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Abstract

M-type potassium channels are closed by activation of G protein-coupled 

receptors which couple to phospholipase C activation. I have investigated the 

proposed role of the hydrolysis and depletion of phosphatidylinositol-4,5- 

bisphosphate (PIP2) in the closure of these channels produced by two different 

agonists (the muscarinic agonist, oxotremorine-M, and the peptide, bradykinin) 

in primary mammalian sympathetic neurons. Simultaneous electrophysiological 

recording of the M-current and imaging of the localization of a fluorescent PIP2- 

binding construct, GFP-PLC-5 PH, has provided a valuable tool for investigation 

of the involvement of PIP2 levels in M-channel closure.

I found that over-expression of the neuronal calcium-sensor protein 

NCS-1 , which enhances PIP2 synthesis by increasing the activity of the enzyme 

PI4-kinase, reduced the net decrease in membrane PIP2 following application of 

bradykinin and, in parallel, reduced the sensitivity of M channels to closure by 

bradykinin. This reduction in sensitivity was partly reversed by the PI4-kinase 

inhibitor wortmannin. I also found that over-expression of the next enzyme in the 

synthetic pathway, PI5-kinase, reduced both the net decrease in membrane 

PIP2 and the sensitivity of the M channels to both agonists. This (plus other 

evidence) suggests that membrane PIP2 depletion is a key factor in the 

regulation of M channels by both of these agonists.
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1.1 The neuronal M-current

1.1.1 Discovery of the M-current

The ‘M-current’ ( I m ) was first identified more than twenty years ago after an 

inquiry into the mechanism whereby activation of muscarinic receptors depolarises 

sympathetic ganglion cells. Brown and Adams (1980) used sympathetic neurones 

from the bullfrog to investigate this effect of muscarinic agonists, and they 

discovered that these agonists couple to, and inhibit, a voltage-dependent, non­

inactivating potassium current. Thus, the M-current was ‘born’, and so christened 

due to its coupling to muscarinic receptors. The unique properties of the M-current, 

and the implications of its manipulation for the control of neural excitability have 

made it a popular area of study. Comparable currents have now been identified in 

a number of different neuronal cell types and neural cell lines, and even in some 

non-neuronal cells, and the molecular correlates of the channel have been 

proposed, with considerable evidence in their favour. This has allowed the study of 

M-like currents in cell lines transfected with these molecular correlates and with the 

appropriate receptors.

1.1.2 Where Is the M-current found ?

After first being discovered in bullfrog sympathetic ganglion neurons (Brown 

and Adams, 1980), the M-current has since been identified in rat sympathetic 

superior cervical ganglion neurons (Constanti and Brown, 1981), amphibian dorsal
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root ganglion neurons (Tokimasa et a!., 1993), mammalian central neurons (e.g. 

Halliwell and Adams, 1982; Constanti and Sim, 1987; Moore et al., 1988), neuron­

like NG108-15 neuroblastoma x glioma cells (Brown and Higashida, 1988) and rat 

pheochromocytoma P C I2 cells (Villarroel et a!., 1989).

1.1.3 Kinetics and Physioiogicai reievance of

Im is the only persistent, voltage-sensitive potassium current that is activated 

at sub-threshold potentials in rat superior cervical ganglion cells (SCGs) (Constanti 

and Brown, 1981). It is fully deactivated at potentials more negative than -70  mV, 

and appears to be fully activated by -1 0  mV, although contamination by activation 

of other large, outward currents at potentials positive to -3 0  mV complicates the 

measurement. Thus, M-currents are usually recorded within the range of -20mV to 

-60mV.

The conductance of Im , (G m), follows a sigmoidal activation curve between 

-60  mV and -1 0  mV. As the threshold for action-potential activation in these cells 

is around -4 0  mV (resting potential is around -6 0  mV), it follows that Im activation 

would have a braking effect on action-potential firing.

Injection of depolarising current into a cell at rest (-60 mV) will bring the 

membrane potential into the activation range for Im. As the cell depolarises further, 

Gm increases inducing a secondary (outward) current. This outward current will 

‘dampen’ the effect of the depolarising current and hence, may prevent action- 

potential firing. It is therefore believed that the function of the M-current in vivo is to

18



stabilize the membrane potential and to prevent fluctuations from eliciting 

unwanted action potentials.

The voltage-sensitivity of Gm produces pronounced outward rectification in 

the steady-state current-voltage curve, as demonstrated by Adams et al (1982), 

who found that simulating the replacement of Gm with an equivalent fixed 

conductance led to a linear steady-state current-voltage curve. Removal of the 

voltage-sensitivity of Gm also meant that the voltage deflections produced by 

relatively small current injections (~ 0.4 nA) were approximately twice as large, 

which further demonstrates the stabilizing role of Im .

The above paragraphs outline the physiological role of the M-current at the 

cellular level. The identification of its probable molecular correlates in 1998 (Wang 

et al., 1998) provides a clinical perspective to the work.

1.1.4 Molecular Correlates of the M-channel and its clinical relevance.

Several candidates have been suggested as the genes responsible for M- 

current expression, all encoding members of the six transmembrane domain 

channel family, but the evidence for the involvement of the KCNQ gene family is 

the most compelling.
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Evidence for KCNQ subunits as molecular correlates of the M-current

The first KCNQ gene, KCNQ1, was identified in cardiac myocytes as the gene 

which, when mutated, is responsible for more than 50% of inherited cardiac long 

QT syndrome (Wang et al, 1996), hence the original name given to the gene 

family, “KvLOT”. This KCNQ subtype combines with a p accessory subunit,

KCNE1, which removes the rectification of the channel and modifies its kinetics, to 

form the cardiac slow delayed rectifier channel, IKs (Sanguinetti et al., 1996).

A mutation in the gene now known to be KCNQ2, was present in a family 

where the condition “Benign Familial Neonatal Convulsions” (BFNC), a dominantly 

inherited epileptic disorder of newborns, was evident (Biervert et al, 1998; Charlier 

et al, 1998; Singh et al, 1998). This provided evidence that KCNQ2 is involved in 

the regulation of cell excitability (as expected from the M-current). Also, Charlier et 

al (1998) found a mis-sense mutation in the critical pore region of KCNQ3 in 

perfect co-segregation with the BFNC phenotype (the same conserved amino acid 

is mutated in KCNQ1 in an LQT patient; Wang et al, 1996). The fact that mutations 

in either KCNQ2  or 3 cause the same inherited epilepsy suggests that they do form 

heteromeric channels which regulate cell excitability.

The neuronal location of the mRNAs for both KCNQ2 and 3 suggested them 

as promising candidates for the neuronal M-channel. The expression of KCNQ2 

message in superior cervical ganglia, coeliac ganglia and superior mesenteric 

ganglia was almost identical to the percentage of these neurons that displayed the 

M-current (Yang et al, 1998). A discrepancy was noticed however, as KCNQ2
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message was highly evident in cerebellum, an area of the brain which is reported 

not to express M-current (Watkins and Mathie, 1996). The discovery that co­

expression of KCNQ2 and 3 produces a substantial, synergistic increase in current 

amplitude compared to the currents through the individually expressed channels 

(an increase in current density of around 11-fold compared to KCNQ2  homomers) 

and that expression patterns of the mRNAs for both subunits were found to overlap 

in areas where the M-current is found, but did not overlap in the cerebellum helped 

to explain this discrepancy (Wang et al., 1998).

KCNQ2- and 3-associated channels were expressed, both individually and 

together, in Xenopus oocytes, and the currents measured and compared to Im- The 

current produced is very similar to Im, both biophysically and pharmacologically, 

with a half-activation potential of approximately -40mV and a strong sensitivity to 

block by muscarinic agonists in Mi receptor-expressing cells (Wang et al., 1998). 

The relatively specific M-channel blockers linopirdine and its analogue XE991 were 

also found to block the KCNQ2/3-associated current.

It was proposed by Wang et al (1998) that the KCNQ3 subunit somehow 

facilitated the expression of the KCNQ2 subunits, perhaps via the formation of a 

heteromeric complex of both, rather than the whole cell M-current being made up 

of homomeric KCNQ2 channels and homomeric KCNQ3 channels. They 

investigated this possibility by observing the sensitivities of the individual channels 

to blockade by tetraethylammonium (TEA), and then comparing these to the 

sensitivity of the channels after co-injection of both mRNAs.
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The homomultimeric KCNQ 2 channel is very sensitive to TEA (Kd -0.16 

mM). This is due to the presence of a tyrosine residue at position 323 within the 

pore region that determines sensitivity to blockade by TEA (tyrosine here confers 

high sensitivity). Due to the presence of a threonine residue at this same critical 

position within its pore, the KCNQ 3 channel exhibits a low sensitivity to TEA 

(Mackinnon and Yellen, 1990). When the subunits were co-expressed, the 

resulting channels showed an intermediate level of sensitivity to blockade by TEA 

(Kd -3 .5  mM), which indicates that they do indeed co-assemble into a heteromeric 

complex (Wang et al, 1998). The same results were obtained when subunits were 

expresses in Chinese Hamster Qvary (CHO) cells (Hadley et al., 2000). The native 

M-channels in rat sympathetic neurons, hippocampal and olfactory cortex neurons 

all exhibit a similar, intermediate level of sensitivity to TEA blockade (see Wang et 

al, 1998), supporting the theory that they are KCNQ 2 + 3 heteromers.

Analysis of the single channel properties of heteromeric KCNQ 2/3 channels 

expressed in Chinese Hamster Ovary (CHO) cells has shown them to resemble 

previously characterised neuronal M-type channels (Selyanko et al., 2001).

Further work on the TEA sensitivity of native M-currents in SCG neurons 

revealed that these native channels, in adult rats (6  weeks old) adopt the same 

configuration as channels formed in CHO cells by expression of a KCNQ2/3 

tandem construct, i.e. a 1:1 stoichiometry (Hadley et al., 2003). Hadley et al. also 

reported an additional small proportion of current carried by KCNQ2 homomers in 

17 day old rats (this is the age of rat used throughout this thesis).
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Shah et al. used RT-PCR, staining and TEA-sensitivity studies to determine 

the molecular correlates of the M-current in rat hippocampal neurons, and reported 

that KCNQs 2, 3 and 5 contributed to the M-current in these neurons (Shah et al., 

2002).

Evidence for other subunits as the molecular correlates o f the neuronal M- 

channel

The M-like current in the mouse neuroblastoma x rat glioma cell line (NG 108- 

15 cells) is a compound current, which has been shown to be made up of a slow 

component and a fast component. The slow component is inhibited by a compound 

named WAY-123.398, and is believed to be conducted through erg channels, and 

the fast component is inhibited by linopirdine and is believed to be conducted 

through KCNQ 2/3 heteromers (Selyanko et al., 1999; Meves et al., 1999).

Stansfeld et al (1997) proposed the involvement of ether-a-go-go channels 

in the conductance of the native M-current. Both the drosophila (D-eag) and rat (r- 

eag) homologues of this channel produce non-inactivating currents, and the single 

channel conductance through these channels is around 8  pS -  similar to that of rat 

M-channels which express two low conductance levels, 7pS and 11 pS. However, 

Stansfeld et al. compared activation kinetics of the Drosophila eag current, rather 

than the rat eag current, with the rat M-current. In a discussion on the subject, 

Mathie and Watkins (1997) point out that the r-eag channel currents have been 

shown to have rather different, faster deactivation kinetics than the drosophila 

homologue. This fact is reiterated by Marrion (1997b) who states that “the
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activation and deactivation kinetics of r-eag are so different (to D-eag) that a 

comparison with M-current would not be convincing". Marrion also discusses 

differences between the permeability properties of the r-eag pore and the 

mammalian M-channel pore; the M-channels are permeable to Cs^ ions, a property 

which is not shared by r-eag. Conversely, r-eag channels are permeable to Na^ 

ions and M-channels are not (Marrion et al., 1997b). These differences appear to 

suggest that r-eag, at least expressed homomerically, is not responsible for the M- 

current.

It is possible however, that r-eag may co assemble with other subunits, or 

that the M-current may be conducted, in part, through r-eag homomers.

7.2 Receptor modulation of the M-current

The subject at the core of much of the work done on the M-current since its 

discovery is the mechanism of its inhibition via receptor activation. Elucidation of 

the coupling mechanism between receptor and channel would provide us with 

novel, possibly more rapid and also more precise means of controlling the current. 

This could provide the basis in the future for several novel therapeutics for epilepsy 

and other diseases involving abnormalities in neuronal excitability.

The M-current is inhibited via activation of a number of different receptor 

types. As well as the muscarinic receptor, these include the bradykinin B2 receptor 

and UTP-sensitive P2 Y purinoceptors. All these receptors couple to a G-protein, 

which has been proven to be an essential part of the transduction pathway.
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1.2.1 G-protein-coupled receptors, G-protein cycle and Its Involvement in 

the inhibition of the M-current

Structure of G-proteln-coupled receptors

At rest, G-protein-coupled receptors are bound to G-protein heterotrimers 

consisting of the a subunit and the Py dimer. These inactive G-proteins are bound 

to guanosine diphosphate, as shown in Figure 1.1.

The G-protein cycle

At rest, the G-protein trimer, comprising the a and py subunits, is bound to 

guanosine diphosphate (GDP). Once the G-protein is activated by receptor 

activation, GDP is exchanged for guanosine triphosphate (GTP). The G-protein 

trimer splits into two parts, the a subunit and the py dimer, GTP remaining bound 

to the a subunit. When this GTP is hydrolysed by the innate GTPase properties of 

the a subunit, to form GDP once again, the “active” period of the a subunit is over 

and it rebinds to a py dimer, ready to be activated again. GDP gains a phosphate 

from adenosine triphosphate to form GTP, ready to bind once again to an activated 

G-protein. This cycle is shown in Figure 1.1.
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Constitutively active a subunits can be created by adding the non- 

hydrolysable analogue of GTP, GTPyS to the cell. By the same token, if a stably 

inactive analogue, GDPpS, which binds to the a subunit and then cannot be 

phosphorylated, is added to the cell, this reduces the amount of G-proteins which 

are available for activation.

Ù  
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Figure 1.1. The G-protein cycle. A. At rest, the G-protein trimer is bound to GDP. B. 

On receptor activation, GDP is exchanged for GTP, and the trimer splits into the py 
dimer and the a subunit, which are free to bind to effectors. C. Innate GTPase 

properties of the a subunit cause hydrolysis of GTP; py dimer and a subunit rejoin in 

the resting configuration , bound to GDP.
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Experimental evidence that a G-proteIn Is Involved

Pfaffinger (1988) and Robbins et al (1993) conducted experiments involving 

the addition of different G-protein activators/ inhibitors to the pipette solution.

When GTPys (non-hydrolysable activator of G-protein) was added to the 

pipette solution, recovery of Im inhibition following washout of ACh was prevented. 

This was the case both in Mi and M3 receptor- transfected NG108-15 cells 

(Robbins et al, 1993) and sympathetic ganglion cells (Pfaffinger, 1988).

It was expected that, in concurrence with the above results, the addition of 

the stable analogue of GDP, GDPPs, to the pipette solution would prevent 

receptor-mediated inhibition of Im; however, it produced no suppression of the ACh- 

mediated inhibition in NG108-15 cells, and only a partial block of the same in 

sympathetic ganglion cells. Although this result was not expected, it does not 

disprove the involvement of a G-protein. A likely explanation for this anomalous 

result is that the rate of GTP production in these cell types is high.

Once the presence of a G-protein had been confirmed, its identity was 

investigated.

Identity of the G-proteIn

Pre-treatment for 24 hours with 500 ng ml'^ of pertussis toxin, which inhibits 

the activation of G-proteins of the Go/Gj variety, did not significantly reduce the 

inhibitory effect of ACh on Im in sympathetic neurons (Pfaffinger, 1988).
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Robbins et al (1992) also tested the effects of adding 2.5 mM of the C- 

terminal decapeptide of GAP-43 to the pipette solution -  this would modify the 

activity of the G-protein, Go- It had no effect on responses to ACh in Mi-mACh 

receptor-transfected NG-108-15 cells, meaning that the G-protein involved is not of 

the Go variety.

These results indicate that the G-protein involved is of the pertussis toxin- 

insensitive Gq /G ii variety. In agreement with this are the observations of Jones et 

al (1995). They investigated the involvement of a G-protein in the transduction 

pathway between activation of the bradykinin B2 receptor and inhibition of the M- 

current, as well as the muscarinic Mi receptor pathway (Jones et al, 1995). They 

carried out studies on rat sympathetic neurons, in which bradykinin would appear 

to be a very potent inhibitor of Im- This inhibition was unaffected by pertussis toxin 

or microinjection of antibodies to Goo. It was however, selectively inhibited by 

microinjection of antibodies to Goq/n. Caulfield et al (1994) had concluded the 

same using the muscarinic agonist, oxotremorine-M on SCG cells. Haley et al 

(1998) transfected SCG neurones with DMA plasmids encoding antisense 

sequences against the 3' untranslated regions of Go subunits, to further investigate 

the specific G-protein subunits involved in the inhibition of the M-current. In cells 

with reduced Goq, the muscarinic inhibition of Im was attenuated, compared with 

that in uninjected cells, or those injected with Goo antisense. In contrast, reduction 

of G oii levels did not attenuate muscarinic inhibition of Im- To investigate the 

possible involvement of the G-protein Py dimers, Haley et al overexpressed the C 

terminus of p adrenergic receptor kinase (BARK 1), which binds free Py subunits.
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This did not attenuate muscarinic inhibition of the M-current at a concentration 

which can reduce Py mediated inhibition of calcium current via muscarinic M2 and 

M4 receptors (Delmas et a!., 1998). They also found that overexpression of piV2 

dimers did not reduce the M-current density in SCG neurons. This work suggests 

that the a subunit of Gq as the subunit involved in muscarinic inhibition of Im. From 

more recent work in Goq knock-out mice, Haley et al. (2000) report that murine 

muscarinic M-current inhibition is mediated in part by G q, more substantially by G n ,  

and partly by a PTX-sensitive G-protein, whereas the bradykinin-induced Im 

inhibition in mice is mediated wholly by G n .  The transduction pathways in rat and 

mouse neurons appear to be different, and most of my work has been carried out 

in rat SGGs, but information on other cell types could provide useful clues 

nonetheless.

Pertussis toxin (100 ng ml'^) did not alter the UTP-induced inhibition of Im in 

SCG neurons (Bofill-Cardona et al, 2000). This inhibition was also unaffected by 

pre-treatment with Cholera toxin. Bofill-Cardona et al also found that the inhibitory 

actions of bradykinin (1 pM) and the muscarinic agonist oxotremorine M (lOpM) on 

Im were unaffected by pre-treatment with either toxin.

Thus, the above results indicate that a G-protein of the G q /G n  variety is 

involved in the transduction pathway between receptor activation and Im inhibition. 

They also suggest that it is the a subunit of this G-protein, rather than the py dimer, 

which is involved.
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1.2.2 The involvement of a diffusible Second Messenger, and Its Identity

Experiments were carried out to determine whether this G-protein interacts 

directly with M-channels, or whether a diffusible second messenger is necessary 

(Selyanko et al, 1992).

It was originally proposed by Adams et al (1982b) that a cytoplasmic 

messenger generated by a cascade reaction subsequent to G-protein activation is 

involved. This proposal was tested using the patch-clamp method on rat 

sympathetic neurons. Single M-channel currents within the cell-attached patch 

were recorded and the effects of applying muscarine via the patch pipette and then 

to the cell membrane outside the patch were investigated.

If the inhibition results from a membrane-delimited interaction between the 

receptor and adjacent channels, only the former method of agonist application 

would have produced inhibition of Im- Alternatively, if a diffusible messenger were 

necessary, the latter method would have produced results.

In fact, Selyanko et al (1992) found that M-channel activity persists when 

muscarine is applied via the pipette and is inhibited when it is applied to the cell 

membrane outside the patch. This probably indicates the existence of a diffusible 

second messenger, which transmits the message from receptors outside the patch 

to M-channels within it. Also, suppression of the M-current occurs with an obvious 

delay and is slow to develop, which further suggests the participation of a diffusible 

second messenger.
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Marrion suggests however, that action on a cell-attached patch does not 

necessarily exclude the direct action of a G-protein (Marrion, 1997a). He questions 

previous assumptions that the interface between the membrane and the patch 

pipette glass prevents access of the activated G-protein to its substrate. He 

suggests that it is the lifetime of the activated G-protein (i.e. before the GTP bound 

to it is hydrolysed and the a subunit becomes deactivated) that determines whether 

it could travel far enough to cross this interface.

The Identity of the Second Messenger

G-proteins of the G q /G n  subtype couple to phospholipase C  (to be 

described in detail later), which hydrolyses phosphatidylinositol 4,5, bisphosphate. 

Much interest has been shown recently in the possible role of phosphoinositides in 

the inhibition of the M-current i.e. the hydroysis of phosphatidylinositol 4,5 

bisphosphate (PIP2) and its subsequent removal from M-channels, causing 

channel closure. As much of my work also focuses on this possible pathway, I shall 

discuss the findings to date in detail. However, I shall precede this discussion with 

an outline of the literature on other possible second messengers. There are many 

who contest the theory of phosphoinositide involvement, or certainly in the coupling 

pathways of some receptors to M-current inhibition, and without conclusive proof to 

the contrary, other avenues must be considered.

In fact, the only part of this pathway that has been proven is the G-protein of 

the Gq/11 variety. This G-protein couples to phospholipase 0  (PLC), so PLC itself

31



and the products/ consequences of its activation are obvious candidates for 

investigation.

Involvement of phospholipase C

Phospholipase C hydrolyses the phospholipid phosphatidylinositol 4,5 

bisphosphate, generating inositol 1,4,5 trisphosphate (IP3) and diacylglycerol 

(DAG). Any receptor which couples to this pathway suppresses the M-current. 

Fukuda et al (1988) found that acetylcholine suppressed the M-like current in 

NG 108-15 cells expressing the Mi or M3 subtypes of the muscarinic acetylcholine 

receptor (mAChR; which are coupled to the PLC hydrolysis of PIP2) but that it did 

not suppress the M-like current in NG 108-15 cells expressing the M2 or M4 

mAChR subtypes (not coupled to PLC hydrolysis of PIP2). This suggests the 

involvement of the PLC cascade. (Many of the experiments to investigate the 

transduction mechanism were carried out on the mouse neuroblastoma x rat 

glioma cell line (NG108-15 cells). These cells are useful for M-current 

investigations because they are easy to culture and also because of the presence 

of another current, iK(ca). iK(ca) is a transient, outward potassium current which is 

activated when IP3 causes a release of calcium from the endoplasmic reticulum. 

The presence of this current proves useful as an index of Ca^^ release via the 

PLC-IP3-Ca^^ cascade.

Neomycin, which inhibits phospholipase C-induced IP3 production, 

prevented the generation of iK(ca) by acetylcholine in Mi-mACHR -transfected NG-
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108 cells. This demonstrates that it was indeed having the expected effect on the 

cell. ACh-mediated inhibition of Im was unaffected by the same concentration of 

neomycin, suggesting that phospholipase C is not involved in the muscarinic 

pathway for inhibition in NG-108 cells (Robbins et al, 1992).

Another compound for investigating the inhibition of PLC is the aminosteroid 

U73122 (and also its inactive analogue U73343; Jin et al., 1994). Cruzblanca et al 

reported, in 1998, that IpM  U73122 greatly suppressed the bradykinin-induced 

inhibition of Im in rat SCG neurons, but had no effect on the muscarinic inhibition 

(Cruzblanca et al. 1998). In 2000, Bofill-Cardona et al. observed a similar result 

from their experiments with U73122 -  treatment for 15 minutes with 1 pM of the 

aminosteroid greatly reduced bradykinin- and UTP-induced M-current inhibition but 

had less of an effect on the oxotremorine M-induced inhibition (although it did 

reduce average inhibition from around 80% to around 52%). The inactive analogue 

U73343 had no effect on any of the agonists' ability to inhibit Im- Later on, in 2002, 

Suh and Hille found that increasing the concentration of U73122 from IpM  to 3pM 

significantly suppressed the muscarinic pathway as well as the bradykinin pathway 

(while the same concentration of the inactive analogue, U73343, had no effect on 

either pathway), suggesting that the muscarinic pathway also involves 

phospholipase C (Suh and Hille, 2002).

If phospholipase C w ^ f^ h o w n  not to be involved, this would provide strong 

evidence that it is not depletion of PIP2 which is responsible for M-current inhibition 

(but not conclusive as there other ways to reduce PIP2), but proving that PLC is
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involved does not prove the involvement of PIP2 depletion. Activation of 

phospholipase C is responsible for the generation of inositol 1 ,4,5 trisphosphate 

(IP3) and diacylglycerol (DAG), via hydrolysis of phosphoinositide 4,5 

bisphosphate. IP3 and DAG also activate several other second messengers. Below 

is a discussion on the progress made in investigating some of the second 

messengers produced by activation of PLC.

Involvement of Protein Kinase C (PKC)

PKG is activated by DAG (one of the products of PIP2 hydrolysis by PLC). 

Phorbol esters, which cause activation of PKC (Brown et al, 1988), have been 

shown to suppress M-currents in a number of cell types; namely sympathetic 

neurons (Brown et al, 1989), NG 108-15 (Higashida and Brown, 1986) and PCI 2 

cells (Villarroel et al, 1989). This phorbol ester-induced suppression of Im is 

antagonised by inhibitors of protein kinase C, such as staurosporin, but agonist- 

evoked inhibition is not affected. This finding suggests that PKC is not involved in 

the transduction pathway.

Robbins et al (1993) found that neither phorbol dibutyrate (PDB) nor 

staurosporin (activator and inhibitor of PKC respectively) had a significant effect on 

ACh-mediated suppression of the M-current in NG 108-15 cells -  further evidence 

against PKC's role in agonist-induced suppression.
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Marrion’s opinion (expressed in his 1997 review ‘Control of M-current’), is that 

protein kinase 0  may be responsible for part of the effect of agonist upon the M- 

current. He bases this idea around the fact that data gathered from investigations 

with phorbol esters suggests the existence of two interconvertible populations of M- 

channels. These two populations differ in that one is only responsive to 

suppression by an agonist and the other is sensitive to both phorbol esters and 

agonist. He argues that as the M-current in so many different cell types is sensitive 

to phorbol esters, it is too early to exclude the role of PKC in agonist-mediated 

suppression altogether.

In a recent publication, Hoshi et al. (2003) report that PKC bound to A-kinase 

anchoring protein 150 (AKAP 150) participates in serine phosphorylation of 

KCNQ2 , which facilitates Mi-mAChR-induced inhibition of the M-current. A mutant 

form of AKAP 150 (AKAP AA), which cannot bind PKC, and also PKC inhibitors 

(which compete with DAG) reduced Mi-mAChR-induced KCNQ2  phosphorylation 

and hence, M-current inhibition.

Arachidonic Acid

Arachidonic acid can be formed by the metabolism of DAG by diglyceride 

lipase or via the action of phospholipase A2 (activated by an I Pa-mediated rise in 

cytosolic Ca concentration). Marrion (1997a) reports evidence for the
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involvement of arachidonic acid (or one of its metabolites) in the modulation of M- 

current (although not necessarily its inhibition, see later).

Somatostatin enhances M-current in hippocampal neurons, an enhancement 

that is mimicked by application of arachidonic acid (Moore et al, 1988). Also, 

leukotriene C4 (LTC4) can augment M-current and the action of somatostatin in 

these cells. LTC4 is produced when arachidonic acid is metabolised by 5- 

lipoxygenase. The action of somatostatin can be blocked by a lipoxygenase 

inhibitor (Schweitzer et al, 1990), which suggests that activation of somatostatin 

receptors causes the release of arachidonic acid from hippocampal neurons 

(Kanterman et al, 1990).

In the above experiments, arachidonic acid, its activators and metabolites 

have been shown to enhance M-current, but muscarinic agonists (plus bradykinin, 

UTP etc) only induce suppression. Arachidonic acid has also been found to 

enhance the M-current in bullfrog sympathetic neurons (Yu et al, 1995), although in 

these cells a metabolite of arachidonic acid formed by 1 2 -lipoxygenase appears to 

be responsible (i.e. 12-HETE).

Robbins et al (1993) reported inhibition of Im by > lOpM arachidonic acid in 

NG 108-15 cells. This inhibition appears not to be due to metabolism of arachidonic 

acid by the lipoxygenase or cyclo-oxygenase (COX) pathways because the same 

effect could be produced using ETYA, an analogue of arachidonic acid, which 

actually inhibits these two enzymes. Arachidonic acid has been found to activate 

certain isozymes of phospholipase 0  (PLC-y) (Rhee, 2 0 0 1 ) so it could in fact be 

inhibiting Im here by stimulating hydrolysis of PIP2 .
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Further evidence to discount the involvement of COX or lipoxygenase was 

provided by experiments that showed that the action of arachidonic acid was not 

prevented by indomethacin or nordihydroguaretic acid (NDGA), inhibitors of COX 

and lipoxygenase respectively.

In experiments involving agonist-induced suppression of Im in NG108-15 

cells, Robbins et al found that ACh-mediated suppression was not significantly 

reduced in the presence of 50pM ETYA, 50pM NDGA, SO îM indomethacin or the 

phospholipase inhibitor BPB. They conclude that it is unlikely that arachidonic acid 

and its metabolites contribute significantly to the inhibitory action of ACh.

Inositol Trisphosphate (IP3) and/or a rise In Intracellular calcium

IP3 can act to liberate calcium from intracellular stores, so if IP 3  is involved in 

the transduction pathway between receptors and M-current inhibition, it is most 

likely to be due to this property.

There is, in fact, conflicting data on the subject of whether or not different 

agonists produce a calcium rise when they stimulate IP3 , with some studies 

showing a rise in intracellular calcium only when the cell is stimulated with 

bradykinin and not the muscarinic agonist oxotremorine M, and others showing 

rises (albeit variable in magnitude) by both agonists :-

Pfaffinger et al (1988) reported that a rise in intracellular calcium is associated 

with agonists that cause suppression of the M-current in frog sympathetic neurons.
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Marsh et al (1995) did not detect a rise on addition of the muscarinic agonist 

oxotremorine M to rat sympathetic neurons, but this may be because the methods 

of Ca^^ detection used (i.e. FURA 2 / INDO imaging of the entire cell, without taking 

confocal slices) would be unable to resolve a rise if it were highly localised to the 

submembrane area. Del Rio et al (1999) detected an oxotremorine M-induced rise 

in calcium with FURA 2 in rat sympathetic neurons voltage clamped at -25mV but 

not when clamped at -60mV. Delmas et al (2002) detected calcium rises in 

superior cervical ganglion neurons on agonist stimulation of the bradykinin 

receptor, but not the Mi-mACh receptor. They attribute this to coupling of 

bradykinin receptors to IP3 receptors via spatially restricted complexes, a link not 

formed between Mi-mACh receptors and IP3 receptors. However, this work was 

carried out in neurons voltage-clamped at -60mV, and Delmas refers to the 

aforementioned publication by del Rio et al when he states that, in fact, the resting 

level of cytosolic calcium can influence the coupling of Mi-mACh receptors to IP3 

receptors. Del Rio et al have shown this by recording rises in cells held at the 

depolarised voltage of -25mV, where calcium entry is stimulated, raising resting 

calcium levels. The modern hypothesis appears to be then, that both agonists are 

able to mobilise calcium at depolarised potentials, but bradykinin produces a 

stronger, larger calcium signal.

Several early studies on different cell types reported that IP3 applied directly 

to the intracellular solution (in the absence of added calcium chelators) did not 

inhibit the M-current, either when applied via iontophoretic injection or a more 

sustained application via the patch pipette. This held true in bullfrog (Pfaffinger et
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al, 1988), and rat (Brown et ai, 1989) sympathetic neurons and in NG108-15 cells 

(Robbins et al, 1993). In the cell line, the transient Ca^^-activated current was 

induced by both methods of IP3 application, indicating that it was dialysing into the 

intracellular fluid properly.

Chen et al (1993), reported that intracellular application of heparin (which is 

an IP3 receptor antagonist and therefore prevents the IP3-induced release of Ca^^ 

from the intracellular store), does not block suppression of M-current by muscarine 

in bullfrog sympathetic neurons. Robbins et al (1993) found that Im M  heparin did 

suppress ACh-mediated inhibition of Im in NG108-15 cells. They explained this 

result by citing the poor selectivity of heparin for the IP3 receptor. In fact, heparin 

has been shown to inhibit receptor coupling to G-proteins (Willuwett and Aktories, 

1988) so the effect of intracellular heparin on the ACh- and noradrenaline-mediated 

inhibition of U(Ca) was investigated. Suppression of this transient current by the 

two agonists is unlikely to involve IP3 as both inhibitions are mediated by a 

pertussis toxin sensitive G-protein (which does not couple to phospholipase C).

The inhibitory effect of both agonists on k(Ca) was reduced by Im M heparin, 

which suggests that interference at the G-protein level was behind its effects on Im 

inhibition.

Intracellular application of IP3 in CA1 hippocampal pyramidal cells does 

appear to suppress the M-current (Dutar and Nicoll, 1988). Cruzblanca et al 

reported that dialysis of rat sympathetic neurons with lOOpM IP3 significantly 

reduces M-current density. M-current density in IP3-dialysed cells had decreased 

by 51% more at 10 minutes after breakthrough than in cells dialysed with a control
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intracellular solution (Cruzblanca et al, 1998). This dialysis also reportedly greatly 

attenuated the ability of bradykinin to inhibit the M-current, reducing the maximum 

inhibition of this agonist from 49.2 ± 6.0% (n=4) to 5.0 ± 3.2% (n=6 ). The 

publication also states that the inhibition by oxotremorine M was not attenuated by 

the dialysis with IP3. This inhibition by IP3 is suggested to be due to the liberation of 

intracellular calcium rather than a direct action of IP3 itself, as both depletion of 

intracellular calcium stores with thapsigargin and antagonism of the IP3 receptor 

with either heparin or PPS, a polyanionic synthetic polymer of p-D-xylopiranose, 

blocked the bradykinin-induced inhibition of the M-current (Cruzblanca et al.,

1998). The above summary of information appears to rule out the direct action of 

IP3 on M-channels as a possible second messenger, but suggests that IP3 is 

involved in the inhibition of the M-current by some agonists by virtue of its ability to 

mobilize intracellular calcium.

Adams and Brown showed in 1982 that the M-current in bullfrog sympathetic 

ganglion neurons is unaffected either by removal of extracellular calcium or 

intracellular iontophoresis of calcium (Adams and Brown, 1982). Since then, 

contradictory results have been obtained, such as those reported by Tokimasa and 

Akasu (1990), who found that removal of extracellular Ca^^ did in fact reduce M- 

current. Kirkwood et al (1991) suggested that the agonist-induced rise in 

intracellular calcium concentration by may be involved in suppression of the M- 

current in frog sympathetic neurons when this agonist-induced inhibition of the M- 

current was blocked by high concentrations of BAPTA. In the same year. Beech et 

al found the same to be true in rat sympathetic neurons, but they proposed that this
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effect of BAPTA may actually be a result of tfie intracellular calcium concentration 

being lowered to below resting levels by the chelator rather than prevention of the 

agonist-evoked rise (Beech et al, 1991). This tells us, unsurprisingly, that the 

transduction pathway requires a minimum cytosolic calcium concentration.

Pfaffinger et al (1988), among others, found that high concentrations of 

intracellular BAPTA had little/ no effect on agonist-evoked suppression of the M- 

current, however several other papers were published at the end of the 1990s 

which point out differences in the sensitivities of M-current inhibition, by different 

agonists, to intracellular calcium chelation and PLC inhibition. Cruzblanca et al 

(1998) state that M-current inhibition by bradykinin was suppressed by the 

phospholipase C inhibitor U73122, was also suppressed by buffering intracellular 

calcium with 20mM of the calcium chelator BAPTA, and was occluded by allowing 

IP 3  to diffuse into the cell via the patch pipette. They reported that the muscarinic 

inhibition was not suppressed by any of these treatments.

Another agonist which couples to inhibition of the M-current, the purinergic 

agonist UTP, appears to utilize the same, calcium dependent pathway as 

bradykinin. Bofill-Cardona et al (2000) demonstrated that UTP inhibits M-channels 

in SCG neurons in a PLC, IP3 and calcium-dependent manner. The UTP-induced 

inhibition of the M-current was blocked by the PLC inhibitor U73122, but not by the 

inactive analogue U73343 (Jin et al, 1994). Xestospongin C, a noncompetitive 

antagonist of IP3 receptors (Gafni et al, 1997), greatly reduced the inhibitory effect 

of UTP on Im. It had no effect on the inhibitory effect of oxotremorine M on the M- 

current, which proves that it was not interfering with the receptor-mediated
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modulation of Im by some unspecific effect. Thapsigargin, which depletes 

intracellular calcium stores in SCG neurons via inhibition of the endoplasmic Ca^^- 

ATPase, significantly reduced the inhibitory action of UTP on the M-current and 

intracellular application of BAPTA prevented the inhibition of Im by UTP. Removal 

of extracellular calcium however, had no effect on this inhibition, which suggests 

that it is release of calcium from intracellular stores, and not transmembrane entry 

of calcium, which is involved in the transduction pathway between UTP receptors 

and inhibition of Im. ATP is an agonist at the same purinergic receptor subtype as 

UTP (the P2Y receptor), but appears to inhibit the M-current via a different 

mechanism to that used by UTP. It is reported that the ATP-induced M-current 

inhibition in bullfrog sympathetic neurons is attenuated by U73122 (but not the 

inactive isomer), but it is not attenuated by inhibiting PKC or by preventing the IP3- 

dependent calcium rise, either by depleting the intracellular stores with 

thapsigargin, or by antagonizing the IP3 receptors with heparin or xestospongin 0  

(Stemkowski et al., 2002).

Selyanko and Brown used single channel recordings in 1996 to investigate 

the effect of direct application of calcium to excised membrane patches from rat 

SCG neurons (Selyanko and Brown, 1996). They recorded rapidly and reversibly 

inhibited M-channel activity on application of calcium in 28 out of 44 patches. The 

fact that this effect was reversible on removal of calcium, and also persisted in the 

absence of ATP, implied that it was not due to phosphorylation or 

dephosphorylation. This suggests that calcium might act directly on the M-channel
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and does not depend on the activity of an associated kinase or phosphatase 

(Selyanko and Brown, 1996; Marrion, 1997). However, the fact that only 28 out of 

44 patches responded to calcium encouraged the idea that the effect of calcium is 

not direct, but results from an action on a secondary protein which does not always 

remain associated with the patch when it is excised (Marrion et al, 1997a). Saimi 

and Kung’s 2002 review on calmodulin highlights its actions as the calcium sensor 

of several types of calcium-modulated ion channel which are modulated without the 

involvement of kinases or phosphatases (Saimi and Kung, 2002). Gamper and 

Shapiro (2 0 0 2 ) investigated the role of calmodulin as the calcium sensor which 

translates the bradykinin-induced calcium rise into M-channel closure. They found 

that the bradykinin-induced inhibition of M-current was greatly reduced in rat SCG 

neurons transfected to overexpress either wild-type calmodulin or a dominant- 

negative form of calmodulin. They explain the reduction in inhibition in both 

transfected cell types (rather than just those expressing the dominant negative) by 

pointing out that overexpression of the wild-type increases tonic calcium 

modulation i.e. mimics the bradykinin-induced suppression of the M-current, so 

therefore the M-current density in these cells should be greatly reduced already. 

The current in the wild-type CaM was indeed much smaller than in control or DN 

CaM expressing cells, which held up their theory. Importantly, the muscarinic 

inhibition of the M-current was unaffected by the expression of CaM or its dominant 

negative.

According to this literature, bradykinin and Mi muscarinic receptors couple to 

inhibition of the M-current via different transduction pathways. UTP is reported to
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inhibit the M-current via the same, calcium-dependent pathway as bradykinin 

(Bofill-Cardona et al, 2000). This pathway is sensitive to block by the PLC inhibitor 

U73122, by inhibition of IP3 receptors, by pre-emptying of the intracellular calcium 

stores or by chelation of the IPa-induced calcium rise. The muscarinic pathway is 

reported to be either less sensitive or insensitive to these treatments, although it 

has now been shown to involve phospholipase C. ATP is reported to inhibit the M- 

current in frog neurons via a PLC-dependent, but calcium-independent pathway 

(Stemkowski et al., 2 0 0 2 ). Gamper and Shapiro's theory is that the bradykinin 

pathway is dependent on calmodulin ie calmodulin is bound to the channels and 

commutes the IPg-induced calcium rise into channel closure, while the muscarinic 

pathway does not involve calmodulin but possibly does involve a phosphoinositide 

(Gamper and Shapiro, 2 0 0 2 ; Suh and Hille, 2 0 0 2 ).

This chapter so far has introduced the subject of the pathway(s) involved in 

agonist-induced inhibition of the M-current. Apart from the Gamper and Shapiro 

paper (Gamper and Shapiro, 2 0 0 2 ), it seems that most of the recent publications 

on the subject have focussed on the muscarinic pathway for inhibition of I m, and 

have investigated the proposed involvement of the depletion of phosphatidylinositol 

4,5 bisphosphate in the closure of M-channels. Many studies have looked at the 

products of phospholipase C activation as possible second messengers, but it is 

only recently that they have started to focus on what is depleted by PLC.
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1.3 Phosphoinositide 4,5 bisphosphate (PIP2) and reguiation of 

the M-current

Almost twenty years ago, Higashida and Brown (1986) observed that 

bradykinin causes hydrolysis of PIP2 AND inhibition of the M-current, but they did 

not link the two directly together, instead postulating on the activation of 

diacylglycerol (DAG -  a metabolite of PIP2) as the inhibitor. Stimulation of ALL 

receptors which mediate inhibition of the M-current leads to hydrolysis of PIP2 via 

activation of G-proteins and phospholipase 0. Recently, much attention has been 

given to this hydrolysis as the possible mechanism for M-current inhibition.

1.3.1 WhatisPIPs?

PIP2 belongs to a group of intracellular molecules known as 

phosphoinositides. These phosphoinositides are a group of phospholipids with the 

common feature of an inositol head group, but with different properties according to 

the number and position of phosphate groups attached to this inositol ring. PIP2 is 

found predominantly in the inner leaflet of eukaryotic plasma membranes (Tolias 

and Carpenter, 2000)

Inositol exists as a molecule on its own and is found in the cytosol. 

Phosphatidylinositol (PI) is formed by the fusing of inositol and a phosphorylated 

form of DAG by PI synthase in the endoplasmic reticulum. PI is then transported to 

the plasma membrane, in exchange for phosphatidylcholine, by PI transfer protein 

(PI-TP). In the membrane, activation of phosphatidylinositol 4 kinase (PI 4-K) adds
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a phosphate group at the “4” position on the inositol ring, producing 

phosphatidylinositol 4-phosphate (PIP). The polyphosphoinositide of interest in 

terms of M-current inhibition is the next in the sequence, phosphatidylinositol 4,5 

bisphosphate (PIP2). This is formed from PIP by the addition of a phosphate group 

at the “5” position on the inositol ring, catalysed by the enzyme phosphatidylinositol 

4,5-kinase (PI 5-K). PIP2 can also reportedly be formed via phosphorylation of PI 5 

P at the “4” position, but this pathway produces only a very small percentage of 

PIP2 (Tolias et al., 2000).

0 Phosphatidvlinositol 4,5-bisphosphate

Figure 1.2. Chemical structure of PIP2 (proportions not accurate). Figure adapted 

from McLaughlin et a!., 2002).
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PIP2 can be further phosphorylated by phosphatidylinositol 3,4,5-kinase (P I 

3-K) to produce phosphoinositide 3,4,5 trisphosphate (P IP 3 ) .  Phosphorylation at 

any stage in the cycle by different kinases can lead to the formation of 

polyphosphoinositides of different configuration i.e. differently placed phosphate 

groups such as in phosphoinositide 3,4 bisphosphate (PI 3,4 P2). There are many 

different variations, their properties being determined by the phosphorylation state; 

however phosphatidylinositol 4,5 bisphosphate is the major polyphosphoinositide in 

mammalian cells (McLaughlin et al, 2002), comprising over 99% of the doubly 

phosphorylated phosphoinositides (Vanhaesebroeck et al., 2001) and its most 

abundant precursor is P I 4 P formed from P I (phosphate group at the “1” position).

When PIP2 is hydrolysed by phospholipase C (as discussed in detail in a 

later section), it is cleaved into its two constituent parts, inositol 1,4,5 trisphosphate 

(IP3) and diacylglycerol (DAG). IP3 travels into the cytosol where it is eventually 

dephosphorylated sequentially by the inositol phosphatases, each removing one 

phosphate group, until inositol is left. Thus, the cycle begins again with the 

formation of phosphatidylinositol and so on. There is constant, basal activity in this 

cycle, so at rest there is always movement between the various states of 

phosphorylation, although comparable rates of phosphorylation and 

dephosphorylation keep the proportions of each phosphoinositide in the total 

phosphoinositide pool fairly stable. PIP2 comprises about 1 % of the phospholipid in 

the plasma membrane in human erythrocytes (McLaughlin et al, 2002) and about 

2 .2% in P C I2 cells (Koizumi et al., 2002). Although I have stated earlier that PIP2 

is the most abundant phosphoinositide in mammalian cells, we must not forget that

47



there are many other types of phospholipid. McLaughlin et al (2002) state that if all 

the phospholipids in the plasma membrane of a typical mammalian cell (assumed 

spherical with a 10pM radius) were dissolved in the cytoplasm, then they would be 

present at an effective concentration of around 1 mM. If PIP2 makes up about 1 % of 

these phospholipids then the effective concentration of PIP2 in the cell is around 

10pM (so, presumably they are at a much higher concentration in the plasma 

membrane as the volume is so much smaller). PIP2 has many reported functions 

inside the cell, aside from production of the second messengers IP3 and DAG 

when it is hydrolysed by PLC. These two products of PIP2 hydrolysis themselves 

activate other second messenger pathways in the cell, such as Ca^^ release from 

intracellular stores and activation of protein kinase 0  (PKC). PIP2 also acts as the 

substrate for the enzyme PI 3-kinase, which adds a phosphate group at the “3” 

position to form phosphatidylinositol 3,4,5 trisphosphate (PIP3), itself a valuable 

cellular second messenger (Czech, 2 0 0 0 ). PIP2 also acts as a membrane anchor, 

functions in cytoskeletal attachment to the membrane (decreasing the level of PIP2 

produced a dramatic release of the cytoskeleton from the membrane (Raucher et 

al., 2 0 0 0 )), has been shown to be involved in exocytosis, endocytosis, membrane 

trafficking and, most importantly for the purposes of this thesis, PIP2 has been 

shown to be involved in the regulation of ion channels (as discussed later).
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Below is a simplified diagram of the phosphoinositide cycle

Pi
PI 4-K

PIP
PI 5-K

PIP2
PI 3-K

PIP3

Inositol 
hosphatases

Figurel. 3. Simplified diagram illustrating the phosphoinositide cycle

1.3.2 Hydrolysis of PIP2 by phospholipase C

PIP2 is postulated to be bound to the channels in their open configuration, 

therefore keeping them open (Zhang et al., 2002; Suh and Hille, 2002; Ford et al., 

2003). Phosphoinositide-specific phosf^lipase C isozymes are a related group of 

proteins that cleave the polar head group from inositol phospholipids, such as PIP2, 

and are under the control of cell surface receptors. There are eleven different 

mammalian isoforms of phospholipase C, four of the p subtype, two of the y, four of 

the Ô and one of a recently discovered subtype, £. It is believed to be a member of
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the PLC-p subtype which couples receptors to M-current inhibition (Haley et al,

2000).

Activation of phosphoiipase C subtypes

The a subunits of all four members of the Gq subfamily (Oq, On.Ou and Oie) 

can activate PLC-p isozymes but not PLC-y, PLC-5 or PLC-e (Lopez et al., 2001 ; 

Taylor et al., 1999; Smrcka et al., 1991). Not all of the PLC-p isozymes are 

expressed in all neurons, with P2 expressed only in hematopoietic cells and p4 

limited only to certain neuronal cells. The receptor types which couple to the M- 

current in rat sympathetic neurons, eg bradykinin and muscarinic Mi, are proposed 

to activate the G o q -P L C -p  signalling pathway, so this subtype of P L C  is almost 

certainly involved in the agonist-induced Im inhibition we observe in rat SCGs 

(although perhaps not exclusively -  see Discussion). This activation of PLC-p 

isozymes by Go subunits most likely happens in the cell membrane, as activated 

GTP-bound Goq subunits remain attached to the cell membrane even after 

separation from their associated py dimer and PLC-p is also loosely associated 

with the cell membrane (Rhee, 2001).

PLC-p isozymes, with the exception of PLC-p4, are also activated by Gpy 

dimers, but these dimers exhibit a high affinity only for -P2, the enzyme not present 

in neuronal cells (Rhee, 2001), so it is unlikely that this activation pathway is 

involved in agonist-induced inhibition of the M-current in SCG neurons. In support 

of this, activation of G i/o G-proteins does not cause inhibition of the M-current, even 

though these subtypes also liberate Py subunits.
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PLC-y is activated by receptor protein tyrosine kinases, however this action is 

initiated by activation of growth factor receptors (Noh et al., 1995) and these 

receptors have not been shown to couple to inhibition of the M-current; neuronal 

growth factor (NGF) is used in the culture medium for SCG neurons, and 

increasing the concentration of NGF in the media does not reduce the current 

density of the M-current (Marsh and Winks, unpublished results). Antigen and 

immunoglobulin receptors also couple to activate PLC-y, but again these receptors 

do not couple to inhibition of Im- The only way in which the receptors we are 

concerned with could possibly activate this subtype of phosphoiipase C is via the 

production of PI 3,4,5 P3 from PIP2 by PI 3 kinase. PIP3 interacts with the PH 

domain of Bruton’s tyrosine kinase, which contributes to PLC-y activation (Rhee,

2001). PI 3 kinase is activated by (3y dimers, which are liberated on activation of G- 

protein-coupled receptors. Arachidonic acid also stimulates PLC-y (Hwang et al., 

1996) as does phosphatidic acid (Jones and Carpenter, 1993; Zhou et al., 1999), 

an immediate product of phosphoiipase D. Arachidonic acid has been observed to 

modulate the M-current (see earlier section on second messengers), but its normal 

action is to enhance the current rather than to inhibit it, which suggests it must 

have actions in neurons other than to activate phosphoiipase C-y.

The mechanism(s) of activation of phosphoiipase C-5 isozymes by 

membrane receptors is less well understood than for the other subtypes, although 

it is known that the sensitivity of the 5 isozymes to calcium is much greater than 

that of the p, y or e isozymes (Rhee, 2001 ; Young et al., 2003). An interesting 

observation by Kim et al. (1999) was that PLC-51 overexpressed in PCI 2 cells was
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activated by capacitative calcium entry in response to the PLC-p/ IP3 Ca^^ rise 

generated by bradykinin. This observation is most interesting, as it suggests a 

possible role for PLC-51 in the bradykinin-induced inhibition of the M-current (see 

Results and Discussion section for further discussion). PLC-5 is also potentially 

activated by a newly discovered type of G-protein, Gh. This G-protein is activated 

by Oi-adrenergic, oxytocin and thromboxane receptors.

PLC-e is activated by growth factor activation of Ras, so is unlikely to be of 

interest with regard to M-current inhibition.

Structure of phosphoiipase C

Different subtypes of PLC differ in structure and size, the largest being the 

PLC-e isozymes at 230-260 kDa and the smallest being PLC-5 at around 85 kDa, 

with the p and y isozymes somewhere in between at 120-155 kDa . The amino acid 

sequences of the enzymes differ markedly between subtypes, but there are two 

relatively conserved regions, the X and Y regions, which form the catalytic core 

(ref) and have a sequence homology of around 60% among all 11 mammalian PLC 

isozymes. Members of the p, y and 5 subtypes all contain an NH2 terminal 

pleckstrin homology domain (PH domain). PH domains are protein modules of 

approximately 1 2 0  amino acids in length, which were first described in pleckstrin, 

the major substrate for protein kinase C in platelets (Harlan et al., 1994). The PH 

domain is present in many signalling proteins and binds to polyphosphoinositides, 

including PIP2. The p, y and 5 subtypes also contain EF-hand domains and a C2
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domain. The p and y isozymes contain additional regulatory motifs that are not 

present in the 5 subtype.

All four subtypes of PLC require some Ca^^ for catalytic function, although the 

sensitivity of the 5-type isozymes is greater than that of the other three subtypes.

Mechanism of hydrolysis of PiP2 by PLC

The PLC enzymes bind to the inositol head group of their 

polyphosphoinositide substrates via the PH domain. Eukaryotic forms of PLC have 

an order of substrate preference which is generally PI 4,5 P2 > PI 4 P > PI. When 

bound to the substrate and catalytically active, the PLC enzyme catalyses 

hydrolysis of the phosphodiester bond connecting the glycerol backbone of the lipid 

moiety and the inositol polyphosphate headgroup of PIP2 , thereby cleaving PIP2 

into IP3 and DAG.

1.3.3 PiP2 as the regulator of ion channels

PIP2 is known to be a regulator of ion channel activity. Its presence is 

necessary to maintain the open state of certain inwardly rectifying potassium 

channels. K a tp  and GIRK channels are maintained in the open state by the 

presence of bound PIP2 , and the agonist-mediated inhibition of these channels, 

which is via activation of pertussis toxin-insensitive G-proteins, has been shown to 

be due to the hydrolysis, and therefore depletion, of local PIP2 (Huang et al., 1998; 

Kobrin sky et al., 2000; Xie et al., 1999). An increase in PIP2 levels at the
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cytoplasmic face of the sarcolemma in guinea pig ventricular cells lowers the 

sensitivity of Katp channels to inhibition by ATP (Oketani et al., 2 0 0 2 ), and 

overexpression of the kinase which phosho^4^tes PIP to produce PIP2 (PI 4 P 5- 

kinase) also reduces the sensitivity of this channel to ATP in a heterologous 

expression system (Shyng et al., 2 0 0 0 ). In 2 0 0 2 , Runnels et al. reported that PIP2 

also controlled the activity of the Ca^^-conducting channel TrpM7 (Runnels et al., 

2 0 0 2 ), and in the same year it was reported that receptor-mediated hydrolysis of 

PIP2 caused inhibition of P/Q- and N-type voltage-gated calcium channels in both 

oocytes and neurons (Wu et al., 2 0 0 2 ). Wu et al. stated that PIP2 also inhibits P/Q- 

type channels by altering the voltage dependence of the channels and therefore 

making them more difficult to open.

PIP2 binds to Kr channels electrostatically when the negative charges on the 

phospholipids interact with specific residues on the channel (Lopes et al.,2002). 

Positively charged poly-lysine has been shown to block all KCNQ channels (family 

to which molecular correlates of the M-channel, KCNQ 2 and KCNQ 3 belong), and 

it is suggested that this is due to competition of the positively charged molecule 

with the channels for binding to negatively charged PIP2 (Lopes et al., 2002).

^  The above information, combined with the fact that many studies have 

shown the involvement of PLC in the agonist-induced inhibition of the M-current, 

have led to the suggestion that PIP2 depletion is responsible for M-channel closure.
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Evidence so far for PIP2 as a regulator of the M-current

Some of the investigations into whether net PIP2 reduction does actually 

inhibit the M-current have been carried out on KCNQ 2/3 heteromers expressed in 

cell lines, and other experiments have been conducted on native M-channels in 

neurons.

Hydrolysis of intracellular ATP is required for the recovery of the M-current 

on agonist washout (Suh and Mille, 2 0 0 2 ). This is proposed to be because 

recovery requires transfer of a phosphate from ATP for the regeneration of a 

product broken down during agonist inhibition i.e. PIP2. This follows on from the 

work in 1998 by Simmons and Schneider that showed that the presence of a 

hydrolysable form of ATP in the pipette solution, or extracellular metabolic 

substrates such as glucose or pyruvate, were necessary to slow the rundown of Im 

under whole cell recording conditions (Simmons and Schneider, 1998).

Wortmannin, at micromolar concentrations, is an inhibitor of the enzyme PI 

4 kinase which phosphorylates PI to form PI 4 P, the precursor of PIP2. Treatment 

of cells with wortmannin slowed or prevented recovery of the M-current, or KCNQ 

2/3 heteromeric channels; this was the case in bullfrog sympathetic ganglion 

neurons (Ford et al., 2003), in superior cervical ganglion neurons (Suh and Mille,

2002) and expressed KCNQ 2/3 channels in tsA-201 cells (Suh and Mille, 2002). 

Use of a fluorescent marker for PIP2, the green fluorescent protein-tagged 

pleckstrin homology domain of phosphoiipase C-5i (GFP-PLC5 PM; Varnai and 

Balia, 1998; and see next section) indicates that wortmannin does slow 

regeneration of PIP2 at the plasma membrane, (or possibly reduces IP3
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metabolism) and that this slowing correlates with the wortmannin-induced slowing 

of the M-current recovery (Zhang et al., 2002).

Interruption of the lipid cycle after diacylglycerol, with the DAG kinase 

inhibitor R59022 (40pM), caused a slowing of the recovery of the M-current after 

successive inhibitions by ATP (Ford et al., 2003). The slowing of the recovery here 

was suggested to be due to the prevention of PI generation by R59022, and the 

fact that recovery from inhibition by ATP became progressively slower with 

successive responses indicates that there was originally a pool of PI which had to 

be depleted before the slowing of the recovery was seen.

The addition of PIP2 antibodies to the patch pipette significantly reduced 

ATP-induced M-current inhibition in bullfrog sympathetic ganglion neurons, but did 

not reduce the amplitude of the M-current in these cells per se (Ford et al., 2003). 

The PIP2 antibody is reported to reduce M-current amplitude more in some cell 

types than others and it is proposed that this difference in effect stems from the 

different affinities of different channels for PIP2 (Zhang et al., 1999).

PIP2 applied to excised inside-out patches activated channels showing 

typical M-channel kinetics in rat SCG neurons (Zhang et al., 2 0 0 2 ), indicating that 

PIP2 activates native M-currents.

The above summary of recent findings suggests strongly that the depletion 

of PIP2 is involved in the agonist-induced inhibition of the M-current, but the theory 

is not yet proven conclusively.
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1.4 Green fluorescent protein-tagged phosphoiipase C-5 

pieckstrin homology domain -  a marker for PIP2 levels In the 

plasma membrane

A novel fluorescent marker for PIP2 hydrolysis, the pleckstrin homology 

domain of phosphoiipase C 5i, tagged with a molecule of green fluorescent protein 

(GFP-PLC-Ô PH), has been used to observe PIP2 hydrolysis.

The GFP-tagged PLC-5 PH domain marker was developed in order to be 

able to visualize changes in PIP2 levels in the cell’s plasma membrane in response 

to stimuli. As mentioned earlier, it is the PH domain of a phosphoiipase 0  enzyme 

which binds to the inositol head group of its substrate. The PH domain of PLC-5i 

has a very high affinity for PI 4,5 P2 (K d = 1.7pM) and also for I 1,4,5 P3 (K d = 0.21 

pM) (Lemmon and Ferguson, 2000). The strong selectivity of PLC-5 PH for I 1,4,5 

P3 is illustrated by Ferguson et al (1995) who explain the importance of the 

phosphate groups at the 1 ,4  and 5 positions, and that further groups at the 3 or 6  

positions impede this binding (hence the lower affinity of the PLC-5 PH domain for 

PI 3,4,5 P3).

The theory behind the GFP-PLC-5-PH construct is that it should bind to PIP2 

and enable the experimenter to visualise the localization of this phospholipid in the 

cell via fluorescence microscopy. In the quiescent cell, the fluorescence should be 

localised to the plasma membrane as this is where PIP2 is located. This has been 

shown to be the case in several cell types, and it has been reported that this 

membrane localisation of the GFP-PLC-5 PH construct is not entirely due to its 

binding to PIP2, but that motifs located within the C-terminal half of the PH domain
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provide auxiliary contacts with additional membrane components (Varnai et al.,

2 0 0 2 ). Varnai and Balia (1998) showed that binding to PIP2 was necessary for this 

membrane localisation however, as mutations in three critical base residues within 

the PH domain, which have been shown to contribute to the high affinity binding of 

PLC-5 to PIP2 (Ferguson et al., 1995), prevented this localisation; mutation of a 

non-charged residue in the same region had no effect (Varnai and Balia, 1998). 

Expression of GPP alone does not show a specific localization within the cell and is 

evenly distributed throughout the cytosol (Varnai and Balia, 1998; and my own 

observations). Varnai and Balia developed a GFP-PLC-5 PH construct and 

investigated its properties and its reliability as an indicator of spatiotemporal 

changes in PIP2 at the single cell level. Despite their findings, and their conclusion 

that it is indeed a reliable indicator of PIP2 depletion and resynthesis, other groups 

dispute this and argue that, because of the construct’s higher affinity for IP3 than 

for PIP2, it is an indicator of IP3 generation and breakdown rather than of PIP2 

depletion and resynthesis (Hirose et al., 1999; Nash et al., 2001; Nahorski et al.,

2003).

It is reported that, in cells transfected with the GFP-PLC-5 PH 

construct, activation of endogenous PLCs by either receptor stimulation or by 

ionophores, produced rapid and reversible redistribution of the fluorescence from 

the membrane to the cytosol. According to Varnai and Balia, these changes in 

localisation of the fluorescent construct correlate very closely with cellular PIP2 

mass, as measured by lipid extraction followed by alkaline hydrolysis to liberate 

IP3, which was then quantified by a radioreceptor assay. When the ratio between
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plasma membrane and cytosolic fluorescence, and the total P IP 2  mass in the cell 

were plotted against time, there was a noticeable delay in the relocalisation of the 

fluorescent signal to the membrane, as compared with the resynthesis of P IP 2 . 

Varnai and Balia explained this anomaly by pointing out that membrane 

relocalisation of the fluorescence was preceded by the appearance of fluorescence 

at intracellular sites, and suggested that these are the initial sites of P IP 2  

resynthesis (after all, the measurement of P IP 2  mass is measuring P IP 2  mass 

throughout the whole cell and not just in the plasma membrane). There is 

opposition to these results however, as it is reported by Nash et al. (2001) that 

changes in cytosolic G F P - P L C -5 PH fluorescence most closely paralled the pattern 

of rising IP 3  levels in the cell rather than that of falling P IP 2  levels, also measured 

by radioreceptor-based assays (Nash et al., 2001). It is also reported that co­

transfection of the construct along with the catabolic enzyme lns(1 ,4 ,5 )P3 5- 

phosphatase (this enzyme dephosphorylates IP 3  rapidly and so acts as an “ IP 3 

sink”, preventing IP 3  accumulation in the cytosol) prevented agonist-induced 

translocation (Hirose et al., 1999). In favour of the use of the construct for 

monitoring P IP 2  levels rather than IP 3 , Varnai and Balia investigated whether the 

inhibition of P IP 2  resynthesis, after ionomycin treatment and subsequent Ca^^ 

chelation, would prevent the plasma membrane relocalisation of the fluorescent 

construct. They inhibited the enzymes which generate P IP 2  from P I (P I 4-kinase 

ad P I 5-kinase), and compared these inhibitors’ abilities to prevent P IP 2  

resynthesis with their abilities to prevent the relocalisation of the G F P - P L C -5 PH 

construct to the plasma membrane. Inhibition of these two enzymes would still
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allow IP 3  to accumulate in the cytosol as in a normal response. Both inhibitors, 

quercetin (100pM) and phenylarsine oxide (PAO; 100pM) prevented both the 

resynthesis of P IP 2  and the relocalisation of the fluorescent construct to the plasma 

membrane on chelation of calcium.

Another publication in favour of the construct being reliable as an indicator 

of P IP 2  hydrolysis is that by Van der Wal (2001 ). Van der Wal et al. monitored 

PLC-5 PH translocation via fluorescence resonance energy transfer (FRET) in 

response to rapid UV flash-evoked release of caged IP 3  (van der Wal et al., 2001). 

Cells were transfected with both CFP- (cyan fluorescent protein) and YFP- (yellow 

fluorescent protein) tagged versions of the PLC-5 PH construct and fluorescence 

energy transfer between the two constructs was used to monitor the localisation of 

the constructs (CFP was excited at 425 ± 5nm and the emission of CFP at 475 ± 

15nm and of YFP at 530 ± 20nm were simultaneously monitored. When the 

constructs are at the plasma membrane they are within resonance distance and 

FRET occurs; when the constructs translocate away from the plasma membrane 

due to PLC-induced hydrolysis of P IP 2 , the distance between the fluorophores 

increases and FRET no longer takes place between them. Thus, the donor (CFP) 

emission intensity increases, while the acceptor (YFP) emission decreases. The 

ratio of CFP to YFP emission is taken as a measure of the translocation of the 

PLC-5 PH construct). The amount of IP 3  produced during agonist-stimulation of the 

G-protein-coupled receptor/ PLC pathway has been measured at between 0.1 and 

lOpM (Varnai et al., 2 0 0 2 ), and when this IP 3  is produced via hydrolysis of P IP 2 ,
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the GFP-PLC-5 PH construct translocates away from the membrane and into the 

cytosol.

When Van der Wal et al (2001) used the flash photolysis technique to 

accurately release amounts of IP3, no translocation was seen on release of IpM  

IP3, a very small amount at 10pM, and a larger amount at lOOpM IP3, although 

even the amount of translocation elicited by lOOpM IP3 was less than that induced 

by 1 pM bradykinin. Van der Wal et al concluded that translocation of the GFP-PLC- 

5 PH construct was in fact reporting changes in PIP2 rather than in IP3, but that 

high concentrations of IP3 (i.e. 100pM) could distort the PIP2-reporting ability of this 

construct.

Xu et al. recently did an extensive study on the P IP 2 / IP 3  reporting properties 

of G F P - P L C 5 PH (Xu et al., 2003), where they constructed a model to simulate 

localisation of the probe according to different changes in P IP 2 / IP 3  concentrations. 

They included parameters such as basal and max/ min levels of P IP 2  and IP 3 , rates 

of P IP 2 /IP 3  synthesis and decay at rest and during P L C  activity, surface to volume 

ratio of the cell, the affinities of the probe for P IP 2  and IP 3  and the amount of probe 

present in the cell. They concluded that translocation is sensitive to both IP 3  and 

P IP 2  and that the extent of its sensitivity to each varies according to the surface to 

volume ratio of the cell and also, importantly, the amount of the probe expressed in 

the cell.
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1.5 Aims of my PhD study

The aim of my PhD project was to investigate the transduction pathway 

between receptor activation and inhibition of the M-current. Recent developments 

in the field have led to this work focussing mainly on the phosphoinositide cycle 

and its involvement in this agonist-induced inhibition of Im- I have looked at the 

effects of altering the activity of various members of the phosphoinositide cycle on 

the inhibition of the M-current by both the muscarinic receptor agonist oxotremorine 

M and the peptide bradykinin. I have used electrophysiological and 

microfluorescence techniques, and also a novel indicator of PLC activity (GFP- 

PLC-5 PH described above) to investigate the similarities and differences between 

the inhibition of the M-current by these different agonists, and the involvement of 

the phosphoinositide cycle in either or both.
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CHAPTER TWO

Materials and Methods
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2.1 Tissue Culture and preparation of neurons for 

experimentation

Superior Cervical Ganglion neurons (SCG) were cultured from 17-day- 

old Sprague Dawley rats (either sex) after terminal anaesthesia using CO2, 

followed by decapitation in accordance with Home Office regulational 

procedures.

2.1.1 Dissection of rat superior cervicai gangiia and cuiture of SCG 

neurons

On removal, SCG were immediately placed in a 35mm Petri dish 

containing Hanks Balanced Salts Solution (HESS) plus lOmM Hepes. The SCG 

were then cleaned and cut into with small scissors to increase the surface area 

and therefore aid digestion. The clean SCG were then placed into collagenase 

solution (800 iu Collagenase Class 2 {Sigma), 12mg bovine serum albumin 

(ESA; Sigma) and 2 ml HESS + Hepes) and incubated for 15 mins at 37°C. They 

were then washed twice with HESS + lOmM Hepes and placed in trypsin 

solution (2 mg trypsin, bovine type XII S (Sigma), 12mg ESA, 2 ml HESS + 

lOmM Hepes) for 30 mins at 37°C.

Digested fragments were then transferred into 2ml growth medium (42ml 

L-15 + GlutaMAX (Sigma), 8.5ml 1.26% NaHCOa (24mM) (Gibed), 5ml PCS 

(Sigma), 1.15ml 30% Glucose, 0.61ml 200mM L Glutamine (2mM) (Gibed), 

50ng/ml NGF 7S (Sigma)). The tissue was triturated until the mixture became 

cloudy, at which point the mixture was pulsed in the centrifuge and the 

supernatant transferred to a sterile centrifuge tube. This procedure was
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repeated using a total of 1 0 ml growth media, following which the cell 

suspension was spun for 5 mins at BOOrpm, the supernatant poured off and the 

cells resuspended in 5ml growth media.

Sterile culture/ recording chambers, consisting of glass rings (diameter 

16mm, height 3mm, approx volume 500pl) attached to borosilicate glass 

coverslips (BDH, 22 x 22mm, thickness 0.13-0.17mm) with silicone elastomer 

(Sylgard®, Dow Corning; cured at 180“C for 2  hours), were coated with a 

laminin substrate for 1 hour (lOpg ml'  ̂ in HBSS). Just before use these 

chambers were placed into 35mm petri dishes, washed and cell suspension 

plated onto the coverslips. Dishes were then incubated at 37“C in 95% 0 2 / 5 % 

CO2 for 4 hours to allow cells to adhere to the coverslip before 500pl fresh 

growth medium was added. Dishes are incubated until required for transfection/ 

recording and are usually used within 4 days.

2.1.2 Transfection of SCG neurons via Intranuclear Injection

Neurons were injected one to two days after culture. Sharp electrodes (> 

50MO resistance) were pulled from 1.2mm outer diameter, 0.69mm internal 

diameter non-filamented borosilicate glass {Clark Biomedical) and filled with 

cDNA plasmid dissolved in injection solution (154mM NaCI, 5mM Hepes, 

2.5mM KOI, 0.5mM MgCl2 -  pH adjusted to ~ 7.4 using NaOH; after mixing with 

plasmid (100ng/pl of each cDNA plasmid to be injected), injection solution is 

filtered by centrifuging at 13000rpm in a 0 .2 pm filter, and is then refrigerated for 

a maximum of two weeks awaiting use).

Injections were performed using the Eppendorf automated micro-injector 

(Transjector 5246). CO2 was maintained at ~ 5%, in the enclosed area where

65



the cells were placed, throughout the injection period. Positive pressure is 

constant and neurons were impaled briefly in the nucleus with the sharp 

electrode -  transient swelling of the nucleus was visible as the cDNA plasmid/ 

injection solution entered. Several cells were injected in each dish as the 

survival rate varies with the health of the culture. After injection, neurons were 

returned immediately to the incubator to allow protein to express.

2.1.3 cDNA plasmids

A number of different cDNA plasmids have been used throughout this 

thesis. They are listed below.

eGFP-PLC-ô PH-  pleckstrin homology domain of phosphoiipase C-5i, in egfp- 

C1 vector {Clontech). Obtained from K. Young (University of Leicester) and 

originally from I .  Meyer (Stanford University).

NCS-1 -  rat neuronal calcium sensor protein 1 , in pcDNA 3.1 vector. Obtained 

from J. Weiss (University of Liverpool).

GFPmPIP 5-K-1 beta -  phosphatidylinositol 4 phosphate 5-kinase enzyme in 

pcDNA 3.1 vector, containing OFF sequence or. Obtained from N. Davis (LSU 

Med. Ctr)

GFPmPI5-K-1 beta (K179M) -  mutant phosphatidylinositol 4 phosphate 5- 

kinase, lacking kinase activity, in pcDNA 3.1 vector, containing GPP sequence. 

Obtained from N. Davis (LSU Med. Ctr)

eGFP-  enhanced green fluorescent protein, in pcDNA 3.1 vector. 

pDSRed2-N1- red fluorescent cloning vector {Clontech)

All plasmids contained the cytomegalovirus (CMV) promoter.
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2.2 Electrophysiological recording

2.2.1 Apparatus

Neurons in culture/ recording chambers were transferred to the stage of 

an inverted Nikon Diaphot microscope and cells were superfused with external 

solution (see Methods section 2.2.4.1 ) via a gravity-driven system at ~ 10-12 

ml/min. Cells were observed using a X40 oil immersion lens {Nikon).

Electrophysiological experiments were conducted under voltage-damp 

conditions, using an axopatch 200A patch-clamp amplifier {Axon Instruments). 

Data was acquired using pCIamp software (Clampex version 8.1 ; Axon 

Instruments). Voltage protocols were created within the Clampex program run 

on a Dell personal computer, and an input signal sent from the computer via an 

analogue-to-digital converter interface (Digidata 1200; Axon Instruments) to the 

amplifier. Data was sampled at 1kHz and filtered at 10kHz.

Chloride-coated silver wire was used both for the recording electrode and 

the bath ground, and these were freshly coated with chloride ions regularly via 

electrolysis in NaCI solution. Recording pipettes of 1.5-3 MO were pulled on a 

vertical pipette puller {Narlshlge PC-10) from thin-walled (1.5mm outer 

diameter, 1.17mm inner diameter) filamented borosilicate glass {Clark 

Biomedical) and the tips were fire-polished using a microforge {Narlshlge, MF- 

830).
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2.2.2 Perforated-patch recording configuration

Currents were recorded in the perforated-patch clamp configuration 

unless otherwise stated. Recording in this configuration reduces dialysis of the 

intracellular compartment with the pipette solution, so reducing the loss of 

soluble components. Loss of certain cellular components through dialysis in the 

whole-cell recording configuration leads to current “rundown” (Brown et al., 

1995).

In the perforated-patch recording configuration, the antibiotic 

amphotericin B was used to form pores in the plasma membrane in the patch 

within the seal formed between pipette and membrane (Rae et al., 1991). These 

pores are of a size which allow the flow of monovalent ions, and therefore allow 

electrical continuity between the recording pipette and the intracellular 

environment, but not the dialysis of larger molecules, so preventing the loss of 

vital intracellular components. Amphotericin B is stored in the fridge in powder 

form and a fresh solution of 2-3mg dissolved and sonicated in lOpI mg'^ 

dimethyl sulfoxide (DMSO) was made daily; 2 pl this solution were added to 1ml 

filtered intracellular solution to produce a final amphotericin B concentration of 

200pg m l'\ Recording pipettes were dipped in filtered amphotericin-free 

intracellular solution for a few seconds before back-filling with the amphotericin- 

containing solution, as amphotericin can interfere with gigaohm seal formation.

After the formation of a gigaohm seal (>1 GO) between the recording 

pipette and the cell membrane, the cell was held in the cell-attached 

configuration at a membrane potential of -60mV as the amphotericin began to 

perforate the cell membrane and thus reduce the access resistance. Access 

resistance was monitored via the increase in transient capacity current
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amplitude in response to a 10mV hyperpolarising pulse. When the access 

resistance has stabilised at around 1 0 MÛ current recording can begin. Cells 

which stabilise at an access resistance greater than 20MQ were discarded.

2.2.3 Whole-cell recording configuration

This recording configuration was used when it was necessary to dialyse 

the cell with the intracellular recording solution. This technique has been used 

occasionally in this thesis.

After the formation of a gigaohm seal in the cell-attached mode, the 

whole-cell configuration was achieved by applying a short and strong suction, 

resulting in the rupture of the membrane patch and a low access resistance (< 

5MQ).

2.2.4 Recording solutions

2.2.4.1 Extracellular

For electrophysiological recordings in the perforated patch configuration 

and for microfluorescence recordings (including calcium imaging) the following 

extracellular solution was used.

NaCI 1 2 0 mM

Glucose 11.1 mM

HEPES 5 mM

NaHCOs 2 2 .6 mM

KOI 3 mM
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CaCl2 2.5 mM

MgClg 1 .2  mM

NaOH to pH 7.4

For experiments involving the whole-cell recording configuration, 2mM 

pyruvic acid was added to the above solution to try to reduce rundown of the M- 

current (Simmons and Schneider, 1998).

2.2A.2 Intracellular solutions

For perforated-patch recordings of the M-current, the following standard 

solution was used

KOI -  30mM 

K Acetate -  lOOmM 

HEPES-20mM 

EGTA-IOmM 

MgCl2 -  3mM 

KOH to pH 7.4

For perforated-patch recordings of the N-type calcium current (Chapter 4, 

section 4.3.2.5) the following Intracellular solution was used:

CsGI -  140mM 

MgCl2 -  ImM 

BAPTA-O.ImM
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C3 CI2 ~ 0.1 mM 

HEPES-lOmM 

CsOH to pH 7.4

2.2.5 Voltage protocols

The standard protocol used for recording the M-current throughout this 

thesis is a depolarised holding potential of -20mV, to preactivate the current and 

also to inactivate some other transient contaminating currents that may be 

present, with a hyperpolarising pulse to -50mV to deactivate the M-current, 

allowing measurement of the deactivation tail.

The current-voltage relationship of the M-current was recorded using a 

holding potential of -20mV, with a 2 second hyperpolarising pulse every 20 

seconds. The first hyperpolarising pulse was to -30mV, with subsequent pulses 

lOmV more hyperpolarised than the last, with the final pulse to -llOmV.

For measurement of the calcium buffering capacity of the cell (Chap 4, 

section 4.3.2.5) N-type calcium currents were recorded by holding the cell at - 

70mV and depolarising to +5mV for 200ms. Currents were leak-subtracted by 

blockade with C0 CI2 and subtracting the blocked trace from the unblocked. A 

full explanation of this method as a measure of the cells' calcium buffering 

capacity, can be found in Chapter 4, section 4.3.2.5.

Analysis of M-current recordings is dealt with in Chapter 3.
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2.3 Fluorescence microscopy

2.3.1 Genera! Apparatus

Fluorescence microscopy was carried out using the same Nikon Diaphot 

inverted microscope described in the experimental apparatus for 

electrophysiology. The excitation light source was a monochromator 

(Polychrome II, T.I.LL Photonics GmbH.) The excitation wavelength was 

controlled using an Apple Macintosh computer and Openlab software (version 

3.0), linked to a monochromator (as illustrated in Figure 4), and was varied 

according to which dye was being imaged. Light leaving the monochromator 

was reflected up onto the cells by a dichroic mirror (varied according to the 

desired excitation wavelength of the dye). Light passed through optional neutral 

density filters and also an electronically controlled shutter before reaching the 

cells, so as to control light intensity and exposure duration respectively, limiting 

photobleaching of the dye. Emitted light was passed through a bandpass filter 

(again, different wavelength for different dye) before being captured on to a 1 2 - 

bit grey-scale digital camera (controlled by the computer). Focus and exposure 

time of the camera, digital gain and camera binning were adjusted to optimise 

the quality of the images.

72



2.3.1.1 GFP-PLC-5 PH/ GFP/ FITC imaging

Cells were excited at a wavelength of 475 nm, reflected by a 510 nm 

dichroic mirror. Emitted light was passed through a 530 nm bandpass filter, and 

a FITC pseudo colour palette was applied to the acquired grey-scale images. 

For monitoring of GFP-PLC-Ô PH translocation successive images were taken 

with minimum delay (according to the exposure time of the camera but usually > 

1 image per second). For more on acquisition and analysis of GFP-PLC-5 PH 

data please see Chapter 3 (section 3.3).

2.3.1.2 Red Fiuorescent Protein (RFP)/rhodamine/ TRiTC imaging

Cells were excited at a wavelength of 535 nm, reflected by a 580 nm 

dichroic mirror. Emitted light was passed through a 610 nm bandpass filter, and 

a TRITC pseudo colour palette was applied to the acquired grey-scale images.

2.3.1.3 Digitai deconvoiution of images

Images obtained with the above equipment are subject to a certain 

amount of blurring, caused by light “haze” emitted from above and below the 

plane of focus. To remove this blurring without the use of laser confocal 

microscopy, a technique called “digital deconvolution” is employed. This 

technique corrects and removes the noise and haze originating from images in 

other focal planes using mathematical algorithms, the simplest of which is the 

“nearest neighbour algorithm” (Agard et al., 1989; Casteleman, 1996). This 

algorithm calculates the contribution of light noise from the focal planes above 

and below the desired slice, and subtracts them. An automation was designed
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“in house”, using Openlab software, which automatically focused the 

microscope to the bottom of the cell, and then programmed it to acquire several 

optical slices (= 20) in 0.5pm steps up through the cell. An image from a 

particular focal plane was corrected using the nearest 5 neighbours algorithm 

(ie using 5 optical slices above and 5 below the chosen plane). The algorithm 

contains the point spread function (P.S.F) of the microscope, which can be 

estimated once the objective, immersion solution, camera resolution and 

binning are known. Digital deconvolution of images enables the experimenter to 

visualise the localisation of fluorescence in the cell without the “noise” 

associated with convention optical microscopy. Examples of a standard image 

and a deconvolved image from the same cell are given in Chapter 3 (Figure 15, 

section 3.3.1).

2.3.2 Calcium Imaging using the duai-excitation dye FURA 2

The imaging equipment used for recording changes in intracellular 

calcium concentration is essentially the same as that used for other imaging 

experiments.

FURA 2 is a dual-excitation fluorescent Ca^^ indicator, the properties of 

which mean that it changes its configuration when it binds Ca^^, and this 

change in configuration means that its excitation spectrum also changes. 

Unbound FURA 2 is maximally excited at 380 nm and Ca^^-bound FURA 2 at 

350 nm. Light is emitted at 510 nm by both bound and unbound dye.

FURA 2 loaded cells (see below for loading protocol) are excited 

alternately by light of wavelengths 350 nm and 380 nm, with fast switching
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between wavelengths controlled by the computer and executed by the 

monochromator system. Excitatory light is reflected onto cells by a 430 nm 

dichroic mirror. Light is emitted from the cells at a wavelength of 510 nm and 

passes through a 510 nm bandpass filter. Intensity of emitted light is measured 

and recorded for consecutive excitations at 350 nm (I350) and 380 nm (I380), and 

hence the ratio of bound to unbound dye (I350/I380) is calculated by the 

computer. On a pre-calibrated rig, this ratio can be translated online into a value 

for [Ca^^i.

2.3.2.1 Loading of cells with FURA 2

Cells to be used for whole-cell patch clamp experiments were loaded 

with FURA 2 via the patch pipette. Cells were left for at least 10 minutes after 

“break-through” into the whole-cell configuration to allow the dye to equilibrate 

throughout the cell.

Cells to be used for perforated-patch electrophysiological recording, or 

for experiments not involving voltage-damp, were loaded with FURA 2 via 

incubation with the acetoxymethyl (AM) ester form of the dye, which is able to 

cross the plasma membrane. Once in the cytoplasm, the ester moiety is 

cleaved by endogenous esterases. The stock solution of FURA 2 AM was 

prepared in DMSG and pluronic acid at a concentration of 5mM, and 0.5pl of 

this stock solution was added to the culture chamber (which contained 500 pi 

growth media) resulting in a final concentration of 5pM FURA 2 AM. Cells were 

incubated for around 30 mins at 37”C to allow the FURA 2 AM to enter the cell. 

Once loaded with the dye, dishes were transferred to the microscope stage and
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superfused for at least 10  minutes witfi the standard extracellular solution to 

remove any excess FURA 2 AM before recording.

2.3.3 Simultaneous electrophysiological and fluorescence recording -  

special considerations

A fluorescent cell was located and the focus and exposure of the camera 

set. The cell was then patched under transmitted light. Transmitted light was 

then switched off while the membrane permeabilised, as amphotericin is 

sensitive to light. When the access resistance was suitably low (< 15MQ) 

fluorescent light was switched on and the focus and camera exposure time 

checked and, if necessary, slightly altered. Most of the focus adjustments had to 

be completed before the cell was patched, as movement of the cell due to lens 

adjustments would displace the electrode. The membrane potential was then 

set to the holding potential, ready for electrophysiological recording to begin. M- 

current recording was initiated by a digital pulse which was triggered by 

commencement of the imaging recording, hence the two recordings were 

started at exactly the same time so that time-courses could be compared.
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2.4 Immunocytochemistry

Immunocytochemistry was used to test the expression of NCS-1 in both 

un injected and injected SCG neurons.

2.4.1 Procedure

Cells for immunocytochemistry were cultured on glass coverslips in 4 

well plates {Nunclon). Cells were fixed with 0 .2 % gluteraldehyde/2 % 

paraformaldehyde (in phosphate buffered saline, PBS; Sigma) for 2 0  mins at 

room temperature. Fixed cells were then permeabilised with 0.1% triton X I00 

(Sigma) in PBS for 15 mins. After washing the cells several times in PBS, they 

were incubated for 1 hour in a blocking buffer consisting of lOmg ml'  ̂ bovine 

serum albumin (BSA; Sigma) in PBS, and then for 1 hour in the primary 

antibody, anti-NCS-1. A secondary antibody conjugated to a fluorescent marker 

was then used so that the localisation of the primary antibody could be 

visualised under fluorescence microscopy. The anti-NCS-1 antibody was raised 

in rabbit, so an anti-rabbit secondary antibody was used (swine anti-rabbit IgG), 

which was conjugated to tetramethylrhodamine B isothiocyanate (TRITC). After 

several washes with PBS, the coverslips were removed from the four-well 

plates and mounted onto slides using a mounting medium, where they were 

then sealed using clear nail varnish. Slides were refrigerated until examination 

under fluorescence microscopy, which was usually within a few days as staining 

can fade if left for too long. The level of auto-fluorescence was estimated by 

performing the immunocytochemistry procedure without antibodies and then 

checking these slides under fluorescence microscopy. Another control

77



experiment was to compare staining against a specimen whch had been 

stained with the secondary antibody alone to estimate the amount of unspecific 

binding of the primary antibody.

Specimens were photographed using the same equipment described for 

GFP-PLC-Ô1 PH, but anti-NCS-1 antibody staining was visualised at the 

wavelength and with the same dichroic mirror/ bandpass filter as used to 

visualise rhodamine, as the secondary antibody was conjugated with TRITC.
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RESULTS

CHAPTER THREE

The M-current in rat superior cervical ganglion 

(SCG) neurons, features of its inhibition by 

oxotremorine M and bradykinin
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3.1 Basic Features of the M~current in rat SCGs.

3.1.1 Recording M-currents

M-currents were recorded from dissociated rat superior cervical ganglion 

neurons using the equipment described in Methods. The voltage protocol used (as 

shown in Figure 3.1.) was one with a depolarised holding potential of -2 0  mV, to 

preactivate the M-current and to allow voltage-dependent inactivation of other, 

contaminating currents, such as the A-type potassium current. A one second 

hyperpolarising pulse to -5 0  mV every 15 seconds allows deactivation of the M- 

current and reactivation on repolarisation to the holding potential. On 

hyperpolarisation to -50mV the M-current switches off slowly with a 

characteristically shaped deactivation tail, which can be fitted with two 

exponentials.The amplitude of this deactivation tail is used to represent the true 

amplitude of the M-current, avoiding contamination by other currents which may be 

present at -2 0  mV. Figure 3.1 below shows the voltage protocol waveform and the 

accompanying M-current recording.
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- 20 mV

- 50 mV

0.5 nA

0.5 secDeactivation
tail

Figure 3.1. Voltage protocol for recording of M-currents, with M-current trace shown below 

note slow deactivation of the current on hyperpolarisation to -SOmV, and subsequent slow 

reactivation on re polarisation to the holding potential of -20mV.
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3.1.2 Analysis of the M-current

M-currents were analysed using pCIamp software (version 8.1; Axon 

instruments).

The deactivation tail was fitted with two exponentials between two points, one 

just after the end of the capacity transient generated by the hyperpolarising step, 

and the other at a point where the current had reached a steady state (see Figure 

3.2). These exponentials were extrapolated back as far as the first and last 

samples of the hyperpolarising pulse. Figure 3.2 shows this double exponential fit 

and the fit broken down into the two individual exponential components.

The total amplitude of the deactivation tail is calculated as the sum of the 

amplitudes of both exponential components at zero time (the first sample of the 

hyperpolarising pulse).
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Total amplitude = 
96+ 38=134pA

Tau 1 = 55ms 
Amplitude = 96pA Tau 2 = 269ms 

Amplitude = 38pA

Figure 3.2. Double exponential fit of M-current deactivation relaxation, and the fit broken 

down into two single exponential components.
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3.1.3 Timecourse of deactivation relaxation

The timecourses (tau) of both exponentials are given by the analysis 

programme, Clampfit 8. The average values from a sample of 10 SCG neurons are 

shown below

Averaae va ues from a sample o1f 10 SCG neurons

TauKms) AI(pA) Tau2(ms) A2(pA) A1+A2 % A1 % A2 fau1/Tau2

50±4.2 115± 19.3 245± 20 44±7.8 163±23.3 69.3±2.5 30.7±2.5 0.2

As seen in the table above, the fast tau (tau 1 ) was on average one fifth of 

the duration of the slow tau (tau 2), and is the predominant contributor to the 

amplitude of the current deactivation, contributing almost 70% of the total 

amplitude. These data are shown in Figure 3.3. in bar chart form.
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Figure 3.3. On average, the fast exponential component of the M-current deactivation 

relaxation fit Is one fifth the length of the slow component, and makes up almost 70% of the 

total relaxation amplitude.
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3.1.4 Current'Voltage relationship of the M-current

The current-voltage relationship of the M-current was observed using a 

protocol with a depolarised holding potential of -2 0  mV, as in the standard 

recording protocol, to preactivate the M-current. Hyperpolarising pulses of 1 

second duration were performed every 20 seconds, the first pulse to -30  mV and 

the voltage becoming more hyperpolarised with each pulse in 10 mV increments 

until the last pulse at -110 mV. Figure 3.4 shows the voltage protocol waveform 

and the corresponding M-current recording.

As figure 3.4 shows, the amplitude of the deactivation relaxation is fairly 

small on the first hyperpolarising pulse to -30mV, indicating that not many of the 

channels which are open at the holding potential of -20mV are closed by this lOmV 

hyperpolarisation. The deactivation tail amplitude increases progressively with 

successive pulses until it reaches a maximum with a hyperpolarisation to -50mV. 

As the pulses become more hyperpolarised, the amplitude of the relaxation 

decreases further, until there is no relaxation at the potassium reversal potential of 

around -80mV. After this point, subsequent pulses show an inward current 

switching off on hyperpolarisation as the direction of the potassium ions through 

the M-channels has been reversed. Figure 3.4C shows a plot of the average M- 

current conductance plotted against voltage from a sample of 5 SCG neurons.

Current relaxations amplitudes were measured as before by fitting the data 

with a double exponential function. These amplitudes were plotted to produce a 

simple graph of the current amplitude/ membrane potential (Vm), and the reversal
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potential (Vrev) of the M-current was measured from this plot. The driving force at 

each hyperpolarising step was then calculated from this reversal potential (driving 

force =|Vm| - |Vrev|). The amplitude of the current relaxation at each membrane 

potential is then divided by the driving force at that potential to obtain a measure of 

the M-current conductance at that potential. The largest value for conductance is 

noted (G-20 -  as the holding potential is -20mV and the M-current conductance is 

not maximal at this potential) and all other values subtracted from it to obtain 

corrected values. All “corrected” conductances are then divided by the largest 

value for normalisation (obviously the largest value has now become “1”). The data 

is then plotted and fitted with a Boltzmann equation (G/G-20 = 1/(1+ exp(Vi/2 -  V)/k 

where V1/2 is the membrane potential at which the conductance, G, is half of G-20 

and k is the slope, measured in mV, and quantifies the voltage range over which 

there is an e-fold change in conductance. Each cell was analysed individually and 

fitted with a Boltzmann equation. The values for V 1/2 and k were then averaged and 

a Boltzmann fit was simulated using these average values as non-variable. The 

points plotted in Figure 3.4C are the average normalised conductances at each 

voltage (± SEM) and the Boltzmann curve plotted is the simulated curve using the 

averaged values for V1/2 and k.
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B
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Figure 3.4. Current-voltage relationship of the M-current. A.voltage protocol; holding 

potential of -20mV with hyperpolarising puises of one second every 20 seconds, starting 

with a potential of -30mV and hyperpolarisation increasing by lOmV with each subsequent 

pulse, to reach a potential of -IIOmV.B. Corresponding current trace. C. Averaged 

conductance of M-current in rat SCG (n=5) -  data is fitted with a Boltzmann equation 

showing Vi/2=-34mV and slope =5.82.
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3.2 Agonist-induced inhibition of the M-current

3.2.1 General features of M-current inhibition

As described in the introduction, stimulation of G-protein-coupled receptors 

can induce inhibition of the M-current. This inhibition appears as a reduction in 

outward holding current at -20mV as well as a reduction in the amplitude of the 

deactivation tail. The black trace in Figure 3.5 shows the M-current before 

inhibition, and the red trace shows an example of an M-current during inhibition. 

Inhibition is measured as the percentage decrease in total amplitude of the 

deactivation tail at -SOmV.

As mentioned before, many agonists couple to inhibition of the M-current. The 

two agonists used most frequently in my work are the muscarinic acetylcholine 

receptor agonist, oxotremorine M, and the peptide bradykinin, which inhibits the M- 

current in SCG neurons via the bradykinin B2 receptor. The features of the M- 

current inhibition by these two agonists differ somewhat and the similarities and 

differences are described in the next section.
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Figure 3.5. Example of inhibition of the M-current. The black trace shows the M-current 

before inhibition and the red trace shows the same current during inhibition -  note the 

reduction in both outward holding current and amplitude of the deactivation tail.
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3.2.2 M-current inhibition by the muscarinic agonist oxotremorine M

Oxotremorine M is an agonist at muscarinic acetylcholine receptors. It does 

not show specificity for any subtype of muscarinic receptor but activates them all. 

Only the odd numbered muscarinic receptor subtypes, 1 and 3, couple to inhibition 

of Im i.e. the subtypes which couple to pertussis toxin insensitive G-proteins. It has 

been shown to be muscarinic receptors of the Mi subtype which couple to 

inhibition of the M-current in rat SCG neurons, as the muscarine-induced Im 

inhibition was blocked by the selective Mi antagonist pirenzipine, and not by the 

selective M 2 and M 2 /M 4  antagonists gallamine and himbacine respectively (Marrion 

et al., 1989; Bernheim et al., 1992).

Oxotremorine M was applied to neurons at room temperature, via bath 

perfusion. A maximal dose of oxotremorine M, 10p,M, produced a reduction in the 

deactivation tail amplitude of around 75%. In my system, the average time from the 

onset of the response to the peak was approximately 30 seconds. For a 30 second 

drug application, the current had generally recovered to approximately its original 

amplitude after around 175 seconds after onset (see Fig 3.6 for plot of deactivation 

tail amplitude of a typical cell showing typical duration of response).

The response was repeatable, with maximum inhibition possible as soon as 

the current had recovered and stabilised from the previous inhibition (see Fig 3.7).
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Average amplitude of response = 76.7 ± 4.27 % (n=12)
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Figure 3.6. Plot of changes In deactivation tall amplitude with time during a response to 

10pM oxotremorine M
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Figure 3.7. Concatenated trace showing changes in holding current amplitude with time on 

addition of 10pM oxotremorine M. Below the main picture are pictures of individual M- 

current traces at the points in the recording indicated with the arrows. These individual 

traces show the reduction in outward holding current, and also the reduction in the 

amplitude of the deactivation tail, during inhibition with oxo M. The figure shows that the 

inhibition is fully reversible and repeatable.
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3.2.2.1 Inhibition of the M-current by oxotremorine M  is dose-dependent

The inhibition of the M-current by oxotremorine M is not an “all or nothing” 

response, but rather the degree of inhibition is dependent on the dose of agonist. 

Doses were added cumulatively and the inhibition by each dose was allowed to 

plateau before addition of the next. Fig 3.8a is a continuous trace showing the 

stepwise reduction in outward holding current in response to the cumulative 

addition of increasing doses of oxotremorine M.

Figure 3.8b is an averaged dose-response curve for the inhibition of M-current 

in rat SCGs by oxotremorine M. It shows that the IC50 for oxotremorine M under my 

experimental conditions is around 0.9 pM.

S.2.2.2 inhibition of the M-current by oxotremorine M is mediated via the Mi 

muscarinic acetyichoiine receptor.

It is believed to be the Mi muscarinic acetylcholine receptor (Mi-mAChR) 

which couples to inhibition of the M-current in SCG neurons as stated above. This 

was confirmed using the Mi-mAChR-specific antagonist pirenzipine. Perfusion of 

the cells for 10 minutes with 5p.M pirenzipine almost completely blocked inhibition 

of the M-current by a maximal dose of oxotremorine M (lOpM) (n= 4).This strongly 

suggests that it is in fact the Mi subtype of muscarinic acetylcholine receptor which
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Figure 3.8. a) Concatenated trace of M-current recording showing outward holding current 

decreases in response to cumulatively increasing doses of oxotremorine M, starting at 

SOOnM and finishing at 10pM. b) Averaged dose-response curve of inhibition of the M-current 

in rat SCG neurons by oxotremorine M. The curve is fitted with a Langmuir Hill equation,

ICso= 0.936 ± 0.03; max = 75%.
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induces inhibition of the M-current in rat SCG neurons. Figure 3.9 shows a bar 

chart with the average inhibitions produced by 10pM oxotremorine M in control 

SCG neurons and in SCG neurons after 10 minutes perfusion with 5pM pirenzipine 

(the very small amount of inhibition which remains in the presence of pirenzipine 

could simply be due to slight rundown of the current over the time taken to apply 

oxotremorine M and wash it off).
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Figure 3.9. Bar chart showing average inhibition of M-current by 10yM oxotremorine M in 

control and pirenzipine-treated cells.
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3.2.3 Inhibition of the M-current by the peptide bradykinin

The peptide bradykinin is reported to inhibit the M-current in rat sympathetic 

ganglia via its activation of bradykinin 82 receptors (Jones et a!., 1995). Bradykinin 

was applied to neurons in the same way as oxotremorine M, at room temperature 

and via addition to the extracellular solution. Bradykinin, like oxotremorine M, was 

applied for 30 seconds. Cells responded fairly rapidly to bradykinin; the average 

time from the onset of the response to the peak was around 35 seconds, similar to 

oxotremorine M, but unlike oxotremorine M, after 175 seconds, when most cells 

had fully recovered from inhibition by oxotremorine M, the current had only 

recovered to around 50% of its pre-inhibition amplitude, and recovery was not 

always complete. The average amount of inhibition produced by a maximal dose, 

lOOnM, was around 50% but was quite variable, as shown in Figure 3.10a (bar 

chart). Bradykinin also often activated another inward current, which switched off 

on washout of the agonist -  this current was believed to be a chloride current 

(Marsh et al., 1995). The inhibition of Im by bradykinin was not repeatable, with 

rapid desensitisation produced by even a low concentration of the agonist. Figure 

3.10b shows a concatenated trace showing changes in the outward holding current 

on application and washout of lOOnM bradykinin -  note the long recovery time.

The pictures below are individual M-current traces showing the amplitudes of both 

the outward holding current and the M-current deactivation tail at the points in the 

recording indicated with arrows.
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Average amplitude of response = 43.4 ± 7.1 % (n=8)
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Figure 3.10. Concatenated trace showing changes in outward holding current amplitude on 

application and washout of lOOnM bradykinin. The small figures below are individual re­
current traces showing the amplitudes of both the outward current and the M-current 

deactivation tail -  note the partial inhibition and slow recovery time.

97



3.2.4 Summary of the similarities and differences between inhibition of the 

M-current by oxotremorine M and by bradykinin

Inhibition of the M-current by both agonists had a similarly fast onset time, 

but in terms of the dynamics of the responses, it appears that that is where the 

similarity between the two ends. Oxotremorine M produced on average more of an 

inhibition at a maximal dose than did bradykinin (= 75% as opposed to « 50%), and 

the inhibition by oxotremorine M was repeatable, whereas the bradykinin response 

desensitises readily. For this reason it was not possible to add cumulative doses of 

bradykinin to construct a dose-response curve, although the inhibition by 

bradykinin has been shown to be dose dependent (Jones et al., 1995). Also, the M- 

current recovered much more quickly after inhibition by oxotremorine M than by 

bradykinin, and the recovery after bradykinin-induced inhibition was not always 

complete whereas after oxo M-inhibition the current nearly always recovered fully.
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3.3 Measurement of PLC activity with the green fiuorescent 

protein-tagged pieckstrin homoiogy domain of phosphoiipase C5i 

(GFP-PLC-5 PH)

3.3.1 Localisation of the GFP-PLC-5 PH construct in the quiescent SCG 

neuron.

PIP2 levels in the plasma membrane can be monitored with the GFP-PLC-5 

PH construct via fluorescence microscopy (see Introduction). SCG neurons were 

transfected with the construct via intranuclear injection of cDNA (Methods, section 

2.1.2) and were then incubated for at least 12 hours to allow the protein to express. 

Neurons were then excited at a wavelength of 475nm and observed under a 40 X 

oil-immersion objective. Fluorescent neurons were digitally imaged using Openlab 

software, and the exposure time of the camera adjusted with each neuron so that 

the brightest points were just below camera saturation. Images were captured and 

saved, and those selected were enhanced using digital deconvolution, which uses 

a mathematical algorithm to reduce image blurring (see Methods, section 2.3.1.3).

In the resting SCG, fluorescence was localised mainly to the plasma 

membrane, with low levels throughout the cytosol. Figure 3.1 la )  shows an SCG 

neuron expressing the GFP-PLC-5 PH construct and Figure 3.11b) shows the 

same image after digital deconvolution to remove blurring.

99



Figure 3.11. a) SCG neuron expressing the GFP-PLC6 PH construct, showing membrane 

localisation of fluorescence b) The same Image after digital deconvolution to remove 

blurring.

100



3.3.1 Agonist-induced transiocation of the GFP-PLC-5 PH construct

G-protein-coupled receptors can induce hydrolysis of PIP2, via activation of 

phospholipase C. This hydrolysis of PIP2 would be expected to cause translocation 

of the fluorescent construct away from the membrane. The two agonists described 

in the previous section as inhibitors of the M-current, oxotremorine M and 

bradykinin, were applied to neurons expressing the GFP-PLC-5 PH construct in the 

same way as they were applied to voltage-clamped neurons to inhibit the M- 

current. Both agonists did indeed cause translocation of the construct. Neurons 

were photographed as before and images recorded, with the time between images 

set to minimum delay, with an image taken approximately every second. Loss of 

membrane PIP2 (or synthesis of IP3 -  see Introduction) was measured as a rise in 

cytosolic fluorescence intensity, and resynthesis of PIP2 as a fall in cytosolic 

fluorescence intensity. A region (of roughly 1 pm^) within the cytosol was chosen, 

and the averaged intensity of light in this area plotted for each image to produce a 

trace of changes in cytosolic fluorescence intensity throughout the experiment. 

Figure 3.12 shows an example of such a trace, with the three pictures above it 

showing the localisation of the fluorescence in the cell before, during and after 

agonist addition. Before agonist addition the fluorescence is localised mainly to the 

membrane, as shown in the example of a resting cell in Fig 3.12; the fluorescence 

intensity (as measured inside the white box on the picture) is stable and low. When 

the agonist is added the intensity of light in the cytosol starts to rise as the GFP- 

PLC-5 PH construct translocates from membrane to cytosol -  the middle picture in
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Figure 3.12. Changes in fluorescence localisation within an SCG neuron on addition and 

washout of a concentration of agonist (in this case oxotremorine M) which inhibits the M- 

current in these cells. Top three pictures show deconvolved images of the cell before, during 

and after agonist application and trace below shows corresponding rise and fall in cytosolic 

fluorescence intensity measured within the white square.
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the series of three above the trace shows the localisation of the fluorescence at the 

peak of the agonist response i.e. it is fairly uniformly distributed throughout the 

cytosol and shows no specific membrane localisation. The third picture shows the 

cell after washout of the agonist, where the fluorescent construct has returned to 

the membrane and the trace of cytosolic fluorescence intensity has returned to its 

original level, indicating the resynthesis of PIP2 at the membrane (Varnai and Balia, 

1998).

In order to analyse whether various treatments are having any effect on the 

translocation response by either agonist, it is necessary to identify the features of 

the control responses, and have a reliable way of analysing them. There are a few 

problems associated with the quantification of the translocation response, and I 

shall discuss them below.

3.3.1.1 Problems with the quantification of the transiocation response 

1) Neuronal size

Even if the amount of protein expressed per unit area is the same in every 

cell, the magnitude of the rise in cytosolic fluorescence intensity produced by 

complete translocation of the GFP-PLC-5 PH construct would differ with the size of 

the cell, because the volume of the cytosol, into which the construct will diffuse is 

larger. Assuming the thickness of membrane does not change significantly 

between cells, the ratio of membrane volume to cytosolic volume will decrease as
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the diameter of the cell increases. The simple example given below illustrates this 

difference for two cells differing in size, one with a diameter of 10pm and another 

with twice that diameter at 20pm. The model assumes that the cells are spherical 

and that the membrane is 1 pm thick (membranes of real cells are probably closer 

tolOnm in thickness, but this figure has been used in the example for simplicity).

VM^HSSym^

VM=256tjm^

i

10tim < - 20ijm ->

Vc/Vî —1.05 V c/ V m= 2 .6 9

Figure 3.13. Model showing how the ratio of cytosolic to membrane volume differs with cell 

diameter.
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From the figure above we can see that the volume of cytosol in the cell with 

the diameter of 10pm is 4/3 t t  (4)^ = 268pm^, whereas the volume of the 

membrane in this cell is {4/3 t t  (5)^} -  {4/3 t t  (4)^} = 524 -  268 = 256pm^. This 

gives us a membrane to cytosol ratio of 1 : 1.05, meaning that if the fluorescence 

intensity in the membrane at rest was 10 units (arbitrary units), then the 

florescence intensity in the cytosol after all of the construct had translocated (and 

assuming none remains in the membrane) would be 10/1.05 = 9.5 units. For the 

cell with the diameter of 20pm however, the cytosolic volume would be 4/3 t t  (9)^ =  

3054pm^, whereas the volume of the membrane would be {4/3 t t  (10)^} -  {4/3 t t  

(9 )^} = 4189 -  3054 = 1135pm^, which gives us a membrane to cytosol ratio of 1 : 

2.69. If the initial membrane fluorescence intensity was again 10 units, then the 

fluorescence intensity in the cytosol after full translocation of the construct would 

be only 10/ 2.69 = 3.72 units. This simplified model shows us that, if the initial level 

of fluorescence in the membrane is the same for each cell, full translocation of the 

fluorescent construct in a larger cell will produce less of a rise in cytosolic 

fluorescence intensity.

3) Amount of protein expressed per unit area of membrane

If the amount of protein expressed per unit area of the cell differs between 

cells, then this is another factor that will cause problems when it comes to 

quantification of the translocation response. Using the 20pm diameter cell from the 

model above, we can illustrate how a difference in the initial membrane 

fluorescence intensity can cause a large difference in the amplitude of the cytosolic
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fluorescence intensity rise produced by full translocation of the construct. The ratio 

of membrane volume to cytosolic volume for this cell was given as 1 : 2.69. If the 

intensity of fluorescence in the membrane was initially 10 units, it was calculated 

above that the cytosolic intensity resulting from full translocation of the construct 

would be 3.72 units. If, however, in another cell of the same size, the initial 

membrane fluorescence intensity was only 7 units, the cytosolic intensity resulting 

from a full translocation response would only be 7/ 2.69 = 2.60 units. Assuming 

that all of the fluorescence was located to the membrane before the agonist was 

applied i.e. the intensity in the cytosol was zero, this gives us rises of 2.69 units 

and 3.72 units in cells of the same size. These two responses can clearly not be 

compared.

Some groups have attempted to circumvent the above problems by taking a 

line intensity scan of each cell and working out the changes in the ratio of 

membrane localised fluorescence to cytosolic fluorescence caused by application 

of agonists or calcium ionophores (e.g. Varnai and Balia 1998; Zhang et al 2002). 

The ratio Intensitymembrane (L )/ Intensitycytosoi (Icyt) is then plotted with time. This 

analysis technique throws up problems of its own. Fluorescence intensity is rarely 

uniform throughout the membrane when the cell is at rest, which makes it difficult 

to choose the best area for a line scan. Also, the initial ratio between the intensity 

in the membrane and that in the cytosol differs rather a lot between cells. The 

technique is also extremely laborious when images are taken with a frequency of 

up to 10 per second, depending on the exposure of the camera.
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The method of analysis I have chosen is to calculate the percentage rise in 

cytosolic fluorescence intensity over the resting level. In fact, this technique has 

yielded remarkably consistent results at the maximum dose of both oxotremorine M 

and bradykinin. When investigating the difference between the translocations 

caused by both agonists i.e. their differing sensitivities to various treatments, I have 

applied both agonists in the same cell and used one as the control for changes in 

the other (as fully explained later).

I have not used the GFP-PLC-5 PH construct as an absolute measure of 

how much PIP2 is depleted, but purely as an indicator as to whether various 

treatments increase, decrease of block this translocation response altogether.

3.3.2 Methods of analysis

As stated above, I have measured the amplitude of the rise in cytosolic 

fluorescence intensity (CFI) as a percentage of the value of the cytosolic intensity 

of the cell at rest. Figure 18 below shows a recording of the changes in CFI on 

addition of bradykinin followed by washout and recovery, and subsequent addition 

of oxotremorine M. Both agonists were applied at doses which cause maximum 

inhibition of the M-current (see earlier in this chapter), lOOnM and lOpM 

respectively. There follows an explanation of how this trace would be analysed 

according to my methodology.
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Figure 3.14. Model to illustrate method of analysing agonist-induced rises in cytosolic 

fluorescence intensity.

The numbers on Figure 3.14 are merely examples to help illustrate a typical 

calculation of the percentage rise in cytosolic fluorescence intensity resulting from 

application of the agonist. In the above example, the intensity of light in the 

cytosolic region of interest at the beginning of the experiment is measured at 1600 

units (on a scale of 0 to 4096 units for a 12-bit image) -  this value will be called
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“BasGBK” as it is the “resting” cytosolic fluorescence before bradykinin is added. At 

the peak of the bradykinin response the cytosolic fluorescence intensity has been 

measured at 2450 units, giving us a value of 2450-1600=850 units for the 

amplitude of the bradykinin-induced rise, A b k . The background intensity ( I b k g r d ) in 

this example however, has been measured at around 450 units (this is the average 

intensity of the area containing no cells in the field of view and can vary according 

to exposure time of the camera etc). This value must be subtracted from the 

resting value, so the real resting cytosolic fluorescence value will be 1600- 

450=1150. The amplitude of the rise in intensity on application of the drug is now 

expressed as a percentage of the resting value ie in this example the amplitude of 

the rise is 850 units, and the resting level is 1150 units. 850 as a percentage of 

1150 is 100 (850/1150) =73.9%. Therefore, the equation for the calculation of the 

bradykinin-induced rise as a percentage of the resting level is as follows :-

100 X

P e a k  b k - B a se  b k

BaseBK “ I bkgrd

=  B K  r is e ,%  o f  re s t in g

The procedure is the same for the oxotremorine M-induced rise :-

100 X

P e a k  0X0 ■ B aseoxo

B a se  0X0 - Ibkgrd

=  0 X 0  r is e ,%  o f  re s t in g
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3.3.3 Both oxotremorine M and bradykinin induce transiocation of the GFP- 

PLC-6  PH construct from membrane to cytosoi

Oxotremorine M (10jjM) and bradykinin (lOOnM) caused reversible 

translocation of the GFP-PLC-5-PH construct from membrane to cytosol. Like the 

inhibition of the M-current by both of these agonists however, some of the features 

of these translocations differed somewhat.

The maximal increase in cytosolic fluorescence intensity was similar for 

10jjM oxotremorine M and lOOnM bradykinin (Fig 3.15a). These rises both 

correspond to full translocation of the construct as observed by taking deconvolved 

images at the peak of the response and noting the uniform distribution of 

fluorescence in the cytosol with no specific membrane localisation (see Fig 3.12). 

The amplitudes of the rises produced by both agonists can be compared with each 

other as they were measured in the same cell. As mentioned above, this negates 

any problems with quantification associated with neuronal size, density of the 

construct expressed etc. One agonist was applied to the cell, washed off, and 

when the baseline had returned to resting levels (or near enough) the second 

agonist was applied. Agonists were applied in either order, to make sure that one 

did not desensitise the response to the other, but there was in fact no cross­

desensitisation and the order in which the agonists were applied did not affect the 

magnitude of the translocation responses to them.
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Figure 3.15.a) Average rise in cytosolic fluorescence intensity (CFI) produced by a maximal 

dose of both agonists (measured as percentage increase in resting CFI). b) Typical trace of 

response to oxotremorine M followed by response to bradykinin in the same cell.

Although the rate of rise of the cytosolic fluorescence intensity was similar for 

oxotremorine M and bradykinin, the time courses of the relocation of the 

fluorescence to the membrane differs between the two agonists, as do the time 

courses of recovery of the M-current from inhibition. Figure 3.16 shows a 

reconstruction of the average responses to both agonists, constructed by 

measuring the time from 1 ) the onset of the response to 50% of the maximum 

amplitude 2) onset of the response to the peak amplitude 3) peak amplitude to 

25% recovery 4) peak amplitude to 50% recovery 5) peak amplitude to 75% 

recovery and 6) peak amplitude to 100% recovery.
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Figure 3.16.A. Reconstruction of average GFP-PLC- 6  PH translocation responses to (i) 

oxotremorine M (iOpM) and (ii) bradykinin (lOOnM). Points plotted are onset of 

response, time to 50% amplitude, time to peak amplitude, time to 25% recovery, time to 

50% recovery, time to 75% recovery and time to full recovery. B. Responses to both 

agonists overlaid.
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As Figure 3.16 shows, the bradykinin-induced GFP-PLC-5 PH translocation 

takes longer to relocate to the membrane on washout than the oxotremorine M- 

induced translocation. On average, the time from the onset of the translocation 

response to the peak is similar for both agonists, at 24 seconds for oxotremorine M 

and 30 seconds for bradykinin. The recovery phases for both agonists differ 

considerably however. Membrane relocation of the construct after translocation by 

both agonists appears to take on a biphasic pattern, with the second, slow phase 

of recovery being the phase that differs markedly between agonists. The average 

times taken from peak to 25% recovery are 16 and 38 seconds for oxotremorine M 

and bradykinin respectively. The times from peak to 50% recovery are 29 and 67 

seconds, from peak to 75% recovery are 48 and 167 seconds and the times taken 

from peak to full recovery are 88 seconds for oxotremorine M and an extrapolated 

value of 290 seconds for bradykinin (this value was obtained by extrapolating 

forward from the 75% recovery point as not enough bradykinin-induced 

translocations recovered fully to obtain a real average value for this point).

3.3.3.1 Translocation of the construct by oxotremorine M is repeatable but 

the bradykinin-induced transiocation desensitises

As described for M-current inhibition (earlier in this chapter), the response to 

oxotremorine M is repeatable but the response to bradykinin desensitises rapidly, 

allowing only one response. As soon as the construct has relocated to the 

membrane after translocating in response tolOpM oxotremorine M, reapplication of
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the agonist will cause another translocation response (an example is shown in 

Figure 3.17). Several consecutive responses to oxotremorine M are possible. This 

is not the case for bradykinin which responds only once, even if the first application 

of the agonist is washed out for some time.

Cytosolic fluorescence 

intensity
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1700-

1600-
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1400-

0 200 400 600 800 1000
Time (s)

Figure 3.17. Example of two consecutive transiocation responses to oxotremorine M. it is 

not possible to obtain multiple responses to bradykinin as the response desensitises.

3.3.3.2 Translocation of PLC delta PH by oxotremorine M Is dose-dependent

The degree of translocation of the GFP-PLC-5 PH construct by oxotremorine 

M is, like the inhibition of the M-current by this agonist, dependent on the dose of 

the agonist. It is difficult to quantitate these results, but Figure 3.18 shows the 

typical changes in cytosolic fluorescence intensity which are the result of 

cumulative applications of oxotremorine M. The level of cytosolic fluorescence 

intensity is allowed to stabilise before the next dose is added.
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Figure 3.18 a). Deconvolved pictures showing GFP-PLC-5 PH localisation in SCG cell 

in A. control, B. 300nM oxo M, C. ipM oxo M, D. 3pM oxo M, E. iOpM oxo M and F. 

After recovery, b) Corresponding plot of Increases in CFI.

115



3.3 3.3 Translocation by oxotremorine M is via the Mi-mACh receptor

The specific Mi muscarinic acetylcholine receptor antagonist pirenzipine 

was used to test whether, like inhibition of the M-current, the GFP-PLC-5 PH 

translocation induced by oxotremorine M was also mediated via the M1 receptor. 

The cells were perfused with(5^pM^irenzipine for 10 minutes and then stimulated 

with IOpM oxotremorine M. Pirenzipine prevented the translocation response as 

shown in Figure 3.19. On washout of pirenzipine the response to oxotremorine M 

showed partial recovery.

0
1(nO
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Figure 3.19. Bath perfusion with 5pM pirenzipine (a selective Mi receptor 

antagonist) blocks oxotremorine^M4nduced GFP-PLC-5 PH translocation.

116



3.4 The M-current in GFP-PLC-5 PH-expressIng cells

If the presence of PIP2 is indeed necessary to hold M-channels in their open 

configuration, then something which binds to it may have an effect on the M- 

current. If the binding of the GFP-PLC-5 PH construct were, for example, to affect 

the binding of PIP2 to M-channels, this could result in a reduced amplitude of M- 

current.

The amplitude of the M-current was measured in both uninjected SOGs and 

SOGs expressing the GFP-PLC-5 PH construct. This was done using the whole­

cell voltage-clamp recording technique and measuring the current deactivation tail 

amplitude directly after break-through before rundown had occurred. The 

perforated-patch recording method was not used as expression of the GFP-PLC-5 

PH construct after 2 or more days caused the perforation process to be very slow 

and incomplete, making it hard to assess the amplitude of the current as the 

access resistance remained too high (over 40MO).

Current amplitudes in the injected/ uninjected cells are shown in Figure 

3.20. The amplitude of the current in the GFP-PLC-5 PH-expressing SCGs does 

not change significantly between 1 and 3 days after injection. The M-current 

amplitude in the uninjected cells however increases significantly between the 1 and 

3 day time points, so that when current amplitudes between transfected and non­

transfected cells are compared three days after injection (four days after culture), 

they are significantly different. This indicates that when the amount of the protein 

expressed in the cell reaches a certain level, it does interfere with the amplitude of
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the M-current. Cells used for experiments in this thesis are always used either one 

or two days after transfection, when the M-current amplitude is not significantly 

different between injected and uninjected cells.

700

600

< 500

C
400

2k.
3 300
Y
S 200

100

0

1 day
(n=7) (n=11)

2  days
(n=9) (n=10)

3 days
(n=7) (n=8 )

O  GFP-PLC-5PH 
expressing

®  uninjected

Figure 3.20. Amplitudes of M-current deactivation tail in GFP-PLC-5 PH-expressing SCG 

neurons (pale blue)1,2 and 3 days after transfection compared with uninjected neurons (dark 

blue) from the same culture

This chapter so far has examined the similarities and differences between 

inhibition of the M-current by oxotremorine M and by bradykinin, and also between 

the membrane to cytosol translocation, and subsequent relocation, of the GFP- 

PLC-5 PH construct by both of these agonists. Although it is still arguable.
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evidence has been provided that the translocation of the fluorescent construct in 

response to agonist stimulation represents the depletion and resynthesis of 

membrane PIP2 (Varnai and Balia, 1998; also see Chapter Four). The fact that the 

GFP-PLC-5 PH translocation responses by the two agonists differ in very similar 

ways to the ways in which the M-current inhibition by these two agonists differ, 

suggests that the two responses may be connected in some way. If current theory 

is to be believed, this is because the M-current inhibition is due to the depletion of 

PIP2 levels, and the recovery of the M-current is due to the replenishment of this 

phospholipid (Suh and Mille, 2002). If this theory holds, then the model depicted in 

Figure 3.21 should be correct; at rest, PIP2 is bound to the M-channels, allowing 

them to remain open (obviously assuming that the cell is held at a potential within 

the activation range for the M-current). On application of the agonist, phosholipase 

C should be activated, causing hydrolysis of PIP2, resulting in simultaneous closure 

of the M-channels and translocation of the fluorescent construct from the 

membrane to the cytosol.
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Figure 3.21. Model depicting theorised simultaneous translocation of the GFP-PLC-5 PH 

construct and closure of M-channels.
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3.4.1 Simultaneous recording of the M-current and agonist-induced 

transiocation of the GFP-PLC-5 PH construct

M-currents were recorded in GFP-PLC- 6  expressing cells with the 

perforated patch-clamp method as described before. Location of the fluorescent 

construct (and changes in the cytosolic fluorescence intensity) were measured 

simultaneously with M-current. Figure 3.22 shows a simultaneous recording of the 

M-current and the changes in CFI on addition of 10pM oxotremorine M.

As Figure 3.22 shows, the similarity between the time courses of the M- 

current inhibition and the translocation response is rather striking. The patterns of 

onset and offset for both responses are also very similar, with the recoveries of 

both showing a biphasic pattern. Figure 3.23 shows the time courses of both 

responses more clearly, with the inverted trace of CFI changes (in red) 

superimposed on top of the M-current trace.

It is noticeable from the superimposed traces in figure 3.23 that the inhibition 

of the M-current and the translocation of the fluorescent construct from membrane 

to cytosol are more or less synchronised, but that the recovery of the M-current 

precedes the relocation of fluorescence to the membrane. If the construct does 

indeed have a higher affinity for IP3 than for PIP2 (Nash et al., 2 0 0 1 ), this could be 

due to the fact that there is still some IP3 left in the cytosol to which the construct is 

bound, and that the concentration of PIP2 at the membrane has to reach a certain 

level before the construct will return to the membrane (again, see Chapter Four).
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Figure 3.22. Simultaneous recording of inhibition of the M-current, and the changes in 

cytosolic fluorescence intensity due to translocation of GFP-PLC-5 PH, elicited by two 

applications of 10pM oxotremorine M.

T im e  (I)

Figure 3.23. Trace of changes in CFI, inverted and superimposed over M-current trace from 

the same cell, showing relationship between the timecourses of inhibition of the M-current 

and translocation of the GFP-PLC-5 PH construct by oxotremorine M.
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As mentioned earlier, both the extent of the oxotremorine M-induced 

inhibition of the M-current and the extent of the membrane to cytosol translocation 

of the GFP-PLC-5 PH construct by this agonist are dependent on the concentration 

of agonist. Figure 28 shows the changes in outward holding current at -20mV and 

the cytosolic fluorescence intensity in response to cumulatively increasing doses of 

oxotremorine M. The patterns of increase and decrease are remarkably similar, 

particularly the shapes of the increase/ decrease at a concentration of 1 pM 

oxotremorine M.

1pM
3pM

10|jM

3pM
10pM

1pM

300nM

Figure 3.24. Concatenated trace showing stepwise decrease in holding M-current due to 

cumulative increases in oxotremorine M, and trace of simultaneous changes in CFI in the 

same cell in response to these doses of oxotremorine M.
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3.5 Summary of Chapter

In this chapter I have described the main features of the M-current and of its 

inhibition by the agonists bradykinin and oxotremorine M. I have also shown that 

both of these agonists cause reversible membrane to cytosol translocation of the 

fluorescent PIP2/ IP3 indicator GFP-PLC-5 PH and that this translocation and 

concurrent inhibition of the M-current can be recorded simultaneously. The 

similarities between the timecourses and patterns of onset and offset of both of 

these responses to agonist stimulation are remarkably similar, but this does not 

prove that the depletion of PIP2 is the event which causes closure of M-channels. It 

shows us that the depletion of PIP2 and the inhibition of the M-current are both 

consequences of receptor activation, but not necessarily that they are connected 

events. Manipulation of both responses with pharmacological agents and with 

expressed proteins would help to prove a link between the two. This chapter has 

introduced the technique of simultaneously monitoring PLC activity and M-current 

inhibition, and the next chapter will show how this technique is utilised to establish 

whether the two responses are linked or merely separate consequences of 

receptor activation.
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CHAPTER FOUR

Manipulations of the phosphoinositide 

cycle and their effect on M-current

inhibition and GFP-PLC-5 PH

transiocation
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This chapter investigates the effects of altering the activity of various key 

players in the phosphoinositide cycle, on the inhibition of the M-current and the 

translocation of the GFP-PLC-5 PH construct. A simplified diagram of the 

phosphoinositide cycle is repeated below.

PI 3-KPI 4-K PI 5-K

Inositol
phosphatases PLC

DAQ,

Ca PKC

PIP

Figure 4.1. Simplified diagram showing the various stages in the phosphoinositide cycle.

I have investigated the involvement of phospholipase C, PI 4-kinase, PI 5- 

kinase and IP3 in Im inhibition and localisation of the GFP-PLC-5 PH construct.
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4.1 ROLE OF PHOSPHOLIPASE C and/ or IP3.

PI
PI 4-K

PIP
PI 5-K

PIP2
PI 3-K

PIP3

/
Inositol , ^

hosphata^ses Y  PLC j

/  I recep )

■ ■ ■ - '  1
PKC

Figure 4.2. Phosphoinositide cycle with phospholipase C and IP3 highlighted.

The previous chapter shows the simultaneous translocation of the GFP- 

PLC-5 PH construct and inhibition of the M-current by oxotremorine M and 

bradykinin. Although these experiments do not conclusively prove a link between 

activation of phospholipase C and inhibition of the M-current, the similarity of the 

time-courses, dose-dependence etc of both reactions suggests that they may be 

related. In this section I have inhibited PLC activity with the aminosteroid U73122, 

which is reported to block bradykinin-induced calcium transients in dorsal root 

ganglion neurons via its inhibitory action on phospholipase 0  (Jin et al, 1994).
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I have also looked at the effect of dialysing the cell with IP 3  on rundown of 

the M-current and on translocation of the G F P - P L C -5 PH construct. I have carried 

out experiments to test the concentration of IP 3  that is required to cause 

translocation of the G F P - P L C -5 PH construct when dialysed into the cell via the 

patch pipette. Accompanying these experiments is a model, based on the affinities 

of the construct for P IP 2  and IP 3 , showing the percentage of the construct expected 

to be bound to IP 3  and that expected to be bound to P IP 2  as the concentration of 

each changes, as happens in response to agonist stimulation.

RESULTS

4.1.1 Effect of the aminosteroid U73122

When the effect of U73122 on the inhibition of the M-current was tested, a 

20 minute treatment with 1 pM of this compound was reported to block only 

bradykinin-induced Im inhibition; oxotremorine M-induced inhibition of the M-current 

was unaffected (Cruzblanca et al., 1998). Two years later, Bofill-Cardona et al. 

tested the compound again and found that treatment of cells with 1 pM for 15 

minutes did indeed greatly reduce bradykinin-induced Im inhibition, and also UTP- 

induced inhibition, but only mildly reduced oxotremorine M-induced inhibition (from 

around 80% to around 52%; Bofill-Cardona et al., 2 0 0 0 ); the inactive analogue 

U73343 had no effect on Im inhibition by any agonist. In 2002, Suh and Hille 

increased the concentration of the aminosteroid from 1 pM to 3pM, and found that
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this concentration did significantly reduce oxotremorine M-induced inhibition of the 

M-current (while the same concentration of the inactive analogue U73343 had no 

effect; Suh and Hille, 2002).

I have tested the effects of a 10 minute treatment with 3|jM U73122 on the 

oxotremorine M-induced inhibition of the M-current and on the translocation of the 

GFP-PLC-5 PH construct by this agonist.

Inhibition of the M-current by lOpM oxotremorine M was significantly reduced 

by treatment with the aminosteroid. Figure 4.3 shows the pooled data, showing that 

the control inhibition of 6 6 ± 2.5% (SEM) has been reduced to 23.5± 4.2% (SEM) by 

treatment with U73122. During treatment with the compound however, the 

amplitude of the M-current was running down, in the absence of the agonist. This 

suggests that U73122 is not entirely specific for phospholipase 0, but may be 

having other effects within the cell. Suh and Hille stated that they did not use 

concentrations of U73122 higher than 3pM because of this effect on the amplitude 

of the M-current (Suh and Hille, 2002).

Figure 4.4a shows a typical effect of U73122 on the changes in cytosolic 

fluorescence intensity induced by lOpM oxotremorine M. At the beginning of the 

trace is a control response to the agonist, showing a large reversible translocation 

of the fluorescent construct from the membrane to the cytosol. The aminosteroid is 

then added and the cell monitored for 1 0  minutes before another addition of 

oxotremorine M (it has already been established that repeated translocation 

responses of the same magnitude are possible with this agonist -  data shown. 

Chapter 3, Figure 3.17). The resting level of cytosolic fluorescence intensity
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control +3pM U73122

Figure 4.3. Pooled data showing the effect of a 10 minute treatment with the phospholipase 

C Inhibitor U73122 on Inhibition of the M-current by iOpM oxotremorine M.
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Figure 4.4. Effects of a 10 minute treatment with the phospholipase C Inhibitor U73122 on the 

oxotremorine M-lnduced translocation of the GFP-PLC-5 PH construct, a) representative 

trace of changes In CFI b) pooled data.



unchanged by the addition of U73122, which shows that the compound does not 

induce translocation of GFP-PLC-5 PH in the absence of agonist. After 10 minutes, 

oxotremorine M is added again and, as Figure 4.4 shows, the extent of 

translocation of the fluorescent construct is significantly reduced. This was the 

case in all cells tested, with the average percentage increase from the resting level 

reduced from 72.2± 4.2% (n=9) to 5.9± 1.9% (n=7) after treatment with U73122; 

Figure 4.4b shows the pooled data for translocation of GFP-PLC-5 PH.

4.1.2 Effect of dialysing the ceii with iPs

4.1.2.1 Effect of IPs on the whoie-ceii rundown of the M-current

I wanted to test whether IP3 itself, and not the associated Ca^^ rise, affected 

M-channels. To distinguish between a direct effect of IP3 on the channels and an 

effect of the IP3-induced calcium rise, the cell was dialysed with lOOpM IP3 in a 

zero calcium solution containing lOmM EGTA to buffer calcium release from 

intracellular stores. Whole cell rundown of the M-current (Simmons and Schneider, 

1998) was observed over a ten minute period and compared between cells 

dialysed with a standard whole-cell recording solution (see Methods), and cells 

dialysed with the same solution plus 100//M IP3. There was no significant 

difference between the rates of current rundown in the two groups, which indicates 

that IP3 does not act directly on M-channels to cause closure. This data is shown in 

Figure 4.5.
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Average whole-cell rundown of M-current with either basal or 100uM
intracellular IP3
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Figure 4.5. Dialysing the cell with lOOpM IP3 in a high EGTA solution (10mM) does not alter 

the rate of whole-cell M-current rundown.
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4.1.2.2 Effect of IP3 on the translocation of the GFP-PLC-6 PH construct

A model predicting the percentage of the GFP-PLC-5 PH construct bound to 

either PIP2 or IPs, with varying concentrations of each.

As discussed in the Introduction, the relative affinities of the GFP-PLC-5 PH 

construct for PIP2 and for IP3 have been measured as 0.21 |jM and 1 .7|jM 

respectively (Lemmon and Ferguson, 2000). These figures indicate that the affinity 

of the GFP-PLC-5 PH construct for IP3 is eight times greater than its affinity for 

PIP2. Based on these figures, I have constructed a model which assumes that 8 X 

as many molecules of PIP2 as of IP3 need to be present for equal proportions of the 

construct to be bound to PIP2 and half to IP3. The model begins with the 

assumption that 100% of the molecules initially present are PIP2, and that for every 

one molecule of PIP2 which is hydrolysed, one molecule of IP3 is formed, until 

100% of the molecules present are IP3 (this is obviously an oversimplification as 

both are continually synthesised and metabolised during the course of an agonist- 

induced response, but for the purposes of the model these factors are ignored).

The following equations have been used to construct the model.
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% PIP, bound = 100X

1/(1+8) X % PIP2

1/(1+8) x % P I P 2 87(1+8) X  % IP3

% IP3 bound = 100X

87(1+8) X  % IP3

17(1+8) x%PIP 2 87(1+8) X  % IP3

where % PIP2 bound is the percentage of PIP2 which is bound to the GFP- 

PLC-Ô PH construct, % IP3 bound is the percentage of IP3 which is bound to the 

construct, % IP3 is the percentage of IP3 as a percentage of total IP3 + total PIP2, 

and % PIP2 is the percentage of total IP3 + total PIP2 which is made up by PIP2.

The variation in the percentage of GFP-PLC-5 PH bound to IP3 and the 

percentage of the construct bound to PIP2, as the levels of both molecules vary, 

are plotted in Figure 4.6.
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Figure 4.6. Model of predicted distribution of the GFP-PLC-5 PH domain between PIP2 

and IP3, as the proportions of both of these molecules change. The model is based on the 

relative affinities of the GFP-PLC-5 PH construct for IP3 and PIP2 stated in Lemmon and 

Ferguson (2000) i.e. 0.21 pM and 1.7pM respectively. The model assumes that the combined 

concentration of IP3 and PIP2 is greater than the total concentration of the GFP-PLC-5 PH 

construct. The model also assumes that, at rest, there is no IP3 and 100% PIP2, and that as 

the cell is stimulated with a PLC-mobilising agonist, PIP2 is hydrolysed, leading to the 

production of one IP3 molecule for every one PIP2 molecule hydrolysed. Thus, as the 

response proceeds, the percentage of the total IP3/PIP2 pool made up by IP3 increases and 

that made up by PIP2 decreases. The bottom X axis shows IP3 as a percentage of total 

IP3/PIP2 and the top X axis shows PIP2 as a percentage of this pool. The Y axis shows the % 

of each of IP3 and PIP2 which should theoretically be bound to the GFP-PLC-5 PH construct 

as the proportions of both vary. The red trace shows changes in he percentage of bound 

PIP2 and the black trace shows changes in the percentage of bound IP3.
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Figure 4.6 predicts that around an 1 1 % decrease in PIP2 (accompanied by 

the associated rise in IP3) should be enough to cause half of the GFP-PLC-5 PH 

construct to bind IP3, and hence to translocate to the cytosol. McLaughlin et al 

(2 0 0 2 ) estimate an effective concentration of around lOpM PIP2 inside a typical 

mammalian cell; if this estimation is fairly accurate, a rise of approximately IpM  IP3 

should be sufficient to induce translocation of half of the GFP-PLC-5 PH construct, 

and over 90% should occur for a concentration of around 5pM IP3. The amount of 

IP3 produced during agonist-stimulation of a G-protein-coupled receptor/ PLC 

pathway has been measured at between 0.1 and lOpM (Varnai et al., 2 0 0 2 ), which 

relates to the model in Figure 4.6, but the decrease in PIP2 will be similar, so this 

does not tell us whether the construct is reporting IP3 levels or PIP2 levels.

As discussed in the Introduction, Van der Wal et al (2001) tried releasing 

different amounts of caged IP3 inside the cell via flash photolysis, and measuring 

the localisation of the CFP- and YFP-tagged versions of PLC-5 PH via 

fluorescence resonance energy transfer (FRET). No translocation was seen for 

1 pM IP3, very little for lOpM and a large translocation at lOOpM IP3, although even 

at this very high concentration of IP3, the translocation was not as complete as it 

was in response to IpM  bradykinin (Van der Wal et al., 2001). The model in Figure 

4.6 cannot be used to predict the amount of PLC-5 PH translocation expected for 

the release of these concentrations of IP3 as the model assumes that this IP3 is 

being produced by hydrolysis of PIP2, and that therefore the PIP2 concentration is 

changing. I have adapted the model to predict the proportions of GFP-PLC-5 PH 

that would be bound to IP3 and PIP2 (and therefore its subcellular localisation) for
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different levels of IP3, while the amount of PIP2 remains constant. This revised 

model is shown in Figure 4.7.
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Figure 4.7. Revised version of Figure 34, showing predicted percentage of the GFP- 

PLC-5 PH construct bound to IPs for different concentrations of IPs,but a constant ievei of 

PiPg.

The revised model shown in Figure 4.7 predicts that, if the intracellular 

concentration of PIP2 is indeed around 1 0 pM, release of 1 pM IP3 (1 0 % of the PIP2 

concentration) into the cytosol should induce translocation of around 45% of the 

GFP-PLC-5 PH construct, and release of 10pM IP3 should cause translocation of 

around 89%. These predicted results do not reflect those reported by Van der Wal 

et al. (2 0 0 1 ).
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Effect of dialysing SCG neurons with differing amounts of IP3 on the 

iocaiisation of the GFP-PLC-5 PH construct

I have also tested the effect of dialysis of the cell with IP 3  on translocation of 

the GFP-PLC-5 PH construct

GFP-PLC-5 PH-transfected cells were dialysed with different 

concentrations of IP 3  via the patch pipette, in a calcium free intracellular solution 

containing a high concentration of the calcium chelator EGTA (1 0 mM). Cells were 

initially patched and broken through into the whole-cell configuration with patch 

pipettes containing 1pM IP 3 , as this seemed a comparable concentration to that 

produced by an agonist response (see above), and as Figure 4.7 predicts that this 

concentration of IP 3  should produce around a 45% translocation of the GFP-PLC-5 

PH construct.

Dialysis with 1 pM IP3 failed to produce any translocation of the GFP-PLC-5 

PH construct, so cells were dialysed with 10, 25, 50 or lOOpM IP3, and the 

localisation of the GFP-PLC-5 PH construct was recorded.

No translocation was seen after dialysis with IpM  IP 3  (n=3), lOpM IP 3  (n=3), 

or 25pM IP 3  (n=2). A very small amount of translocation was detected when cells 

were dialysed with 50pM IP 3  (n=2) and full translocation was seen on dialysis with 

lOOpM IP 3  (n=5). These results are similar to those obtained by van der Wal et al 

(2001) using the FRET technique, and like Van der Wal's results, do not reflect 

those predicted in the model in Figure 4.7 for the same amounts of IP 3.
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The model in Figure 4.6 appears to be a reasonable indicator of the extent 

of GFP-PLC-5 PH translocation expected for different amounts of IP3 production 

when this production is via the hydrolysis, and hence, depletion, of PIP2. It is still 

unclear however, whether the translocation of the construct is due to the rise in IP3 

or to the fall in PIP2. The revised model in Figure 4.7, which predicts GFP-PLC-5 

PH translocation for rises in IP3 without the accompanying decrease in PIP2, does 

not reflect the translocation induced by these concentrations of IP3 , both in the 

experiments reported by van der Wal et al. (2001) and in my own experiments 

reported above.

This result suggests that translocation of the GFP-PLC-5 PH construct may 

be more accurately reporting depletion of PIP2 rather than generation of IP3. Van 

der Wal et al. also came to this conclusion, and added that high concentrations of 

IP3 (i.e. lOOpM) could distort the PIP2-reporting ability of this construct.

Consideration of the difference in voiume between the membrane and the 

cytosoi

In fact, another major factor to consider, which may help to explain why the 

experimental data do not reflect the predicted data in Figure 4.7, is the difference in 

volume between the membrane and the cytosol. If we assume that, in the average 

SCG neuron, the thickness of the membrane is around 1 0 nm, and the entire 

diameter of the cell is around 20pm, using the same model as that shown in Figure 

3.13, the entire volume of the cell will be 4/3 tt (10^)=4189pm, the volume of the 

cytosol would be 4/3 tt (9.98^)=4164pm, and the volume of the membrane would 

be 4189 - 4164= 25pm. This would give us a membrane volume: cytosolic volume
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ratio of 1:167. As stated earlier, the approximate average concentration of P IP 2  in 

a typical mammalian cell, when considering the entire cell volume, is around lOpM 

(McLaughlin et al., 2 0 0 2 ), but because P IP 2  is in fact restricted to the membrane, 

the concentration of this phospholipid is more likely to be around 170 times greater, 

at roughly 1.7mM. When IP 3  is produced via hydrolysis of P IP 2 , this IP 3  is liberated 

into the cytosol where, because the volume of the cytosol is so much larger than 

the volume of the membrane, the concentration of IP 3  formed will be around 170 

times lower than predicted. Varnai et al (2002) measured production of between 

0.1 and lOpM IP 3  in response to a PLC-mobilising agonist; a concentration of 

lOpM IP 3  in the cytosol would result from the hydrolysis of enough P IP 2  to produce 

a concentration of around 1.7mM in the membrane. Because of this difference in 

volume between the membrane and cytosol, and because P IP 2  is found only in the 

membrane and IP 3  only in the cytosol, the amounts of IP 3  produced and P IP 2  

hydrolysed will be the same, but the concentration of IP 3  produced by hydrolysis of 

P IP 2  will not be the same as the concentration of P IP 2  that has been hydrolysed. 

Figure 4.7 predicts that a concentration of IP 3  of around 15% of the current 

concentration of P IP 2  is necessary to produce translocation of around 50% of the 

GFP-PLC-5 PH construct from membrane to cytosol. If we consider these 

differences in volume when looking at Figure 4.7, we will notice that, if the 

thickness of the membrane is lOnm, then a concentration of IP 3  which represents 

around 15% of the P IP 2  present would be close to 250pM for a cell of diameter 

20pm. In my, and Van der Wal’s experiments (Van der Wal et al., 2002) a 

concentration of lOOpM IP 3  produced a large translocation of the GFP-PLC-5 PH 

construct, whereas 50pM IP 3  produced very little, so the concentration which would
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produce translocation of half of the construct would be somewhere between 50 and 

1 0 0 pM IP 3 . This suggests that the concentration of P IP 2  in the membrane would 

have been around 100/15 times this amount (as 15% would cause half 

translocation) -  somewhere between 335 and 670pM. This would suggest that the 

membrane volume: cytosolic volume ratio in the cells tested was between 1:30 and 

1 : 70 (assuming that the total P IP 2  concentration when dissolved throughout the 

cell is around lOpM); for a cell of 2 0 pm diameter this would suggest a membrane 

thickness of around 30nm (total cell volume = 4189pm^, cytosolic volume = 50/51 x 

4189 = 4107 (50 is halfway between 30 and 70, so membrane volume: cytosolic 

volume is approximately 1:50); cytosolic volume = 4/3 tt r ,̂ so cytosolic radius, r = 

cube root of 4107/ 4/3 it  = cube root of 980 = 9.94; membrane radius = (10-9.94)/2 

= 0.03pm = 30nm. A membrane of this thickness is feasible, or alternatively, if the 

membrane is ruffled rather than smooth, this could also increase its volume.

When the difference between the cytosolic and membrane volumes are 

considered, and the real concentration of P IP 2  in the membrane is calculated, the 

results obtained in my and Van der Wal et al.'s experiments appear to reflect those 

predicted in Figure 4.7. This difference in membrane and cytosolic volume and 

hence difference in subcellular P IP 2  and IP 3  concentrations suggests that 

translocation of the G F P - P L C -5 P H  construct from membrane to cytosol is likely to 

be a more accurate indicator of P IP 2  depletion than IP 3  production.
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4.1.2.3 Control experiment to test that IPs is dialysing into the ceils

In order to test whether the IP3 was actually dialysing into the cells a control 

experiment was carried out on Chinese Hamster Ovary cells (CHOs). These cells 

yield a much greater IPg-induced calcium rise than do SCG neurons, so it is easier 

to visualise this rise using the ratiometric calcium dye FURA 2. In the presence of 

10mM EGTA, used in this solution to buffer the small IPs-induced calcium rise in 

SCGs, a small, transient calcium rise was still evident on whole-cell breakthrough 

with the IP3 solution in CMC cells (n=3). This transient rise was absent on whole­

cell breakthrough with the same solution minus IP3 (n=3). This result indicates that 

IP3 was entering the cells in the desired manner.
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4.2 THE EFFECT OF OVEREXPRESSING PHOSPHATIDYLINOSITOL 4 

PHOSPHATE 5 KINASE (PI 5-KINASE)

PI 3-KPI 4-K

Inositol
phosphatases PLC

Ca PKC

PIP

Figure 4.8. Phosphoinositide cycle with PI 5-kinase highlighted.

As discussed in the Introduction, the levels of PIP2 in the plasma membrane 

are regulated by a complex system of PI kinases, PI phosphatases and 

phospholipase C, with most PI 4,5 P2 generated from PI 4 P by PI 5-kinase. The 

majority of PIP2 is formed via PI5-kinase from PI 4 P, although it is suggested that 

some pools of PIP2 exist that have been formed from P15 P via a PI 4-kinase 

(Tolias and Carpenter, 2000). P 15-kinase activity has been detected in several 

subcellular compartments, including the plasma membrane, cytosol, endoplasmic 

reticulum, cytoskeleton and nucleus (Loijens et al., 1996). The activity of this
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kinase is enhanced by heparin, spermine and phosphatidic acid (PA), and is 

inhibited by PIP2 itself (Loijens et a!., 1996). PI 5-kinase activity is also affected by 

G-proteins in vivo, and the non-hydrolysable GTP analogue, GTPyS has been 

shown to increase PIS-kinase activity (Urumow et al., 1986). Interestingly, this 

could mean that agonist-stimulation of G-protein-coupled receptors, which leads to 

hydrolysis of PIP2 via PLC, would also signal replenishment of this phospholipid by 

enhancement of PI 5-kinase activity (agonist stimulation of GPCRs could lead to 

stimulation of PI 5-kinase activity both directly, via G-protein activation, and 

indirectly via a negative feedback mechanism after depletion of PIP2).

Disruption of the balance of this system by increasing the activity of PI 5- 

kinase has been shown cause an increase in PIP2 levels (Coburn et al., 2002); this 

activity can be increased by overexpression of the kinase itself. Such 

overexpression has been shown to affect the sensitivity of PIP2 -modulated 

channels to agonist-induced inhibition. Overexpression of PI 5-kinase in a 

heterologous expression system affected the sensitivity of co-expressed K a t p  

channels to ATP (Shyng et al., 2000). Overexpression of the a-isoform of PI 5- 

kinase in adult rat atrial myocytes completely abolished aiA-adrenergic- and E T a -  

receptor-mediated inhibition of the endogenous GIRK current (Bender et al., 2002). 

Both are G q /n -coupled receptor subtypes which activate PLC and are believed to 

cause inhibition of GIRK currents via depletion of PIP2. This overexpression of PI5- 

kinase did not affect the density of the ACh-activated GIRK current or its activation 

rate (Bender et al, 2002). If inhibition of the K a t p  channel and the GIRK current 

mentioned above is due to PIP2 depletion as reported (Kobrinsky et al, 2000; Lei et 

al., 2001), then overexpression of PI 5-kinase is likely to block receptor-mediated

144



inhibition of the currents by increasing the rate of synthesis of PIP2 , and therefore 

preventing the depletion of this phospholipid from the channels. In order for this 

increase in the rate of synthesis of PIP2 to “override” inhibition, the rate of increase 

must be equal to, or greater than, the rate of decrease on agonist stimulation; thus 

the net depletion of PIP2 would be zero and the channels would remain open. If 

agonist-induced inhibition of the M-current is also mediated via depletion of PIP2, 

increasing the rate of synthesis of this phospholipid so that replenishment 

counteracts PLC-mediated hydrolysis would block this inhibition.

RESULTS

4.2.1 Expression of PI5‘kinase and mutant (K179M) PI5-klnase In SCG 

neurons

SCG neurons were transfected with a GFP-tagged PI 5-kinase, or a GFP- 

tagged mutant version of this kinase, which is devoid of kinase activity (mutation is 

K179M). Cells were transfected via intranuclear injection of cDNA, at a 

concentration of 100ng/pl in the standard injection solution (see Methods, section 

2.1.2). Neurons were incubated for 2 days to allow the protein to fully express, and 

were then observed via fluorescence microscopy (see Methods, section 2.3).

Figure 4.9a shows an SCG neuron transfected with the GFP-tagged PI 5- 

kinase enzyme. This figure shows the typical membrane-localisation of the 

enzyme, with the occasional patch of cytosolic fluorescence. Figure 4.9b shows an 

SCG neuron transfected with the mutant form of this kinase
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a)

b)

Figure 4.9. a) SCG neuron overexpressing PI 5-klnase (with a GPP tag) and b) SCG neuron 

overexpressing the PI 5-klnase K179 mutant -  note the membrane localisation, but a greater 

amount of fluorescence In the cytosol than for the wild-type kinase.
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4.2.2 The M-current in PI 5-kinase- and mutant Pi 5-kinase-overexpressing 

ceiis.

Fluorescent neurons were selected and M-currents recorded from them using 

the perforated patch configuration of the voltage-clamp recording technique. The 

protocol used for recording M-currents was the same as that described in Chapter 

3 (section 3.1.1). The amplitude of the deactivation tail, and also the durations of 

the fast and slow exponentials (taus) making up this relaxation, were measured 

and compared between the different cell groups. There was no significant 

difference between the amplitudes of the deactivation tails between the three 

groups (Figure 4.10a).

Measurement of the time course of the deactivation tail in the different groups 

yielded less comprehensive results however, with much variability in the lengths of 

the slow tau in PI 5 kinase-overexpressing cells (Figure 4.10b).

4.2.3 inhibition by 10pM oxotremorine M in control and Pi5-Kinase- 

overexpressing SCG neurons.

M-currents recorded from PI 5-kinase- and mutant PI 5-kinase- 

overexpressing cells were challenged with a maximal dose of oxotremorine M 

(lOpM). Inhibition of the M-current in PI 5-kinase-overexpressing cells was greatly 

attenuated, from 72.6 ± 3.6% (n=10) in control cells to 14.5 ± 3.2% (n=13) in PI 5- 

kinase-overexpressing cells. Inhibition was not significantly reduced in the mutant
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Figure 4.10. A. Amplitudes of IVI-current deactivation tails are not significantly 

different in control, PI 5-K-overexpressing or PI 5-K mutant-overexpressing SCG 

neurons. B. Time course of M-current deactivation tails are not significantly 

different between control PI 5-K- and mutant PI 5-K-overexpressing cells and 0. 

examples of M-currents from (i) control, (ii) PI 5-K-overexpressing and (iii) mutant PI 
5-K-overexpressing cells. NB. The slow tau varied greatly in PI 5-K-overexpressing 

cells, and the example shown in C (ii) shows a cell with a particularly slow tau -  this 

was evident in about half of the PI 5-K-overexpressing cells.
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PI 5-kinase-overexpressing cells when compared to the control group. Figure 

4.11a shows these results in bar chart form.

4.2.4 Effect of overexpression of Pi 5-kinase and mutant Pi 5-kinase on 

inhibition of the M-current by bradykinin.

Although the focus of the recent publications hypothesising PIP2 depletion 

as the “message” for agonist-induced M-current inhibition have focused more on 

muscarinic agonists, Zhang et al reported that expressed KCNQ2/3 heteromers 

with a mutation in the KCNQ2 subunit, which lowered the channel's affinity for 

PIP2 , were much more sensitive to bradykinin-induced inhibition (via co-expressed 

BK2 receptors) than wild-type heteromers (Zhang et al., 2002). This is evidence 

that bradykinin also inhibits M-current via depletion of PIP2 (although the I Pa- 

induced Ca^^ rise may also activate another pathway; see Gamper and Shapiro, 

2002).

M-currents were recorded in control, PI 5-kinase- and mutant PI 5-kinase- 

overexpressing cells and challenged with lOOnM bradykinin. The results obtained 

were very similar to those obtained for inhibition by oxotremorine M; 

overexpression of the wild-type PI 5-kinase greatly reduced bradykinin-induced 

inhibition of the M-current, from 54 ± 7.9% (n= 7) to 8 ± 2.6% (n=8). 

Overexpression of the mutant form of this kinase reduced bradykinin-induced Im 

inhibition to 34 ± 15.2% (n=7), but this was not significantly different to the control. 

Figure 4.11 b shows these results in bar chart form.
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These results offer further evidence that both bradykinin- and oxotremorine M- 

induced inhibition of the M-current is indeed mediated via depletion of 

phosphatidylinositol 4,5 bisphosphate.

a) b)

o  S  60

2 E40

control PI 5-kinase mut PI 5-kinase

(n=10) (n=13) (n=9)

control PI 5-kinase mut PI 5-kinase

(n=7) (n=8 ) (n=7)

Figure 4.11. Inhibition of the M-current in control, PI 5-K- and mutant PI 5-K- 
overexpressing SCG neurons by a) lOpM oxotremorine M and b) lOOnM bradykinin.
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4.2.5 Effect of overexpressing PI 5~kinase on agonlst-induced translocatlon

of the GFP-PLC-5 PH construct

In the preceding section, the method of detection of cells which had been 

transfected with either PI 5-kinase, or its mutant form, had been via visualisation of 

the green fluorescent protein attached to them. Obviously, this method of detection 

is no longer valid when the enzymes are co-expressed with the GFP-PLC-5 PH 

construct, as visualisation of a green fluorescing cell is not a guarantee that both 

the enzyme and the PIP2-binding construct have been expressed. The cDNAs 

encoding both proteins are not expressed on the same plasmid, merely mixed into 

the injection solution, so expression of both is not guaranteed in an injected cell. In 

order to be able to visualize expression of both proteins individually, a construct of 

PI 5-kinase with a red fluorescent protein (pDSRed) tag incorporated into the 

vector was used. Transfected cells were observed under conditions for recognising 

fluorescence in both the green and red parts of the spectrum, and only cells from 

which fluorescence could be detected under both conditions were used. Figure 

4.12 shows pictures of a transfected SCG under both green fluorescence and red 

fluorescence.

“Bleed-through” - Is light from the red fluorescent protein “contaminating” 

the green fluorescent protein Imaging and vice versa ?

The patterns of expression for overexpressed PI5-kinase and for the GFP- 

PLC-5 PH construct shown in Figure 4.12 look very similar. I have considered the
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Figure 4.12. A. SCG neuron expressing PI 5-kinase with a pDSRED tag, B. same 

neuron also expressing GFP-PLC-5 PH construct, C. picture B after digital deconvolution, D. 

pair of SCG neurons showing green fluorescence indicating localisation of the GFP-PLC-5 

PH construct and E. same pair of neurons showing red fluorescence indicating localisation 

of PI 5-kinase (different localisation than picture D, showing that “bleed-through” is not 

occurring.
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phenomenon of “bleed-through”, which is said to occur when light from a 

fluorophore creates “noise” when another fluorophore with different excitation and 

emission wavelengths is being visualised. This is unlikely in this case as, for GFP 

visualisation, excitatory light at a wavelength of 475 nm is passed through a 510 

nm dichroic mirror, so that only light of wavelength less than 510 nm would be 

reflected onto the cells. The red fluorescent protein is excited by light of 

wavelength 535 nm (a difference of 60 nm from the GFP excitation wavelength), so 

it is unlikely that red fluorescent protein is being activated by light intended to 

excite GFP fluorescence. GFP emits light at a wavelength of around 530 nm 

however, so there is a possibility that light emitted from GFP could be activating 

the red fluorescence. Before light reaches the camera however, it is passed 

through a 530 nm bandpass filter (when GFP is being visualised); the red 

fluorescent protein emits light at around 610 nm, so this light would not pass 

through the filter.

Alternately, the red fluorescent protein used is excited at a wavelength of 

535 nm, which would not excite the GFP. Even if GFP were excited, the light 

emitted by this green fluorophore at 530 nm would not pass through the 610 nm 

bandpass filter used in red fluorescent protein imaging.

The fact that the GFP-PLC-5 PH construct is acting as a marker for the 

product of the overexpressed PI 5-kinase helps to explain the similarity in the 

expression patterns of the two.
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Agonist-induced translocation of the GFP-PLC-5 PH construct

Cytosolic fluorescence intensity was measured in these cells as before, and 

the changes induced by the addition of oxotremorine M (10|jM) and bradykinin 

(lOOnM) were compared with those induced in control cells. The oxotremorine M- 

induced translocation of the GFP-PLC-5 PH construct was almost completely 

blocked by overexpression of PI 5-kinase; the CFI rise in control cells was 72.2 ± 

4.2% (n=9), whereas in PI 5-kinase-transfected cells it was reduced to 9.0 ± 4.2% 

(n=6). The bradykinin-induced rise was also significantly attenuated, but not as 

dramatically, falling from 72.9 ± 5.1% (n=7) in control cells, to 33.5 ±8.1%  (n=4) in 

the PI 5-kinase-overexpressing cells. Figure 4.13 shows these results in bar chart 

form.
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Figure 4.13. Bar charts showing average rise in cytosolic fluorescence intensity, due to 

translocation of the GFP-PLC-5 PH construct, by iOpM oxotremorine M or lOOnM bradykinin 

in control or PI 5-knase-overexpressing SCG neurons.
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The data in this section adds to the evidence that PIP2 levels are able to influence 

the sensitivity of the M-current to inhibition by both oxotremorine M and bradykinin. 

The fact that the GFP-PLC-5 PH translocation by both of these agonists is also 

reduced lessens the possibility that overexpression of PI 5-kinase is acting in some 

other way to reduce M-current sensitivity to inhibition.
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4.3 EFFECTS OF ALTERING PI d-KINASE ACTIVITY

P / 4 - K PI 5-K PI 3-K

Inositol
phosphatases PLC

DAG

PKC

PIP

Figure 4.14. Phospholnosltlde cycle with PI 4-klnase highlighted.

PI 4-kinase is the enzyme which phosphoryiates phosphatidylinositol (PI) 

to produce phosphatidylinositol 4 phosphate (PIP), the precursor of PI 4,5 P2. PI 4- 

kinases are ubiquitously expressed enzymes which associate with celluar 

membranes such as the endoplasmic reticulum, Golgi, plasma membrane, nuclear 

envelope, lysosomes and a variety of intracellular vesicles (Pike, 1992). I have 

tested the effects of inhibiting this enzyme with wortmannin, which has been
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shown, at micromolar concentrations, to block the activity of most PI 4-kinases 

(Nakanishi et al., 1995), and therefore to block the replenishment of PIP2 after its 

hydrolysis.

Wortmannin is reported to prevent recovery of M-current after inhibition by 

oxotremorine M (Suh and Hille 2002; Zhang et al., 2002) and it is also reported to 

considerably slow the membrane relocation of the GFP-PLC-5 PH construct in Mi- 

mACh receptor-transfected Chinese Hamster Ovary (CHO) cells, after 

translocation by acetylcholine (Zhang et al., 2002). Varnai and Balia however, 

report that treatment of NIH-3T3 cells with lOpM wortmannin failed to inhibit the 

relocalisation of the GFP-PLC-5 PH construct in response to calcium chelation, 

after translocation by ionomycin; in the same experiment wortmannin did, however, 

partially inhibit PIP2 resynthesis as measured by mass assay (Varnai and Balia, 

1998).

I have also used Neuronal Calcium Sensor protein 1 (NCS-1) in this section, 

because of its reported interaction with, and enhancement of the activity of PI 4- 

kinase (Hendricks et al, 1999; Koizumi et al, 2002; Zhao et al., 2001 ; Pan et al., 

2002).

157



RESULTS 

4.3.1 Effects of inhibiting Pi 4~kinase with wortmannin

4.3.1.1 Effect of treatment with wortmannin on M-current amplitude and 

magnltlude of agonist-induced Inhibition

Treatment with 20mM wortmannin for lOminutes caused a reduction in the 

amplitude of the M-current of 28.7 ± 4.7% (SEM; n=6); a likely explanation for this 

reduction in current amplitude would be that wortmannin is causing a reduction in 

the levels of PIP2 in the plasma membrane. Basal activity in the phosphoinositide 

cycle with a certain amount of phospholipase C activity would gradually reduce 

PIP2 levels. These levels would normally be replenished, but in the presence of 

wortmannin a vital stage in the regeneration pathway is inhibited, leading to a 

gradual reduction in PIP2 levels and consequently, a reduction in M-current 

amplitude. This possible reduction in PIP2 however, is not reflected by any change 

in localisation of the GFP-PLC-5 PH construct, the levels of which, both in the 

membrane and in the cytosol, remain constant throughout the treatment of the cell 

with wortmannin.

Despite this reduction in amplitude, the percentage inhibitions of the M- 

current by either oxotremorine M or bradykinin in the presence of wortmannin were 

not significantly different from those in control cells -  see Figure 4.15.
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Figure 4.15. Comparison of the percentage of M-current inhibition in control cells and cells 

treated with 20pM wortmannin for 10 mins, induced by A. lOpM oxotremorine M and B. 

lOOnM bradykinin. Treatment with wortmannin did not significantly alter the sensitivity of the 

M-current to inhibition by either agonist, according to an unpaired t-test at the 95% 

confidence level.

4.3.1.2 Effect of wortmannin on recovery of the M-current from agonist- 

induced inhibition

Treatment of SCG neurons for 10 minutes with 20|jM wortmannin 

dramatically slowed recovery of the M-current after inhibition by lOpM 

oxotremorine M.

A control response to oxotremorine M was always recorded in the same cell 

before the wortmannin was added, and often two responses, to ensure that the 

second response was of the same magnitude and time-course as the first. After the 

control response(s), 20pM wortmannin was added to the bath solution and neurons 

were superfused with this solution for 10 minutes, after which lOpM oxotremorine 

M was added again. Figure 4.16 shows an example of the inhibition of the M-
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current by 10^iM oxotremorine M in the presence of wortmannin, and the lack of 

recovery from this inhibition.

For a 30 second application of oxotremorine M to a cell not treated with 

wortmannin, around 50% of the outward current amplitude had recovered at 80 

seconds after the peak of the response. For an application of oxotremorine M of 

the same duration in a cell treated with wortmannin however, at the same time 

point after the peak of the response, only about 15% of the current amplitude had 

recovered. The average percentages of the holding current to have recovered at 

50, 100, 150 and 200 seconds after the peak of the inhibition response, for both 

control and wortmannin-treated SCG neurons, is shown in Figure 4.17.

700-,
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M-current at 
-20mV (pA) 300-

200 -

0 200 300 400 600 700100 500
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—  =10pM
oxotremorine M

Time (secs)

Figure 4.16. Example of oxotremorine M-induced M-current inhibition/ recovery in the 

presence of wortmannin.
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Figure 4.17. Average percentage of outward holding current (M-current) to have recovered 

after 50,100,150 and 200 seconds after the peak of the inhibition response to lOpM 

oxotremorine M (applied for 30 seconds at room temperature), in control SCGs and in SCGs 

treated with 20pM wortmannin for 10 minutes

The recovery of the M-current after inhibition by bradykinin was also tested, 

but the variability of the recovery time of the M-current after inhibition by this 

agonist, and the sometimes very slow or incomplete recovery, made it rather 

difficult to measure an effect of wortmannin on the time course of this recovery.
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4.3.1.3 Effect of wortmannin on agonist-induced translocatlon/relocation of

the GFP-PLC-5 PH construct

The effect of treatment with wortmannin on the relocation of the GFP-PLC-5 

PH construct after oxotremorine M-induced translocation was not as conclusive as 

the effect on the recovery of the M-current, and very variable results were 

obtained.

In four out of the nine cells tested wortmannin did not affect the timecourse 

of relocation at all, with the construct returning fully to the membrane. In four cells, 

the first, fast phase of relocation was intact but the second phase was slowed, to 

varying degrees (see Figure 4.18), and in one cell the first, fast phase was not 

present and the relocation took on a slow monophasic timecourse.

The amplitude of the translocation response was reduced in the presence 

of wortmannin (see Figure 4.19). This reduction was shown to be significant, 

according to an unpaired t-test, at the 95% confidence level.
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Figure 4.18. Example of GFP-PLC-5 PH translocatlon/ relocation by oxotremorine M In the 

presence of wortmannin. Note the Inhibition of the second, slow phase of relocation. Four 

cells out of nine shared this pattern of GFP-PLC-5 PH relocation to the membrane.
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Figure 4.19. The rise In cytosolic fluorescence Intensity (expressed as a percentage of the 

resting CFI) Induced by lOpM oxotremorine M was significantly reduced In cells treated with 

20pM wortmannin for 10 mins, when compared with untreated cells. The reduction Is 

statistically significant at the 95% confidence level according to an unpaired t-test.

163



The reduction in amplitude of the rise in CFI induced by oxotremorine M- 

induced translocation of the GFP-PLC-5 PH construct is likely to be due to the 

levels of PIP2 being reduced before the agonist-response. A reduction in steady- 

state PIP2 levels by treatment with wortmannin would also explain the reduction in 

M-current amplitude seen, but one might expect to see higher levels of 

fluorescence in the cytosol if this were the case, due to some translocation of the 

GFP-PLC-5 PH construct in response to depletion of PIP2. The fact that such 

translocation is not seen in the absence of agonist-stimulation of PLC is surprising, 

as there appears to be less of the construct available for translocation judging by 

the reduction in amplitude of the response.

\h  ■
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4.3.2 Effect of enhancing PI 4-kinase activity with Neuronal 

Calcium Sensor protein 1 (NCS-1)

Neuronal Calcium Sensor protein (NCS-1) belongs to a family of EF-hand- 

containing Ca^^ sensor proteins that are mainly expressed in neurons. It was 

originally identified in Drosophila, in which it is referred to as “frequenin”. Frequenin 

is just one of a variety of related small Ca^^-binding proteins expressed mainly in 

neuronal and neuroendocrine cell types (others including recoverin/ S-modulin, 

visinin, visinin-like protein, neurocalcin and hippocalcin; Hendricks et al., 1999). 

NCS-1 was believed to be specific to neurons until it was discovered in glial cells of 

the central nervous system (Olafsson et al., 1997).

NCS-1 is a 22kDa protein with a higher affinity for calcium than that of 

calmodulin (3 x lO* '̂^ verses 4-20 x 10’®M; Schaad et al., 1996) which could 

therefore provide an effective switch mechanism within neurons in response to 

slight variations in calcium concentration. The calcium binding properties of NCS-1 

come from its four EF-hand domains, although the first EF-hand is non-functional 

(Cox et al., 1994). NCS-1 has been shown to bind to cell membranes, and some of 

its substrates, in a calcium independent manner, and to undergo two calcium- 

dependent conformational changes, one at a low calcium concentration (range 0.1 

to 1 .OpM) due to binding at two sites with high cooperativity, and one at a much 

higher concentration due to the third, low affinity, calcium binding site (McFerran et 

al., 1999).

Frequenin has been shown to enhance synaptic efficacy in Drosophila motor 

neuron (Pongs et al 1993; Rivosecchi et al, 1994) and Xenopus embryonic spinal
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neuron (Olafsson et al, 1995). More recently, overexpression of NCS-1 has been 

shown to cause an alteration of exocytotic activity in bovine chromaffin cells (Pan 

et al, 2002; Me Ferran et al., 1998) and P C I2 cells (Koizumi et al, 2002; Me Ferran 

et al.,1998), a potentiation of transmitter release via the enhancement of Ca^^ 

currents in neuromuscular synapses (Wang et al, 2001), modulation of Kv4- 

encoded currents in the mammalian myocardium (Guo et al, 2002), enhanced 

synapse formation and neurotransmission in NG108-15 cells (Chen et al, 2001) 

and inhibition of insulin-stimulated GLUT4 translocation in 3T3L1 adipocytes (Mora 

et al, 2002). NCS-1 appears to be a multi-functional protein, playing a role in 

several different intracellular pathways. NCS-1 has been shown to be able to 

substitute for the ubiquitous calcium binding protein calmodulin (Schaad et al., 

1996), but perhaps a more publicised action of NCS-1 is its role in the regulation of 

phosphoinositide turnover via its direct interaction with phosphatidylinositol 4- 

kinase, the enzyme which catalyses the formation of PIP from PI.

4.3.2.1 Interaction between NCS-1/ Frequenin and PI 4-klnase and 

enhancement of PI 4-klnase activity

This interaction was first shown in yeast, where Frql and Pik 1 (the yeast 

homologues of frequenin and PI 4-kinase respectively) coimmunoprecipitate; it is 

the binding of Frql to the N-terminus of Piki which stimulates the enzyme’s 

catalytic activity (Hendricks et al, 1999). Koizumi et al provided evidence that these 

proteins similarly interacted in mammalian cells by showing that overexpression of 

NCS-1 in PCI 2 cells resulted in an increase in the levels of downstream signals of
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PI 4-K following stimulation of receptors by DTP or bradykinin (both calcium 

mobilising agonists). They measured the levels of PI, PIP and PIP2 as relative 

percentages of the total phosphoinositide pool in control and NCS-1- 

overexpressing PCI 2  cells, and found no significant difference in the levels of PI 

between the two cell groups at rest. The levels of PIP and PIP2 were significantly 

higher in the NCS-1 cells however, with the percentage of PIP rising to 2 .2 % from 

1 % in the control, and the percentage of PIP2 rising from 2 .2 % to 3.7%. They also 

measured the accumulation of IP3 against a lithium block (lithium inhibits inositol 

phosphatases which dephosphorylate IP3) on stimulation of both groups of cells 

with UTP, and found that the accumulation in NCS-1 cells was 198% over basal at 

20 min compared with 83% over in control cells (Koizumi et al, 2002). This 

increase in the percentage of the phosphoinositide pool made up by PIP and PIP2 , 

along with the marked increase in magnitude of the IP3 response to UTP in NCS-1 

cells, against a lithium block, (caused by more available PIP2) is consistent with 

NCS-1 causing an enhancement in the activity of PI4-kinase.

It has also been shown recently that overexpression of NCS-1 in bovine 

chromaffin cells leads to an enhancement of histamine-induced exocytosis, due to 

a greater Ca^^ release from stores by elevated levels of IP3 (Pan et al., 2002). 

Combined with immunocytochemistry, which showed a similar intracellular 

distribution of endogenous NCS-1 and PI4K(3, and co-immunoprecipitation which 

showed a direct interaction of the two (Zhao et al., 2001 ; Pan et al., 2002), this 

result again indicates an enhancement of PI4-kinase activity by NCS-1.

It was observed by Rajebhosale et al. (2002) that overexpression of NCS-1 

in PC-12 caused an enhancement of ATP-induced secretion. Evidence that this
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effect of NCS-1 was via the enhancement of PI 4-kinase activity includes 

measurement of enhanced PIP2 synthesis, and also that overexpression of NCS-1 

caused a shift in the dose-response curve of inhibition of this secretion by the PI 4- 

kinase inhibitor phenylarsine oxide (PAO), indicating that NCS-1 antagonises the 

effect of this inhibitor (Rajebhosale et al., 2003).

This section looks at the effects of overexpressing NCS-1 on the properties 

of the M-current, the agonist-induced inhibition of this current, and the agonist- 

induced translocation of the GFP-PLC-5 PH construct in SCG neurons.

RESULTS

4.3.2.2 Immunocytochemistry using anti~NCS-1 antibody in un injected and 

NCS~1-overexpressing SCG neurons.

Plasmids containing cDNA encoding the NCS-1 wild-type protein, expressed 

in the pcDNA 3.1 vector (see Methods, section 2.1.3) were injected into the nuclei 

of SCG neurons the day after culture; the neurons were then incubated for a 

further 2 days to allow the proteins to express.

Figure 4.20 shows immunocytochemistry in a control SCG neuron and in 

one transfected to overexpress NCS-1. Cells transfected with either the pcDNA 3.1 

vector only (control) or the NCS-1 plasmid were incubated for two days to allow the 

protein to express and then fixed and stained with anti-NCS-1 antibody (see 

Methods, section 2.4 for full procedure). Figure 4.20c shows the same image as in 

4.20b after it has undergone deconvolution to remove blurring. Note the membrane 

localisation of the expressed protein (see Scalettar et al., 2002).
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Figure 4.20. Immunocytochemistry with anti-NCS-1 antibody, showing A. staining for 

endogenous NCS-1 protein in uninjected SCG nerons, B. staining for NCS-1 protein in SCG 

neurons transfected with NCS-1 via intranuclear injection of cDNA plasmid and C. the same 

image as B. after undergoing digital deconvolution (see Methods) to reduce blurring and to 

show the membrane localisation of the expressed NCS-1 protein.
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4.3.2.3 M-currents in unlnjected, sham- and NCS-1-transfected cells

M-currents were recorded using the perforated patch-clamp configuration of 

the voltage clamp technique, with the standard solutions (see Methods, section 

2.2.4.2), and the properties of these M-currents were compared between control 

(sham-injected with the pcDNA 3.1 vector) and NCS-1-transfected cells.

Amplitude

The average amplitude of the current deactivation relaxation on 

hyperpolarisation to -5 0 mV was measured for each group, and the results are 

shown in Figure 4.21a.These average amplitudes were not significantly different 

according to an ordinary ANOVA test (p>0.05). Cells of a similar size were chosen 

for recordings in each cell group, so as to remove the possibility that current 

amplitudes were differing because of the size of the cells (larger cells tend to 

produce larger currents).

Kinetics of deactivation relaxation

The kinetics of the deactivation relaxation at -SOmV were next compared 

between the different groups. The fast and slow components making up the 

deactivation tail were measured and compared in uninjected, NCS-1-
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overexpressing and sham-injected SCG (shown in Figure 4.21 b) and were found 

not to be significantly different according to an ordinary ANOVA test.

^250

irinjected NCS-1 sham-injected 

(n=9) (n=11) (n=10)

Lrinjected

(n=1 0 )

NCS-1 sharmnjected 

(n=13) (n=1 0 )

Figure 4.21. A. Overexpression of NCS-1 does not significantly alter the amplitude of the M- 

current deactivation tail or B the timecourse of the deactivation tail.

4.3.2.4 Agonist-induced inhibition o f the M-current in uninjected, sham- 

injected (pcDNA 3.1 vector oniy) and NCS-1-injected SCGs.

M-currents were recorded from each cell group as before, and challenged 

with IpM  oxotremorine M or lOOnM bradykinin. IpM  oxotremorine M was used 

here as this dose is reported to be on the steepest part of the dose-response curve 

for inhibition of the M-current, and would therefore show the most variation if this 

dose-response curve were shifted by expression of NCS-1.
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Overexpression of the NCS-1 protein did not significantly alter the average 

inhibition of the M-current by 1 pM oxotremorine M. The average inhibition by 

lOOnM bradykinin however, was altered from 43% ± 9.0% SEM (n=5) in sham- j ( 

injected cells to 14% ± 4.4% SEM (n=6), which is significantly reduced according to 

an ordinary ANOVA test. Figure 4.22 shows these results in bar chart form, with 

indicating a result which is significantly different (at the 0.05 probability level) 

according to an ordinary ANOVA test.

It is clear from the data in Figure 4.22 that overexpression of the NCS-1 

protein greatly reduces the sensitivity of the M-current to inhibition by bradykinin.

s
o S

i l

I I

1 1

100

80

60

40

20
n

ininjected NCS-1 shaminjeded 

(n=10) (n=6 ) (n=5)

S 70
o  60

% .S  50 >» c
" g Z  40

.5 10
5? 0

Î

uranjeded NCS-1 sharrvinjedBd 

(n=10) (n=6 ) (n=5)

Figure 4.22. A Overexpression of NCS-1 does not alter the sensitivity of the M-current to 

inhibition by oxotremorine M, but B does significantly reduce the sensitivity of the M-current 

to inhibition by bradykinin (statistically significant according to an ordinary ANOVA test).
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4.3.2.5 Is NCS-1 acting as a calcium buffer ?.

Although NCS-1 has been used in this section by virtue of its ability to 

interact with and enhance the activity of PI 4-kinase, it does have other possible 

functions within the cell. One fundamental property of NCS-1 which must be 

considered when investigating the effect of overexpressing the protein on the 

sensitivity of the M-current to inhibition by oxotremorine M and bradykinin, is its 

calcium binding ability. Rajebhosale et al. suggest that NCS-1 may buffer 

depolarisation-induced Ca^^ entry because of its plasma membrane localisation; a 

mutant form of the protein with reduced calcium-binding ability due to a non­

functional third EF hand (E l 200 mutation; Weiss, Archer and Burgoyne, 2000) 

does not buffer this calcium entry, even though it is also located to the plasma 

membrane (Rajebhosale et al., 2002). There is a chance that the reduction in 

sensitivity of the M-current to inhibition by bradykinin could be due to a calcium 

buffering effect.

A proportion of the M-current inhibition by bradykinin has been shown to be 

calcium-dependent (as has a small proportion of the oxotremorine M-induced 

inhibition of the M-current; Cruzblanca et al., 1998), and the proportion which is 

calcium-dependent seems to correlate with the amount by which the 

overexpression of NCS-1 wild-type overexpression has reduced the inhibition. 

Cruzblanca et al. showed that buffering intracellular calcium via the inclusion of 

20mM BAPTA in the pipette solution reduced muscarinic inhibition of the M-current 

(by lOpM oxotremorine M) from 74.1 ± 3.8% SEM to 58.6 ± 3.2% SEM. The 

bradykinin-induced inhibition of Im under these conditions was reduced from 44.4 ± 

3.4% SEM to 10.3 ± 1.3% SEM (Cruzblanca et al., 1998). As shown above,
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overexpression of wild-type NCS-1 reduced inhibition by bradykinin from 43% to 

14%, a very similar reduction to that obtained by Cruzblanca with 20mM BAPTA. 

The small reduction in oxotremorine M sensitivity seen by Cruzblanca is also 

possibly mimicked in my experiment, but as the difference in oxotremorine M 

sensitivity of the M-current between NCS-1-overexpressing and control cells is not 

statistically significant, this cannot really be considered.

a) Does NCS-1-overexpression alter the resting calcium levels in an SCG ?

In order to investigate a possible calcium chelating effect of the NCS-1 

protein, resting calcium levels were measured in uninjected, sham- and NCS-1- 

injected cells using the dual excitation calcium-sensing dye FURA 2 (see Methods, 

section 2.3.2). The results are shown in Figure 4.23.

According to an ordinary ANOVA test, there was no significant difference in 

the resting calcium levels between the different cell groups, indicating that the 

NCS-1 protein is not acting as a calcium chelator in the resting cell.

«0 S  -150

Un injected NCS-1
(n=18) (n=18)

1 1

Sham
(n=8 )

Figure 4.23. Overexpression of NCS-1 does not alter resting Ca^* levels in the SCG neuron
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b) Measurement of the calcium buffering capacity of control and NCS-U  

overexpressing cells

The calcium rises elicited by oxotremorine M and by bradykinin are fairly 

small in SCG neurons, and are thus not easy to accurately measure by whole-cell 

imaging with FURA 2 (the rises may also be partly localised to the submembrane 

shell, which would not be detectable with this method). This makes measurement 

and comparison of the bradykinin-induced Ca^^ rise in control and NCS-1- 

overexpressing cells very difficult with the technology available.

Another method for measuring the calcium buffering capacity of a cell 

however, is to activate voltage activated calcium currents and simultaneously 

measure the associated calcium rise within the cell with FURA 2. The integral of 

the calcium current, and thereby the total concentration of Ca^^ entering the cell 

can be calculated, and compared to the amount which remains free to bind to the 

FURA 2 (calculated from the measured Ca^^ rise). The proportion of calcium which 

is entering the cell, which is then free to bind to FURA 2, can be compared 

between cells to see if their buffering capacity differs.

SCGs were transfected with cDNA encoding NGS-1 and a red fluorescent 

protein (pDSRed) via intranuclear injection. Red fluorescent protein was used as a 

transfection marker rather than GFP as FURA 2 was to be used to measure 

calcium rises and the excitation/ emission wavelengths for GFP and FURA 2 are 

very similar. Fluorescence from GFP would interfere with the FURA 2 signal. Cells
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were then incubated at 37“C for 30 mins with 5|jM FURA 2 AM. After 30 mins cells 

were transferred to the microscope stage and superfused for at least 10 min with 

the standard extracellular solution (Methods, section 2.2.4.1).

Recording voltage-activated CaF* currents

currents were recorded from both uninjected (control) or NCS-1- 

overexpressing cells in the perforated-patch configuration with a Cs^-based 

intracellular solution (Methods, section 2.2.4.2) containing amphotericin B.

Neurons were voltage-clamped at -70mV and calcium currents were elicited 

with depolarising steps to OmV for 200ms. Ca^^ currents were obtained after digital 

subtraction of the current recorded with the same voltage protocol in the presence 

of C0 CI2 . C0 CI2 blocks all calcium currents, so subtraction of the current remaining 

in the presence of C0 CI2 should ensure that the currents recorded mainly 

represented Ca^^ influx through the plasma membrane.
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Translation of calcium current recordings Into total calcium entry

Total calcium entry [Ca^^totai, given as a Molar concentration, is calculated 

from the following equation:

[Ca^^total = Qca/ ZFV

where Qca is the total charge which enters the cell during a calcium current, 

measured as the integral of the current, j Ica dt, z is the valency of a Ca^^ ion (i.e. 

2), F is the Faraday constant (96485 C.mol'^) and V is the volume of the cell (cells 

are assumed spherical and have a radius of roughly 10pm).

The net variation in intracellular calcium concentration, as calculated by the 

FURA 2-measured Ca^^ rise, was then plotted against the calculated total calcium 

entry, [Ca^^totai- Figure 4.24A shows this data for control cells, 4.24B shows this 

data for NCS-1-overexpressing cells, and 4.26 shows the two graphs in A and B 

superimposed. The solid lines in Figure 4.24 A and B and Figure 4.25 represent 

the best fit obtained from a linear regression.
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Figure 4.24. Relationship between total Ca^* entry and the associated Ca^* rise as measured 

with FURA 2 in A. Control SCG neurons and B. NCS-1-overexpressing SCG neurons. Solid 

lines represent the best fit obtained from a linear regression.
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Figure 4.25. Plots in Figures 4.25 A and B superimposed.
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Endogenous calcium binding ratio (k) in control and NCS-1-overexpressing 

SCG neurons

The calcium binding ratio ( k ) is defined at a particular lCa^*]\ (Neher and 

Augustine, 1992) by the following equation.

K =
A [Ca ]bound

where A[Ca^^]i is the FURA 2-measured change in intracellular concentration and 

[Ca ]bound — [Ca ]totai “ [Ca ]j.

The calcium binding ratio for each control cell and for each NCS-1- 

overexpressing cell were calculated, and the averaged values are plotted in Figure 

4.26.

1200
Calcium iooo 
binding 
ratio, K

Control
(n=6 )

NCS-1
(n=7)

Figure 4.26. Average calcium binding ratios ( k )  in control and NCS-1-overexpressing SCG 

neurons -  the values are not significantly different at the 95% confidence interval, according 

to an unpaired t-test.
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The calcium binding ratios in control and NCS-1-overexpressing cells are 

not significantly different according to an unpaired t-test, indicating that NCS-1 is 

not reducing the sensitivity of the M-current to inhibition by bradykinin via a calcium 

buffering effect.

4.3.2.S Does translocation of the GFP-PLC-6 PH construct reflect the change 

In M-current Inhibition by bradykinin In NCS-1-overexpressing cells ?.

SCG neurons were transfected, via intranuclear injection, with plasmids 

containing cDNA encoding either the GFP-PLC-6 PH construct alone, or this 

construct plus the NCS-1 protein. Cells were incubated for two days to allow the 

proteins to express, and then observed under X40 magnification via fluorescence 

microscopy. The distribution of the GFP-PLC-6 PH construct is unchanged by co­

expression of the NCS-1 protein, as shown in Figure 4.27.

Increases in cytosolic fluorescence intensity in response to agonist 

application were recorded and measured. As Figure 4.28 shows, the effect of 

overexpressing NCS-1 on the translocation of the GFP-PLC-6 PH construct by 

bradykinin does reflect the effect that overexpressing this protein has on the 

bradykinin-induced inhibition of the M-current. The average increase in cytosolic 

fluorescence intensity induced by lOOnM bradykinin is less in an NCS-1- 

overexpressing cell than in a control cell. Figure 4.28 shows representative traces 

of changes in cytosolic fluorescence intensity in response to addition of lOOnM 

bradykinin, followed by lOpM oxotremorine M, in a control cell and in an NCS-1 

overexpressing cell. Below these traces are bar charts showing the average 

increases induced by both agonists in the control and NCS-1-overexpressing cells.
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Figure 4.27. SCG neuron overexpressing NCS-1 and expressing GFP-PLC-6 PH construct 

NCS-1 does not alter the localisation of the GFP-PLC-6 PH construct.

B

lOOnM BK lOpM 0 X 0  M lOOnM BK lOpMoxoM

- ' 3%Si ?

n r

(n=7) (n=7)

control

(n=9) (n=9)

NCS-1

Figure 4.28. Typical trace of CFI changes on application of bradykinin followed by 

oxotremorine M, accompanied by a bar chart showing the average rises induced by each 

agonist in A. control cells and B. NCS-1 -overexpressing cells.
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Quantification of GFP-PLC-5 PH transiocation response

8
Note that, in the cytosolic fluorescence intensity traces in Figure 4.2J3^the 

rises in response to oxotremorine M look similar in amplitude between the two cell 

types, but the bradykinin-induced rise is obviously smaller in the NCS-1- 

overexpressing cell. When the methods for analysing and attempting to quantify 

the translocation of GFP-PLC-6 PH were discussed in Chapter 3, it was mentioned 

that, due to various factors, responses could not accurately be compared between 

cells. It is obviously not possible to obtain a control response and an NCS-1- 

overexpressing response in the same cell, so a control had to be found. Both 

oxotremorine M and bradykinin have been applied to each cell; if the translocation 

of GFP-PLC-6 PH by oxotremorine M were not altered by NCS-1 (as the M-current 

inhibition by this agonist was not altered), the translocation by this agonist could be 

used as a control to measure any alterations in bradykinin-induced translocation by 

NCS-1. In control cells, injected only with the GFP-PLC-6 PH construct, the 

average percentage rise in CFI induced by oxotremorine M is 71 ± 5.1% (n=7), 

whereas in NCS-1 cells it is 76.4 ± 3.7% (n=9). Although rises in individual cells 

cannot be compared, two averages taken from similar populations of cells, i.e. with 

similar variations in size etc, are more reliable; thus it appears that overexpression 

of NCS-1 does not alter the amount of translocation induced by oxotremorine M. 

The fact that the average rise induced by bradykinin in NCS-1 cells is smaller than 

that induced by oxotremorine M can therefore be attributed to there having been a 

reduction in the amplitude of the bradykinin response rather than an increase in the 

amplitude of the oxotremorine M response.
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This result indicates that overexpression of NCS-1 results in less M-current 

inhibition and also less translocation of the GFP-PLC-6 PH construct in response 

to bradykinin, but that both of these responses are not significantly altered by NCS- 

1 when induced by oxotremorine M.

Taken together with recent published work showing that NCS-1 directly 

interacts with, and enhances the activity of PI4-kinase, these data indicate that 

NCS-1 may be reducing the sensitivity of M-current inhibition to bradykinin by 

reducing the agonist's ability to deplete PIP2 . This theory was tested using the PI 4- 

kinase inhibitor wortmannin (as used in the previous section). If NCS-1 is 

producing its effect via stimulation of PI 4-kinase, resulting in enhanced PIP2 

production, inhibition of this kinase by wortmannin should oppose the effect of 

NCS-1. It has been reported that another PI 4-kinase inhibitor, phenylarsine oxide 

(PAO), can antagonise the effect of overexpressing NCS-1 on the ATP-induced 

secretion; NCS-1 shifts the dose-response curve of inhibition of this ATP-evoked 

secretion by PAO (Rajebhosale et al., 2002).

4.3.2.7 Effect of wortmannin on NCS-1-induced reduction o f M-current 

sensitivity to bradykinin.

Cells were injected with plasmids containing NCS-1 or the pcDNA 3.1 vector 

only, as before. Two days later, M-currents were recorded and the inhibition of 

these currents by lOOnM bradykinin was tested in both cell types in the presence 

of, and without, wortmannin. Cells were perfused with the normal bath solution with 

20pM wortmannin added (or not added for the controls) for at least 15 minutes
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before currents were recorded. The results are shown in the bar chart in Figure 

4.29.

Effects of the PI 4 Kinase inhibitor wortmannin on inhibition of 
M-current in control and NCS-1-overexpressing SCGs
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Figure 4.29. Effect of the PI 4-kinase inhibitor wortmannin on bradykinin-induced inhibition 

of the M-current in control and NCS-1 overexpressing SCG neurons.

Figure 4.29 shows that treatment of the cells with wortmannin is able to 

reverse the effect of NCS-1 on M-current inhibition. The control group of cells 

(those not treated with the PI 4-kinase inhibitor) are split into uninjected and NCS-1 

overexpressing cells; the NCS-1 cells clearly showing reduced Im inhibition by 

bradykinin. The inhibition of M-current by bradykinin is not significantly different in 

uninjected cells with or without wortmannin treatment, which indicates that the Pi 4-
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kinase inhibitor itself is not having a marked effect on M-current inhibition by this 

agonist. The difference in the sensitivity of the M-current to bradykinin-induced 

inhibition in the NCS-1 cells however is marked, between cells treated with 

wortmannin and cells not treated with wortmannin. These inhibitions are 

significantly different according to an ordinary ANOVA statistical test (p<0.05%).

The above result suggests that wortmannin is working to antagonise the 

action of NCS-1 by slowing the rate of PIP production by PI 4-kinase. This will slow 

the rate of PIP2 production to a manageable rate which enables PLC hydrolysis to 

deplete the channels of this phosphoinositide.

I have applied wortmannin to cells transfected with both NCS-1 and GFP- 

PLC-5 PH, in an attempt to see whether the reduced translocation of the construct 

by bradykinin in NCS-1-overexpressing cells can also be antagonised by treatment 

with wortmannin. Unfortunately, it was very difficult to gain reliable results using 

this technique as the translocation of the construct by bradykinin in the presence of 

wortmannin was rather inconsistent.
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4.4 Summary of Chapter

The results shown in this chapter elaborate on those shown in Chapter Three, and 

indicate further that closure of M-channels could be linked to translocation of the 

GFP-PLC-5 PH construct and therefore to depletion of PIP2.

The work with the phospholipase 0  inhibitor U73122 has confirmed the work 

of Suh and Mille (2002), who also used this compound to show that phospholipase 

0  was involved in the muscarinic inhibition of the M-current as well as the 

bradykinin-induced inhibition.

The experiments with IP 3  have indicated that IP 3  does not affect M-channels 

directly, and also and probably more importantly, that very high concentrations of 

IP 3  (« 100pM) are needed to pull the G F P - P L C -5 PH construct out of the 

membrane (and off P IP 2 ) and into the cytosol. The levels required are between 10 

and 1000-fold higher than the concentration of IP 3  produced during an agonist 

response (Varnai et al., 2002), so this suggests that the construct does not simply 

detach from P IP 2  to bind preferentially to IP 3 , but that its localisation is determined 

by the ratio of IP 3  to P IP 2  (as theorised in section 4.1.2.2 of this Chapter). This 

theory would also help to explain why the agonist-induced translocation of the 

G F P - P L C -5 PH construct is less in cells overexpressing P I 5-kinase 

(overexpression of which has been shown to lead to higher levels of P IP 2 ; Coburn 

et al., 2002). One would imagine that in a cell with higher than normal levels of 

P IP 2 , the amount hydrolysed during an agonist response, and therefore the amount 

of IP 3  produced, would be at least as high as in a control cell, and possibly higher.

If translocation of the GFP-PLC-5 PH construct were purely an indicator of IP3
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production, translocation would also be as great as it is in a control cell. The fact 

that this is not the case indicates that the raised levels of PIP2 are able to compete 

with IP 3  for possession of the construct.

The same explanation can be applied to the result obtained with 

translocation of the G F P - P L C -5 PH construct by bradykinin in N C S -1- 

overexpressing cells. P C I  2 cells overexpressing this calcium sensor protein have 

been shown to yield higher levels of IP 3  on stimulation with DTP, as P IP 2  levels in 

these cells are higher (Koizumi et al., 2002). If this result translates to S C G  

neurons, again one would expect to see full translocation of the G F P - P L C -5 PH 

construct in response to agonist if the construct were an indicator of IP 3  production. 

That we do not see full translocation of the construct by bradykinin in cells 

overexpressing N C S -1 suggests again, that translocation is reporting P IP 2  levels 

rather than levels of IP 3.
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CHAPTER FIVE

GENERAL DISCUSSION
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The evidence presented in the Introduction and Results chapters of this 

thesis provides a strong case for the depletion of PIP2 as a signal for agonist- 

induced closure of M-channels, by both oxotremorine M and bradykinin.

Both agonists induce simultaneous, reversible translocation of the GFP- 

PLC-5 PH construct and M-current inhibition, with very similar time-courses for 

onset and offset of both responses. This fact alone does not prove the 

involvement of the depletion of PIP2 in channel closure; rather it merely 

indicates that PLC is activated by both agonists and suggests a possible 

connection due to the similarity of the time-courses. Chapter Four however, 

does build on this possibility, with alteration of the activity of various 

components in the cycle bringing about changes in the sensitivity of both M- 

current inhibition and GFP-PLC-5 PH translocation. The fact that these two 

consequences of receptor activation are similarly affected by each alteration of 

a component in the phosphoinositide cycle suggests a link between them.

5.1 Phospholipase C activity

The interpretation of the results obtained with the aminosteroid U73122 

is fairly straight forward -  inhibition of PLC with this compound renders both M- 

current inhibition and the translocation of GFP-PLC-5 PH much less sensitive to 

both oxotremorine M and bradykinin, indicating that PLC is indeed involved in 

both pathways. What is interesting however, is the fact that the bradykinin- 

induced inhibition/ translocation is more sensitive to this analogue than the 

oxotremorine M responses, with 1pM U73122 being enough to block the 

response to a maximal concentration of bradykinin (lOOnM) -  the same

190



concentration of the aminosteroid having virtually no effect on the oxotremorine 

M-induced inhibition/ translocation (Suh and Hille 2002). The lack of effect by 

the inactive analogue U73343 makes the possibility that U73122 is having some 

kind of non-specific effect on the cell rather than specifically targeting PLC less 

likely. Possible reasons for this difference in sensitivity between the agonists is 

discussed in section 5.4.

5.2 Experiments with PI 5~kînase

The data gained with the overexpression of PI 5-kinase enzyme indicates 

that, like the G IRK current (Bender et al., 2002) and the Katp current (Shyng et 

al., 2000), increasing the levels of plasma membrane P IP 2  decreases the 

sensitivity of the M-current to agonist-mediated inhibition. This has been shown 

to be true for both oxotremorine M- and bradykinin-induced inhibition. The 

reduction in the agonist-induced translocation of the G F P -P L C -5 PH construct 

caused by overexpression of P I 5-kinase was perhaps less predictable. One 

would imagine that, if the amount of membrane P IP 2  is increased, or at least if 

synthesis of it is faster, the amount of P IP 2  which is hydrolysed by 

phospholipase C during the agonist response would be the same as usual, or 

perhaps even more. This would mean that the amount of IP3 produced would be 

the same or greater than in control cells, and therefore, if the affinity of the G F P - 

P L C -5 PH construct for IP3 is so much higher than it is for P IP 2 , one would 

expect it to translocate in the normal way; that it doesn’t is perhaps an indication 

that the amount of P IP 2 generated in the P I 5-kinase overexpressing cells 

exceeds the amount of IP3 produced by enough to overcome this difference in
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affinity, allowing the construct to remain at the membrane, bound to PIP2 (see 

the model in section 4.1.3.2).

The fact that overexpression of PI 5-kinase greatly reduces the sensitivity 

of the M-current to inhibition by either oxotremorine M or bradykinin suggests 

that depletion of PIP2 is involved in the transduction pathways by both agonists.

5.3 PI 4-kinase experiments

5.3.1 Experiments with wortmannin

The experiments with the PI 4-kinase inhibitor wortmannin did not 

provide such “clear cut” answers as one would hope with regards the 

simultaneous measurement of M-current inhibition/ GFP-PLC-5 PH 

translocation. The slowing of recovery of the M-current after oxotremorine M- 

induced inhibition was robust, but the effect on the relocation of the fluorescent 

construct to the membrane was less conclusive.

Other instances of wortmannin having little or no effect on the time- 

course of the relocation of the GFP-PLC-5 PH construct have been reported. 

Treatment of NIH-3T3 cells with lOpM wortmannin failed to inhibit the 

relocalisation of the GFP-PLC-5 PH construct in response to calcium chelation, 

after translocation by ionomycin; in the same experiment wortmannin did, 

however, partially inhibit PIP2 resynthesis as measured by mass assay (Varnai 

and Balia, 1998). Varnai and Balia explain this discrepancy by hypothesising 

that certain PIP2 pools that bind PH domains may be synthesised by 

wortmannin-insensitive PI 4-kinases.
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Another possible explanation for the results I have seen is that all of the 

IP3 produced by the agonist-induced hydrolysis of P IP 2  had been broken down 

by inositol phosphatases, and that not all of the P IP 2  in the membrane was 

hydrolysed by the agonist, or that some was replenished from the pool of P IP  

that remained in the membrane (wortmannin inhibits the enzyme that 

synthesises P IP  not P IP 2 , so there would be a residual pool of P IP  present in 

the membrane ready for phosphorylation by P I 5 kinase to form P IP 2). If the 

localisation of the GFP-PLC-Ô PH construct is dependent on the ratio of I Pa to 

P IP 2 , it would return to the membrane in this case. If the amount of P IP 2  

synthesised at the membrane is below the threshold needed for opening of M- 

channels, this would explain why the channels remain closed even though the 

fluorescent construct relocates to the membrane. Of course, there is also the 

possibility that, in the absence of sufficient P IP 2  or IP3 to bind to, the GFP-PLC- 

5 PH construct could, in theory, bind to P IP 3  in the membrane. The construct 

has a relatively low affinity for this phospholipid, as the presence of a phosphate 

group at the “3” position interferes with the binding (Lemmon and Ferguson, 

2000), but in the absence of a more favourable target, it is possible that P IP 3  

binding could account for the return of the construct to the plasma membrane.

Also, when slowing of the relocation of the construct did take place, it 

was most usually the second, slow phase of relocation that was slowed or 

inhibited; the first, fast phase of relocation could represent the resynthesis of 

PIP2 from the residual pool of PIP, and the slower phase could represent the 

more time-consuming resynthesis of PIP2 from stages further back in the 

phosphoinositide cycle. Any variation in the magnitude and duration of the initial 

fast phase of GFP-PLG-Ô PH relocation could be due to variation in the amount
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of PIP still available for phosphorylation by PI 5-kinase to form PIP2. One would 

imagine that if this were the case, subsequent agonist-induced translocations of 

the construct whilst in wortmannin would have gradually slower relocation 

timecourses and gradually smaller amplitudes as the residual pool of PIP were 

used up (as less PIP2 were available for hydrolysis and IP3 production with each 

subsequent response). This experiment is an important one for the future if we 

are to ascertain why wortmannin does not always have the anticipated 

response on relocation of the fluorescent construct.

These experiments with wortmannin add to previous findings that the 

activity of PI 4-kinase is necessary for the recovery of the M-current after 

agonist-induced inhibition (Zhang et al., 2002; Suh and Hille, 2 0 0 2 ). I have 

attempted to explain the unexpected result with the relocation of the GFP-PLC- 

5 PH construct to the membrane, but further experiments would help to clarify 

my theory.

5.3.2 Experiments with Neuronal Calcium Sensor 1 (NCS-1)

Although used in this thesis by virtue of its ability to interact with and 

enhance the activity of PI 4-kinase, NCS-1 does have several other possible 

functions within the cell. Hence, there are a few different avenues to explore 

when investigating why overexpression of this protein should reduce the 

sensitivity of the M-current to inhibition by bradykinin.

One of the properties of NCS-1, mentioned earlier, that could be of 

interest to us with regard to its effect on the sensitivity of Im to inhibition by 

bradykinin, is the fact that it has been shown to substitute for calmodulin
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(Schaad et al., 1996). In Gamper and Shapiro’s publication on the possible role 

of calmodulin in bradykinin-induced Im inhibition however, overexpression of 

wild-type calmodulin greatly reduced the M-current density in SCGs -  NCS-1 

does not do this (Figure 4.21); also it was the dominant-negative mutant of 

calmodulin which was reported to reduce bradykinin inhibition of the M-current, 

with the wild-type protein proposed to be in some way necessary for the 

inhibition (Gamper and Shapiro., 2002). If NCS-1 were directly substituting for 

calmodulin, one would expect overexpression of the wild-type protein to 

/ncrease the bradykinin-induced inhibition. I have considered the possibility that 

NCS-1 could be competing with calmodulin for its target, due to its far greater 

abundance in the transfected cells, but not activating this target (NCS-1 has 

been reported only to activate some of calmodulin’s targets; Schaad et al., 

1996); this would render NCS-1 a kind of "dominant-negative” of calmodulin, 

and in this case, overexpression of the wild-type could possibly reduce y /  

bradykinin-induced M-current inhibition.

However, the similar alterations to the sensitivity of the translocation of 

GFP-PLC-5 PH to bradykinin and to the sensitivity of the M-current to inhibition 

by this agonist in NCS-1-overexpressing cells, suggests that NCS-1 may indeed 

be having its effect somewhere within the phosphoinositide cycle, and most 

likely at PI 4-kinase. As discussed previously in this chapter, overexpression of 

PI 5-kinase almost abolished oxotremorine M- and bradykinin-induced inhibition 

of the M-current and also greatly reduced the amount of translocation of the 

GFP-PLC-5 PH construct by both agonists, so a reduction in both M-current 

inhibition AND GFP-PLC-5 PH translocation could be indicative of increased 

PIP2 synthesis. If my theory that NCS-1 is affecting the bradykinin-induced
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inhibition of the M-current via its interaction with PI 4-kinase is correct, 

overexpression of NCS-1 should reduce translocation of the GFP-PLC-5 PH 

construct by bradykinin but not by oxotremorine M, to reflect the selectivity 

between the agonists shown in Im inhibition. As seen in section 4.2.2.6, this is 

the case, with GFP-PLC-5 PH translocation by bradykinin in NCS-1- 

overexpressing cells significantly less than in control cells, and with no 

difference between the oxotremorine M-induced responses in transfected or 

control cells.

It is likely, considering the effect of NCS-1 on the GFP-PLC 5 PH 

translocation (as well as the effect of overexpression of PI 5-kinase on the M- 

current inhibition/ GFP-PLC-5 PH construct translocation -  see Chapter Four), 

that NCS-1 could be enhancing the activity of PI 4-kinase in my system, and so 

increasing the amount of plasma membrane PIP2. This will reduce the 

sensitivity of the channel to inhibition via PLC-induced PIP2 depletion (see 

previous chapter and Bender et al., 2002). Increased activity of PI 4-kinase 

would lead to higher levels of the polyphosphoinositide intermediary PIP, but 

increased production of PIP2 would also depend on an enhanced activation of 

PI 5-kinase. This enhanced activity of PI 5-kinase would appear to occur as a 

result of PI 4-kinase enhancement, as levels of PIP2 as well as levels of PIP are 

reported to be increased in PCI2 cells overexpressing NCS-1 (Koizumi et al., 

2002; Rajebhosale et al., 2002).

The fact that the PI 4-kinase inhibitor wortmannin is able to antagonise 

the effect of overexpressing NCS-1 on the bradykinin-induced Im inhibition, 

suggests that NCS-1 was indeed interacting with PI 4-kinase to enhance its 

activity and raise PIP2 levels. The effect on ATP-induced secretion in PC-12
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cells produced by enhancing PI 4-kinase activity via overexpression of NCS-1 

can be antagonised with an inhibitor of PI 4-kinase (phenylarsine oxide, PAO, 

was used here; Rajebhosale et al., 2002). Combined with the data obtained with 

PI 5-kinase in the previous chapter, this adds more evidence in favour of PIP2 

depletion being a process which leads to M-channel closure.

Is It the CaF*-mobilising properties of bradykinin which cause NCS- 

1 to have an effect on bradykinin-induced M-current inhibition/ GFP-PLC-5 

PH transiocation and not oxotremorine M-induced responses ?

It has already been established, through the experiments in section 

4.2.2.S, that NCS-1 is not acting as a calcium buffer, therefore it is not reducing 

the bradykinin-induced M-current inhibition and GFP-PLC-5 PH translocation by 

buffering the bradykinin-induced Ca^^ rise. The differentiator however, between 

the effect on the bradykinin-induced inhibition/ translocation and the lack of 

effect on the oxotremorine M-induced responses appears to be the calcium rise, 

or lack of it, elicited by these agonists.

The different Ca^^-mobilising capabilities of bradykinin and oxotremorine 

M have been cited as the reason for the different effects of overexpressing 

calmodulin or its dominant-negative mutant on M-current inhibition by these two 

agonists (Gamper and Shapiro, 2002). Neither overexpression of wild-type 

calmodulin, nor its dominant-negative mutant form, had any effect on the 

muscarinic Im inhibition in Gamper and Shapiro’s publication; this is believed to 

be because oxotremorine M did not produce a large enough calcium rise to 

activate calmodulin, whereas bradykinin did. NCS-1, like calmodulin, is a
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calcium binding protein (albeit with a higher affinity for calcium than that of 

calmodulin), so the need for a calcium rise in order to activate NCS-1 could be 

the factor which differentiates between the bradykinin- and oxotremorine M- 

induced Im inhibitions. The bradykinin-induced Ca^^ rise could activate NCS-1, 

which is already bound to PI 4-kinase, stimulating it to produce more PIP, and 

hence more PIP2, which would counteract the PLC-mediated hydrolysis of PIP2, 

resulting in less net depletion of PIP2, and therefore less M-channel closure.

The above could theoretically be tested in two ways; one would be to try 

to buffer the Ca^^ rise produced by bradykinin, and see whether this buffering 

would prevent activation of NCS-1, and therefore prevent its effect. 

Theoretically, this could be attempted by incubating the cells with a high 

concentration of the calcium buffer BAPTA AM, to see whether this removes the 

difference between the two agonists. Conversely, a calcium rise could be 

elicited in cells before stimulation with oxotremorine M, to see if this results in 

activation of NCS-1 and a consequent reduction in the sensitivity of the M- 

current inhibition/ GFP-PLC-5 PH translocation due to increased PI 4-kinase 

activity. Practically though, there would be problems associated with 

manipulating intracellular calcium in this way; buffering the bradykinin-induced 

Ca^^ rise with high levels of BAPTA AM greatly reduces the sensitivity of M- 

current inhibition to bradykinin (Cruzblanca et al., 1998), and raising intracellular 

Ca^^ levels can cause activation of PLC and hydrolysis of PIP2/ M-current 

inhibition in the absence of agonist-stimulation. Thus, it would be problematic to 

try to impart the calcium-mobilising properties of bradykinin onto the 

oxotremorine M response, or to try to remove this property from the bradykinin
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response in an attempt to make conditions more similar to those during a 

muscarinic response. The Ca^^-mobilising properties, or lack of them, are 

fundamentally integral to the nature of both of these agonist responses; altering 

them would not really be a practical way of testing whether the difference in 

Ca^^ mobilisation does account for the effect of overexpressing NCS-1 on the 

bradykinin-induced response and not the muscarinic.

5.4 Possible explanations for the differences seen between 

bradyklnln-lnduced and oxotremorine M~lnduced M-current 

Inhibition/ GFP-PLC-5 PH transiocation.

The M-current inhibitions induced by bradykinin and oxotremorine M 

differ in certain ways; the bradykinin-induced inhibition requires that the rise in 

Ca^^ elicited by this agonist remains intact, whereas the oxotremorine M- 

induced inhibition produces only a very small rise, and the inhibition is not 

blocked by high concentrations of BAPTA so is therefore mostly Ca^^- 

independent (see Cruzblanca et al., 1998). The bradykinin-induced Im inhibition 

and the GFP-PLC-5 PH translocation induced by this agonist take longer to 

recover than the responses induced by oxotremorine M. Also, the sensitivities of 

the Im inhibitions by both agonists to the PLC inhibitor U73122 differ markedly, 

and the bradykinin-induced M-current inhibition can be blocked with antisense 

to PLC-P4, while, in the same publication, it is reported that the oxotremorine M- 

induced inhibition is not blocked by the same concentration of this antisense 

(Haley et al., 2000).
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M-current inhibition by both agonists however, is accompanied by 

translocation of the GFP-PLC-Ô PH construct from the membrane to the cytosol, 

and the recovery of the M-current from inhibition is accompanied by the 

relocation of the construct to the membrane; this translocation and relocation of 

the GFP-PLC-5 PH construct occurs with a very similar time course to that of 

the M-current inhibition and recovery. Both responses (to both agonists) are 

greatly reduced by overexpression of PI 5-kinase, which suggests that both M- 

current inhibition and GFP-PLC-5 PH translocation are due to the depletion of 

PIP2. It has been shown that higher concentrations of the PLO inhibitor U73122 

do indeed block oxotremorine M-induced M-current inhibition (Suh and Hille, 

2002) and GFP-PLC-5 PH translocation, and also that the PI 4-kinase inhibitor 

wortmannin prevents recovery from oxotremorine M-induced inhibition of the M- 

current (Suh and Hille, 2002; Zhang et al., 2002). Considering all of the above, 

the question arises “if the inhibition of the M-current by both oxotremorine M 

and bradykinin is via the same mechanism i.e. PIP2 depletion, why do they have 

different sensitivities to calcium chelation and PLC inhibition, and why can the 

oxotremorine M-induced inhibition not be blocked with antisense to PLC-p 

isoforms at the same concentration which blocks the bradykinin-induced 

inhibition ?”.

First of all, if both responses are driven by PLC activation, why is 

bradykinin so much more sensitive to inhibition of this enzyme, and chelation of 

calcium ?. One theory is that of Gamper and Shapiro (2002), who suggest that 

the calcium rise, caused by the IP3 produced from the Gq /n -coupled initial PLC 

activation, causes activation of calmodulin, which somehow closes M-channels. 

Blockade of PLC would prevent the initial IP3 release and subsequent Ca^^ rise.
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and therefore the whole response would be blocked. If this were the case 

though, why is the translocation of the GFP-PLC-5 PH construct in response to 

bradykinin so complete, and why is it also prolonged, reflecting the time course 

of the recovery of the M-current from inhibition by this peptide ?. If only the 

initial “trigger” stage of the bradykinin-induced Im inhibition involved PLC activity, 

one would imagine that the translocation of the GFP-PLC-5 PH construct would 

be incomplete, and more importantly, much briefer than the duration of M- 

current inhibition. The construct should return to the membrane once PLC has 

“handed over” the job of inhibiting the M-current to calmodulin.

The theory I favour for the mechanism of M-current inhibition by 

bradykinin is also a “two-stage” model, but instead of (or possibly as well as) the 

initial PLC/IPa-generated Ca^^ rise acting as an activator for some other entity 

like calmodulin, I believe that it could lead to the activation of another, calcium- 

sensitive isoform of PLC i.e. PLC-5. As discussed in the Introduction (section 

1.3.2), PLC-5 can be selectively activated by Ca^^ alone (Allen et al., 1997), and 

it has been suggested that sequential activation of PLC-5 isoforms by increased 

intracellular calcium levels could follow stimulation of PLC-(3 or -y  isoenzymes, 

leading to prolonged hydrolysis of inositol lipids (Allen et al., 1997). Indeed it 

has been shown by Kim et al. (1999) that PLC-51 overexpressed in PCI 2 cells 

was activated by capacitative calcium entry in response to the PLC-(3/ IP3 Ca^+ 

rise generated by bradykinin. More evidence to suggest that this sequential 

activation of PLCs occurs is found in the observation by Young et al. who, 

during dual imaging experiments to measure intracellular Ca^^ and translocation 

of the GFP-PLC-5 PH construct, noticed a secondary, plateau phase of GFP- 

PLC-5 PH translocation which was particularly sensitive to regulation by
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intracellular Ca^^ (Young et al., 2003). Their interpretation of the translocation of 

the GFP-PLC-Ô PH construct is that it is measuring IP3 production, rather than 

purely P IP 2  degradation, but either way, it shows a secondary, Ca^+-sensitive 

activation of PLC; Young et al. suggest that this may indicate the recruitment of 

a Ca^^-sensitive PLC which is not present during initial periods of agonist 

stimulation (Young et al., 2003).

This theory would explain the longer time course of the bradykinin- 

induced GFP-PLC-5 PH translocation, which reflects the longer time course of 

the M-current inhibition by this agonist; prolonged hydrolysis of phospholipids by 

Ca^^-activated PLC-5 could result in the characteristically slow GFP-PLC-5 PH 

relocation. It could also explain the ability of antisense to PLC-p4 to block 

bradykinin-induced Im inhibition, as without this initial “trigger” stage, the 

subsequent activation of PLC-5 would also be blocked. The same explanation 

can be given for the sensitivity of the bradykinin-induced inhibition to PLC block 

by U73122; blockade of the relatively small amounts of “trigger stage” PLC-p 

activity may not require large amounts of the aminosteroid, but would prevent 

the entire response from taking place. The data in Cruzblanca et al (1998) 

states that around 25% of the bradykinin-induced M-current inhibition is still 

intact in the presence of 20mM BAPTA; this could be the proportion of the M- 

current which is inhibited by PLC-p-mediated PIP2 hydrolysis.

As oxotremorine M does not have the Ca^^-mobilising ability of 

bradykinin (see Delmas et al., 2002), this sequential activation of PLC-p and 

PLC-5 cannot be the mechanism by which this agonist is causing M-current 

inhibition. From recent publications (see Introduction for references), and from 

the experiments described in this thesis, there is a strong case for PLC-
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mediated hydrolysis of PIP2 as the mediator of oxotremorine M-induced M- 

channel closure, but the antisense work of Haley et al. (2002) suggests that this 

PLC is not of the -(3 isoform. However, it could be possible that Mi-mACh 

receptors could couple a lot more strongly to PLC-(3 isoforms than bradykinin 

receptors, either due to a greater receptor number, or a more robust coupling to 

PLO-activating G-proteins. If this were the case, it is possible that the amount of 

PLC-p antisense used by Haley et al to block the bradykinin-induced M-current 

inhibition was not enough to counteract this more robust PLC- activation by 

oxotremorine M. The fact that higher concentrations of the PLC inhibitor 

U73122 are needed to block the oxotremorine M-induced Im inhibition suggests 

that this may be the case.

How to test this theory ?

This theory could be tested by transfecting the cells with a PLC-5-specific 

antisense, to see whether this significantly reduced the bradykinin-induced M- 

current inhibition and not the muscarinic, and also by using the bradykinin- 

receptor antagonist HOE 140, to see whether the prolonged response to the 

agonist is due to prolonged receptor occupancy by the peptide, or whether it is 

due to some other mechanism (i.e. Ca^^ rise followed by PLC-5 activation) 

which is sequential to the initial activation of a PLC-p isoform.
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5.5 Closing Remarks

In all, I believe this thesis contributes further to the accumulating 

evidence that PIP2 depletion is a mediator for M-current inhibition by both 

muscarinic agonists and bradykinin. It indicates that hydrolysis of PIP2 

accompanies this inhibition, and that the patterns of onset and offset of the two 

responses (M-current inhibition and GFP-PLC-5 PH translocation) are 

remarkably similar. It also demonstrates that if alteration of the activity of a key 

player in the phosphoinositide cycle (i.e. PLC, PI 4-kinase and PI 5-kinase) can 

alter the sensitivity of M-current inhibition by either agonist, then the GFP-PLC-5 

PH translocation by that agonist will also be altered in a corresponding way.
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