage dependent
channels allowing this manipulation to address two questions.
1) What effect does Ca2+ channel blockade have on after-potentials? Is the
effect similar to that of Li+?
2) Does Li+ continue to affect after-potentials and action potential decay
slope in the presence of Cd2+?
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4.6.1

Block of Ca2+ Channels with Cadmium

Figure 4.11

Effect of Cd2+ on after-potentials

Ca2+ channel blockade with 100 µM Cd2+ (black) causes a hyperpolarising shift in the
after-potential following a single action potential.

As can be seen in Figure 4.11, Cd2+ (100 µM) causes a hyperpolarising shift
in the after-potential following an evoked action potential, an effect opposite to
that of Li+. This is consistent with blockade of an inward (Ca2+) current in the
presence of Cd2+. A decrease in outward current due to decreased activation of
Ca2+ activated K+ channel may contribute to the altered waveform in Cd2+, but is
overshadowed by the loss of inward Ca2+ current.
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I next investigated the effect of prior Cd2+ exposure on the action of Li+.
As can be seen in Figure 4.12, Li+ continues to cause a depolarising shift in the
after-potential in the presence of Cd2+.

Figure 4.12

Effect of Li+ on evoked action potentials in the presence of Cd2+

Evoked action potentials showing the effect of Li+ (black) on after-potentials in the
presence of Cd2+ (purple). Li+ causes a significant depolarisation of the after-potential in
the presence of Cd2+. This is partially reversible following Li+ washout (orange).

In the presence of Cd2+, Li+ continues to significantly alter the action
potential waveform (Figure 4.12). This indicates that the action of Li+ on action
potential shape is not mediated through alterations in Ca2+ influx, or an influence
on the activation of Ca2+ dependent mechanisms such as Ca2+ activated K+
channels.
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The effect of Cd2+ and the additional affect of Li+ on after-potentials are
quantified in Figure 4.13. Again, the membrane potential 10 ms from action
potential peak is averaged over 6 cells (20 action potentials for each condition)
for control, Cd2+, and Li+ recordings, and 3 cells for Li+ washout in Cd2+ solution.

Figure 4.13

Quantification of the effect of Li+ on after-potentials in the presence of
Cd2+

Cd2+ (100 µM) does not abolish the effect of Li+ on after-potentials. Bars indicate the
average membrane potential 10 ms from action potential peak for each condition. Dark
grey bars are an average of 6 cells, and the light grey bar an average of 3 cells for which
Li+ washout recordings in Cd2+ medium were obtained. Dark grey n = 6, light grey n = 3
* = p < 0.05 repeated measures ANOVA.
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Li+ depolarised the after-potential in the presence of Cd2+. The magnitude
of this shift is similar to that seen in the absence of Cd2+ (Figure 4.6). In the
absence of Cd2+, Li+ caused a 4.50 ± 1.69 mV depolarising shift in the afterpotential amplitude from -3.87 ± 0.66 mV in control to 0.62 ± 0.59 mV in Li+. In
the presence of Cd2+, Li+ causes a 3.54 ± 1.79 mV shift in the after-potential
amplitude from -10.28 ± 0.87 mV in Cd2+ to -6.73 mV in Li+ (+ Cd2+).
The effect of Li+ on after-potentials in the absence of Cd2+ (Figures 4.5 and
4.6) was not significantly different from the effect of Li+ on after-potentials in the
presence of Cd2+, Figures 4.12 and 4.13 (paired t-test, p > 0.05).
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The effect of Cd2+ and Li+ on action potential decay slope was also
investigated (Figure 4.14).

Figure 4.14

Quantification of the effect of Li+ on decay slope in the presence of
Cd2+

Cd2+ (100 µM) increases the decay slope measured between 10% and 90% of action
potential peak. Li+ exposure in the presence of Cd2+ has the opposite effect, decreasing
the decay slope. n = 6, * = p < 0.05, repeated measures ANOVA.

As can be seen in Figure 4.14, action potential decay slope is not
significantly altered in Cd2+ (from -67.8 ± 6.91 mV/ms in control to -79.6 ± 7.11
mV/ms in Cd2+). Additional Li+ exposure for 10 minutes caused a significant
decrease in decay slope from -79.6 ± 7.11 mV/ms in Cd2+ to -58.7 ± 7.78 mV/ms
in Li+. Recovery in Cd2+ containing medium was obtained for three cells (-64.2 ±
6.44 mV/ms).
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4.6.2

Buffering Intracellular Ca2+ with BAPTA-AM

A further way to investigate whether or not Li+ is acting via a Ca2+
dependent mechanism is to buffer intracellular Ca2+ using BAPTA-AM. BAPTAAM traverses the neuronal membrane and chelates intracellular Ca2+ at the inner
membrane (Mooren et al., 2004), preventing increases in intracellular Ca2+ and
activation of Ca2+-dependent mechanisms.
Figure 4.15 shows the effect of Li+ on evoked action potentials during
exposure to BAPTA-AM (see Figure 2.5 for drug exposure protocol).

Figure 4.15

Effect of Li+ on after-potentials in the presence of BAPTA-AM

Chelation of intracellular Ca2+ with BAPTA-AM (light grey) had no effect on afterpotentials compared with control (grey). Li+ continued to depolarise after-potentials
(black) in the presence of BATA-AM.
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Exposure of slices to BAPTA-AM (5 µM) had no effect on the ability of Li+
to depolarise the after-potential following a single action-potential. As can be
seen in Figures 4.15 and 4.16, BAPTA-AM had a far less dramatic effect on afterpotentials, than did Cd2+. This is most likely because, in the presence of BAPTAAM, Ca2+ can freely enter neurons through voltage-dependent Ca2+ channels, but
the Ca2+ is immediately buffered, so cannot carry out any intracellular actions
such as activation of Ca2+ activated K+ channels. Cd2+ in contrast, blocks inward
Ca2+ current, thereby preventing activation of Ca2+ activated K+ channels, and it
is likely this additional loss of a large proportion of inward current in Cd2+ (and
not in BAPTA-AM) accounts for the different effects of these drugs on the action
potential waveform. Additionally, the concentration of BAPTA-AM (5 µM) was
on the low side so may not have been chelating all the intracellular Ca2+. Figures
4.15 and 4.16 show 5 µM BAPTA-AM did not abolish the effect of Li+ on the
after-potential.

127

Figure 4.16

Quantification of the effect of the effect of Li+ on after-

potentials in the presence of BAPTA-AM
BAPTA-AM (5 µM) had no effect on the average membrane potential measured
10 ms from action potential peak.

Li+ continued to cause a significant

depolarisation of the after-potential in the presence of BAPTA-AM, suggesting
Li+ does not act on intracellular Ca2+-dependent mechanisms. n = 4, * = p < 0.05
repeated measures ANOVA.

These experiments investigating the effect of Li+ in the presence of Cd2+
and BAPTA-AM, suggest that Li+ is acting via a mechanism independent of Ca2+.
As has been outlined in the introduction, a possible site of Li+ action is the Na+ activated K+ conductance. Having evidence to suggest that the effect of Li+ is
independent of Ca2+ entry, I began investigation into the possibility that the
effect of Li+ was dependent upon Na+.
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4.7

Na+ Activated K+ Channels, Control Experiments
Up to this point, the osmolarity of solutions had been maintained between

conditions by substituting equal concentrations of Li+ and Na+. This approach
however created the possibility that effects observed in the presence of Li+ were in
fact due to a reduction of Na+.
To investigate the effect that removal of 10 mM external Na+ had on evoked
action potentials, we used 10 mM choline to replace 10 mM Na+, thus keeping the
osmolarity of the solution constant.

Figure 4.17

The effect of Li+ on after-potentials is not due to decreased extracellular
Na+

Evoked action potentials showing that replacement of 10 mM Na+ with 10 mM choline
(grey) has no effect on the after-potentials of evoked action potentials. In the same cell,
replacement of 10 mM Na+ with 10 mM Li+ (black) caused a depolarising shift in the afterpotential, an affect which reversed when the medium was returned to choline containing
medium (orange).
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As can be seen in Figure 4.17, removal of 10 mM Na+ and replacement with
choline has no effect on the after-potential, but replacing 10 mM Na+ with Li+
causes significant depolarisation. Figure 4.18 quantifies the effect of choline and
Li+ on after-potentials averaged for 10 cells (20 action potentials averaged for each
condition).

Figure 4.18

The effects of Li+ and choline replacement of 10 mM external Na+ on
after-potentials

The effect of replacing 10 mM Na+ with 10 mM choline or 10 mM Li+. Li+ decreases afterpotential amplitude from values recorded in choline replaced medium. This is reversible
upon return to choline replaced medium. * = p < 0.05 repeated measures ANOVA, n = 10
for dark grey bars, n = 3 for light grey bar.
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Replacement of 10 mM Na+ with 10 mM choline, caused a 12.91 ± 2.85%
depolarisation in the after-potential measured 10 ms from the action potential
peak (from -8.13 ± 0.7 mV in control to -7.07 ± 0.65 mV in choline, p < 0.05
repeated measures ANOVA). Upon replacing the 10 mM choline with 10 mM Li+,
however, membrane potential 10 ms from peak showed a major (76.49 ±7.71%
change from control) depolarisation in the after-potential to -2.18 ± 0.69 mV in Li+,
(n = 10, p < 0.05). This effect of Li+ was reversed when the medium was returned
to choline-replaced medium (up to -6.38 ± 1.60 mV, n = 3).
This experiment suggests that lowering the extracellular Na+ concentration
by 10 mM has only a small effect on the after-potential of an evoked action
potential and cannot account for the significant depolarisation of the afterpotential which occurs in Li+ (Figures 4.5 and 4.6). That Li+ has a much greater
effect on after-potential amplitude than choline is strong evidence to suggest that
the effect of Li+ on after-potentials is a direct result of the presence of Li+, not
simply a secondary effect of the absence of Na+.
Because Li+ also significantly decreases action potential decay slope I also
looked at the effect of removal of 10 mM Na+ (and replacement with choline) on
decay slope (Figure 4.19).
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Figure 4.19

Action potential decay slope in choline and Li+

The effect of Na+ removal on action potential decay slope. When choline replaces 10 mM
external Na+ there is only a small decrease in decay slope. If Li+ replaces 10 mM external
Na+ there is a large, significant decrease in decay slope from choline values. This effect of
Li+ is reversible. Dark grey bars are an average of 10 cells and the light grey bar is an
average of 3 cells for which washout data were obtained. * = p < 0.05 repeated measures
ANOVA.

Choline decreased the decay slope of the action potential measured
between 10 and 90% of action potential peak (from -82.4 ± 4.90 mV in control to 74.4 ± 4.15mV in choline, p < 0.05). This decrease in slope in the presence of
choline can be viewed as due to one of two mechanisms. Either choline itself has a
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direct effect on a conductance involved in action potential repolarisation, or the
exchange of 10 mM Na+ is itself affecting action potential repolarisation. Either
way, that Li+ has a much greater effect than that of choline suggests that Li+ has an
effect on membrane properties that is independent of Na+ removal.
These experiments have used current clamp stimulus protocols to
investigate the effects of Li+ on action potentials. Li+ causes a significant decrease
in the rate of action potential repolarisation, and a depolarising shift in the
potentials immediately following a single action potential. Both these effects occur
during blockade of Ca2+ entry or chelation of intracellular Ca2+, indicating that Li+
is not acting on a Ca2+-dependent mechanism. Control experiments have also
indicated that this effect of Li+ cannot be attributed to changes in membrane
properties over time.

This effect of Li+ is a direct affect on the mitral cell

membrane, and not simply due to a decreased concentration of extracellular Na+.
In current clamp experiments, the amplifier passively follows the voltage of
the neuronal membrane. Current clamp recordings indicate changes in membrane
potential and excitability and alterations in action potential waveforms, but
investigating the specific conductances underlying these changes requires voltage
clamp recordings. In voltage clamp, the amplifier passes current into or out of the
cell through the recording pipette, in order to keep the membrane potential at the
command voltage. In voltage clamp experiments, the amount of current passed
by the amplifier is equal and opposite to the net current movement across the
membrane at that voltage.
The next set of experiments used voltage clamp experiments to investigate
the membrane currents generated in response to an action potential-like voltage
command, and the effect of Li+ on these currents.
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4.8

Action Potential-like Voltage Commands

To begin investigation of the specific membrane currents affected by Li+, an
action potential-like voltage protocol was constructed (Figure 4.2).

This step

protocol was a 2 ms, 70 mV step, applied from a holding potential 20 mV negative
to rest. Figure 4.20 shows the currents recorded with this protocol.

Voltage

control was initially lost during the depolarising phase of the step and regained
part way through the repolarisation phase, at which point a transient net outward
current was apparent (Figure 4.20 A).
Previous studies using this protocol have suggested the transient net
outward current is at least partly attributable to small conductance (SK) Ca2+
activated K+ channels (Maher & Westbrook, 2005). Therefore I first investigated
the contribution of K+ current through SKCa2+ channels using the specific SKCa2+
channel blocker, apamin.
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Figure 4.20

The effect of Li+ on membrane current generated in response to a brief

voltage step in the presence of apamin
A) Raw current traces, with holding current aligned to zero to highlight changes in peak
current amplitude independent of changes in holding current. B) Li+ but not apamin
increases the current required to hold the cell hyperpolarised (~ -65 mV). C) Li+ but not
apamin increases the time to reach peak current measured from voltage step onset. D)
Both apamin and Li+ decrease the amplitude of the peak current.
* = p < 0.05 repeated measures ANOVA.
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Apamin had no effect on the amount of current required to hold the cell
hyperpolarised (~-65 mV), consistent with suggestions that Ca2+ activated K+
channels are not active until ~-40 mV (Schwindt et al., 1989). Li+ however (in the
presence of apamin) increased holding current to -321.9 ± 86.5 pA, (from -262.7 ±
31.3 pA in control and -289.24 ± 37.1 pA in apamin).

The effect of Li+ was

reversible, with holding current returning towards apamin values following Li+
washout in apamin medium (-260.20 ± 52.78 n = 4).
As can be seen in Figure 4.20, apamin decreased peak outward current from
319.1 ± 49.9 pA in control to 213.3 ± 39.9 pA in apamin. The addition of Li+
resulted in a further decrease in peak outward current, from 213.3 ± 39.9 pA in
apamin to just 70.1 ± 24.0 pA in Li+. Recovery from Li+ exposure was recorded in
apamin medium in 4 cells (202.3 ± 44.5 pA).
Interestingly, the time to peak current was not significantly changed
between control and apamin conditions (6.36 ± 0.33 ms in control to 6.84 ± 0.22 ms
in apamin) but was significantly increased in Li+ (8.76 ± 0.64 ms) from both control
and apamin conditions (p < 0.05, repeated measures ANOVA).
The Li+ induced increase in holding current and decrease in peak outward
current in the presence of apamin indicates that Li+ is not acting through an effect
on SKCa2+ channels.

Additionally, the effect of Li+ on the amount of current

required to hold the cell hyperpolarised, indicates that Li+ acts on a conductance
active at subthreshold potentials.
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4.9

Summary
The results presented in this section indicate that Li+ decreases the decay

slope of an action potential evoked from hyperpolarised potentials, and markedly
reduces the amplitude of the after-potential. Both of these effects are consistent
with blockade of an outward current.

These effects of Li+ continued in the

presence of Ca2+ channel blockade with Cd2+ and chelation of intracellular Ca2+
with BAPTA-AM, suggesting Li+ does not act on Ca2+-dependent mechanisms
such as Ca2+ activated K+ channels.

Additionally, Li+ decreased the peak

amplitude and increased the time to peak amplitude of a transient outward
membrane current generated in response to a depolarising voltage command.
This effect of Li+ continued during SKCa2+ channel blockade with apamin. It is
clear from these experiments that the effect of Li+ is not through alteration of Ca2+dependent mechanisms and Ca2+ activated K+ channels.
The results also indicate that the effects of Li+ on membrane properties
cannot be attributed to a decrease in the extracellular concentration of Na+.
Replacement of 10 mM external Na+ with choline had only a small effect on afterpotentials and action potential decay slope. In the same cells, replacement of 10
mM external Na+ with Li+ caused a marked decrease in decay slope and afterpotential amplitude compared with recordings made in choline.
This Chapter also used an action potential-like voltage step protocol to
investigate the effects of Li+ on membrane currents active during an action
potential. Because mitral cells are large, with a number of dendritic processes, it
was not possible to clamp the voltage for the entire cell, and only the membrane
surrounding the recording pipette could be adequately clamped (Williams &
Mitchell, 2008). With the transient voltage step protocol used in this section,
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voltage clamp was lost at the initial upstroke of the protocol due to an inability of
the voltage clamp to control regenerative Na+ channel activation. Voltage clamp
was regained at the down stroke of the protocol, at which point a transient, net
outward current was apparent. This current was decreased in Li+, and the time to
reach peak current was delayed.

This suggests that Li+ not only decreases

membrane current, but also decreases the temporal development of a proportion
of membrane current generated in response to a depolarising voltage step.
The results presented in Chapters 3 and 4 are consistent with decreased
activation of an outward membrane current in the presence of Li+. The current
affected by Li+ is active at subthreshold potentials, contributes to action potential
repolarisation and after-potentials, and is not carried by Ca2+ or Ca2+ dependent
channels. As shown in this Chapter, these effects of Li+ can be attributed to a
decrease in an outward current.
As has been outlined in Section 1.11, studies replacing external Na+ with Li+
show that although Li+ can substitute for Na+ in action potential generation, Li+ is
unable to substitute for Na+ in the activation of IKNa+ channels (Dryer et al., 1989;
Haimann et al., 1992; Safronov & Vogel, 1996; Bischoff et al., 1998; Franceschetti et
al., 2003; Budelli et al., 2009). Based on complete substitution of external Na+ with
Li+, these studies have concluded that Li+ has no effect on IKNa+ aside from a
failure to activate them. It has been unclear, however, whether the effect of Li+ on
IKNa+ stems simply from a passive inability to activate the channel, or a
suppressive effect on channel activation and/or function. In order to address
these possibilities, studies using lower concentrations of Li+, in the presence of
near to physiological concentrations of Na+ have been required.
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The results in this Chapter indicate that although removal of 10 mM external Na+
(and replacement with choline ) slightly alters the action potential waveform and
after-potential, this effect is minimal compared to the effect of replacing 10 mM
external Na+ with Li+. This indicates that the effect of Li+ is not a passive inability
to activate IKNa+ channels; if this were the case, the effect of replacement of 10 mM
external Na+ with choline should be indistinguishable from the effect of Li+. This
experiment instead raises the distinct possibility that Li+ may directly and
specifically act to decrease IKNa+ activation.
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5.1

Introduction
Experiments in Chapters 3 and 4 show Li+ exerts a direct, major effect on

neuronal membrane properties, consistent with blockade of an outward K+
conductance, possibly carried by IKNa+ channels. The experiments presented in
this Chapter investigate the effect of Li+ on membrane current using a voltage
clamp protocol (Figure 5.1), designed to allow isolation of K+ current through
IKNa+ channels without utilizing TTX. Application of TTX and/or replacement of
external Na+ with Li+ are the two most common methods used to remove K+
current through IKNa+ channels. Because the experiments here are concerned with
the effect of lower concentrations of Li+, entering neurons through voltage gated
Na+ channels, neither of these two approaches for studying IKNa+ channels could
be used.
As discussed in Chapter 3, current through IKNa+ channels is detectable at
subthreshold potentials (Schwindt et al., 1989; Budelli et al., 2009) and decays only
slightly over the duration of a 1000 ms long depolarising voltage step (Budelli et
al., 2009).

Therefore, prolonged depolarising voltage steps to subthreshold

potentials will activate IKNa+ channels without activating Ca2+ activated K+
channels (Schwindt et al., 1989). Additionally, voltage gated IK channels are only
~10% active at subthreshold potentials (Klee et al., 1995), and IA inactivates within
200 ms of membrane depolarisation (Rogawski, 1985). Therefore, K+ current
through IKNa+ channels will be the main outward current contributing to steady
state currents (measured at greater than 200 ms following voltage step onset),
generated with the voltage step protocol used in this section (Figure 5.1).
This Chapter explores the effects of Li+ on membrane currents in mitral
cells, using voltage clamp recordings.

The voltage clamp protocol used

throughout this Chapter is shown in Figure 5.1.
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5.2

Methods

Figure 5.1

Voltage clamp protocol for Chapter 5

The membrane potential was held at -80 mV, and 5 mV, incremental depolarising voltage
steps applied through the recording pipette. Steps had a duration of 750 ms to allow
measurement of transient and steady state responses. Voltage steps ranged between -80
mV and -45 mV. For experiments carried out in the presence of TTX and riluzole steps
ranged from -80 mV to +10 mV.

Figure 5.2

Drug protocol for Chapter 5

Ionotropic glutamate and GABA receptor blockers were included in the medium
throughout all experiments. In experiments where the affect of Li+ was investigated in the
presence of a specific drug, a control recording in blockers was made 20 minutes after
break-through, then a drug recording following 10 minutes drug exposure. Li+ was then
added and a recording taken following 10 minutes Li+ exposure. Li+ was then removed
from the recording medium and washout recordings made (in blockers and the drug of
interest).
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5.3

Effect of Li+ on Membrane Current
Figure 5.3 shows the effect of Li+ on the membrane currents generated in

response to the voltage clamp protocol in Figure 5.1, and the reversibility of this
effect following removal of Li+ from the bathing medium.
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Figure 5.3

Effect of Li+ on membrane currents in response to prolonged voltage
steps

A) Membrane currents generated in glutamate and GABAA receptor blockers consist of a
transient peak at the onset of the voltage step, then a steady state component which
compresses with successive depolarisations.
B) Li+ (10 mM) increases compression of the steady state current (i.e. a decrease in current
increments in response to successive 5 mV voltage steps). There is also a small decrease in
peak transient current in Li+.
C) These effects of Li+ are reversible following 10 minutes Li+ washout.
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The membrane current generated in response to the voltage clamp protocol
in 5.1 consisted of a transient component which peaked ~10 ms after voltage step
onset, and a persistent (steady state) component (see Section 2.10.2).
Li+ decreases the net steady state current, as can be seen by the compression
(progressive decrease in the amount of current separating successive voltage step
responses) of the current traces ~200 ms from voltage onset (Figure 5.3). This
effect of Li+ was reversible following 10 minutes Li+ washout in control medium.
Li+ exposure also decreased peak transient current, but it is not apparent whether
or not this is reversible (but see Figure 5.7 for peak current values averaged over a
number of cells).
The differences in the current traces presented in Figure 5.3 are more
apparent when current traces are subtracted to reveal the Li+-sensitive current.
Figure 5.4 shows the Li+-sensitive current, obtained by subtracting membrane
currents recorded in Li+ from membrane currents recorded at the same voltages
under control conditions (in Figure 5.3).
To investigate the ability of the cell to return to control state following Li+
washout, membrane currents generated in washout were also subtracted from
control currents (Figure 5.3). If the effect of Li+ were reversible, one would expect
a straight line at zero current when membrane currents in washout are subtracted
from membrane currents in control. As can be seen in Figure 5.4, the membrane
current obtained by subtracting membrane currents generated in washout from
those generated under control conditions was not quite a straight line at zero
current. However, membrane current does return towards zero, indicating that
the effect of Li+ is at least partially reversible (and see I/V curves, Figures 5.5 and
5.7 for average values from pooled data).
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Figure 5.4

Li+-sensitive current and recovery

A) The Li+-sensitive current at voltages between -80 mV and -45 mV is a positive current,
indicating either an increased inward current or a decreased outward current in Li+ (or
both).
B) The recovery current lies close to zero, indicating a return to control values following
Li+ washout.

Subtraction of the raw current traces shown in Figure 5.3 isolates the Li+sensitive current (Figure 5.4 A). The Li+-sensitive current is a net positive current,
indicating that during exposure to Li+ the amplifier is passing less positive current
(or more negative current) into the cell than during control. Therefore Li+ is
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causing the cell to depolarise through an increase in positive charge. This could
either be due to a decrease in K+ out flux or an increase in Na+ influx.

5.4

5.4.1

Current / Voltage (I / V) Curves

Steady State Current

In order to quantify the effect of Li+ on membrane current, current/voltage
(I/V) curves were created from pooled data. Figure 5.5 shows the average steady
state current averaged between 400 and 700 ms post voltage step onset, averaged
over 7 cells.
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Figure 5.5

I/V curves for steady state current

A) 10 minutes exposure to 10 mM Li+ (black) causes a downward shift of the I/V curve,
suggesting Li+ exposure is decreasing outward current. The curve returns to control
values following 10 minutes Li+ washout.
B) Subtraction of the curves in (A) shows the Li+-sensitive current (black) and the ability
of the cell to return to control values following Li+ washout (grey).
n = 7 for steps -80 mV to -50 mV, n = 5 for step -45 mV.
* = p < 0.05, significant difference from control values (repeated measures ANOVA).
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Li+ increased the amount of negative current required to hold the cell at a
steady subthreshold voltage (Figure 5.5 A).

This effect of Li+ was voltage

dependent, with control and Li+ curves diverging to a greater extent at potentials
approaching rest.
Figure 5.5 (B) shows the current obtained by subtracting Li+ and washout
I/V curves in Figure 5.5 (A) from control.

This shows the component of

membrane current sensitive to exposure to Li+, and the ability of this current to
return following Li+ washout. The current sensitive to Li+ is positive, indicating
an outward current. The Li+-sensitive current ranges from +48 ± 12.96 mV at -80
mV to +81 ± 13.25 at -45 mV.
The washout I/V curve was also subtracted from control to confirm that the
cell was returning to control values following Li+ washout.

The difference

between control and washout currents fluctuated around zero pA, from -13.38 ±
4.38 pA at -80 mV to +3.93 ± 5.06 pA at -45 mV. These results suggest that the
outward current eliminated following exposure to Li+, returns once Li+ is removed
from the external medium.
As was noted in Chapters 3 and 4, Li+ washout is associated with an
overshoot of control values. As can be seen clearly in Figure 5.5 (B), the current
obtained by subtracting membrane currents in washout from membrane currents
in control, is negative. This indicates that following Li+ washout, there is a greater
amount of total membrane current than there was under control conditions. This
could result if an additional membrane conductance had up-regulated to
compensate for the membrane current removed by Li+. This was not investigated
further however.
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The Li+-sensitive current was also expressed as a percentage of control
current (Figure 5.6). As can be seen in Figure 5.6 the proportion of membrane
current sensitive to Li+ increases with membrane depolarisation.

Figure 5.6

Li+-sensitive current at steady state (% of control current)

As the membrane potential depolarises, Li+ blocks a greater percentage of steady state
membrane current.

As can be seen in Figure 5.6, the Li+-sensitive current is 12.22 ± 3.35% of
control current at a holding potential of -80 mV (n = 7) and, as the voltage steps
become more depolarised, Li+ blocks an increasing proportion of membrane
current. At the most depolarised steps (-45 mV) the Li+ sensitive current is 73.76 ±
11.05% of membrane current (n = 5).
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5.4.2

Transient Peak Current

As was seen in Figure 5.3, Li+ also caused a decrease in the peak transient
current immediately following voltage step onset. The I/V relationship between
voltage and peak transient current was plotted by taking the average current 2 ms
either side of current peak (Figure 5.7). This average current was used rather than
the absolute peak, as voltage clamp recordings are inherently noisy.
As can be seen in Figure 5.3, a transient peak current only became apparent
at potentials positive to ~ -65 mV. For steps at which there was no obvious peak in
current (-80 mV to -70 mV) the average membrane current 2 ms either side of peak
aligning with the peak currents in response to more depolarised steps was taken.
Therefore for transient current and steady state current values are similar for steps
more negative than -60 mV.
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Figure 5.7

I/V curve for peak current

A) Li+ (black) causes a downward shift in the I/V curve, which is reversed following Li+
washout (light grey).
B) Subtraction of I/V curves in (A) show the Li+ and washout currents. The component
of peak current sensitive to Li+ is positive, indicating that immediately following
voltage step onset, Li+ decreases outward current relative to inward current. -80 mV to
-40 mV n = 7, -45 mV n = 5. * = p < 0.05 repeated measures ANOVA.
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Li+ caused a decrease in peak current, as evidenced by a downward shift in
the I/V curve (Figure 5.7 A). The magnitude of this shift was not, however, as
great as the downward shift for steady state current (Figure 5.5 A). Additionally,
the Li+-sensitive current measured at transient peak (Figure 5.7 B) does not appear
to be as strongly voltage dependent as the Li+-sensitive current at steady state
(Figure 5.5 B).
The component of the peak transient current sensitive to Li+, and the ability
of membrane currents to recover to control values following Li+ washout, were
obtained by subtracting the Li+ and washout I/V curves in Figure 5.7 (A) from
control. The Li+-sensitive transient current was a positive current ranging from
44.98 ± 15.37 pA at -80 mV to 64.55 ± 18.52 pA at -45 mV (Figure 5.7 B).
It is interesting to note that between voltage steps to -50 mV and -45 mV,
there is a sharp increase in the Li+-sensitive current (from 53.99 ± 1024 pA at -50
mV to 64.55 ± 18.52 pA at -45 mV). It is most likely that this sharp increase in the
Li+-sensitive current at voltages close to rest, is secondary to the removal of a
component of outward membrane current in Li+ (seen as membrane
depolarisation in the current clamp experiments of Chapter 3).

As has been

outlined for the rise to action potential threshold (Figures 3.14-3.16), removal of an
outward current will cause a negative shift in the threshold for action potential
generation (Segal et al., 1984). In voltage clamp this will manifest as regenerative
Na+ current through voltage gated channels occurring at more negative holding
voltages in Li+ than in control. This is consistent with the sharp increase in Li+sensitive current seen at -45 mV.
Comparison of Figures 5.5 (B) and 5.7 (B) (shown side by side in Figure 5.8
for ease of comparison) indicates that Li+ blocks a greater proportion of steady
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state current than of transient current, and there is stronger voltage dependence of
the steady current than the transient current. To quantify this, lines of best fit
were fitted to the Li+-sensitive current traces and 95% confidence intervals were
plotted.
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5.4.3

Voltage and Temporal Dependence of Li+-Sensitive Current

Figure 5.8

Li+-sensitive current at transient and steady state with linear fits

The Li+-sensitive steady state current (B) has stronger voltage dependence than the Li+
sensitive transient current (A). C) The Li+-sensitive current at transient and peak current
and the 95% confidence intervals for the linear fit lines for transient (orange) and steady
state (purple) current. Linear fits are the middle, thicker lines, and the 95% confidence
intervals the thinner lines of the same colour to either side.
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Figure 5.8 shows the Li+-sensitive transient and steady state current. A line
has been fitted for the first 7 steps (-80 mV to -50 mV), and the values describing
this fit presented in Table 5.1.

Measurement

Peak Transient

Steady State

y-intercept

46.51

45.96

Std Error of Y intercept

1.87

1.80

Slope

1.04

3.04

Std Error of Slope

0.42

0.40

Correlation Coefficient

0.74

0.96

p value of Correlation Coefficient

0.055

0.00065

R Square

0.55

0.92

Table 5.1

Values describing the linear fits for the Li+-sensitive transient peak and
steady state current shown in Figure 5.8

The slopes of the lines fitted to the Li+-sensitive current at peak transient
(1.04 ± 0.42) and steady state (3.04 ± 0.40) are significantly different (p < 0.05 n = 7
univariate analysis of variance, SPSS Statistics v17.0). This indicates that as the
membrane is sequentially depolarised Li+ has a more prominent effect on steady
state than on peak transient current. This can also be seen in the correlation
coefficients. At peak transient current the correlation coefficient is 0.74 and there
is a significant chance that this value is in fact zero (p > 0.05), i.e. that the effect of
Li+ at peak transient current is not affected by voltage. In contrast, the correlation
coefficient for the Li+-sensitive current at steady state is 0.96 and there is a very
low probability (p < 0.05) that this value could be zero. This indicates that the
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component of membrane current sensitive to Li+ at steady state is strongly affected
by voltage.
The R-squared values indicate how well the fitted lines approximate the
data. An r-square of 0.55 for the Li+-sensitive current at peak transient is on the
low side but is still greater than 50%, indicating that the linear fit does
approximate the data reasonably well. The R-squared value for the Li+-sensitive
current at steady state is 0.92 indicating that the linear fit approximates the data at
steady state very well. The poorer fit for the Li+-sensitive current at peak transient
likely arises from the initial measurements of the peak and transient current.
Because voltage clamp recordings are associated with a certain level of noise, it is
best to measure current, averaged over a certain time period. At steady state, 300
ms of data could be averaged, however at peak transient only 4 ms of current
recording could be averaged, likely resulting in more variable data.
Figure 5.8 suggests that the effect of Li+ on neuronal membrane properties
takes time to develop upon membrane depolarisation, i.e. there is a temporal
component to the effect of Li+.
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Consistent with a temporal effect of Li+ on total membrane current, the
decay slope between peak transient and steady state current is increased in Li+
(Figure 5.9), for a voltage step to -50 mV.

Figure 5.9

Decay slope between peak transient and steady state current

For a voltage step from -80 mV to -50 mV, Li+ causes a significant increase in the decay
slope between transient and steady state, an effect which is reversed following Li+
washout. (n = 9, * = p < 0.05, repeated measures ANOVA).

Figure 5.9 shows the decay slope between peak transient current and steady
state current in response to a voltage step from -80 mV to -50 mV. This step was
chosen as it resulted in a large transient, but was not yet depolarised enough to
cause action currents. As can be seen in Figure 5.9, Li+ caused an increase in the
decay slope between peak transient and steady state current from -2.93 ± 0.28
pA/mV in control, to -3.52 ± 0.31 pA/mV following 10 minutes exposure to 10
mM Li+ (p < 0.05, repeated measures ANOVA). Decay slope recovered to control
values following 10 minutes Li+ washout in control medium (-2.87 ± 0.33 pA/mV).
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In summary, Li+ exposure caused a downward shift in the I/V curves for
both peak and steady state current and an increased decay slope between the two,
consistent with blockade of an outward current. Li+ affected all phases of the
current (the transient current amplitude at voltage step onset, the decay phase of
the peak current and the steady state current amplitude), suggesting that Li+ acts
on a conductance which is active at hyperpolarised potentials and undergoes
increased activation with depolarisation. That the effect of Li+ on steady state
current was greater than the effect on peak current, suggests that the effect of Li+
on membrane current is time-dependent.
A further way to determine whether Li+ increases inward current or
decreases outward current is to measure the resistance (input resistance) of the
membrane.

Membrane resistance increases when ion channels close, and

decreases when ion channels open (Morita et al., 1982).
The input resistance of the mitral cell membrane was calculated across the
three conditions, to gauge the effect of Li+ on membrane resistance.
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Figure 5.10

Input resistance in Li+.

The input resistance was calculated based on the current difference between -80 mV and 75 mV holding voltages. Li+ increases in input resistance suggesting ion channel closure.
This effect is reversible. n = 7, * = p < 0.05 repeated measures ANOVA.

As can be seen in Figure 5.10, Li+ increased the input resistance of the mitral
cell membrane (from 101.03 ± 8.10 MΩ in control and 122.45 ± 8.27 in Li+),
consistent with ion channel closure (or decreased opening). Membrane resistance
returned to control values following Li+ washout (106.16 ± 7.93 MΩ).

Taken

together with the results outlined in Chapters 3 and 4, in which Li+ markedly
alters the decay phase and after-potentials of an action potential, this suggests that
the effect of Li+ is due to closure or decreased activation of K+ channels.
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5.5

Pharmacological Manipulations
Figures 5.3-5.10 indicate that Li+ has a significant effect on the membrane

currents generated in response to subthreshold depolarising voltage steps. The
effect of Li+ is more pronounced at the steady state current than at the peak, and is
consistent with decreased K+ flux as a result of K+ channel closure (Figure 5.10).
To investigate the current affected by Li+, drugs with known actions were used to
identify the currents responsible for each part of the current response. Cd2+ was
used to block Ca2+ channels, TTX to block voltage gated Na+ channels, riluzole to
block non-inactivating voltage gated Na+ channels, and 4-AP to block IA K+
channels.
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5.5.1

Cadmium

Figure 5.11

The effect of cadmium on membrane currents.

Cd2+ exposure decreased the height of the transient current occurring at voltage step onset,
but had no effect on steady state current (B). The Cd2+-sensitive current was obtained by
subtracting membrane current generated in Cd2+ (B) from membrane current generated in
control (A). Cd2+ blocks a transient outward current at voltage step onset, but has minimal
effect on the steady state current.
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The most prominent effect of Ca2+ channel blockade was a decrease in the
peak transient current. Subtraction of the membrane currents generated in Cd2+
from the membrane currents generated under control condition, shows the Cd2+sensitive current to be a transient outward current occurring at voltage step onset,
which decays within ~100 ms. There is minimal effect of Ca2+ channel blockade on
the steady state current, where Li+ has its major effect (Figures 5.3-5.8 and Table
5.1). Figure 5.12 shows the relationship between voltage and the transient and
steady state membrane currents generated in control and Cd2+ conditions. These
I/V curves are based on pooled data from 3 cells.

Figure 5.12
A)

Effect of Cd2+ on peak and steady state current I/V curves

Cd2+ causes a downwards shift in the I/V curve for peak transient current,
consistent with decreased current flow through IKCa2+ channels.

B)

Cd2+ has minimal effect on the steady state current. (n = 3).
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Cd2+ caused a downwards shift in the I/V curve for peak transient current
(Figure 5.12 A), consistent with the raw current traces shown in Figure 5.11. Cd2+
had little effect, however, on steady state current (Figure 5.12B), again consistent
with the raw current traces shown in Figure 5.11. These results show that Ca2+dependent mechanisms do not significantly contribute to the steady state current
measured between 400 ms and 700 ms after voltage step onset. This indicates that
the effect of Li+ on the steady state current is not through alteration in Ca2+dependent mechanisms, such as Ca2+ activated K+ channels.

These results

obtained in voltage clamp, are consistent with the current clamp results shown in
Chapter 4, in which Li+ continues to significantly decrease action potential decay
slope and after-potential amplitude in the presence of Cd2+ (Figures 4.12 and 4.13).
As outlined in Section 1.11, a possible point of action for Li+ is on the Na+
activated K+ channel (IKNa+). This channel is activated by Na+ influx through
voltage gated Na+ channels (Budelli et al., 2009) and is active at membrane
potentials negative to rest (Schwindt et al., 1989). Recent evidence suggests that
Na+ influx through persistent Na+ channels (INap) is the main activator of IKNa+
channels (Budelli et al., 2009). I next investigated the effect of Li+ in the presence of
TTX, to block Na+ influx through transient and persistent voltage gated Na+
channels, or riluzole to block persistent Na+ channels, to test the hypothesis that
the effect of Li+ is dependent upon current through voltage gated Na+ channels.
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5.5.2

Na+ Channel Blockade, TTX and Riluzole

Investigating the effect of Na+ channel blockade (TTX or riluzole) on
membrane current was of interest for several reasons.
1. Having TTX/riluzole in the bath would prevent active Na+ currents and
thus allow the voltage clamp protocol to be run to more depolarised
potentials.
2. Comparison of the current responses in control conditions and in
TTX/riluzole would show which aspects of the current response were
dependent upon Na+ entry through voltage gated Na+ channels.
3. Comparison of the current response in TTX/riluzole and in Li+ plus
TTX/riluzole would show whether or not the effect of Li+ was dependent
upon its entry into neurons through voltage gated Na+ channels.

Firstly, the effect of TTX on the membrane currents generated in response
to the voltage protocol in Figure 5.1 was investigated.

Figure 5.13 shows a

comparison between the membrane currents generated in control conditions and
in TTX for a single cell.
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5.5.3

TTX

Figure 5.13

TTX-sensitive current

A) Control recordings show the compression of steady state currents at depolarised
potentials.
B) 10 minutes exposure to TTX (100 nM) removes the compression of the steady state
current, consistent with blockade of voltage gated Na+ channels.
C) The TTX-sensitive current obtained by subtracting TTX current from control current, is
a net inward current.
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TTX prevented the compression of the steady state current that occurs in
control recordings (Figure 5.3 A and 5.13 A) and which becomes more pronounced
in Li+ (Figure 5.3 B).

The TTX-sensitive current was obtained by subtracting

membrane currents recorded in TTX from membrane currents recorded under
control conditions (Figure 5.13 C). Figure 5.14 plots I/V curves for the effect of
TTX on membrane current measured at steady state from data pooled for 5 cells.

Figure 5.14

TTX-sensitive current at steady state

A) I/V curves showing the average steady state current (between 400-700ms following
voltage step onset) at different voltages in control (grey) and TTX (black) conditions.
TTX removes the voltage dependence of the steady state current.
B) The TTX-sensitive current, calculated by subtracting the TTX curve from the control
curve shown in A, is a net inward current ( n = 5).
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As can be seen in Figure 5.13 (A) and is quantified in Figure 5.14 (B), the
TTX-sensitive current is a net inward, voltage-sensitive current. In Figure 5.14 (A)
the relationship between voltage and current under control conditions is not
linear, beginning to curve downwards at ~-60 mV. This indicates the presence of
voltage gated ion channels. In contrast, the TTX I/V curve is linear, indicating
TTX removes the voltage dependent channel/s active in control conditions. TTX
specifically blocks voltage dependent Na+ channels (Narahashi, 1974) and it can
therefore be concluded that Na+ influx through voltage dependent Na+ channels
(and any consequent activation of Na+ dependent ion channels) is responsible for
the downward curve of the control I/V plot.
I next investigated the effect of TTX on the ability of Li+ to decrease peak
transient and steady state current. Influx through voltage gated Na+ channels is
the main pathway for Li+ entry into neurons (Hille, 1972).

The following

experiments therefore investigate whether the membrane effects of Li+ are
intracellular, dependent upon entry into neurons through Na+ channels, or
extracellular and not affected by Na+ channel blockade with TTX.
Figure 5.15 shows the effect of Li+ on the membrane currents generated in
the presence of TTX, for a single cell.
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Figure 5.15

Effect of Li+ on membrane current in the presence of TTX

Membrane current generated in TTX plus Li+ (B) is decreased from the membrane current
generated in TTX alone (A) at both peak and steady state. This could either be an effect of Li+
or an effect of TTX over time. Membrane current generated following Li+ washout (C) also
shows a decrease in peak and steady state current.
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Figure 5.15 indicates that the membrane current recorded during exposure
to Li+ and TTX (Figure 5.15 B) is decreased from membrane currents recorded in
TTX alone (Figure 5.15 A). Li+ washout in TTX medium, however, is associated
with a further reduction in membrane current, suggesting that membrane current
may undergo a progressive decrease during TTX exposure.
Figure 5.16 plots the difference between the membrane currents generated
in the presence of TTX alone, and membrane currents generated in the presence of
Li+ (plus TTX) (Figure 5.16 A), as well as the difference between the currents
generated in the presence of TTX before and after Li+ exposure (Figure 5.6 B). The
data show a progressive loss of outward current.

Figure 5.16

Li+-sensitive current in TTX

A) The Li+ sensitive current in the presence of TTX is a small outward current.
B) The current obtained by subtracting Li+ washout in TTX, from TTX pre- Li+ shows
there is a trend for an increasing blockade of outward current.
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5.5.4

Riluzole

The effect of Li+ was also investigated in the presence of riluzole (20 nM)
which was used to selectively block persistent Na+ channels. This was an attempt
to determine whether or not the effect of Li+ was dependent specifically on entry
into neurons through persistent Na+ channels.

Figure 5.17

Effect of riluzole on membrane current

A) Raw data showing the membrane currents generated under control conditions.
B) Raw data showing the membrane currents generated following a 10 minute exposure to
riluzole. Riluzole removes the compression of steady state current traces, consistent with
blockade of persistent Na+ channels.
C) The riluzole-sensitive current, obtained by subtracting membrane currents generated in
riluzole (B) from membrane currents generated in control (A), is a net inward current.
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As can be seen in Figure 5.17, blockade of persistent Na+ current with
riluzole removes the compression of the steady state current (compression which
is increased in Li+, Figure 5.3). This indicates that Na+ influx through persistent
Na+ channels mediates the voltage dependent compression of steady state current
stimulated in this protocol. I/V curves were created from data pooled from 6
cells, to quantify the effect of riluzole on membrane current (Figure 5.18).

Figure 5.18

I/V curve, riluzole-sensitive current at steady state

A) Riluzole causes a small upwards shift in the I/V curve, consistent with decreased
inward current.
B) The riluzole sensitive current obtained by subtracting the I/V curves in (A), is a net
inward current (n = 6).
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Figure 5.18 shows that the riluzole-sensitive current is a voltage-sensitive
net inward current, consistent with riluzole block of persistent Na+ channels.
I next investigated the ability of Li+ to alter membrane currents with
persistent Na+ channels selectively blocked with riluzole. This experiment tested
the hypothesis that the effect of Li+ was specifically dependent upon entry into
neurons through persistent voltage gated Na+ channels. Because IKNa+ channels
are preferentially activated by Na+ influx through persistent channels (Budelli et
al., 2009), an inability of Li+ to alter membrane currents when entry is selectively
abolished through persistent Na+ channels, would be consistent with an effect of
Li+ on IKNa+ channels.
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Figure 5.19

Effect of Li+ on membrane current in the presence of riluzole

A) Membrane current generated during exposure to riluzole.
B) Membrane current generated during exposure to Li+ and riluzole, indicates a decrease
in transient and steady state current.
C) Li+ washout in riluzole medium indicates a further decrease in steady state and peak
current.
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Figure 5.19 shows the membrane currents generated in riluzole and
following the addition of Li+ to the external medium (and following recovery).
The membrane currents undergo a progressive decrease over the three conditions
in a similar manner to the progressive decrease when the effect of Li+ was
investigated in the presence of TTX (Figure 5.15).

Consistent with the TTX

experiments, there was a progressive blockade of outward membrane current over
the three conditions in riluzole (Figure 5.20). I next created I/V curves to compare
the effects of Li+ on peak transient and steady-state current in the presence of
riluzole and TTX.

Figure 5.20

Li+ sensitive current in riluzole

A) The Li+-sensitive current, obtained by subtracting the raw data in Figure 5.19, is a net
outward current which peaks at voltage step onset.
B) The current obtained by subtracting membrane current post Li+ from membrane
current pre-Li+, is a net outward current, indicating a progressive blockade of outward
current over the duration of a riluzole experiment.
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5.6

Riluzole and TTX I/V Curves

The effect of Li+ on membrane currents in the presence of TTX and riluzole
is markedly different from the effects of Li+ in the absence of these drugs. In
Figures 5.5 and 5.7, Li+ is shown to cause significant downward shifts in the I/V
curves for peak transient and steady state current, effects which are readily
reversible following removal of Li+ from the recording medium. In contrast, in the
presence of Na+ channel blockade, Li+ treatment was associated with a small
downwards shift in the I/V curve, (mainly at potentials positive to rest) but this
was not reversible (Figure 5.21 and 5.22).

Considering the readily reversible

effects of Li+ in experiments up until this point (Chapters 3 and 4 and start of
Chapter 5), the lack of reversibility following Li+ washout in the presence of TTX
and riluzole suggests that the apparent effect of Li+ in the presence of these drugs
could in fact be a long term effect of these drugs on membrane current.
Figure 5.21 shows I/V curves plotting the effect of Li+ on peak transient
current in the presence of TTX (Figure 5.21 A) and riluzole (Figure 5.21 B). Li+
causes a slight downwards shift in the I/V curves for peak transient current when
Na+ channels are blocked, but this is not reversible, suggesting this shift could be
the result of long term exposure to TTX and riluzole.
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5.6.1

Peak Current

Figure 5.21

I/V curves for peak transient current, effect of Li+ following exposure to
TTX and riluzole

A) (1) Li+ causes a slight downwards shift in the I/V curve in the presence of TTX, but this
is not reversible.
(2) The Li+-sensitive current in the presence of TTX (black), and the return to pre- Li+
values following Li+ washout in TTX medium (grey). n = 6.
B) (1) Li+ causes a slight downwards shift in the I/V curve in the presence of riluzole but,
again, this is not reversible.
(2) The Li+-sensitive current in the presence of riluzole (black) and the ability of the
membrane currents to return to pre- Li+ values following Li+ washout. n = 6.
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5.6.2

Steady State Current

Figure 5.22

I/V curves for steady state current, effect of Li+ following exposure to
TTX and riluzole

A) Effect of Li+ on membrane current in the presence of TTX
(1) Li+ (black) causes a slight downwards shift in the I/V curve for steady state
current at depolarised potentials. This is not reversible.
(2) The Li+-sensitive current (black) obtained by subtracting the I/V curves in (A1). At
depolarised potentials there is a progressive blockade of outward current. n = 6.
B) Effect of Li+ on membrane current in the presence of riluzole
(1) Li+ (black) has minimal effect on membrane current when persistent Na+ channels
are selectively blocked with riluzole.
(2) The Li+-sensitive current in the presence of riluzole (black) obtained by subtracting
the I/V curves in B1. n = 6.
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Figure 5.22 shows the effect of Li+ on steady state current in the presence of
TTX (A) and riluzole (B). In TTX, Li+ causes a slight downwards shift in the I/V
curve, however Li+ washout is associated with a further downwards shift. This is
seen most clearly in Figure 5.22 (A2) where the differences in membrane currents
from TTX are plotted. The membrane current sensitive to Li+ exposure (and a
further 10 minutes exposure to TTX), is an outward current at potentials positive
to ~-35 mV. However, this was not reversible after Li+ was removed from the
recording medium, with washout recordings associated with the blockade of an
increased proportion of outward membrane current. Again this could suggest that
TTX is having a long term effect on outward membrane current.
The effect of Li+ on steady state current in the presence of riluzole is
different to the effect of Li+ in TTX. Li+ does not have any effect on steady state
membrane current in the presence of riluzole (Figure 5.22 B1 and B2). The Lisensitive current in riluzole (Figure 5.22 B2) is small, fluctuating around 20 pA and
there are no apparent trends over time (based on washout recordings).

5.6.3

Non-specific Effects of Riluzole

Unlike TTX (which specifically blocks voltage gated Na+ channels), riluzole,
is not a specific drug and has a number of effects on membrane physiology
including stimulating the activity of BKCa2+ channels (Wu & Li, 1999) and
activation of K+ background channels TREK-1 and TRAAK (Duprat et al., 2000).
As has been outlined in Section 5.1, Ca2+ activated K+ channels are not active until
membrane potentials of ~-40 mV.

Evidence suggesting riluzole increases the

activation of Ca2+ activated K+ channels, is consistent with the increase in peak
transient current, at ~ -40 mV, potentials where Ca2+ activated K+ channels will
begin activating.
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5.7

TTX over Time
Experiments investigating the effects of Li+ on membrane current in the

presence of TTX and riluzole were carried out to test the hypothesis that the effect
of Li+ was dependent upon active voltage-gated Na+ channels. Although the effect
of Li+ was markedly reduced when voltage gated Na+ channels were blocked with
TTX or riluzole, there appeared to be a progressive decrease in outward current
occurring across the 3 experimental conditions (drug, Li+, washout).

This

indicates two possibilities:
1) In the presence of Na+ channel blockade, Li+ causes a small, irreversible
decrease in an outward membrane current. This seems unlikely, given the
reversible effects of Li+ shown in Chapters 3 and 4, and in Figures 5.3-5.10
of this Chapter.
2) Over time, Na+ channel blockade may result in a decrease in outward
membrane current.
To address these possibilities, the effect of TTX over time was investigated.
TTX was chosen over riluzole as TTX is a more specific drug. Figure 5.23 shows
the membrane currents generated following 10, 20, 30 and 40 minutes exposure to
TTX. Recordings made at 10 minutes correspond with control TTX recordings
(Figure 5.15 A), recordings made at 20 minutes correspond with TTX plus Li+
recordings (Figure 5.15 B) and recordings made at 30 minutes correspond with Li+
washout recordings in TTX (Figure 5.15 C).
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Figure 5.23

Change in membrane current over time in TTX

Total membrane current, recorded every 10 minutes during a 40 minute TTX exposure.
Over a 40 minute TTX exposure, total membrane current decreases at both peak and steady
state.
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Over time, TTX decreases peak transient and steady state current, similar to
the decrease in peak and steady state current shown in Figure 5.15.

The

component of membrane current sensitive to prolonged exposure to TTX was
calculated by subtracting membrane currents generated following 20-40 minutes
TTX exposure, from the membrane currents generated following 10 minutes TTX
exposure (Figure 5.24).

Figure 5.24

TTX-sensitive current over time

Membrane currents generated following 20, 30, and 40 minutes exposure to TTX were
subtracted from membrane current generated at 10 minutes to obtain the TTX-sensitive
currents over time. TTX blocks an increasing amount of outward current over time.
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I/V curves were created to show the effect of TTX over time. Figure 5.25
shows the I/V curves for peak transient and steady state current.

Figure 5.25

Changes in peak transient and steady state current over a 40 minute
exposure to TTX

A) Steady state current
(1) Over a 40 minute exposure to TTX, there is a progressive decrease in outward
membrane current measured at steady state.
(2) The TTX-sensitive current over time, obtained by subtracting membrane current
generated at 20, 30, and 40 minutes TTX exposure, from the membrane current
generated at 10 minutes TTX exposure. (n = 7).
B) Peak transient current
(1) Over a 40 minute exposure to TTX, there is a progressive decrease in outward
membrane current measured at peak transient.
(2) The TTX-sensitive current measured at peak transient. (n = 7).
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As was seen in Figures 5.13 and 5.14, a 10 minute exposure to TTX blocked
a large inward current, consistent with blockade of voltage gated Na+ channels.
Figures 5.23-5.25, however, show that over a prolonged TTX exposure, TTX
removes a progressive amount of outward membrane current.
The only outward current with a known sensitivity to TTX exposure is K+
flux through the IKNa+ channels, due to their dependence upon Na+ influx through
voltage gated channels for activation (Budelli et al., 2009). The effect of TTX on
IKNa+ channels, therefore, is a secondary effect to TTX blockade of Na+ channels.
The presence of a slowly developing TTX-sensitive outward current measured at
steady state, is consistent with the Li+ blockade of outward current at steady state
and suggests that the membrane current sensitive to Li+ is indeed carried by IKNa+
channels. Consistent with this conclusion, previous studies have shown that the
only common effect of TTX exposure and total replacement of external Na+ with
Li+ is the loss of current through IKNa+ channels (Budelli et al., 2009).
It is interesting to note the differing profiles of TTX and Li+ block of
outward current. The TTX-sensitive outward current is very apparent at both
peak transient and steady state current, whereas the Li+ sensitive outward current
is much more obvious at steady state than at peak transient. This likely reflects the
differences in the way in which TTX and Li+ block outward current through IKNa+
channels. TTX blocks IKNa+ channels by removing inward Na+ current, where as
Li+ leaves Na+ influx intact but may interfere with Na+ access to intracellular
binding sites on IKNa+ channels (Section 6.7). TTX may therefore affect IKNa+
channels involved in transient and steady state current generation to a similar
degree, as TTX blocks both transient and persistent Na+ channels. In contrast, the
more prominent effect of Li+ on steady state current could occur if the effect of Li+
took time to develop upon entering a cell (as will be discussed in Section 6.7).
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The Li+-sensitive and TTX-sensitive outward currents also differ in their
voltage dependence.

Li+ blocks outward current at subthreshold potentials

(Figure 5.3) but a TTX-sensitive outward current is not apparent until voltages
positive to rest (Figure 5.25). This, again, may reflect the different mechanisms by
which TTX and Li+ alter membrane current. TTX blocks both inward Na+ current
through voltage gated channels and outward K+ current through IKNa+ channels.
By blocking both inward and outward current, the net effect of TTX on membrane
current will be close to zero, especially at voltages where inward current though
persistent voltage gated Na+ channels and outward K+ current through IKNa+
channels is near to equal. In contrast, Li+ only blocks outward current through
IKNa+ channels, leaving inward current intact. The effect of Li+ on outward current
will therefore be more apparent as the effect is not hidden by the blockade of
inward current (as with TTX).

The development of a TTX-sensitive outward

current at potentials positive to rest (Figure 5.25), suggests that current flow
through IKNa+ channels following a prolonged TTX exposure may only occur
when the driving force for K+ is significantly increased, as would occur when the
membrane is held far from the K+ reversal potential of ~-90 mV.
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5.8

Interesting

Observation

from

Experiments

with

4-

Aminopyridine (4-AP)
As has been outlined in Section 5.1, the main outward conductance
contributing to steady state current will be carried by IKNa+ channels. At peak
transient current, however, the IA K+ conductance will also be active and could
underlie the effect of Li+ at peak transient. To investigate whether or not the effect
of Li+ on peak transient current was through an effect on IA, I attempted to
investigate the effect of Li+ following exposure of slices to 4-AP which has been
suggested to specifically block IA (Thompson, 1977). At a concentration of 100 µM
4-AP (Campbell et al., 1993), mitral cells depolarised markedly and became very
unstable, with bursts of spikes sitting on top of long plateau potentials. This
meant that voltage clamp protocols could only be run when TTX was present in
the recording medium, thus blocking Li+ entry into cells. Although the effect of
Li+ in the presence of 4-AP could not be investigated, the effect of 4-AP on
membrane currents generated with this protocol was rather interesting (Figure
5.26).
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Figure 5.26

4-AP-sensitive current during Na+ channel blockade with TTX

A) Total membrane current following TTX exposure.
B) Total membrane current following 4-AP exposure (and TTX).
C) The 4-AP-sensitive current, obtained by subtracting membrane current in 4-AP (B)
from membrane current in TTX (A). The 4-AP-sensitive current is an initial transient
outward current followed by a large slowly decaying inward current.
D-F) 4-AP-sensitive current in TTX for 3 additional cells.

As can be seen in Figure 5.26, the 4-AP-sensitive current is an initial
outward current (consistent with 4-AP block of transient K+ channels), followed by
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a large inward current. This inward current persisted despite TTX exposure, so
was therefore not carried by Na+ influx through TTX-sensitive Na+ channels. I
next investigated whether or not the 4-AP-sensitive inward current was carried by
Ca2+ channels. Slices were exposed to 100 µM Cd2+ to block voltage gated Ca2+
channels prior to 4-AP exposure.
As can be seen in Figure 5.27, 4-AP continues to block inward current when
Ca2+ currents are blocked with 100 µM Cd2+. This indicates that the 4-AP-sensitive
inward current is not carried by Ca2+ influx through voltage gated Ca2+ channels.
It appears that 4-AP is blocking an inward current, insensitive to TTX and
Cd2+, and therefore not carried by Na+ flux through TTX-sensitive voltage gated
Na+ channels, or Ca2+ channels. The 4-AP sensitive current may, therefore, be
carried by Na+ influx through TTX-insensitive Na+ channels which have been
reported in a number of neuronal types including dorsal root ganglion neurons
(Cummins et al., 1999) and trigeminal ganglia (Brock et al., 1998). TTX-insensitive
channels have been suggested to be present in mitral cells (Hayar et al., 2001), but
direct evidence is lacking. The possibility of TTX-insensitive Na+ channels in
mitral cells suggests that TTX exposure may not entirely block Li+ entry into
neurons. If a subset of Na+ channels remained open during exposure to TTX, Li+
may still be able to enter neurons and decrease IKNa+ channel activation. This
could be an alternative explanation for the decrease in outward current during
TTX and Li+ exposure (Figures 5.15 and 5.16). Indeed, experiments in lamprey
spinal cord neurons have suggested the presence of a persistent IKNa+ conductance
which is not abolished by the application of TTX (Hess et al., 2007). Although
there are no reports in mammalian neurons, the presence of a large TTXinsensitive inward current in mitral cells, suggests the possibility of a TTXinsensitive IKNa+ conductance. However, as was seen in Figures 5.15 and 5.16,
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blockade of outward current increased over time (between TTX, Li+ and washout
conditions).

Therefore, if Li+ is having an effect on outward current in the

presence of TTX this effect is not reversible, in contrast to the readily reversible
effect of Li+ seen throughout this thesis (Figures 5.5 and 5.7 for example).

Figure 5.27

4-AP-sensitive current during Ca2+ channel blockade with Cd2+

A) Total membrane current generated during exposure to Cd2+.
B) Total membrane current generated during 4-AP (and Cd2+) exposure.
C) 4-AP-sensitive current in the presence of Cd2+, obtained by subtracting total current in
4-AP from total current in Cd2+. 4-AP blocks a transient outward current followed by a
large inward current.
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5.9

Summary
The results presented in this section used a series of prolonged,

depolarising voltage steps to subthreshold potentials, to investigate the effect of
Li+ on membrane currents. The nature of the voltage clamp protocol used in this
section meant that the main outward conductance active at steady state was
carried by K+ current through IKNa+ channels (see Section 5.1).
Li+ affected all components of the current response, decreasing transient
peak current, and steady state current measured 400 ms following voltage step
onset, as well as increasing the decay slope between peak transient and steady
state current. The major effect of Li+ occurred at steady state. As was outlined in
Section 5.1, the steady state outward current will be largely carried by IKNa+
channels. At peak transient current, however, the IA K+ conductance may also be
active, in addition to IKNa+ channels. Although these experiments cannot rule out
the possibility that the effect of Li+ at peak transient current is mediated by an
effect on IA, interpretations of findings from other labs indicate that an effect of Li+
on IA and IK is unlikely (see General Discussion).
Experiments in this Chapter also investigated the effect of TTX and riluzole
exposure on the Li+ decrease in membrane current. TTX and riluzole markedly
reduced the ability of Li+ to decrease membrane current, indicating that the effect
of Li+ is dependent upon entry into neurons through voltage gated TTX-sensitive
and riluzole-sensitive Na+ channels.
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Investigation of the effect of Li+ on membrane currents following blockade
of Na+ channels with TTX or riluzole indicated three important points:
1) Li+ had minimal effect on membrane currents when transient and
persistent Na+ channels were blocked with TTX, consistent with the effect
of Li+ being dependent upon open, active Na+ channels.
2) Li+ had minimal effect on membrane current when persistent Na+ channels
were selectively blocked with riluzole, suggesting the effect of Li+ is
dependent upon entry into neurons through persistent Na+ channels.
3) Over time, TTX blocked a delayed outward current consistent with
decreased activation of IKNa+, a secondary effect to blockade of voltage
gated Na+ channels.
Experiments in both TTX and riluzole showed the progressive loss of an
outward current over time. When total membrane currents generated following
Li+ washout in either TTX or riluzole-containing medium were subtracted from
TTX or riluzole recordings, it was apparent that over time these drugs (TTX
especially) were acting to block an outward current.
Because of the slow loss of outward current when Na+ channels were
blocked, I investigated changes in membrane currents generated over a 40 minute
TTX exposure. Within minutes of exposure to TTX, mitral cell action potentials
were abolished, consistent with blockade of voltage gated Na+ channels.
However, as the time in TTX progressed, blockade of an outward current became
apparent. This is consistent with other studies which have shown a TTX-sensitive
outward current carried by IKNa+ channels (Budelli et al., 2009).
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Interestingly, experiments from other labs have measured the contribution
of IKNa+ channels to total outward current and have shown that in mitral cells,
IKNa+ contributes 57.2% ± 2.5% of the total outward current (Budelli et al., 2009).
Consistent with these measurements, in Figure 5.6 Li+ is shown to remove 73.76 ±
11.05% of the total membrane current measured at steady state in response to a
voltage step to -45 mV.
The experiments in this section also indicate that 4-AP blocks an inward
current not carried by Ca2+ influx through voltage gated Cd2+-sensitive channels or
Na+ influx through TTX-sensitive channels. 4-AP has been shown to cause a dose
dependent inhibition of Na+ channels, prolonging the time to activate and
increasing the time constant of inactivation in a voltage dependent manner (Mei et
al., 2000). The lowest concentration reported, however, was 1.25 mM 4-AP, which
caused a 11 ± 1.2% inhibition of control current (Mei et al., 2000).

This

concentration is 12.5 times that used in the experiments presented here (0.1 mM),
for which we see a significant reduction in inward current. It is possible that low
concentrations of 4-AP act to decrease inward Na+ current through TTXinsensitive channels, but this was not investigated further.
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6.1

Main Findings
The results presented in this thesis indicate that Li+ directly alters the

membrane properties of a principal output neuron within the brain, mitral cells of
the mouse olfactory bulb. This is the first study to systematically characterise the
effect of Li+ on the electrophysiology of a neuronal membrane in an in-vitro brain
slice preparation.
In this section of the thesis I will discuss how the findings fit with past
studies investigating Li+ and its effect on cellular membrane physiology. In the
second part of the discussion I will explore how the findings fit with current
knowledge on the pathophysiology of bipolar disorder, and the mechanism of
action of Li+ in the treatment of this disease.
The results presented in Chapter 3 show that exposure of olfactory bulb
slices to Li+ depolarises mitral cells and increases their excitability. The effect of
Li+

was

more

pronounced

during

action

potential repolarisation

than

depolarisation, consistent with decreased outward current in the presence of Li+.
Chapter 3 also shows that Li+ acts at subthreshold potentials to decrease the time
to the first action potential following a depolarising current injection and decrease
spike frequency adaptation.
The results presented in Chapter 4 show that Li+ decreases action potential
peak amplitude and the amplitude of the after-potential following a single action
potential, and decreases action potential repolarisation slope. These effects of Li+
cannot be attributed to an effect on a Ca2+ activated K+ channel and are not due to
the removal of external Na+. Results presented in Chapter 4 also indicate that Li+
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decreases the peak amplitude and the time to reach peak amplitude of a transient
outward current, and that this is not mediated by SKCa2+ channels.
The results presented in Chapter 5 show that Li+ decreases the steady state
outward current generated by depolarising voltage steps to subthreshold
potentials. Steady state outward current was TTX-sensitive. TTX initially blocked
an inward current at steady state, consistent with blockade of voltage gated Na+
channels, but over time blocked an outward current, consistent with a secondary
effect of TTX on IKNa+ channel activation. The TTX-sensitive outward current was
more pronounced at peak transient than at steady state and at potentials
depolarised to rest. This may reflect the mechanism by which TTX decreases IKNa+
channel activation (Section 5.7). The effect of Li+ on membrane current following
exposure to TTX could not be separated from the effect of TTX over time.

6.2

Two Possible Mechanisms for Decreased Outward Current in
Li+
The results in this thesis suggest that Li+ decreases outward membrane

current. Although membrane potential depolarisation could result from increased
Na+ influx, the effects of Li+ on action potential repolarisation and after-potentials,
with minimal effect on action potential depolarisation, strongly suggest that Li+
acts to decrease outward K+ current rather than increase inward Na+ current.
Additionally, a Li+-induced increase in inward current is unlikely given previous
reports that inward current is slightly decreased when external Na+ is replaced
with Li+ (Hille, 1972). This is consistent with the decrease in the peak amplitude of
evoked spikes (Figure 4.10). Additionally, results in this thesis show Li+ increases
membrane resistance (Figure 5.10), consistent with channel closure.
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There are two general mechanisms by which Li+ could reduce outward membrane
current:
1) An indirect effect of Li+ on the transmembrane K+ concentration
gradient. If Li+ were to displace intracellular K+ or interfere with
the transmembrane K+ gradient, through an effect on the Na+/K+ATPase for example, the driving force for K+ would decrease.
This would non-specifically affect all K+ conductances, including
those which set the resting membrane potential and those which
contribute to action potential repolarisation and after-potentials.
2) A direct effect of Li+ on a specific K+ conductance(s) which is
active at subthreshold potentials and undergoes voltage
dependent activation, thus contributing to action potential
repolarisation and after-potentials.
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6.3

6.3.1

Dissipation of the K+ Transmembrane Gradient

Displacement of Intracellular K+

Based on an array of evidence, it is unlikely that the effects of Li+ presented
in this thesis are due to displacement of intracellular K+.
Li+ does not significantly alter the intracellular concentration of K+ in
purkinje fibres of sheep heart (Gow & Ellis, 1990). Using 50% replacement (70
mM) of extracellular Na+ with Li+, Gow and Ellis show that after 1 hour exposure
to Li+, intracellular K+ has decreased by ~20%. Following 10 minutes exposure
(the exposure time used in my experiments) intracellular K+ concentration
decreased by ~1 mM in response to 70 mM Li+. The long exposure times of those
experiments, as well as the high concentration of Li+ used (70 mM, compared with
10 mM in my experiments), suggests it is unlikely that the results presented in this
thesis could be due to dissipation of the K+ gradient through displacement of
intracellular K+. Results presented in this thesis show significant effects of Li+ on
membrane excitability occurring within 10 minutes of exposure to only 10 mM Li+.
Experiments investigating the way in which Li+ distributes across the
neuronal membrane (Section 1.8.1) provide further evidence that Li+ does not act
to dissipate electrochemical transmembrane gradients. Li+ efflux from the cell is
not well understood, but based on the way Li+ distributes across the cell
membrane, it has been concluded that Li+ must be actively extruded (possibly
through Na+/Li+ exchange) (Gani et al., 1993). Due to the negativity of the resting
membrane potential, it is estimated that Li+ would accumulate to a concentration
10 times higher than has been found if it were not actively extruded (Kabakov et
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al., 1998). The results presented in this thesis are also consistent with this. The
results show that the effect of Li+ on neuronal membrane properties is readily
reversible following only 10 minutes washout in control medium. If the effect of
Li+ stemmed from Li+ becoming trapped inside cells then the effect of Li+ should
not be so readily reversible following return to control medium.
Na+/K+-ATPase
Several studies have concluded that Li+ affects the membrane Na+/K+ATPase, but there is no consensus as to the nature of this effect. Different studies
have reported inhibition (Logan, 1980), elevation (Tobin et al., 1974) and no change
(Hesketh et al., 1977; Reading & Isbir, 1979) in pump activity in the presence of Li+.
The Na+/K+-ATPase membrane pump actively transports Na+ and K+
against their electrochemical gradients, and is activated by intracellular Na+ or
extracellular K+ (Hermans et al., 1997). It is electrogenic, pumping 3 Na+ ions out
of the cell for every two K+ ions it pumps in (Rakowski et al., 1989). The pump is
pivotal in maintaining the transmembrane gradients of Na+ and K+, and thus
normal neuronal function. As has been outlined in Section 1.5, evidence suggests
that bipolar disorder is associated with alterations in ion distributions, and an
effect of Li+ on the Na+/K+-ATPase pump has long been an attractive hypothesis
to explain the efficacy of Li+ in the treatment of bipolar disorder.
Evidence suggesting Li+ affects the Na+/K+-ATPase stems from early
observations that blockade of the Na+/K+-ATPase with ouabain caused a decrease
in the post-burst hyperpolarisation in nerve fibres (Rang & Ritchie, 1968). Because
Li+ also caused a decrease in the post-burst hyperpolarisation of nerve fibres, it
was concluded that Li+ must act to decrease Na+/K+-ATPase activity. Based on
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indirect evidence it was concluded that Li+ decreased pump activity through
competition with K+ at the extracellular binding site on the Na+/K+-ATPase
(Ploeger, 1974).
Later experiments in central neurons, however, have questioned the
mechanisms underlying the post-burst hyperpolarisation. The post-burst
hyperpolarisation in cortical neurons is associated with a change in input
resistance, suggesting involvement of ion channels (Grafe et al., 1983).
Additionally, a recent study has provided direct evidence indicating the post burst
hyperpolarisation in lamphrey spinal cord neurons is mediated by a IKNa+
conductance, not the Na+/K+-ATPase (Wallen et al., 2007). Their experiments also
shed light on how easily these two processes can be confused.
Although Wallen et al (2007) show that ouabain block of Na+/K+-ATPase
decreases the slow AHP, they also reveal a slow AHP, even during ouabain
exposure, by depolarising the membrane past the reversal potential of the sAHP.
This indicates that the ouabain-induced decrease in the sAHP is an indirect effect,
due to dissipation of the transmembrane K+ concentration gradient and not
because the Na+/K+-ATPase directly mediates AHPs (Wallen et al., 2007).
Further experiments looking at the influence of Li+ on K+ distributions have
used
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Rb+ to estimate the K+ equilibrium potential in cortex slices and

synaptosomes of the rat (Adam-Vizi et al., 1987). Adam-Vizi et al (1987) provide
evidence that Li+ only depolarises the neuronal membrane when present in the
external medium, and that internal Li+ concentrations as high as 12 mM has no
effect on membrane potential.

This led to the conclusion that Li+ is likely

competing with K+ at the extracellular binding site on the Na+/K+-ATPase.
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The results presented in this thesis however, indicate that the effect of Li+
on membrane properties is intracellular, dependent upon Li+ entry into neurons
through voltage gated Na+ channels. In the presence of TTX (Figures 5.16, 5.17)
and riluzole (Figures 5.19, 5.20), the effect of Li+ was not as marked as in the
absence of TTX and riluzole (Figures 5.3, 5.4) and lacked reversibility.

This

suggests that the small decrease in outward current in Li+ in the presence of TTX
and riluzole may actually be due to a progressive effect of Na+ channel blockade
and not an effect of Li+ at all. This conclusion was supported by the progressive
decrease in outward current during a prolonged TTX exposure with no addition of
Li+ (Figures 5.23, 5.24).
This does not support the hypothesis that Li+ competes with K+ for the
extracellular K+ binding site on the Na+/K+-ATPase, as suggested by (Ploeger,
1974; Adam-Vizi et al., 1987). Additionally, Li+ can only weakly bind the Na+/K+ATPase at intracellular and extracellular sites, and only when Na+ and K+ are
absent from the recording medium (Swann et al., 1980; Hermans et al., 1997). The
affinity of Li+ for the Na+ and K+ binding sites on the pump is extremely low, and
Li+ is not transported in the presence of physiological concentrations of Na+ and
K+ (Gani et al., 1993; Hermans et al., 1997).
Early studies investigating the effect of Li+ on Na+/K+-ATPase activity were
carried out before the discovery of additional mechanisms coupling Na+ and K+
movement across the neuronal membrane. IKNa+ channels were first reported in
mammalian neurons in 1984 (Bader et al., 1985), but were initially overlooked as it
was thought that they were only involved with pathological states such as
ischemia (Dryer, 1994), due to their apparent requirement for high intracellular
concentrations of Na+ for activation (Dryer, 1994). Recent experiments, however,
have indicated that IKNa+ channels are located in close proximity to and are
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preferentially activated by persistent Na+ current (Koh et al., 1994; Budelli et al.,
2009), and that local increases in Na+ are enough to activate the channels during
normal physiological activity (Budelli et al., 2009). An alternative to the hypothesis
that Li+ alters Na+/K+-ATPase activity, is that Li+ affects ion channels coupling the
flux of Na+ and K+ across the membrane.
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6.4

An Effect of Li+ on K+ Channels
K+ channels set the resting membrane potential, mediate action potential

repolarisation and after-potentials (Hodgkin & Huxley, 1952a; Hille, 2001), and the
diversity of K+ channels far exceeds that of any other ion channel in the brain
(Hille, 2001). The channels relevant to the interpretation of the results of this
thesis are those involved with control of resting membrane potential and
immediately following an action potential peak (Figure 6.1).

Figure 6.1

The points in a current clamp recording of spontaneous mitral cell
activity, where Li+ has an effect.

Li+ depolarises the resting membrane potential, decreases the repolarisation slope and
decreases the amplitude of the AHP.

Classically, the main K+ channels thought to mediate action potential
repolarisation and after-potentials are the delayed rectifier (IK), the transient K+
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conductance (IA) and Ca2+ activated K+ channels (IKCa2+) (Ficker & Heinemann,
1992).

More recent papers have also indicated that IKNa+ channels are active

during action potential repolarisation (Bader et al., 1985; Bertrand et al., 1989; Hess
et al., 2007) and during after-potentials (Schwindt et al., 1989; Franceschetti et al.,
2003; Liu & Leung, 2004; Wallen et al., 2007).

Other channels, less well

characterised but which may contribute to the regulation of neuronal excitability,
are the HERG (human ether-a-go-go-related gene) K+ channels, K+ leak channels
and the Ih cation conductance.

In the following section I will discuss the

possibilities of Li+ acting on the above listed K+ channels. As will be seen, the only
established effect of Li+ on K+ channels is its inability to replace Na+ in activation
of IKNa+ channels.

203

6.4.1

Transient K+ Conductance, IA

As has been outlined in the introduction, the IA K+ conductance activates
and inactivates more rapidly than the delayed rectifier, and is thought to regulate
neuronal excitability through its involvement in subthreshold potentials (Segal et
al., 1984). The IA K+ conductance is transient, with a similar time course to the fast,
voltage dependent Na+ current (Rogawski, 1985).

It is present in mitral cells

(Wang et al., 1996) and has been suggested to contribute to the delayed rise to the
first action potential following current injection (Gustafsson et al., 1982; Chen &
Shepherd, 1997) and to the control of membrane excitability (Gustafsson et al.,
1982; Segal et al., 1984; Christie & Westbrook, 2003).
IA was described in 1977 as being ‘uniquely sensitive’ to 4-AP (Thompson,
1977) and since then electrophysiological experiments have routinely used 4-AP to
study the role of IA in neuronal activity (Gustafsson et al., 1982; Segal et al., 1984),
(Storm, 1988; Schoppa & Westbrook, 1999). The use of 4-AP, however, is not
straightforward. The EC50 for 4-AP block of IA varies widely between tissues
(Segal et al., 1984). Additionally, 4-AP blocks Na+ current through voltage gated
Na+ channels (Mei et al., 2000; Lu et al., 2005), and could therefore effect Li+ entry.
As has been outlined in Section 5.8, the voltage and current clamp protocols
following exposure to 4-AP could only be run in the presence of TTX to prevent
runaway excitability. Therefore the effect of Li+ following exposure to 4-AP (and
TTX) would not be informative.

Results obtained using the voltage clamp

protocol of Chapter 5, however, indicate that the effect of Li+ on membrane current
continues long after IA channels are inactivated. IA channels open transiently and
inactivate completely within 200 ms following the onset of a depolarising voltage
step (Rogawski, 1985), but Li+ decreased steady state current measured 400 ms
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following voltage step onset. This suggests the effects of Li+ on membrane current
are not through an effect on IA.

6.4.2

Delayed Rectifier K+ Conductance, IK

The repolarisation phase of an action potential is due to the interplay of a
number of membrane conductances (Sah & McLachlan, 1992), with the delayed
rectifier K+ channel as the main contributor (Hodgkin & Huxley, 1952a).
The delayed rectifier reaches maximum conductance approximately 1.25 ms
following the initiation of an action potential and is totally inactivated by 4 ms
post action potential initiation (Hodgkin & Huxley, 1952b). It is unlikely that the
effect of Li+ on after-potentials presented in this thesis would be the result of
inhibition of the IK, as the effect of Li+ on after-potentials lasts upwards of 25 ms,
long after IK has inactivated (Hodgkin & Huxley, 1952b).
The interpretation that the effects of Li+ are not mediated through an action
on IK is supported by reports indicating that both Na+ and Li+ only interfere with
outward K+ current through the delayed rectifier in the squid giant axon, when
present at an internal concentration of 100 mM (Bezanilla & Armstrong, 1972).
High concentrations of internal Li+ or Na+ have the same negative effect on
conductance through the delayed rectifier, suggesting this is an effect of unphysiologically high concentrations of internal cation, not a specific effect of Li+ on
the delayed rectifier which would also occur at lower concentrations.
Additionally, experiments investigating IKNa+ channels using partial and total
replacement of external Na+ with Li+ (40-135 mM) have indicated that Li+ does not
affect voltage gated K+ channels (Franceschetti et al., 2003).

205
Finally, voltage activation curves indicate that the V1/2 for activation of IK
channels is ~15.3 mV (Murakoshi & Trimmer, 1999) and the channels are only
~10% active at subthreshold potentials (Klee et al., 1995). Current through IK
channels will therefore be a minor contributor to the total outward current
generated with a protocol based on subthreshold potentials (as used in Chapter 5),
and is unlikely to underlie the large outward current affected by Li+ (73.76 ±
11.05% of total steady state current generated at -45 mV, 400 ms after voltage step
onset).
Many experiments use the differential sensitivities of the IK and IA K+ currents
to TEA and 4-AP respectively to separate the currents from each other, and from
total membrane current. As mentioned above, attempts to investigate the effect of
Li+ in the presence of 4-AP were fruitless due to runaway activity. Unpublished
results show that TEA has a similar effect on mitral cell membrane excitability.

6.4.3

Ca2+ activated K+ Channels

IKCa2+ channels contribute to the potentials following single action
potentials and therefore the inter-spike interval and spike frequency adaptation
(Vergara et al., 1998). The experiments in this thesis used blockade of Ca2+ influx
or chelation of intracellular Ca2+ to remove activation of IKCa2+ channels
(Thandroyen et al., 1991; Mintz et al., 1995). With IKCa2+ channels blocked, Li+
continued to decrease action potential repolarisation and decrease after-potentials,
indicating the effect of Li+ is independent of Ca2+ influx and activation of IKCa2+
channels. Additionally, Cd2+ had minimal effect on steady state currents (Figure
5.12) on which Li+ had its most pronounced effect.
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In many neurons, IKCa2+ channels are the main mediators of after-potentials
(Sah, 1996). In mitral cells, however, Cd2+ and BAPTA-AM exposure had very
little effect on after-potentials. Cd2+ blocks Ca2+ influx through voltage gated
channels and thereby prevents activation of IKCa2+ channels (Mintz et al., 1995). In
Figure 4.11, the effect of Cd2+ is consistent with blockade of an inward current,
with little effect on outward current. That the loss of an outward current is not
more apparent in Cd2+, is consistent with studies suggesting mitral cells only
weakly express BKCa2+ (Sausbier et al., 2006) and SKCa2+ (Sailer et al., 2004) Ca2+
channels.
Whole cell patch clamp recordings, however, have shown an apaminsensitive conductance in mitral cells, consistent with the presence of SKCa2+
channels (Maher & Westbrook, 2005). Using a voltage clamp protocol to activate a
transient outward current (the same as the voltage clamp protocol used in Chapter
4), Maher and Westbrook (2005) show apamin totally abolishes the transient
outward current following a brief depolarising step. This is in contrast to the
experiments in this thesis, in which apamin only partially decreases transient
outward current (Figure 4.20). However, like many experiments using whole cell
patch clamp to investigate outward membrane currents in vitro, Maher and
Westbrook (2005) include TTX in the external medium throughout their
experiments, thereby removing the contribution of IKNa+ channels.

Their

experiments indicate that an apamin-sensitive conductance contributes to the
transient current generated in response to a brief depolarising voltage step.
However, due to the presence of TTX in the external medium throughout their
experiments, Maher and Westbrook (2005) ignore a possible contribution of IKNa+
channels to transient outward current.
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6.4.4

HERG K+ channels

HERG (human ether-a go-go-related gene) K+ channels belong to the ethera-go-go K+ channel family (Morais Cabral et al., 1998) and are expressed in high
concentrations in mitral cells (Hirdes et al., 2009). The channels undergo slow
activation and fast inactivation in response to depolarisation in cerebellar purkinje
neurons (Sacco et al., 2003) and contribute to spike frequency adaptation in dorsal
root ganglion neurons (Chiesa et al., 1997) and resting membrane potential (Hirdes
et al., 2009).

HERG channels are important in the heart, where their fast

inactivation helps to maintain the plateau phase of cardiac action potentials
(Chiesa et al., 1997; Gang & Zhang, 2006).
Experiments in mitral cells of the mouse olfactory bulb indicate that
application of the HERG channel blocker E-4031 has little effect on currents
generated in response to depolarising voltage steps (Hirdes et al., 2009). The
results in this thesis indicate membrane current in response to depolarisation is
significantly decreased by Li+. Additionally HERG channel blockade (with WAY123,398) has no effect on the action potential waveform or after-potentials in adult
purkinge neurons which express HERG channels (Sacco et al., 2003), although the
latency to the first action potential upon current injection is decreased and spike
frequency adaptation is attenuated (Chiesa et al., 1997; Sacco et al., 2003). In mouse
neuroblastoma cells, HERG blockade had no effect on the amount of current
required to hold the cell at -70 mV. The results in this thesis, however, show Li+
increases the amount of current required to hold the cell hyperpolarised. These
differing effects suggest that an effect of Li+ on HERG channels cannot account for
its effects on mitral cells.
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It has been suggested that in the heart, extracellular Na+ acting at an outer
pore site, exerts a blocking effect on HERG channels (Mullins et al., 2002)
suggesting the possibility that Li+ might also act at this site. The results in this
thesis, however, indicate that the membrane effect of Li+ depends upon active
voltage gated Na+ channels allowing Li+ entry into the cell and that the effect of
Li+ is therefore intracellular.

6.4.5

Queer current, Ih

Ih is a cation conductance activated when the membrane is hyperpolarised
below resting values (see (Pape, 1996) for review). Ih actives when the membrane
is hyperpolarised to between -60 mV and -90 mV, with half activation occurring at
-75 mV (McCormick & Pape, 1990). The reversal potential of Ih is -30 mV and at
potentials hyperpolarised to this, the conductance is an inward depolarising
conductance (Pape, 1996).

In current clamp recordings, Ih manifests as a

depolarising sag, which develops slowly following prolonged hyperpolarising
current injections (Beurrier et al., 2000).
Results in Chapter 5 show Li+ causes a downwards shift in the steady state
I/V curve at subthreshold potentials (Figure 5.5). This indicates that Li+ acts to
increase inward current or decrease outward current (or both).

At potentials

negative to rest, current flow through Ih will be inward and depolarising (Pape,
1996). Therefore if the depolarising effect of Li+ is through an action on Ih, Li+
must act to increase the current flow through channels mediating Ih, likely seen as
a decrease in membrane resistance. Results in this thesis, however, show that Li+
causes an increase in membrane resistance at potentials hyperpolarised to rest. It
is therefore unlikely that the effect of Li+ is through an enhancement of the Ih
cation conductance.
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6.4.6

K+ Leak Current

K+ leak current is carried by twin-pore channels, each channel possessing
two pore domains (Brown, 2000). Twin pore channels are insensitive to voltage,
lacking the S4 transmembrane domain which endows voltage sensitivity to other
K+ channels (Brown, 2000). K+ leak channels have been suggested to contribute to
neuronal excitability based on secondary effects on action potential duration,
frequency and amplitude, through control of the resting membrane potential
(Goldstein et al., 2001).
Li+ alters the action potential waveform, independently of changes in
resting membrane potential.

Experiments in Chapter 3 use current injection

through the recording pipette to prevent membrane depolarisation in Li+. Under
these conditions, Li+ continued to significantly alter the action potential waveform,
indicating that the effect of Li+ on action potential waveform was not simply the
result of depolarisation of the resting membrane potential. Because the main
action of IK leak channels on action potential waveforms stems from alterations in
resting membrane potential (Goldstein et al., 2001), it is unlikely that Li+ acts by
decreasing current flow through IK leak K+ channels.
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6.5

Na+ activated K+ Channels (IKNa+)
IKNa+ channels are activated by Na+ influx during a single action potential

(Liu & Leung, 2004). The channels contribute to action potential repolarisation
(Bader et al., 1985; Bertrand et al., 1989; Hess et al., 2007), and have a major role in
shaping the potentials immediately following an action potential (Schwindt et al.,
1989; Franceschetti et al., 2003; Liu & Leung, 2004).

They are also active at

subthreshold potentials and thus contribute to the control of membrane
excitability (Schwindt et al., 1989). Decreased activation of IKNa+ can explain the
effects of Li+ presented in this thesis.

6.5.1

Action Potential Repolarisation

The results presented in Chapter 3 show that Li+ slows action potential
repolarisation. This is consistent with blockade of IKNa+ channels which, have
been shown to contribute to action potential repolarisation. Hess et al (2007),
provide evidence that spinal cord neurons express both transient and persistent
Na+ activated K+ channels, with the transient one activating 1.05 ± 0.001 ms
following spike threshold and contributing to spike repolarisation (Hess et al.,
2007). A number of separate studies have also implicated IKNa+ channels in action
potential repolarisation (Bader et al., 1985; Bertrand et al., 1989).

6.5.2

After-Potentials

The results presented in Chapters 3 and 4 show Li+ reduces the amplitude
of action potential after-potentials and that this effect is independent of
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intracellular Ca2+. Consistent with these results, IKNa+ channels have been shown
to have a primary role in mediating after-potentials in several types of central
neurons.
Schwindt et al (1989) first suggested that K+ channels activated by
intracellular Na+ contribute to after-potentials.

Their results in large layer V

neurons of the sensorimotor cortex of the cat indicated that a IKNa+ conductance
contributed to the AHP following a spike train, but was also activated by
relatively small depolarisations which activated persistent Na+ current (Schwindt
et al., 1989). Later experiments confirmed the role of IKNa+ channels in post-burst
AHPs, in intrinsically bursting neurons of the neocortex (Franceschetti et al., 2003),
in lamprey spinal neurons (Wallen et al., 2007), and in rat motor neurons (Safronov
& Vogel, 1996).
IKNa+ channels also contribute to the potentials following a single action
potential. Liu and Leung (Liu & Leung, 2004) show that the depolarising afterpotential (DAP) following a single action potential in CA1 pyramidal cells of the
rat hippocampus (similar to the after-potential following evoked action potentials,
Figure 4.5) is mediated by a IKNa+ conductance. They show the reversal potential
of the DAP is -50 mV, and suggest that this value indicates the DAP is mediated
by a combination of inward and outward currents. Recent studies indicating a
tight coupling between Na+ influx through persistent Na+ channels and IKNa+
activation (Budelli et al., 2009) support this conclusion.
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6.5.3

Subthreshold Potentials and Spike Frequency Adaptation

In Chapter 3, Li+ is shown to act at subthreshold potentials, decreasing the
rate of rise to the first action potential following a depolarising current injection,
and decreasing spike frequency adaptation during a prolonged depolarisation.
Such effects are commonly attributed to the transient K+ conductance, IA
(Gustafsson et al., 1982; Segal et al., 1984).
IA is, however not the only conductance contributing to subthreshold
potentials, the rate of rise to action potential threshold, and spike frequency
adaptation. Persistent Na+ channels are active at rest and hence contribute to
subthreshold potentials (Agrawal et al., 2001). Experiments in mitral cells of the
olfactory bulb indicate that TTX not only blocks Na+ dependent action potentials
in response to depolarising current injection, but also a sustained subthreshold
depolarisation (Balu & Strowbridge, 2007) which could contribute to the rate of
rise to the first action potential following current injection. Indeed, studies in
mouse spinal neurons indicate that INap is a major determinant of the rate of rise to
action potential threshold (Lee & Heckman, 2001; Kuo et al., 2006).

6.5.4

Persistent Na+ Current

In neurons of the mammalian brain, a small proportion of the total inward
Na+ current is carried by Na+ flux through non-inactivating Na+ channels (Crill,
2003). Na+ current through non-inactivating channels is detectable at -70 mV
(Taddese & Bean, 2002) and reaches maximum conductance at -40 mV and half
maximum conductance at -50 mV (French et al., 1990). Because the persistent Na+
channel is maximally active at potentials close to rest, it contributes to the control
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of repetitive firing and prolonged depolarisations during synaptic integration
(French et al., 1990). Persistent Na+ current has been detected in neurons of the
sensori motor cortex (Li et al., 2004), and extensively investigated in large layer V
neurons of the cat sensory motor cortex (Stafstrom et al., 1982; Stafstrom et al.,
1984; Stafstrom et al., 1985),. It is present throughout the cortex (Gutfreund et al.,
1995) and in the supraoptic nucleus (Boehmer et al., 2000) and subthalamic
neurons (Beurrier et al., 2000).

Na+ current through persistent voltage-gated

channels is also the main activator of IKNa+ channels (Budelli et al., 2009).
In mitral cells, 57.2 ± 3.6% of total outward K+ current can be attributed to
IKNa+ channels that are preferentially activated by Na+ current through persistent
Na+ channels (Budelli et al., 2009). Persistent Na+ channels and IKNa+ channels are
active at subthreshold potentials (Schwindt et al., 1989; French et al., 1990).
It has been suggested that one of the defining features distinguishing the
roles of Ca2+-activated and Na+-activated K+ channels is that IKNa+ channels
activate at subthreshold potentials, whereas Ca2+ activated K+ channels do not
activate until somatic depolarisations reach -40 mV (Schwindt et al., 1989). This
suggests that a balance between Na+ influx through persistent channels and K+ out
flux through IKNa+ channels at subthreshold potentials could control the rise to
action potential threshold. Li+ block of IKNa+ will remove the hyperpolarising
influence of this channel, while leaving inward current intact, and the rise to
action potential threshold will therefore be faster, as seen with the depolarising
current injections in Chapter 3 (Figures 3.14-3.16).
The results presented in Chapter 3 also suggest that Li+ decreases the
degree of spike frequency adaptation in response to prolonged depolarisation.
Current through persistent Na+ channels is essential for spike frequency
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adaptation (Lee & Heckman, 2001; Kuo et al., 2006) and the control of intrinsic
membrane bursting (Bevan & Wilson, 1999; Del Negro et al., 2002; Ramirez et al.,
2004; van Drongelen et al., 2006). Na+ influx through persistent channels activates
IKNa+, which also contributes to spike frequency adaptation (Schwindt et al., 1989).
Other studies suggest that an interaction between persistent Na+ current and a
delayed K+ conductance underlie rhythmic activity (Gutfreund et al., 1995;
Boehmer et al., 2000). These studies support the hypothesis that persistent Na+
current acts in synchrony with an outward current, possibly mediated by IKNa+
channels, to control membrane excitability and intrinsic bursting.
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6.5.5

An affect of Li+ on IKNa+ Channels

In their experiments on the squid giant axon, Hodgkin and Katz provide
evidence that the membrane actions of Na+ and Li+ are ‘almost identical’ (Hodgkin
& Katz, 1949), and since then Li+ has been routinely used as a substitute for Na+ in
electrophysiological experiments.

These ‘identical’ actions of Na+ and Li+,

however, relate to the ability of the two ions to enter neurons through voltage
gated Na+ channels and depolarise the membrane. As evidenced by the many
studies since, and the results in this thesis, although Li+ may be able to substitute
for Na+ in action potential depolarisation, it cannot carry out intracellular Na+
dependent actions such as activation of IKNa+.
Li+ enters neurons through voltage gated Na+ channels, readily substituting
for Na+ in the generation of action potentials (Hodgkin & Katz, 1949), but
numerous studies have consistently indicated that Li+ cannot replace Na+ in the
activation of IKNa+ channels (Dryer et al., 1989; Haimann et al., 1992; Safronov &
Vogel, 1996; Bischoff et al., 1998; Franceschetti et al., 2003; Budelli et al., 2009). All
of these experiments bar one, however, (Haimann et al., 1992), ( 30 mM), replace at
least 70 mM of the external Na+ with Li+. These experiments have indicated the
absolute requirement for Na+ influx through voltage gated Na+ channels for IKNa+
channel activation, but have not addressed a possible direct effect of lower
concentrations of Li+ on channel activation by Na+. The experiments in this thesis
have looked at the effects of lower concentrations of Li+ on the neuronal
membrane.
As was seen in Chapter 4, replacement of 10 mM external Na+ with choline
caused a 12.91 ± 2.85% decrease in the AHP amplitude from control, compared to
a 76.49 ± 7.71% decrease in 10 mM Li+ (Figure 4.17 an 4.18). These changes in
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voltage can be attributed to a decrease in outward current through IKNa+ channels.
Evidence suggests that total replacement of external Na+ with choline or Li+ has
the same effect on outward current as TTX exposure (Budelli et al., 2009). The only
outward current sensitive to TTX is carried by IKNa+ channels, due to their reliance
on Na+ influx through TTX-sensitive channels for activation. This suggests that
the only outward current affected by removal of external Na+, and replacement
with choline or Li+, is current through IKNa+ channels. Although Li+ and choline
have similar effects on outward current through IKNa+ channels when they replace
total external Na+ (Budelli et al., 2009), the effects of lower concentrations are quite
different. Replacement of 10 mM external Na+ with choline had minimal effect on
IKNa+ channels (seen as a 12.91 ± 2.85% decrease in after-potential amplitude
(Figure 4.17 and 4.18). In contrast replacement of 10 mM external Na+ with Li+
had a significant effect on IKNa+ channels (seen as a 76.49 ± 7.71% reduction in the
after-potential amplitude, Figure 4.17 and 4.18). These results suggest that Li+
actively reduces IKNa+ channel activation in the presence of a near to physiological
concentration of external Na+, possibly by interfering with the ability of Na+ to
activate IKNa+ channels.
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6.5.6

IKNa+ Insight from Dispersed Cells

The electrophysiological experiments in this thesis were carried out in an in
vitro slice preparation of the mouse olfactory bulb, as this allowed a broad
investigation into the effect of Li+ on membrane properties of neurons in situ. The
main disadvantage of this recording technique is incomplete voltage control.
Because mitral cells, like most principal neurons of the brain, are large cells with
extensive processes, membrane voltage control cannot extend to distal parts of the
cell.

Incomplete voltage control was most apparent in the voltage clamp

experiments of Chapter 5, where active currents mediated by voltage gated Na+
channels were generated at voltages depolarised to rest.
In order to gain more complete voltage control over a membrane, cells can
be dispersed. The dispersion process cleaves off dendritic processes and leaves a
cell reduced in size, allowing complete voltage control to be achieved.
Dispersed cells have been used to characterise the contribution of IKNa+
channels to membrane physiology, and their dependence upon Na+ entry through
voltage gated channels (Budelli et al., 2009). Budelli et al. (2009) show that K+ flow
through IKNa+ is the greatest single contributor to outward current in mammalian
central neurons, generating 57.2 ± 3.6% of total outward current in dispersed
mitral/tufted cells and 40% of outward current in dispersed medial spiny neurons
of the striatum (Budelli et al., 2009). In median spiney neurons, TTX exposure
caused a 34 ± 3.9% reduction in a delayed outward current, an effect similar to
replacing external Na+ with choline (a 49.9% ± 2.3% reduction). This indicates that
the decreased outward current in TTX is due to blockade of inward current
through voltage gated Na+ channels. Replacement of external Na+ with Li+ also
had a similar effect on the delayed outward current (41.6% ± 3.1% reduction) to
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that of choline and TTX, indicating that the activation of outward current is
specifically dependent upon inward Na+ current through voltage gated Na+
channels. These experiments, however, still did not address the possibility of a
direct effect of Li+ on the activation of IKNa+ by Na+. To address this, the effect of
Li+ must be investigated in the presence of physiological concentrations of
extracellular Na+, and thus normal activation of IKNa+ channels (as outlined in
Section 6.5.5).
The experiments carried out by Budelli et al. (2009) provide strong evidence
that Li+ does not act non-specifically. As outlined above, current through IKNa+
channels was isolated using three different manipulations, total replacement of
extracellular Na+ with either 1) Li+ or 2) choline, and 3) blockade of voltage gated
Na+ channels with TTX. Each of these manipulations decreased outward current
by a similar amount.

If Li+ had a non-specific effect on transmembrane K+

gradients through an action on the Na+/K+-ATPase, for example, or by displacing
intracellular K+, then the effect of Li+ on outward current would have been greater
than the effect of choline replacement of extracellular Na+ or exposure to TTX. The
experiments carried out by Budelli et al. (2009) also indicate that the only outward
current affected by Li+ is TTX-sensitive, i.e. Li+ does not act to decrease voltage
gated of Ca2+ sensitive K+ conductances.
Throughout the late 80s and early 90s IKNa+ channels received little interest
as it was thought that the high levels of intracellular Na+ required for channel
activation indicated the channels were only involved in pathological states (Dryer
1994). Budelli et al. (2009), however, have provided evidence as to how IKNa+
channels can contribute to normal physiological function, despite requiring a high
concentration of intracellular Na+ for activation. Budelli et al. (2009) measured
TTX-sensitive outward current at increasing concentrations of internal Na+,
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manipulated through a whole cell patch pipette. Their results indicate that Na+
influx through TTX-sensitive channels continues to activate outward current until
the internal Na+ concentration reaches 70 mM, as long as the driving force for Na+
is into the cell, i.e. that Na+ entering neurons through voltage gated ion channels is
more effective at activating IKNa+ channels than Na+ entering neurons through a
whole cell patch pipette. They suggest that Na+ entering neurons through voltage
gated ion channels is accumulated in a microdomain to a concentration high
enough to activate IKNa+ channels. Consistent with this, outward current through
IKNa+ channels is markedly reduced when the driving force for Na+ is reversed.
This decrease in outward current through IKNa+ channels when Na+ is actively
removed from the microdomain is greater than the decrease when TTX blocks Na+
influx through voltage gated channels. It is concluded that with the driving force
for Na+ reversed (i.e. Na+ exits the cell through voltage gated Na+ channels), the
concentration of Na+ in the microdomain will be actively decreased, and current
through IKNa+ channels will decrease more rapidly than when Na+ levels are
simply prevented from increasing in the microdomain, as occurs with TTX block
of Na+ channels. Consistent with this conclusion, when the driving force for Na+
is outward, TTX exposure in fact increases outward current through IKNa+
channels. By blocking Na+ channels when the Na+ gradient is reversed, TTX
prevents Na+ efflux from the intracellular microdomain thereby slowing the
decrease in Na+ concentration in the microdomain and re-establishing outward
current through IKNa+ channels.
These experiments provide strong evidence that IKNa+ channels are
functionally coupled with voltage gated Na+ channels in the cell membrane,
allowing large local increases in Na+ occurring during normal physiological
activity to activate outward K+ flux.

Other studies have also concluded that

voltage gated Na+ channels and IKNa+ channels must be clustered (Schwindt et al.,
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1989; Franceschetti et al., 2003). Further evidence to support this conclusion stems
from experiments in myelinated axons of the Xenopus in which there is a strong
correlation between the numbers of voltage gated Na+ channels and IKNa+
channels in excised patches (Koh et al., 1994). Clustering of voltage gated Na+
channels and IKNa+ channels is similar to the clustering of voltage gated Ca2+
channels and Ca2+activated K+ channels (Marrion & Tavalin, 1998; Fakler &
Adelman, 2008).
As has already been outlined (Section 6.3.1), it has been reported that Li+
only depolarises the membrane potential of cerebral cortex synaptosomes and
slices when present in the external medium (Adam-Vizi et al., 1987). When slices
were loaded with 12 mM internal Li+ no appreciable depolarisation was observed,
and it was concluded that the effect of Li+ was extracellular, with Li+ competing
with K+ for the extracellular K+ binding site on the Na+/K+-ATPase (Adam-Vizi et
al., 1987). An alternative interpretation of these data is that the effect of Li+ is
dependent upon external Li+, insofar as it enters neurons through voltage gated
Na+ channels and prevents activation of IKNa+. As has already been outlined,
loading of a neuron with up to 70 mM internal Na+ has no effect on the magnitude
of the Na+-dependent outward current (activated by depolarisation, (Budelli et al.,
2009)). This suggests that it is not the concentration of Na+ (and therefore Li+) in
the bulk cytoplasm that alters IKNa+ channel activation but the concentration in the
vicinity of IKNa+ channels. This allows Na+ entry through voltage-gated channels
to activate IKNa+ channels independently of bulk cytoplasmic Na+ concentrations.
Minimal depolarisation when neurons are loaded with intracellular Li+ (AdamVizi et al., 1987) is also consistent with an affect of Li+ based on local accumulation
in the vicinity of IKNa+ channels, as would occur when Li+ enters neurons through
voltage-gated Na+ channels.
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This evidence also explains studies which have suggested the effect of Li+ is
unlikely to be intracellular, as Li+ only accumulates to very low levels in the bulk
cytoplasm (Kabakov et al., 1998; Birch, 1999). Although Li+ may not accumulate in
the bulk cytoplasm of neurons to concentrations approaching extracellular levels
(Kabakov et al., 1998; Birch, 1999) this does not exclude the possibility of high
concentrations of Li+ in specific intracellular domains.

6.6

6.6.1

Membrane Currents Affected by Li+

General Observations

Chapter 5 investigated the membrane currents affected by Li+ using a
depolarising voltage clamp step protocol. As is summarised in Figure 6.2, Li+ had
four effects on membrane currents in response to depolarising voltage steps.
1) An increase in the amount of negative current required to hold the cell
at potentials negative to rest.
2) A weakly voltage-sensitive decrease in peak current measured
immediately following voltage step onset (Figure 5.7, 5.8).
3) An increase in the decay slope between transient and steady state
current (Figure 5.9).
4) A strongly voltage-sensitive compression of the steady state current
(Figure 5.5. 5.8).
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Figure 6.2

Total membrane current generated by the voltage clamp step protocol in
Chapter 4

Li+ increased the current required to hold the membrane at -80 mV (1). Li+ also caused a
voltage insensitive decrease in peak current (2) and a voltage sensitive compression of
steady state current (4). Li+ also decreases the decay slope from peak transient current to
steady state current (3).

As has already been discussed, the experiments in Chapters 3 and 4 are
consistent with decreased activation of IKNa+ in the presence of Li+. The voltage
clamp experiments in Chapter 5 (the main observation of which are summarised
in Figure 6.2 and points 1-4 above) are also consistent with a decrease in K+
current through IKNa+ in the presence of Li+.
As has been outlined in the Section 5.1, the design of the voltage clamp
protocol used throughout Chapter 5 was such that, the main channels contributing
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to outward current at steady state were IKNa+ channels. Consistent with this,
steady state current was strongly TTX-sensitive.

Initially, exposure to TTX

blocked a large inward current at steady state, consistent with blockade of voltage
gated Na+ channels. Over time, however, TTX caused the progressive blockade of
an outward current measured at steady state. This is consistent with a secondary
effect of TTX on IKNa+ channels, due to their reliance on Na+ influx through TTXsensitive channels for activation.

As has been discussed in Section 5.7, the

increasing TTX blockade of outward current over time is consistent with the high
concentration of IKNa+ channels that have been reported in mitral cells
(Bhattacharjee et al., 2002; Bhattacharjee et al., 2005) and the large outward current
generated by IKNa+ channels in mitral cells (Budelli et al., 2009).
Exposure to Li+ caused a substantial decrease in steady state outward
current (73.76 ± 11.05% decrease from control at -45 mV) consistent with Li+ block
of an outward current active at steady state. As has been outlined above, the effect
on outward current in median spiney neurons of replacing all the external Na+
with Li+ or exposing slices to TTX is similar (a 41.6 ± 3.1% and 34 ± 3.9% decrease
in outward current respectively (Budelli et al., 2009). That replacement of just 10
mM external Na+ with Li+ also causes a significant decrease in outward current
(73.76 ± 11.05% Figure 5.6, Chapter 5) indicates that the effect of Li+ is not simply
due to its passive inability to activate outward current (as the results of total
replacement of external Na+ with Li+ would suggest).
It is interesting to note that the estimate of outward current carried by IKNa+
channels in the experiments presented here (73.76 ± 11.05% at -45 mV) is larger
than the estimate from Budelli et al. (57.2 ± 3.6%). Budelli et al. (2009) do not
specify at what voltage they calculate the percentage of membrane current carried
by IKNa+ channels, but it seems likely that they did so at the most depolarised
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voltage step (+80 mV). At this unphysiological voltage, IK channels will be active,
thereby reducing the relative percentage of membrane current carried by IKNa+
channels, compared to subthreshold voltages at which IK channels are only weakly
active (Klee et al., 1995) .
This disparity may also reflect different mechanisms by which outward
current through IKNa+ channels is isolated.

Budelli et al. (2009) estimate the

contribution of IKNa+ channels to total membrane current in mitral cells, based on
changes in outward current when Na+ influx is blocked with TTX. Therefore in
their estimate, blockade of inward current may mask the true proportion of
outward current carried by IKNa+ channels In the experiments presented in this
thesis, the contribution IKNa+ channels make to total membrane current was
calculated leaving inward current intact, therefore the contribution will not be
masked by changes in inward current.
By investigating the effect of Li+ in the presence of Na+ channel blockade, I
tested the hypothesis that the effect of Li+ was dependent upon entry into neurons
through Na+ channels.

The effect of Li+ was markedly reduced when Na+

channels were nonselectively blocked with TTX.

The effect of Li+ was also

markedly reduced when persistent Na+ channels were selectively blocked with
riluzole, consistent with studies indicating that Na+ influx through persistent
channels is the main activator of IKNa+ channels (Budelli et al., 2009). Consistent
with an effect of Li+ on IKNa+ channels at steady state, results in Chapter 5 show a
TTX-sensitive outward current increasingly blocked over a 40 minute exposure to
TTX. This outward current was more pronounced at potentials depolarised to rest
and was apparent both at peak transient and at steady state, consistent with other
studies (Budelli et al., 2009). The Li+-sensitive current (Figure 5.5 and 5.7), in
contrast, is obvious at subthreshold potentials and more pronounced at steady
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state than at peak transient (the Li+-sensitive current could not be measured at
potentials positive to rest because of unclamped active currents).

These

differences likely reflect the different mechanisms by which TTX and Li+ block
outward current (discussed in Section 5.7).
In discussing the results of the voltage clamp experiments of Chapter 5, I
will draw parallels between Ca2+ and Na+ activated K+ channels. IKCa2+ channels
have been far more extensively characterised than IKNa+ channels, at least in part,
because IKNa+ channels were initially not thought to contribute to normal
physiology (Dryer, 1994).

The small amount of work that has looked at the

specific interaction between intracellular Na+ and activation of IKNa+ channels has
suggested, however, that the interaction is similar to that between intracellular
Ca2+ and IKCa2+ channels (Yuan, 2003).
Finally, it has been suggested that the efficacy of Li+ in the treatment of
bipolar disorder, stems from its physicochemical properties (Birch, 1999). I will
compare and contrast the physicochemical profiles of Na+ and Li+ and how the
two ions behave in aqueous solution. Na+ and Li+ both traverse the membrane
pore of the voltage gated Na+ channel (Hodgkin & Katz, 1949; Hille, 1972) in their
dehydrated forms. Despite being quite similar in their dehydrated forms, these
two ions hydrate markedly differently. I will argue that when the ions rehydrate
intracellularly, they have very different actions on Na+ dependent mechanisms.
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6.6.2

Ca2+ Activation of IKCa2+ Channels

BKCa2+ channels are assembled together with voltage gated Ca2+ channels,
in macromolecular complexes allowing the formation of a Ca2+ nanodomain
(Berkefeld et al., 2006). The channels consist of a pore region (similar to that of
voltage-gated K+ channels) and an intracellular tail which contributes to Ca2+
sensing (Schreiber & Salkoff, 1997; Xia et al., 2004). The pore region of the BKCa2+
channel contains an intracellular ring of 8 negatively charged glutamate residues
which are thought to concentrate K+ in the vestibule and explain the high single
channel conductance of the BKCa2+ channel (Brelidze et al., 2003; Nimigean et al.,
2003).

The cytoplasmic tail region of the BKCa2+ channel contains a series of

conserved aspartate residues (termed the Ca2+ bowel), which accumulate Ca2+
(Schreiber & Salkoff, 1997). This conserved residue is highly selective for Ca2+
with smaller divalent cations such as Cd2+ unable to substitute for Ca2+ in
activation at the bowl, although larger divalent cations such as strontium can
(Schreiber & Salkoff, 1997). Cd2+ can, however, substitute for Ca2+ at a second
binding site on BKCa2+ channels (Schreiber & Salkoff, 1997).

Evidence also

suggests that Ca2+ activation of BKCa2+ channels is precisely controlled by a system
of Ca2+ buffers which allow localised increases in Ca2+ in specific domains (Fakler
& Adelman, 2008).

6.6.3

Similarities between Ca2+ and Na+ Activated K+ Channels.

The discovery of two genes (Joiner et al., 1998) encoding IKNa+ channels has
allowed the structure of two K+ channels sensitive to the intracellular
concentration of Na+ to be sequenced. These channels, named SLICK (sequence
like an intermediate conductance K+ channel) and SLACK (sequence like a Ca2+
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activated K+ channel), are expressed throughout the central nervous system,
including mitral cells of the olfactory bulb (Bhattacharjee et al., 2002; Bhattacharjee
et al., 2005).
SLICK and SLACK belong to the Slo family of K+ channels, of which BKCa2+
channels are also a member (Yuan, 2003). Yuan et al 2003, show both Slo1 (Ca2+
activated K+) and Slo2 (Na+ activated K+) have a long cytoplasmic carboxyl
terminus domain. This has been well characterised in BKCa2+ channels and is
thought to possess the Ca2+ binding site (reviewed Section 6.6.2). Although the
SLACK K+ channels only share 7% homology with the BKCa2+ channel
(Bhattacharjee & Kaczmarek, 2005), it has been suggested that the basic
mechanism of Ca2+ and Na+ activation is similar (Budelli et al., 2009). Indeed,
IKNa+ channels have been shown to be located in close proximity to voltage gated
Na+ channels and are likely to be functionally coupled to them (Koh et al., 1994;
Budelli et al., 2009). Additionally, evidence suggests that a Na+ gradient exists
close to the intracellular side of the membrane under normal physiological
conditions (Carmeliet, 1992). Such a gradient would prevent the diffusion of Na+
into the greater cytosol of the cell, concentrating Na+ at the membrane (Carmeliet,
1992). As has been reviewed above, recent evidence indicates that in neurons, Na+
entering through voltage gated channels is concentrated at the intracellular
membrane surface (Budelli et al., 2009), allowing the activation of IKNa+ channels.
Whether this concentration of Na+ in the vicinity of IKNa+ channels is through an
intracellular Na+ buffering system or an electrostatic attraction (or a combination
of the two) is unknown.
Na+ accumulation in the vicinity of IKNa+ channels, whether through
intracellular buffering or electrostatic accumulation, is primarily dependent on
Na+ entering neurons through voltage gated ion channels (Budelli et al., 2009).
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Low concentrations of Li+, entering neurons with Na+ through voltage gated
channels (Hodgkin & Katz, 1949; Hille, 1972), may therefore also be concentrated
in the vicinity of IKNa+ channels via the same mechanisms which concentrate Na+.
Li+ has the same charge as Na+ so will be attracted to electrostatic sites, and
buffering systems to decrease Na+ diffusion could also affect the diffusion of Li+.
Decreased K+ current through IKNa+ could result if Li+ prevented Na+ access
to binding sites on IKNa+ channels, or if Li+ prevented K+ access to the channel
pore. In BKCa2+ channels, a charged ring acts to concentrate K+ (Brelidze et al.,
2003), and the IKNa+ channel contains a similar structure (Budelli et al., 2009).
Because K+ is the most concentrated intracellular cation it is unlikely that influx of
Li+ through voltage gated Na+ channels will act to displace intracellular K+. This is
consistent with evidence suggesting that in pituitary melanotrophs, 20 mM
intracellular Li+ does not decrease BKCa2+ channel conductance (Kehl, 1996),
suggesting Li+ does not interfere with K+ accumulation at the vestibule. If a
fraction of Na+ entry is replaced with Li+ entry, however, Li+ may accumulate and
displace Na+ at sites (possibly electrostatic), responsible for channel activation,
reducing the normal coupling of Na+ entry and K+ efflux.

6.6.4

Li+ decreases Na+ Access to IKNa+ Channels

Na+ and Li+ both enter neurons through voltage gated Na+ channels in their
dehydrated forms (or possibly bound to one water molecule (Hille, 1971; Hille,
2001), in which the two ions are only slightly different in ionic radius (Richens,
1997). As the ions emerge into the cytoplasm, however, the differences in ionic
radii are amplified as the two ions rehydrate. The differences in the way Na+ and
Li+ rehydrate intracellularly will mean Li+ is unlikely to replace Na+ in the
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activation of mechanisms dependent upon intracellular Na+, and may in fact
interfere with the intracellular action of Na+.
Li+, like Na+, belongs to the alkali group of metals, and has the smallest
ionic radius of this group. Moving down the alkali group (Figure 6.3), ionic radius
increases, from Li+ (76 pm) to Na+ (102 pm), K+ (138 pm), rubidium (152 pm) etc
(Richens, 1997).

Figure 6.3

Periodic table

Li+ , Na+, and K+ belong to the alkali group of metals lying in the first column of the
periodic table.
(http://www.wpclipart.com/education/supplies/periodic_table_of_the_elements.png)
Public domain image.
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Because Li+ is the smallest of the alkali metals, it has a greater charge
density than Na+ and K+ and binds water molecules more closely than these larger
ions (Hribar et al., 2002). Because Li+ binds water molecules more strongly, its
hydration shell is large compared to Na+ (see Table 6.1). Thus Li+ has a larger
hydrated radius and is less mobile in solution than Na+ (Impey et al., 1983).
Because of the different charge densities of the Na+ and Li+ ions they also have
very different effects on the structure of water.

The effect of ions on water

structure can be divided into two categories; structure makers (kosmotropes),
which increase the viscosity of water, and structure breakers (chaotropes), which
decrease the viscosity of water (Kalyuzhnyi et al., 2001). Whether an ion is a
kosmotrope or a chaotrope depends on the manner in which that ion binds water
molecules. Small ions tend to be structure makers as they have greater charge
densities and therefore bind water molecules more strongly (Impey et al., 1983).
Smaller ions create a well-defined ion-water complex (Impey et al., 1983),
essentially creating a frozen area of water molecules surrounding the ion, which
do not exchange with bulk water (Frank & Evans, 1945). Larger ions have a
smaller charge density and tend to be structure breakers; they bind water less
strongly and therefore cause less restriction of water structure (Hribar et al., 2002).
Structure breakers disrupt the hydrogen bond network of bulk water (Impey et al.,
1983) thus decreasing water viscosity.

Structure maker and structure breaker

properties of an ion are based on the entropy of solution (see Table 6.1) which
describes the change in entropy as an ionic solution passes from a hypothetical gas
state to solution (Robinson & Stokes, 1959). Therefore Li+ with an entropy of
solution (per mole) of 39.6 cal/deg and a structure breaking entropy of -1.1
cal.deg.mol causes a greater loss of entropy (i.e. disorder) as it enters solution than
Na+ which only decreases disorder by 33 cal.deg, with a structure breaking
entropy of +4.0 cal/deg/mol (see (Robinson & Stokes, 1959) for a detailed
explanation). Li+ is therefore a structure maker. It is the smallest of the alkali
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metals and, with the largest charge density, has been labeled as an iceberg builder
(Frank & Evans, 1945) whereby it forms large lattice complexes in aqueous
solution and increases the order and hence the viscosity of water (Robinson &
Stokes, 1959). Na+, in contrast, has a smaller charge density and therefore binds
water molecules more loosely. Na+ is a border-line ion, neither a structure maker
nor a structure breaker (Hribar et al., 2002).
The evidence presented in this thesis indicates that under near to
physiological conditions, Li+ decreases the activation of a Na+ dependent K+
conductance, a conductance carried by ion channels activated by Na+ influx, and
located in close proximity to Na+ channels (Budelli et al., 2009). Li+ has a lower
mobility than Na+ and creates a large frozen area of surrounding water molecules.
Accumulation of Na+ in the vicinity of IKNa+ channels is likely based on its charge
(electrostatic accumulation) and/or diffusion barriers preventing Na+ ions (which
have entered neurons through voltage gated channels) from diffusing into the
bulk cytoplasm. Therefore Li+, entering neurons via the same pathway as Na+ and
with the same charge, will likely be accumulated in the vicinity of IKNa+ channels
in a similar manner to Na+, whether it is thorough electrostatic attractions or
diffusion barriers. Li+ ions, however, with their larger hydrated radius, lower
mobility in solution and structure making properties that increase the viscosity of
water, may interfere with Na+ access to intracellular binding sites on IKNa+
channels, thus decreasing channel activation.
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Ion

Na+

Li+

Atomic Number

11

3

Atomic Weight

22.98

6.9

Charge

+1

+1

Ionic Radius (pm)

102

76

Hydration Number

4 (3.3-6.0)

4-8

Hydrated Radius (pm)

276

340

Ionic mobility (ohm-1 cm2 mol-1)

43.5

33.5

Entropy of Solution (cal deg/mole)

-33.9

-39.6

Structure Breaking Entropy (cal deg/mole)

+ 4.0

-1.1

Table 6.1

Comparison of the chemical and physical properties of Na+ and Li+

Li+ has a smaller ionic radius than Na+. The charge density of Li+ is greater than that of
Na+ and the Li+ ion will hydrate more readily than Na+ in solution, resulting in a larger
hydrated radius and a lower mobility in solution. This endows Li+ with structure making
properties, whereby Li+ decreases the disorder of water, increasing viscosity.
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6.7

Decreased Na+ access to IKNa+ during Li+ exposure
The hypothesis that Li+ decreases outward K+ current by preventing Na+

access to binding sites on IKNa+ channels, is consistent with the results of the
voltage clamp experiments presented in Chapter 5.

As has been outlined in

Chapter 5, the Li+-sensitive current measured at steady state increased to a greater
degree with sequential depolarisations than the Li+-sensitive current at peak
transient.
Because the voltage clamp experiments carried out in Chapter 5 were based
on subthreshold potentials, the following discussion is concerned with the
interaction between persistent Na+ channels and IKNa+ channels. Persistent Na+
channels are the main contributor to inward current at subthreshold potentials
and are the main activator of IKNa+

Although studies have indicated that Na+

influx during a single action potential can activate IKNa+ channels, this activation
likely requires regenerative Na+ channel activation to allow enough Na+ influx for
IKNa+ channel activation. Therefore the contribution of transient Na+ channels to
activation of IKNa+ at subthreshold potentials is likely to be minimal.
Persistent Na+ channels are weakly active at -80 mV and reach maximum
activation at ~-40 mV (French et al., 1990). Therefore incremental 5 mV steps
between -80 mV and -50 mV will activate an increasing influx of Na+ through
persistent channels increasing the activation of K+ out flux through IKNa+ channels.
Across this voltage range Li+ influx through persistent Na+ channels will also
increase.

That the effect of Li+ at steady state increases with membrane

depolarisation to a greater degree than the effect of Li+ at peak transient indicates
that the effect of Li+ on membrane properties takes time to develop, as would be
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the case if the effect was based on accumulation of the hydrated Li+ ion in an
intracellular microdomain.
A dynamic effect of Li+ stemming from its larger hydrated radius/lower
mobility, and accumulation in Na+ microdomains is also consistent with the
readily reversible effect of Li+ shown throughout this thesis. The mechanism of
action of Li+ we propose does not involve Li+ attaching to a binding site which is
often irreversible, e.g. apamin block of SKCa2+ channels (Stocker et al., 1999),
therefore the effect of Li+ should be readily reversible when Li+ is removed from
the recording medium.

The experiments in this thesis show that recovery

following Li+ exposure is quick (within 10 minutes) and robust.
Further support for a mechanism of action of Li+ based on ion mobilities,
stems from the effects of Li+ and apamin on transient outward current. As was
shown in Chapter 4, a brief depolarising voltage step stimulated a transient
outward current carried by K+ flux through both apamin sensitive SKCa2+ channels
and Li+ sensitive IKNa+ channels.

Whilst both apamin and Li+ independently

decreased the peak transient current, only Li+ increased the time to reach peak
current (Figure 4.20) suggesting that Li+ alters the kinetics of channel activation as
well as decreasing the peak current flow. This characteristic of Li+ action on peak
transient current (activated with a transient, depolarising voltage step) is
consistent with a temporal effect based on accumulation and shielding of Na+
binding sites. Evidence suggests that apamin block of SKCa2+ channels involves
binding to two amino acid residues on both sides of the SKCa2+ channel vestibule
(Ishii et al., 1997) and that apamin block of SKCa2+ channels is irreversible (Stocker
et al., 1999).
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6.8

Bipolar Disorder
A frequently asked question in regards to the data presented in this thesis

has been how the concentration of Li+ used in my experiments compares to the
optimal therapeutic serum levels of Li+ in patients.

As has been outlined in

Section 1.1, the optimal serum concentration of Li+ in human patients is 0.8-1.2
mM, a tenth of the concentration used in the experiments presented here in mouse
brain slices. However, as was seen in Chapter 3 (Figure 3.2), there is a marked
difference between the effects of Li+ on action potential frequency in cells recorded
from in a whole cell compared to an extracellular configuration. We conclude that
this is due to some form of disruption resulting from an artificially created
solution being presented to the cell cytoplasm with a whole cell recording.
Previous extracellular recordings have indicated that 1 mM Li+ causes a significant
increase in action potential frequency (Butler-Munro et al., 2010), suggesting that
an effect of Li+ on the membrane properties of a central neuron occur at
therapeutic concentrations in brain slices. However, in order to investigate the
effect of Li+ on membrane currents whole cell recordings in brain slices were
required, necessitating a higher concentration of Li+.
Another frequently asked question is how the acute effects of Li+ presented
here could account for the therapeutic efficacy of Li+, considering Li+ therapy takes
~2 weeks to take effect.

This has been one of the main obstacles in the

development of a channel based hypothesis of mood stabiliser action (Askland &
Parsons, 2006).

As Askland points out, however, the time delay for mood

stabilisers to take effect may simply reflect the time required to restore
neurotransmitter availability and to re-set compensatory neurochemical processes
to their set point (Askland & Parsons, 2006).
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The possibility that bipolar disorder could be the result of a disruption in
ion handling has long been considered (see Section 1.5) and recent genetic studies
have also indicated that the most consistent gene loci associated with bipolar
disorder encode ion channels (Askland, 2006), suggesting that bipolar disorder is
an ion channel disease, or channelopathy (Gargus, 2006).
Further evidence suggesting bipolar disorder could be an ion channel
disease stems from the efficacy of the antiepileptic drugs as mood stabilisers. The
antiepileptics used in the treatment of bipolar disorder, (valproate, lamotrigine
and carbamazepine (Post et al., 1987; Stahl, 2004), all bind to inactivated Na+
channels, resulting in use-dependent blockade of Na+ entry (Taverna et al., 1998;
Errington et al., 2005). These drugs therefore act preferentially on depolarised or
rapidly firing cells.
Commonalities between the cellular actions of Li+ and the antiepileptics
have long been investigated in the hope that this may shed light on the
pathophysiology of bipolar disorder, and guide the development of more
effective, patient friendly drug treatments. For the most part, focus has been on
the common effects of Li+ and the antiepileptics on molecular aspects of cell
biology, most notably effects on signal transduction pathways (Post et al., 1992;
Gurvich & Klein, 2002). A common action on the electrical properties of neuronal
membranes has until now seemed paradoxical, as the antiepileptics block Na+
channels, whilst Li+ readily enters neurons through Na+ channels, substituting for
Na+ in membrane depolarisation. However, a common mechanism of action on
membrane properties could eventuate if Li+ entry into neurons resulted in a
decrease in the activity of Na+ dependent intracellular mechanisms, thereby
ultimately having the same effect on membrane properties as decreased Na+ entry.
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The results in this thesis indicate that Li+ actively decreases outward
current carried by IKNa+ channels. This direct effect of Li+ on outward current may
be shared, indirectly, by the anticonvulsants, which block voltage gated Na+
channels and thereby decrease the activation of IKNa+ channels. Many studies
have indeed reported an effect of the antiepileptics effective in bipolar disorder on
membrane K+ conductance.
Valproate selectively reduces persistent Na+ current (Taverna et al., 1998)
the same current that activates outward K+ flux through IKNa+ channels (Budelli et
al., 2009).

Valproate inhibits both Na+ and K+ currents in a ratio of 2:1 in

peripheral nerve (VanDongen et al., 1986), but has no effect on outward current in
the presence of TTX (Zona & Avoli, 1990). In combination, these studies suggest
that valproate might selectively decrease outward K+ current through IKNa+
channels, by decreasing Na+ influx through persistent voltage gated channels.
Carbamazepine has also been shown to decrease a K+ conductance in giant axons
of the Myxicola (Schauf et al., 1974), in addition to blockade of Na+ channels
(Courtney & Etter, 1983; Willow et al., 1985).
As has been outlined (Section 6.5.4), Na+ channels (particularly persistent
Na+ channels) are a major contributor to the control of intrinsic neuronal
excitability (Bevan & Wilson, 1999; Del Negro et al., 2002; Ramirez et al., 2004; van
Drongelen et al., 2006) and evidence suggests persistent Na+ channels act in
synchrony with a delayed outward K+ conductance in membrane potential control
(Gutfreund et al., 1995; Boehmer et al., 2000). This K+ conductance is likely carried
by IKNa+ channels.

Studies have indicated a strong correlation between the

numbers of IKNa+ and Na+ channels in excised patches (Koh et al., 1994) and it has
been suggested that a single IKNa+ channel is surrounded by up to 6 Na+ channels
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(Koh et al., 1994). More recent finding have shown a functional coupling between
Na+ influx through voltage gated channels and IKNa+ channel activation (Budelli et
al., 2009). Therefore the antiepileptics and Li+ may both target structurally and
functionally coupled ion channels which contribute to the long term control of
membrane excitability.

6.8.1

Effects of Li+ on Synaptic Transmission

As has been outlined in the introduction, Li+ has been reported to have an
array of effects on synaptic transmission (Wood & Goodwin, 1987; Manji & Lenox,
2000; Corbella & Vieta, 2003) and these effects of Li+ have been suggested to
underlie its efficacy in the treatment of bipolar disorder. Effects of Li+ on synaptic
transmission, however, could be secondary to alterations in intrinsic membrane
properties and membrane excitability. Neurotransmitters are released as a direct
result of membrane depolarisation when an action potential invades a presynaptic
terminal (Nicholls et al., 1987; Hochner et al., 1989). Therefore alterations in the
regulation of neuronal excitability could have direct effects on all neurotransmitter
systems and as such, alterations in membrane excitability following Li+ exposure
could account for the broad ranging effects of Li+ on neurotransmitter systems
reviewed in Section 1.4.
Interestingly, IKNa+ channels have been suggested to contribute to synaptic
integration.

SLACK channels bind to post-synaptic density-95 at excitatory

synapses (Uchino et al., 2003), suggesting that at synapses, SLACK may be
activated by Na+ flow through glutamate receptor channels. Indeed, experiments
in rat brain synaptosomes and lamprey CNS lysates, show SLACK channels are
located in close proximity to and are directly activated by Na+ influx through
AMPA receptor channels (Nanou & El Manira, 2007).
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It has been suggested that SLACK channels and Gq protein coupled
receptors may be coupled, and that IKNa+ channels are activated in response to Gq
protein couple receptor activation (Santi et al., 2006). Neurotransmitter control of
IKNa+ channels, and the widespread distributions of SLACK (Bhatarcharjee 2002,
2005), suggest these channels may have a key role in control of electrical activity in
many brain regions (Santi et al., 2006).
The experiments carried out in this thesis were done in the presence of
ionotropic GABAA and glutamate receptor blockers, to allow investigation of the
effect of Li+ on the electrical properties of mitral cells independently of their major
synaptic inputs. Hence the results presented here will not be due to disruption of
synaptic integration. However, the suggestion that the IKNa+ channel is involved
with synaptic integration is interesting given the multiple effects of Li+ on
neurotransmission that have been reported (see (Wood & Goodwin, 1987; Manji &
Lenox, 2000; Corbella & Vieta, 2003) for review). Li+ exposure has been suggested
to cause upregulation of 5-HT neurotransmission (Price et al., 1990), to increase
glutamate (Dixon & Hokin, 1997) and acetylcholine release (Corbella & Vieta,
2003), to reduce striatal dopamine release (Otero Losada & Rubio, 1985), and
increase the dialysate GABA levels in the rat frontal cortex (Antonelli et al., 2000).
These effects of Li+ on neurotransmitter systems could arise from an effect of Li+
on IKNa+ channels. The involvement of IKNa+ in the intrinsic control of membrane
excitability (Schwindt et al., 1989) and electrical integration at synapses (Uchino et
al., 2003) suggest this ion channel is a very plausible target for Li+ action in the
treatment of bipolar disorder, especially considering the mounting body of
evidence suggesting bipolar disorder could be an ion channel disease (Askland,
2006; Askland & Parsons, 2006; Gargus, 2006; Askland et al., 2009).
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6.9

Hypothesis on the Pathophysiology of Bipolar Disorder based
on Membrane Excitability

Neuronal function is entirely dependent upon the precise regulation of
membrane excitability (Paradis et al., 2001). Ion channels are the fundamental
elements underlying electrical excitability in the brain (Hille, 2001) and evidence
strongly indicates that bipolar disorder is a disease of ion channels (Askland &
Parsons, 2006; Askland et al., 2009). This suggests that the oscillations in mood
which characterise bipolar disorder could be due to oscillations in the long term
control of electrical excitability as the result of genetic mutations in ion channels
making up affective circuits in the brain.

This is consistent with literature

reviewed in Section 1.5 which shows evidence for altered ion distributions in
mania and depression.

6.9.1

Degenerate Control of Membrane Excitability

Oscillations in membrane excitability could arise due to the degenerate
nature of membrane potential regulation. Degeneracy is the term applied when
structurally different elements perform the same function or confer the same
output (Edelman & Gally, 2001).

Examples of degeneracy occur throughout

biology, a common example being nucleotide triplets, where a change at the third
position does not change the amino acid that is encoded (Tononi et al., 1999).
Degeneracy is distinct from redundancy, in which identical elements perform the
same function (Tononi et al., 1999) and which is less common in biological systems
(Tononi et al., 1999).

241
Degenerate control of membrane excitability can occur over the long term.
For example, granule cells with a genetic deficiency in GABAA receptors show
adaptive responses, up-regulating a leak K+ conductance and thus compensating
for the loss of GABAA-dependent chloride current. This maintains normal levels
of post-synaptic excitability over the long term (Brickley et al., 2001).
Degenerate control of membrane excitability over short time frames has
also been reported, especially in experiments investigating the mechanisms
underlying spike frequency adaptation in neurons. For example, when cells are
exposed to the persistent Na+ channel blocker phenytoin, there is no change in
spike frequency adaptation (Zeng et al., 2005), despite persistent Na+ channels
being a key mediator of spike frequency adaptation (Lee & Heckman, 2001; Kuo et
al., 2006).

Zeng et al. (2005) concluded that because multiple mechanisms

contribute to spike frequency adaptation, including Ca2+ activated K+ channels
(Sawczuk et al., 1997), blockade of persistent Na+ channels results in the upregulation of another mechanism to compensate (Zeng et al., 2005) and maintain
the membrane response. It is interesting that, in the experiments presented in this
thesis, selective blockade of IKNa+ channels with Li+ results in attenuation of spike
frequency adaptation which is not compensated for, when blockade of Na+
channels (and secondary blockade of IKNa+ channels) is compensated for (Zeng et
al., 2005). This may reflect a fundamental characteristic of the interaction between
degenerate control mechanisms in the control of membrane excitability.

6.9.2

How Might Degeneracy Contribute to Bipolar Disorder?

Evidence suggests that the first episode of bipolar disorder is associated with a
psychosocial stressor and that subsequent episodes occur spontaneously (Post,
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1992). Additionally, bipolar disorder is progressive in that successive episodes
occur with increasing frequency (Post, 1992). It has been suggested that bipolar
disorder may be the result of an alteration in ion regulating ability (El-Mallakh &
Huff, 2001), a hypothesis supported by early findings showing bipolar disorder
patients have altered ion distributions and ion handling abilities (Coppen et al.,
1966; Shaw, 1966; Naylor et al., 1970; Dubovsky et al., 1989; Dubovsky et al., 1992)
and recent findings linking ion channel mutations with bipolar disorder (Askland,
2006; Askland & Parsons, 2006; Askland et al., 2009). Taken together, this suggests
that the first psychosocial stressor associated with the onset of bipolar disorder
causes a disruption in ion distributions and subsequently membrane excitability in
affective systems of the brain.
We propose that, although most individuals will experience a psychosocial
stressor at some point throughout their lives, in individuals with a predisposition
to bipolar disorder (ion channels mutations) affective systems of the brain are illequipped to cope with the disruption in ion handling,. We propose that the
oscillations in mood which characterise bipolar disorder are caused by underlying
oscillations in membrane excitability as degenerate control systems work out of
synchrony to restore ionic homeostasis.
In light of the above suggestions it is interesting to consider why bipolar
disorder doesn’t manifest until late teens/early 20s (Joyce, 1984). This age of onset
could be due to either a dampened effect of psychosocial stressors in childhood
compared to adulthood, or a dampened ability of the brain to regulate ion
distributions in response to psychosocial stressors in adulthood compared to
childhood.
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6.9.3

How might Oscillations in Membrane Excitability Arise?

Persistent Na+ influx contributes to the long term control of membrane
excitability and, as has been outlined in Section 6.5.4, has been reported to act in
concert with an (often unidentified) K+ conductance, likely to be the IKNa+
conductance. As has been outlined in this thesis, Li+ blocks IKNa+ channels and
this could underlie its therapeutic effect. This conclusion is supported by the use
of anticonvulsants as mood stabilisers, all of which block voltage gated Na+
channels (and hence IKNa+ channels). Therefore based on the results of this thesis
and the known actions of the anticonvulsants, we propose that persistent Na+
channels and IKNa+ channels may underlie oscillations in neuronal membrane
excitability in affective circuits of the brain, resulting in the debilitating oscillations
in mood which characterise bipolar disorder. This is not necessarily to say that
persistent Na+ channels and IKNa+ channels are the channels wrongly encoded at
the genetic level in bipolar disorder individuals. It may be the case that the correct
functioning of persistent Na+ channels and/or IKNa+ channels is impaired as a
secondary result to alterations in other ion channels.
INap and IKNa+ channels are tightly coupled and it can be hypothesised that
changes in the numbers of IKNa+ channels and in their Na+ sensitivity provides a
precise control mechanism for membrane excitability under normal conditions,
with increased numbers of IKNa+ channels and or increased sensitivity to Na+
causing membrane hyperpolasrisation and decreased excitability, and decreased
numbers and/or decreased Na+ sensitivity causing membrane depolarisation and
increased excitability. Alterations in the levels of IKNa+ channels and/or their Na+
sensitivity could also result from pathological states i.e. in response to genetic
mutations in ion channels. We propose that the underlying pathology of bipolar
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disorder (genetic mutations in K+ ionic channels) causes IKNa+ channels to
compensate, independently of INap thereby disrupting the tight coupling between
these two channels causing the resting membrane potential to become unstable.
We propose that mania and depressive cycles occur as affective circuits in the
brain swing between periods of over activity and periods of under activity, and
that periods of mood stability (remission) reflect membrane potential stabilisation,
when degenerate control systems manage to get neuronal membrane potential
under control.

Because the core of the problem in this hypothesis is genetic

mutations in ion channels (see section 1.6 for evidence and references), membrane
potential control, despite stabilising during periods of remission, would still
remain weakened by the genetic mutations in ion channels and the resulting
compensation in the numbers and/or Na+ sensitivity of IKNa+. Therefore, periods
of remission could swing back into periods of mania and depression, over a
varying time course, depending on the specific mutations and degenerate
responses in each individual.

6.9.4

How might Li+ Prevent Oscillations in Membrane Potential?

Anticonvulsants target rapidly firing neurons, binding to and inactivating
Na+ channels. We hypothesise that Li+ targets neurons which have increased
levels of IKNa+ channels. As has been outlined in Section 6.9.2, increased levels of
IKNa+ channels could result from a degenerate response of the membrane, an
attempt to compensate for ion channels which are incorrectly encoded at the
genetic level.

By blocking IKNa+ channels, Li+ may allow stabilisation of

membrane potential control, preventing oscillations in membrane potential in
affective systems of the brain and, ultimately, preventing the debilitating
oscillations in mood which characterise bipolar disorder.
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6.10 Summary
It has been suggested that bipolar disorder is the result of an underlying
disruption in ion regulating ability in the brain (El-Mallakh & Wyatt, 1995; ElMallakh, 2004).

This is consistent with genetic linkage studies which have

implicated malfunctions in genes encoding voltage gated ion channels in the
pathophysiology of bipolar disorder (Chandy et al., 1998; Askland, 2006; Askland
& Parsons, 2006; Askland et al., 2009). The efficacy of Li+ in the treatment of
bipolar disorder has been suggested to be the result of a general effect on neuronal
biology (Ullrich et al., 1980) and in this regard, an action of Li+ on IKNa+ channels,
which are involved with the short and long term control of membrane excitability,
could underlie the therapeutic efficacy of Li+ in bipolar disorder. Consistent with
this hypothesis is the known action of other drugs used in the treatment of bipolar
disorder, namely the anticonvulsants which act to block voltage gated Na+
channels, thereby decreasing activation of IKNa+ channels.
The work in this thesis indicates that Li+ has major effects on neuronal
membrane properties. This work has investigated the effect of Li+ on neuronal
membrane properties in the presence of a close to physiological external
concentration of Na+. We can therefore conclude that the effect of Li+ does not
simply stem from an inability to carry out intracellular Na+ actions and that Li+ in
fact actively alters neuronal membrane properties. The effects of Li+ presented in
this thesis are therefore consistent with a specific decrease in outward current
through IKNa+ channels. This work has lead to the hypothesis that the efficacy of
Li+ in the treatment of bipolar disorder stems from its ability to enter neurons
through voltage-gated Na+ channels and be concentrated in the vicinity of IKNa+
channels by mechanisms which usually act to concentrate Na+ (Budelli et al., 2009).
Because Li+, when hydrated, is much larger than Na+ and decreases the disorder
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of water (i.e. increases the viscosity), Li+ may prevent Na+ from accessing
activation sites on IKNa+ channels. We propose that the Li+-induced decrease in
IKNa+ activity allows membrane excitability to stabilise.
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6.11 Future Work

1) This work has significant implications for the treatment of bipolar disorder
and our understanding of the underlying pathophysiology of the disease. At
present, the only specific blocker of IKNa+ channels is Li+. However, the increasing
awareness of IKNa+ channels and their possible involvement in the efficacy of drug
treatments used in bipolar disorder will hopefully result in the development of
specific drugs targeted to IKNa+ channels.
2) The main interest for me to stem from this work is the mechanisms by
which Na+ influx through voltage gated Na+ channels activate IKNa+ channels and
how these channels may interact in the control of membrane excitability. The use
of Na+ sensitive dyes such as SBFI (sodium-binding benzofuran-isophthalate) may
allow Na+ ions entering neurons through voltage gated channels to be tracked to
provide further evidence that Na+ is accumulated in the vicinity of IKNa+ channels.
Such dyes could also be used to investigate the effect of Li+ on the ability of Na+ to
accumulate in the vicinity of IKNa+ channels.
3) It would also be interesting to investigate the contribution that INap and
IKNa+ channels make to degenerate control of membrane excitability. We have
hypothesised that dynamic compensatory changes in the interaction between INap
and IKNa+ could underlie oscillations in the excitability of affective circuits in the
bipolar brain.

The first step to test this hypothesis would be to investigate

whether IKNa+ channels can be degenerately up-regulated when other ion channels
are blocked. For example, one could investigate whether or not there is a change
in the current carried by IKNa+ channels when (for example) K+ leak channels are
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selectively blocked using the endocannabinoid anandamide (selectively blocks
TASK-1 K+ leak channels) (O'Connell et al., 2002).
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