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ABSTRACT

Cl* ions are the most abundant anion in cells. Cl' conducting channels have been 

proposed to be involved in several cellular processes. These include the modulation of 

electrical excitability and synaptic inhibition, the regulation of intracellular pH and the 

regulation of cell volume. In this thesis three types of Cl* channels in rat superior 

cervical ganglion neurones have been investigated. These are a Ca^  ̂and protein kinase 

C-dependent Cl* current ( I c i ( m ) ) ,  a hyperpolarization-activated Cl* current ( I c k h p ) )  and a 

swelling-activated Cl* current ( I c i( s w e ii) ) .  These three currents differ in several properties 

including biophysical characteristics, sensitivity to pharmacological agents, anion 

permeability, Ca^^-dependence and involvement of second messenger pathways.

Ici(m) is induced synergistically by Ca^  ̂and diacylglycerol. Consequently it can be 

activated by the actions of the excitatory neurotransmitter, acetylcholine, which causes a 

rise in intracellular Ca^  ̂via the activation of Ca^^-permeable nicotinic ionotropic 

receptors, and generates diacylglycerol by stimulating muscarinic receptors.

The hyperpolarization-activated Cl current, ( I c i(h p ) ) ,  shows strong voltage- and 

time-dependence, is Ca^^-independent and is sensitive to block by the divalent cations, 

Cd"" and Zn"\

Ic i(sw c ii) is activated in response to hypotonicity-induced cell swelling. The 

movement of Cl* ions out of the cell is accompanied by water which thus leads to a 

reversal of cell swelling (Regulatory Volume Decrease mechanism). I have shown that 

Ici(swcii) is different to previously identified Cl* currents in these cells but shares several 

properties with swelling-activated Cl* currents in other cell types.

To conclude, I have studied three types of neuronal Cl* currents which are 

distinct from one another. Ici(m) and Ici(hp) may have a physiological role in the regulation 

of electrical excitability, and Ic i(sw c ii) in the response of cells to osmolarity changes under 

both physiological and pathological conditions.
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Chapter 1

Introduction

This thesis describes a swelling-activated Cl' current in sympathetic neurones and 

its possible role in volume regulation. I have also compared this current to two other Cl 

currents which are expressed in these cells; these are a Ca^ - and protein kinase C 

(PKC)-dependent Cl' current and a hyperpolarization-activated Cl' current. The aim of 

this introduction is to provide the reader with a brief overview of the role of Cl' ions and 

the types of Cl' channels that have been identified in both neuronal and non-neuronal 

cells. Not every aspect of individual Cl' channels can be covered but the biophysical 

properties, pharmacology and, where appropriate, structural characteristics of some Cl* 

channels are described. Attention is also paid to putative Cl* channels whose structure 

has been elucidated but whose function is still not clear, and the medical implications of 

dysfunctional Cl' homeostasis are also briefly discussed.

1.1. THE SUPERIOR CERVICAL GANGLION

Most of the experiments in this thesis describe observations on single isolated 

sympathetic neurones of the superior cervical ganglion (SCG). The sympathetic nervous 

system is a division of the autonomic nervous system which originates from the cervical 

C8 to the thoracic T5 region of the spinal cord and which releases noradrenaline at the 

synapse. The SCG is part of the sympathetic chain of paravertebral ganglia which
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extends from the base of the skull to the sacrum, and is located at the bifurcation of the 

carotid artery. The preganglionic fibres are non-myelinated and synapse onto both 

dendrites and soma; several preganglionic fibres may innervate a single neurone. Within 

the terminals are vesicles containing acetylcholine, the primary transmitter onto these 

cells. How many neurones are there in the SCG? Estimates range from 15600 to 45000, 

with cell diameters ranging from 15-40 pm. In addition to neurones, the SCG also 

contains small granular cells, Schwann cells, endothelial cells, mast cells and fibroblasts. 

The number of postganglionic fibres leaving the SCG is greater than the number of 

preganglionic fibres. Postganglionic fibres innervate viscera such as the heart and 

abdominal organs and various structures in the head such as the eyes, salivary glands and 

blood vessels.

1.2. THE ROLE OF CV IONS

c r  is the most abundant anion present intracellularly and extracellularly, and is 

involved in several cellular processes. In the nervous system, these processes include the 

modulation of electrical excitability and synaptic inhibition (Alvarez-Leefmans, 1990) 

and the regulation of intracellular pH (Kopito ei al., 1989) and cell volume (Ballanyi & 

Grafe, 1988).

1.2.1. C t ions and synaptic inhibition

In the CNS, the actions of the inhibitory neurotransmitters, y-aminobutyric acid 

(GAB A) and glycine, lead to an increased Cf conductance which is involved in both pre- 

and post-synaptic inhibition. Such inhibitory mechanisms are essential for the control of 

the nervous system, not only as a “restraint” on excitation but also as a “fine-tuning” 

mechanism.

Post-synaptic inhibition, as the name suggests, is mediated by inhibitory inputs at 

the post-synaptic membrane. For example, in hippocampal pyramidal cells, the 

membrane potential is hyperpolarized by GABA and thus the excitatory synaptic input 

becomes sub-threshold for activation potential firing (e.g., Eccles et al., 1977). This is 

the basis of the inhibitory postsynaptic potential (IPSP). Pre-synaptic inhibition is not 

quite as well understood; it’s key feature is that inhibition can occur without any effects 

on the postsynaptic membrane. This is due to a direct effect of inhibitory synapses onto 

the presynaptic excitatory terminals; the increased Cl* conductance reduces the
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depolarization-induced Ca^  ̂influx and thus the amount of excitatory transmitter 

released.

The direction of current flow and hence the movement of Cl ions, is dependent 

upon the equilibrium potential for Cf (Eci), or more precisely, the difference between Eci 

and the resting membrane potential (Em). Eci is determined by the effective 

concentrations of intracellular and extracellular Cf which are dependent upon the Cl 

transporting mechanisms^ present in different cell types.

1,2,2. The distribution o f CV ions

If c r  ions were passively distributed across the plasma membrane then Eci should 

equal Em. The fact that Eci is consistently found to be either higher or lower than Em 

suggests a non-passive distribution of Cl*. How is this achieved? There are many plasma 

membrane transport systems which are able to mediate Cl influx or efflux and these will 

be discussed in section 1.3.

1.2.2.1. When E a  is more positive than E„

In SCG neurones, the concentration of intracellular Cl'is higher than expected for 

a passive distribution (intracellular Cf activity %30 mM, measured using a Cl'-sensitive 

electrode; Ballanyi & Grafe, 1985) which makes Eci more positive than Em. Under these 

circumstances, the actions of GABA are depolarizing (Adams & Brown, 1975), which is 

manifested as an inwardly directed current (i.e.. Cl" efflux). Thus, mechanisms must exist 

which act to accumulate Cf inside the cell.

1.2.2.2. When E a  is more negative than Em

For Eci to be more negative than Em, intracellular Cf must be kept at a 

concentration lower than expected for passive distribution, thus requiring a Cf extrusion 

mechanism. However, in hippocampal neurones, for example, both hyperpolarizing and 

depolarizing responses were observed with GABA (Andersen et al., 1980) depending on 

where it was applied; at the soma GABA hyperpolarized the cell, but at the dendritic 

region it caused depolarization. Both these changes were associated with an increase in 

membrane conductance. Initially the differential response to GABA was attributed to a

' The term “Cl' transporting mechanisms” is used loosely to describe any mechanism which is able to move Cl'. 
This may include ATP-driven pumps, ion coupled co-transport or exchange systems and Cl' channels.
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heterogeneous distribution of Cl', where Eci is more positive than Em in the dendritic 

region, but more negative than Em in the somatic region (Misgeld et al., 1986). More 

recent work has suggested that it is the significant permeability of GABAa channels to 

HCO3 (P Hcos/Pci = 0 .2 ) which is responsible, such that during excessive GABAa 

receptor stimulation, there is a large positive shift in Eci and a small negative shift in 

EHC03 (% -12 mV; Staley et a i,  1995) The rate and magnitude of these shifts determines 

the direction of the GABA response (Staley et al., 1995).

1.3. MECHANISMS OF Cl HOMEOSTASIS

Several mechanisms exist for the accumulation and extrusion of intracellular Cf 

(see Cala, 1990). The main ones are shown in F ig u re /.I . The Na^-dependent KVCI* 

co-transport mechanism acts to accumulate Cl' ions and is sensitive to bumetanide (IC50 

0.26 pM). Na^ can be substituted with Li ,̂ with Rb^ and Cl'with Br'. I have already 

mentioned that Cl' is involved in the regulation of intracellular pH. It can do this via a 

CI /HCO3 exchange. This can be coupled to Na^/TC exchange (for Cl accumulation) or 

the K^/H^ exchange (for Cl' extrusion) where Cl' moves with the inwardly directed Na^ 

gradient or the outwardly directed gradient. The combination of the CI /HCO3 

exchange with either the Na^/H^ or the K /̂HT serves to buffer changes in intracellular pH 

and mediate Cl' flux. The H  ̂and HCO3 ions act as counterions which neutralize charge 

transferred by and H  ̂or Na^ and H .̂ The Na^/H^-C1'/HC0 3  system is inhibited by 

amiloride whilst the K^/H^-C1'/HC0 3  system is inhibited by calmodulin antagonists, 

suggesting a possible dependence on intracellular Ca^ .̂ However, the opposite occurs if 

the C1'/HC0 3  exchange is coupled to KVCI' co-transport; intracellular Cl' will be buffered 

and changes in intracellular pH will occur. Finally, KVCI* co-transport mediates Cl' 

extrusion via the outwardly directed chemical gradient for K ,̂ which serves to transport 

c r  against its gradient. can be substituted by Rb^ and Cl'by Br'. No specific 

pharmacological agents exist for inhibiting this system but it is inhibited by fiirosemide 

and bumetanide at high concentrations (100-500 pM).

An ATP-driven Cl' pump exists in the mitochondrial membrane in some tissues, 

including the brain. As well as Cl', it can also transport HCO3 There are no specific 

inhibitors of this pump, and its localization in the plasma membrane is controversial (for 

review, see Gerencser, 1996). Thus, its functional significance in mediating 

transmembrane Cl' transport is unclear. Another Cl' transport system which may be
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CI accumulation CI extrusion

HCC.

HCC,

v e r

Figure 1.1: Some plasma membrane transport systems which mediate C t movement 

The transport systems which exist for intracellular Cl' accumulation are shown on the 

left-hand side, and those which extrude Cl', on the right-hand side. There is also 

movement of Cl through channels, the direction of which depends upon Eci and Em.
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important in neurones and glia, is one where Cl' is coupled to the uptake of GAB A. The 

uptake of GAB A is coupled to the influx of Na^ and Cl down their chemical gradients 

(for review, see Borden, 1996).

1.4. Cl CHANNEL DIVERSITY

Cl ions are involved in different cellular functions. Such diversity is best 

accomplished using a variety of different Cl channel proteins. In comparison to cation- 

conducting channels, the knowledge of identity, structure and function of Cf channels 

has been a much slower progress. The establishment of G ABA and glycine as the major 

inhibitory neurotransmitters and their actions on Cl* channels was an important discovery 

which accelerated the advance in knowledge of the diversity of Cl* channel function.

How do Cr channels differ? Before the advent of molecular cloning and recombinant 

DNA technology, investigators relied on pharmacology and differences in biophysical 

properties. It has become clear that Cl channels, as well as other ion channels, differ 

widely in their mode of activation, regulation, tissue expression, and now we also know 

that they differ structurally. Because of such differences, what is the best way to classify 

these channels? Most ion channels are classified on the basis of their activation, for 

example:

• ligand-gated

• Ca^^^-activated

• voltage-activated

• G protein modulated

• volume-activated

However, like most other families of ion channels, classification is not quite so 

straightforward; some Cl channels cannot be neatly “pigeon-holed” into a single category 

because they may have some common characteristics with other channel types; e.g., 

some swelling-activated Cl currents may be voltage-dependent or Ca^^-dependent or 

regulated by G proteins. Moreover, some channels are none of the above e.g., Xenopus 

oocytes express a Cl channel which is inactivated by Ca^  ̂(Weber et al., 1995). 

Undoubtedly, the best classification will be one based upon channel structure. In this 

introduction I am only going to discuss structurally identified Cl* channels, Ca^^-activated 

Cl* channels, PKC-activated Cl* channels and swelling-activated Cl* channels. Before I go
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on to describe these, I will first describe the pharmacological tools available for the 

“identification” of Cf channels.

1.5. c r  CHANNEL PHARMACOLOGY

The identification of Cf channels on a pharmacological basis has been hampered 

by the distinct lack of suitable selective compounds. Perhaps the most potent and 

selective Cf channel blocker is chlorotoxin (DeBin et al., 1993) which has been shown to 

inhibit an outwardly rectifying Cf current in astrocytoma cells (590 nM: 82 % inhibition, 

Ullrich & Sontheimer, 1996). Agents which inhibit Cf channels (other than the GAB A 

and glycine Cf channel antagonists) include 4,4’-diisothiocyanostilbene-2,2’- 

disulphonate (DIDS), 4-acetamido-4’-isothiocyanatostilbene-2,2’-disulphonic acid 

(SITS), anthracene-9-carboxylic acid (9-AC), 5-nitro-2-(3-phenylpropylamino)benzoic 

acid (NPPB), and nifiumic acid (for reviews, see Greger, 1991; Cabantchik & Greger, 

1992).

None of these blockers are particularly selective for specific Cf channels; 

however nifiumic acid is thought to be more potent on Ca^^-activated Cf channels, {e.g., 

DRG neurones, IC50: »10 pM, Currie et at., 1995) compared to, for example, swelling- 

activated Cf currents {e.g., osteoclasts, IC50: 200 pM, Kelly et al., 1994). The potency 

of a particular drug also varies between cell types, e.g., IC50 values for NPPB on 

swelling-activated Cf currents vary from 13 pM (epithelial cells, Wu et al., 1996) to 29 

pM (endothelial cells, Nilius et al., 1994a) to 68 pM (U373MG astrocytoma cells, 

Bakhramov et al., 1995). In fact, it would seem that it is somewhat difficult to 

distinguish between Cf channel types on the basis of pharmacological agents alone since 

these tools do not have the required specificity. Moreover some of these agents may 

affect other channels; for instance, nifiumic acid has been shown to activate large 

conductance Ca^^-activated channels (Ottolia & Toro, 1994) and NPPB has been 

shown to inhibit volume-sensitive channels (Nilius et al., 1995). “Miscellaneous” 

inhibitors of Cf channels include agents such as 1,9-dideoxyforskolin (DDFSK; 50-100 

pM), verapamil (100 pM), tamoxifen (10 pM) and quinine (100 pM), all of which have 

been shown to block various types of Cf channels. These, however, are perhaps less 

discriminative tools since they all have other actions; quinine is a channel blocker, 

tamoxifen is a calmodulin antagonist (Lam, 1984) and DDFSK and verapamil both block 

voltage-gated Ca^  ̂channels (Zerr e/a/., 1996; Triggle, 1991).
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1.6. FAMILIES OF STRUCTURALLY IDENTIFIED Cl 

CHANNELS

The molecular cloning of Cl' channels has only been active within the last decade, 

starting with the cloning of the glycine and GABAa Cf channels in 1987 (Grenningloh et 

a l, 1987; Schofield et a l, 1987). A cartoon illustrating the 3 families of structurally 

identified Cf channels is shown in Figure 1.2. One of these families is the ligand-gated 

c r  channel family {Figure 1.2A) which is comprised of the GABA-gated Cf channel 

(GABAa) and the glycine-gated Cf channel. These two channels are ligand-gated and 

are not considered further in this thesis.

1.6. L The cystic fibrosis transmembrane conductance regulatory 

protein

The genetically inherited disease cystic fibrosis (see section 1.11.1) is due to 

alterations in the gene which codes for the cystic fibrosis transmembrane conductance 

regulatory (CFTR) protein. CFTR is expressed in a wide variety of exocrine cells {e.g., 

lung, intestine and pancreas) where it is proposed to play a role in Cf secretion and 

possibly the regulation of other conductances {e.g., a cAMP-dependent Cl* current^,

Egan et a l, 1992). It is expressed in the brain, particularly in neurones of the 

hypothalamic regions (Mulberg et a l, 1994), and also in the ventricles, but not the atria, 

of the heart (see Gadsby et a i, 1995). The function of the CFTR in both the brain and 

the heart is unclear. The fact that epithelial CFTR regulates other conductances may 

mean that this is also the case in other tissues.

1.6.1.1. Structure o f  the CFTR protein

The primary structure of CFTR was first elucidated in 1989 (Riordan et a l,

1989) and further investigations showed that it is made up of 12 transmembrane 

spanning domains, 2 nucleotide binding domains (NBDs) and a regulatory (R) domain 

{Figure 1.2B). Thus CFTR does not have a conventional channel-like structure and is in 

fact a member of the ATP-binding cassette (ABC) superfamily of transporters. Other

 ̂Regulation o f the cAMP-dependent Cl channel (which is insensitive to protein kinase A (PKA) in cystic fibrosis) 
is thought to be ATP-mediated; CFTR triggers ATP efflux from the cell through the CFTR channel which then acts 
via ? 2u receptors to stimulate the cAMP-dependent Cl' channel (Schwiebert e ta l . ,  1995).
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Figure 1.2: The three families o f structurally identified Cl channels

(A) This depicts a single subunit o f the GABAa receptor (but it could also be the 

nicotinic acetylcholine receptor or the glycine receptor). Each subunit has 4 

transmembrane domains and five subunits make up a channel

(B) The CFTR protein is made up o f 12 transmembrane domains separated by a 

Regulatory (R) and a nucleotide binding domain (N B D l). There is an additional NBD at 

the cytoplasmic terminus (NBD2). Functional channels can be formed from the first 6 

transmembrane domains.

(C) This shows the structure o f a member o f the CIC family. Note that the exact 

topology o f the channel between domains D9 and D12 is still not known- it may have 

either 3 or 5 transmembrane domains.
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members of this group are the P-glycoprotein (Hyde et al., 1990; see section 1.10.3) and 

the sulphonylurea receptor (Aguilar-Bryan et a i,  1995).

1.6.1.2. The CFTR protein: channel or channel regulator?

Although there has been considerable debate as to whether CFTR is a channel or 

a channel regulator, particularly because of its similarity to other ABC transporter 

proteins, it is now clear that CFTR is a channel. Perhaps one of the strongest pieces of 

evidence for this was that the reconstitution of CFTR into lipid bilayers resulted in a Cf 

current with properties similar to those of native CFTR (Bear et al., 1992). Additionally, 

mutations in the transmembrane domains of CFTR caused modifications in the 

permeation properties (Anderson et al., 1991b) suggesting that the transmembrane 

domains form part of the pore region.

1.6.1.3. Biophysical characteristics o f  the CFTR channel

With symmetrical Cf , CFTR currents have a linear current-voltage relationship, 

a selectivity sequence of Br > Cf > f  and a single channel conductance of 6-12 pS. 

Perhaps the most important feature of the CFTR protein is its regulation by PKA.

1.6.1.4. Regulation o f  the CFTR channel

The presence of the R domain, the NBDs and several consensus sequences for 

PKA- and PKC-mediated phosphorylation in the CFTR protein has implications for 

gating of the channel. Under resting conditions, there is little channel activity - elevation 

of intracellular cAMP leads to channel activation (which does not require Ca^^). These 

observations suggested that phosphorylation may regulate the CFTR channel.

In fact, the channel must be phosphorylated by PKA before it can open (Anderson et al., 1991a). 
Phosphorylation alone is not sufficient for channel activation since withdrawal o f ATP leads to channel 
closure. After PKA-mediated phosphorylation, ATP («1 mM) triggers channel opening. ATP can be 
substituted with GTP and FTP (although less effectively). For maximal channel activity, ATP must bind 
to both NBDs. Non-hydrolyzable ATP analogues cannot substitute for ATP, suggesting ATP hydrolysis 
is required (Anderson et at., 1991a). Phosphorylation and gating o f CFTR occurs in (at least) 2 distinct 
phases. The first is that o f ATP binding and hydrolysis at N B D l- the partially phosphorylated chaimel 
has brief openings and a low open probability. The second phase is the binding o f ATP to NBD2, which 
stabilizes the chaimel, thus the channel has a higher probability o f opening. The chaimel remains open 
until ATP at NBD2 is hydrolyzed.

Although the cAMP-PKA signalling system is established as the major regulatory 

pathway for CFTR channels, the role of PKC remains unclear. PKC does phosphorylate 

CFTR in vitro (Picciotto et al., 1992) and both Ca^^-dependent and independent PKC
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isozymes (plus ATP and a diacyiglycerci (DAG) analogue) were found to phosphorylate 

CFTR and activate the channel (inside-out patches; Berger et al., 1993). However, one 

study showed that only PKA and not PKC induced a conformational change in the CFTR 

protein which may be involved in channel opening (Dulhanty & Riordan, 1994). Others 

have shown that PKC activation alone was ineffective at activating the CFTR channel 

but that in combination with PKA, it potentiated the currents (Winpenny et at., 1995); 

these actions of PKC were proposed to be indirect, via the phosphorylation of regulatory 

proteins.

1.6.1.5. Pharmacology o f  the CFTR channel

There is no selective inhibitor for CFTR and as always, the reports of inhibition 

by different agents in different cell types are variable. For example, NPPB (50 pM) had 

little effect on CFTR expressed in Xenopus oocytes (Cunningham et al., 1992) yet native 

CFTR in epithelial cells was reduced by an even lower concentration of NPPB (10 pM;

38 % inhibition; Gray et al., 1993).

1.6.2. The e t c  family o f  CT channels

Nine different CIC genes have been identified in mammals (for review, see 

Jentsch, 1996). They can be divided into 3 subgroups on the basis of their sequence 

similarity to the founding member, ClC-0 (Jentsch et al., 1990). The first subgroup 

contains ClC-1, ClC-2 and the kidney-specific genes, ClC-Kl and C1C-K2; the second 

group consists of ClC-3, ClC-4 and ClC-5 and finally, the third group has ClC-6 and 

ClC-7.

1.6.2.1. Structural characteristics o f  the CIC channels

The exact topology of the CIC channels is still not known. Based on hydropathy 

analysis, Jentsch and co-workers (1990) suggested that ClC-0 comprised 12-13 domains. 

However, some of these domains were not very hydrophobic nor were they interrupted 

by hydrophilic regions which cast doubt on to the overall structure. More recent work 

has led to some modifications of the original proposed structure and the most favoured 

model is shown in Figure 1.2C. It is thought that the CIC proteins form homomeric 

channels. The ClC-0 channel has 2 pores {i.e., it is “double-barrelled”) (Middleton et al., 

1994) and is encoded for by a single cDNA (Bauer et al., 1991). It is easy to assume
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that the remaining CIC channels will have similar structures, but this may not be the case. 

Initial experiments using mutants of the ClC-1 protein suggested that 4 subunits formed a 

channel (Steinmeyer et al., 1994), although more recently, it has been demonstrated that 

it may be a dimer (Fahlke et al., 1997). ClC-1 and ClC-2 have been shown to form 

functional heteromeric channels (Lorenz et al., 1996) which may add a further level of 

complexity.

1.6.2.2. The ClC-0 channel

In 1979, a voltage-dependent Cl* channel was described in Torpedo californica 

(White & Miller, 1979). Several years later the ClC-0 gene was cloned from Torpedo 

marmorata (Jentsch et al., 1990). The properties of this cloned channel were 

indistinguishable from the native channel (Bauer et al., 1991) and thus it was concluded 

that ClC-0 codes for the native Torpedo Cl* channel. ClC-0 has a slow gate which is 

activated by hyperpolarization and a fast gate opened by depolarization. It has a linear 

current-voltage relationship, an anion permeability sequence of Cl*> Br* (but is blocked 

by T) and has 2 conductance levels (9 and 18 pS). It has already been mentioned that 

ClC-0 has a “double-barrelled” structure with 2 individual and identical pores. Each 

pore has its own independent (fast) gate but can also be gated simultaneously (on a 

slower timescale) by a shared mechanism (Miller & Richard, 1990).
The “double-barrelled” structure was originally proposed to explain the binomial occurrence o f  
conductance levels observed in single channel studies o f the Torpedo Cl* channel. Hyperpolarization 
caused bursting activity where equally spaced conductance levels were observed, yet at depolarized 
potentials, only the upper conductance level was observed. The physical structure was confirmed by 
biochemical analysis o f the ClC-0 protein (Middleton et al., 1994).

Activation of ClC-0 is not just voltage-dependent; it is also dependent upon external, but 

not internal. Cl* concentration such that external Cl facilitates channel opening (Pusch et 

al., 1995). ClC-0 is blocked by DIDS (1 mM) but is virtually unaffected by 9-AC (2 

mM; <50 % inhibition).

1.6.2.3. The ClC-1 channel

This is the mammalian equivalent of the Torpedo ClC-0 channel (Steinmeyer et 

al., 1991a). It is found predominantly in skeletal muscle where it plays a role in 

stabilizing membrane excitability (in skeletal muscle, Eci is close to Em). Muscles with a 

reduced Cl* conductance are hyperexcitable and are termed “myotonic” (see section 

1.11.2). When expressed in Xenopus oocytes, ClC-1 channels are open under resting
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conditions, have an inwardly rectifying current-voltage relationship and deactivate at 

hyperpolarized potentials. The channel is more permeable to Cl' than Br' or I' and has a 

small (<1 pS) unitary conductance. ClC-1 may also be dependent upon external Cl 

concentration, in a similar fashion to ClC-0 (Rychkov et al., 1996). In contrast to ClC-0, 

ClC-1 is blocked by 9-AC (100 pM: %80 % inhibition).

1.6.2.4. The ClC-2 channel

Originally cloned from heart and brain, this channel is expressed ubiquitously and 

is thus thought to have a “house-keeping” role (Thiemann et al., 1992). In Xenopus 

oocytes, it is slowly activated by strong hyperpolarizations (more negative than -90mV, 

i.e., it is closed at physiological voltages). Once activated, its current-voltage 

relationship is linear, it is more permeable to Cl' than to Br' and T, is Ca^"'-independent, 

partially inhibited by 9-AC (1 mM: 50 % inhibition) and is insensitive to DEDS (1 mM).

In addition to its activation by hyperpolarization, ClC-2 is also activated by 

hypotonicity-induced cell swelling (Gründer et al., 1992). However the biophysical 

properties of ClC-2 are very different to classical swelling-activated Cl' currents (see 

section 1.9.1). The role of ClC-2 in neuronal cells has been questioned. It has been 

suggested to be involved in Cl' homeostasis and the modulation of GABAa responses 

(Staley et al., 1996); this is discussed in Chapter 7 (section 7.3.2).

1.6.2.5. The kidney CIC channels, ClC-Kl and CIC-K2

Two kidney-specific CIC channels, ClC-Kl and C1C-K2, have been cloned 

(Uchida et al., 1993; Kieferle et al., 1994). ClC-Kl is expressed in specific regions in 

the kidney, especially the thin ascending limb (Uchida et al., 1993) whereas C1C-K2 was 

found to be expressed in all regions investigated (Kieferle et al., 1994); such different 

distributions may suggest different functions. Expression of ClC-Kl in Xenopus oocytes 

yielded slightly outwardly rectifying Cl' currents which had the permeability sequence of 

Br'>Cl>r and were inhibited ~90 % by 1 mM DIDS and %80 % by 1 mM 9-AC (Uchida 

et al., 1993). Expression could not be repeated by Kieferle et al., (1994) or Jentsch et 

a/., (1995).
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1.6.2.6. The ClC-3 channel

Although originally cloned from rat kidney, ClC-3 shows strong expression in the 

brain, particularly the hippocampus and cerebellum (Kawasaki et at., 1994). Expression 

in Xenopus oocytes led to outwardly rectifying currents which were blocked by 1 mM 

DIDS (90 %) but not 1 mM 9-AC, and which had an anion selectivity sequence of I* > 

Br' > c r  which is different to the other CIC channels described so far. Curiously, 

currents were inhibited by phorbol esters or a rise in intracellular Ca^  ̂and single channel 

studies showed that the channel was only active after patch excision suggesting that the 

channel may be inhibited by a cytosolic factor (Kawasaki et al., 1995). A physiological 

role for ClC-3 in epithelial cells has recently been proposed whereby cell swelling 

activates a cytosolic protein called plein (see section 1.10.2) which in turn opens ClC-3 

channels allowing Cf efflux. These channels are also regulated by PKC and 

Ca^Vcalmodulin-activated kinase (Coca-Prados et al., 1996).

1.6.2.7. The ClC-4 protein

This member of the CIC family is particularly abundant in brain and skeletal 

muscle (van Slegtenhorst et al., 1994) but it has not, as yet, been functionally expressed. 

Therefore its role as a Cf channel is purely hypothetical.

1.6.2.8. The CIC-5 channel

ClC-5 was cloned from rat (Steinmeyer et al., 1995) and is the species 

homologue of a human gene (Fisher et al., 1994). In rat, it is predominantly expressed in 

kidney, but also, to a lesser extent, in brain and liver (Steinmeyer et al., 1995); this is in 

contrast to the human ClC-5 which is exclusively expressed in kidney (Fisher et al.,

1994). Currents elicited by expression of ClC-5 in Xenopus oocytes exhibited strong 

outward rectification, were activated only at voltages positive to +20 mV and had the 

anion permeability sequence Cl > Br > F (Steinmeyer et al., 1995).

1.6.2.9. The ClC-6 channel

The ubiquitously expressed ClC-6 channel exhibits outwardly rectifying Cl 

currents with a permeability sequence of T> B f>  Cl* when expressed in Xenopus 

oocytes (Buyse et a l, 1997). Although it is structurally similar to other CIC proteins, 

(Brandt & Jentsch, 1995), it is curious that expression of this protein induces Cl* currents
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which are identical to those induced by expression of the structurally unrelated protein, 

p l e i n  (Buyse et a i, 1997) (see section 5.3.6.3, Chapter 5).

L 6,2.10. The CIC- 7 protein

Like ClC-4, ClC-7 has not been functionally expressed but it exhibits a ubiquitous 

expression pattern (Brandt & Jentsch, 1995).

1.7. Ca^-ACTIVATED Cl CURRENTS

i. 7.7. Characteristics o f  -activated C t currents

Ca^^-activated Cl* currents ( I c i ( c a ) )  are found in many cell types, including SCO 

neurones (Sanchez-Vives & Gallego, 1994; De Castro et a i,  1997). They can be 

activated by Ca^  ̂influx or Ca^  ̂release from internal stores, although the method of 

activation seems to differ between cells (EC50 values for Ca^  ̂also varies between cells: 

250 nM, endothelial cells, Nilius et al., 1997; %30 pM, Xenopus oocytes, Gomez- 

Hemandez et al., 1997; %50 pM, DRG neurones, Currie et al., 1995). In rat DRG 

neurones, voltage-gated Ca^  ̂influx {via N- and L-type voltage-gated Ca^  ̂channels) is 

the most effective activator of Ici(ca) whilst the release of Ca^  ̂from intracellular stores 

{e.g., by caffeine) is not so effective (Currie & Scott, 1992). This may suggest that Ca^- 

activated Cl* channels are in close proximity to voltage-gated Ca^  ̂channels, which has 

been proposed for mouse SCG neurones (De Castro et al., 1997). Indeed in Xenopus 

oocytes, Ici(Ca) shows a very distinct spatial localization (Gomez-Hemandez et al., 1997). 

In non-neuronal cells, there is much evidence for the activation of Ici(Ca) by agonist- 

induced Ca^  ̂release {e.g., noradrenaline on smooth muscle, Loirand et al., 1990).

The amplitude and kinetics of Ici(Ca) are related to those of the increase in 

intracellular Ca^ .̂ This can become complex if the rise in intracellular Ca^  ̂is high, 

presumably reflecting the many homeostatic mechanisms which exist to buffer 

intracellular Ca^\ Thus, Ici(ca) is blocked by blockers of Câ "̂  channels such as Co% Cd^  ̂

and D600 and potentiated by BayK8644. Likewise they may also be activated by Ba^  ̂

which can pass though Ca^  ̂channels (Dolphin et al., 1986, but see Mayer, 1985), but 

this may be via an indirect mechanism (Ba^  ̂releases intracellular Ca^ ;̂ Scott et al.,

1988). In addition to its Ca^^-dependence, Ici(Ca) is also voltage-dependent; it is slowly 

activated at positive potentials and rapidly deactivates at negative potentials. The steady 

state current-voltage relationship shows outward rectification and its permeability
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sequence is I' > Br > Cl (Nilius et al., 1997). Several values for single channel 

conductances have been reported, e.g., 1-2 pS (lacrimal gland cells, Marty etal., 1984), 

3.6 pS {Xenopus oocytes, Takahashi et al., 1987) and 2.5 and 26 pS (pars intermedia 

endocrine cells, Taleb etal., 1988).

L 7,2. Pharmacology o f  Ici(Ca)

As mentioned above, Ici(Ca) is inhibited and potentiated by blockers and enhancers 

of voltage-gated Ca^  ̂currents, respectively. It is also inhibited by several Cf channel 

blockers e.g., NPPB, SITS, DIDS, 9-AC, and nifiumic acid. The mechanisms of action 

and extent of inhibition of these compounds seems to differ depending on cell type and 

also on the method of activation of Ici(Ca). In neurones, nifiumic acid inhibited Ici(Ca) 

(evoked by voltage-gated Ca^  ̂currents) by 49 % (10 pM: rat DRG neurones, Currie et 

al., 1995), 67 % (75 pM: mouse SCG neurones. De Castro et al., 1997) and almost 100 

% (125 pM: rat SCG neurones, Sanchez-Vives & Gallego, 1994). However when 

activated by the photorelease of caged Ca^ ,̂ the inhibition by 10 pM nifiumic acid in rat 

DRG neurones was 69 % (Currie et a i, 1995). Similar findings have been reported with 

NPPB which has been shown, at a concentration of 10 pM in rat DRG neurones, to 

inhibit Ici(Ca) by 21 % when evoked by caged Ca^  ̂photorelease (Currie et a i,  1995) and 

by 57 % when evoked by voltage-gated Ca^  ̂entry (Currie & Scott, 1992). SITS and 9- 

AC (both at 0.5 mM) had no effects on Ici(Ca) in smooth muscle (Amédée et a i,  1990) 

however 2 mM 9-AC inhibited Ic i(C a )  in mouse SCG neurones by 75 % (De Castro et a i, 

1997) and 1 mM SITS fully blocked Ici(ca) in rabbit pelvic ganglia (Akasu et a i,  1990).

Do subtypes of Ici(ca) channels exist? Reported single channel conductances for 

I c i ( c a )  vary quite widely which might suggest the presence of channel subtypes, although 

this variability is not as great as that for swelling-activated Cf channels, for example (see 

section 1.9.1). A definitive answer to the possible existence of subtypes will no doubt 

result from the molecular cloning of the channel.

1.7,3. A physiological role fo r Ici(Ca)

The physiological role of Ici(Ca) is as yet unclear and is likely to depend upon cell 

type. In SCG neurones, following the firing of a single action potential, an after

depolarization (ADP) was observed which was due to the activation of Ici(ca) caused by 

voltage-gated Ca^  ̂entry during the action potential (De Castro et a i,  1997). It was
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proposed that the channels responsible for Ici(Ca) are located on the dendrites on the basis 

of the absence of ADPs after axotomy-induced dendritic retraction (Sanchez-Vives et al., 

1994; De Castro et a i, 1997). This may suggest that Ic i(C a )  is involved in synaptic 

transmission.

7.7,4. A molecular candidate fo r Ici(Ca)?

A Ca^^-sensitive Cf channel (CaCC) has been cloned from epithelial cells 

(Cunningham et a i,  1995). When reconstituted into lipid bilayers or expressed in 

Xenopus oocytes, it was activated by Ca^Vcalmodulin kinase (Fuller et a i, 1994), 

showed outward rectification, was insensitive to nifiumic acid (100 pM) but not DIDS 

(100 pM: 60 % inhibition) and had a permeability sequence of T> Br > Cf and a unitary 

conductance of 25-30 pS (Cunningham et a i, 1995). It is suggested to be different from 

the endogenous Ic i(C a )  channel in Xenopus oocytes, on the basis of the differential 

sensitivity to nifiumic acid (Ki 17 pM, White & Aylwin, 1990) and the single channel 

conductances ( I c i ( C a )  3.6 pS, Takahashi et a i, 1987).

1.8. G PROTEIN MODULATED Cl CURRENTS

Some c r  channels can be directly regulated by G proteins {e.g., skeletal muscle 

c r  channels, Fahlke et a i, 1992). In this section I will discuss Cl' currents which are G 

protein modulated via a second messenger pathway. This is a broad classification since 

this group will contain PKA- and PKC- regulated Cl' currents, including the CFTR 

channel, and other Cl' currents which are modulated by second messengers. In 

particular, I will briefly mention a cAMP-dependent Cl current expressed in cardiac 

cells, but will mainly concentrate on PKC-activated Cl' currents.

1.8.1. A cAMP-dependent cardiac C t current

The CFTR protein has already been discussed (section 1.6.1). In the heart,

CFTR has the same localization as a cAMP-dependent Cl" current. This current is 

activated by stimulation of P-adrenoceptors which are coupled to the Gs type of G 

proteins; these then stimulate adenylate cyclase resulting in the generation of cAMP.

The biophysical properties of the CFTR current are similar to the c AMP-dependent Cl 

current {e.g., voltage characteristics, anion permeability sequence). Whole cDNA
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isolated from rabbit ventricle was shown have a CFTR-encoding region (Hart et al., 

1996). It is thought that the cardiac CFTR is a spliced isoform of the epithelial CFTR 

protein (Horowitz et a i, 1993), evidence which was confirmed by the use of antisense 

oligodeoxynucleotides directed against CFTR which reduced cAMP-dependent cardiac 

c r  currents without affecting the cAMP pathway (Hart et a i, 1996).

L8,2. PKC-activated C t currents

This group of Cl channels is perhaps the least-well defined. They have not been 

reported in many cell types but these include cardiac myocytes (Walsh, 1991), 

hepatocytes (Koumi et a l, 1995), proximal tubule cells (Robson & Hunter, 1994, 1997) 

and neutrophils (Schumann & Raffin, 1994). Other than the ClC-3 channel, which is 

inhibitedhy PKC (see section 1.6.2.6), there has been only one report of a neuronal 

VYSl-activated Cf current (Marsh et a l, 1995) and this will be discussed in Chapter 3.

In cardiac cells, phorbol esters induced a Cl' conductance which had a linear 

current-voltage relationship in symmetrical Cl', was inhibited by 9-AC (0.1 mM: %50 % 

inhibition) and staurosporine (1 pM: 90 % inhibition). A similar current was activated by 

forskolin (Zhang et a l, 1994). Other studies showed that the PKC-activated and PKA- 

activated conductances had similar unitary conductances (%9 pS, Collier & Hume, 1995). 

The question then arose: do PKA and PKC activate the same, or a different Cl' channel? 

Many have concluded that either PKA or PKC activate the same channel, and as yet no 

evidence to the contrary has been presented. The fact that the role of PKC in regulation 

of the CFTR channel (which is thought to be the c AMP-dependent cardiac Cl' current) is 

still unclear (see section 1.6.1.4) means that the question still remains unanswered.

The PKC-dependent Cl' channel described in frog proximal tubule cells (Robson 

& Hunter, 1994, 1997) is activated by cell swelling in the presence of ATP and PKC 

stimulation and has similar characteristics to swelling-activated Cl'currents {e.g., 

voltage-dependence, anion permeability).

1.9. SWELLING-ACTIVATED Cl CURRENTS

Swelling-activated Cl currents are present in many cell types, both neuronal {e.g., 

Leaney et al., 1997) and non-neuronal {e.g., chromaffin cells, Doroshenko & Neher,

1992; epithelial cells, Winpenny e ta l,  1996; ventricular myocytes, Tseng, 1992). The
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general characteristics of these Cl* currents are similar between different cell types, but 

there are some quite notable differences. This may suggest that there is more than one 

type of channel and/or it may reflect different transduction mechanisms and the types of 

volume changes that these cells may be exposed to. Thus, there are many factors which 

contribute to the general characteristics of these currents.

1.9, L Biophysical properties o f  swelling-activated C t currents

Swelling-activated Cf currents can be activated by external hypotonicity, internal 

hypertonicity or by applying positive pressure via the patch pipette. As mentioned, there 

are some characteristics of swelling-activated Cf currents which differ amongst cell 

types. For the purpose of this introduction, I will only describe the most common 

properties of swelling-activated Cf currents, i.e., those which appear to be the most 

consistent between cell types.

Swelling-activated Cf currents exhibit outward rectification and are, on the 

whole, time-independent (although some show time-dependent inactivation at positive 

potentials, e.g., 1407 epithelial cell line, Kubo & Okada, 1992). Their anion permeability 

sequence is T > Br > Cf although some channels show quite high permeabilities to 

amino acids such as taurine, which is believed to be important in volume regulatory 

mechanisms (Jackson & Strange, 1993; see section 6.3.8, Chapter 6). Single channel 

conductances have been reported as “mini” {e.g., 2 pS, chromaffin cells, Doroshenko & 

Neher, 1992), “intermediate” {e.g.,15 pS, T84 epithelial cells, Worrell etal., 1989) or 

“maxi” {e.g., 300 pS, N lE l 15 neuroblastoma cells, Fahlke & Misler, 1989).

1.9.2. Pharmacoiogy o f swelling-activated C t currents

There is no selective inhibitor of swelling-activated Cf currents, hence they are 

inhibited to varying extents by many of the Cf channel blockers (NPPB, nifiumic acid) 

and also by miscellaneous agents such as tamoxifen, dideoxyforskolin and quinine.

1.9.3. Transduction mechanism for sweiling-activated Cl- currents

The mechanism which transduces changes in volume into membrane current is 

not established for swelling-activated Cf currents and it is possible that it differs between 

cell types. Several mechanisms have been suggested ranging from membrane stretch and
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cytoskeletal changes to G proteins and arachidonic acid. This is discussed in more detail 

in Chapter 5 (section 5.3.5) and Chapter 7 (section 7.2).

L9.4, A physiological role fo r sweiling-activated C t currents?

The most obvious role for a swelling-activated Cl" current would be in volume 

regulation, and indeed most cells do show some volume regulatory mechanisms.

Changes in cell volume may result from physiological or pathological changes. 

Physiologically, volume changes may occur in response to neurotransmitters, during 

secretion or during metabolic activity. Swelling also occurs under conditions such as 

ischaemia (e.g., Meyer, 1989). An alternative role, other than volume regulation, may be 

in cell proliferation (Schumacher et al., 1995; Voets et al., 1995).

7.9.5. A molecular candidate fo r swelling-activated Cl- currents?

Swelling-activated Cl currents are present in many mammalian cells. This could 

reflect the ubiquitous expression of a single channel or a super-family of functionally 

related Cl channels whose properties and expression differ between cell types. The 

molecular candidate for swelling-activated Cf currents is unknown, although several 

proteins have been suggested. These include picb (section 1.10.2), P-glycoprotein 

(section 1.10.3) and the ClC-2 channel (section 1.6.2.4).

1.10. PUTATIVE c r  CHANNELS

There are some proteins which can only be classed as putative Cf channels since 

their exact function is unknown. These are the phospholemman and the p l e i n  proteins. 

There is also a member of the ABC family of transporters, P-glycoprotein, which was 

initially thought to be a Cf channel (Valverde et al., 1992). It is now agreed that this is 

not the case and this too will be briefly discussed.

7.79.7. The phospholemman protein

Phospholemman (PLM) is a small protein which was first identified in 

myocardium but has since been shown to be present in a variety of tissues, although not 

brain or kidney (Palmer et al., 1991). Structurally, it has only one putative 

transmembrane spanning domain, but it has clearly been demonstrated to form an ion
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channel. When PLM was expressed in Xenopus oocytes they developed a very slow 

inward Cl current in response to hyperpolarizations more negative than -80 mV. This 

current was Ca^^-independent, inhibited by Ba^  ̂and relatively insensitive to Cd^ .̂ 

Additionally, amino acid mutations in the transmembrane region of the protein altered 

the activation kinetics of the current (Moorman et al., 1992). These observations would 

suggest that PLM forms ion channels. However an endogenous hyperpolarization- 

activated c r  current is present in Xenopus oocytes (Parker & Miledi, 1988) which is 

similar to the current induced by expression of PLM. Thus the question arose of PLM 

being a channel or a regulator of the endogenous current (Kowdley et al., 1994). This 

problem was resolved by the reconstitution of PLM in lipid bilayers, when it was 

confirmed that the PLM-induced current was distinct from the hyperpolarization- 

activated c r  current in Xenopus oocytes (Moorman et al., 1995).

Two interesting features of PLM are its very high permeability to taurine, which 

is 70 times more permeable than Cl* (Moorman et al., 1995; Kowdley et al., 1997) and 

its ability to conduct both anions and cations. Transitions between the anion- and cation- 

conducting states are voltage-dependent and are modulated by taurine. The modulatory 

effects of taurine are attributed to its zwitterionic character^ since it is able to bind to 

both cation and anion sites within the channel.

L10,2. The p le in  protein

p l e i n  was originally cloned from Madine Darby canine kidney (MDCK) cells 

(Paulmichl et al., 1992). It is widely expressed and is most abundant in brain, heart and 

adrenal gland (Ishibashi et al., 1993). Phylogenetically, plein is well conserved since a 

similar protein is also expressed in some marine animals (Musch et al., 1997).

Expression in Xenopus oocytes led to strongly outwardly rectifying Cl* currents which 

exhibited time-dependent inactivation at positive potentials. It was also Ca^- 

independent and inhibited by extracellularly applied nucleotides such as cAMP and 

cGMP. The structure of plein is somewhat unusual: hydropathy analysis revealed that 

this protein had no transmembrane spanning domains but was made up of 4 P strands 

(Paulmichl et al., 1992); if the protein formed a dimer, then the pore may be formed from

 ̂Taurine contains both acidic (-SO3) and basic (-NH2) groups and the predominant form present depends upon the 
pKa values for taurine and the pH of the solution. The isoelectric point is that point where the concentration o f the 
zwitterion is at its maximum and the concentration o f anions and cations are equal (see section 6.3.8, Chapter 6).
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8 anti-parallel (3 strands. It has subsequently been shown that plein can form homomeric 

complexes in vitro (Buyse et al., 1996). An endogenous plein protein was identified in 

Xenopus oocytes (Krapivinsky et al., 1994) which was 74 % homologous to the MDCK 

plein; such close similarity was alarming since the original investigations of plein-induced 

currents had used oocytes as the expression system. Further experiments showed that 

plein was actually cytosolic, less than 5 % being found in the plasma membrane- 

containing fraction. It has been suggested that plein is the molecular candidate for 

swelling-activated Cl*currents (Krapivinsky etal., 1994), although this is somewhat 

controversial and will be discussed in Chapter 5 (section 5.3.6.3). plein has not been 

reconstituted in lipid bilayers but it has been shown to translocate in response to 

hypotonicity {e.g., Laich et al., 1996; Musch et a i,  1997) although this could not be 

verified by Buyse et a i, (1997). It is also curious that expression of plein in Xenopus 

oocytes reveals currents which are identical {e.g., time-dependent inactivation, outward 

rectification, anion selectivity, blocked by cyclamate) to those caused by expression of 

the ClC-6 channel (Buyse et al., 1997), since the two proteins are structurally unrelated. 

A possible explanation for this is that the two proteins both regulate an identical 

endogenous channel. The fact that plein is primarily cytosolic and has no putative 

transmembrane spanning regions suggests that it may act as a regulatory protein.

LIOJ, P-glycoprotein

P-glycoprotein is the product of the multi-drug resistance gene {mdr) and as such 

extrudes hydrophobic drugs from cells (see Endicott & Ling, 1989). It was postulated 

that P-glycoprotein was associated with a swelling activated Cl' channel (Valverde et al.,

1992) - thus it had a bifunctional role. It was unclear whether P-glycoprotein was a 

channel or a channel regulator. Their are different classes of P-glycoprotein inhibitors 

based on their ability to either inhibit transport or inhibit the channel (Mintenig et al.,

1993).
Class I compounds are agents which are transported by P-glycoprotein (e.g., vincristine, daunomycin)- 
they do not act as channel blockers. Class II compounds inhibit the transport function o f P-glycoprotein 
and also inhibit the channel but only when applied extracellularly (e.g., DDFSK, verapamil). Class m  
compounds are channel blockers but have little effect on transport (e.g., NPPB). Class IV compounds 
inhibit transport without affecting the chaimel (e.g., cyclosporins).

It was initially thought that P-glycoprotein switched function from a transporter 

to a c r  channel upon cell swelling but more recent evidence suggests that this is not the 

case.
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NIH3T3 fibroblasts transfected with the mdr gene exhibited hypotonicity-activated outwardly rectifying 
c r  currents, which were inhibited by Cl' channel blockers (NPPB, DIDS) and also inhibitors o f P- 
glycoprotein-mediated transport (DDFSK, verapamil). These currents were not observed in non
transfected cells (Valverde et a i ,  1992). It was hypothesized that upon cell swelling, P-glycoprotein 
switched from transporter to channel. Reports then showed that non-transfected NIH3T3 cells already 
possessed a swelling-activated Cl* current (Ehring el al., 1994; Luckie et al., 1994).

Some further evidence which supports a regulatory role for P-glycoprotein is (a) 

expression of the mdr gene in Xenopus oocytes did not lead to a swelling-activated Cl 

current (Morin et al., 1995), (b) the swelling-activated Cl* currents in several cell types 

were no different in /w^/r-transfected than in non-transfected cells (epithelial cell lines, 

Rasola et at., 1994; fibroblast cell line, Vanoye etal., 1997) and (c) antisense 

oligonucleotides directed against P-glycoprotein abolished its expression without 

affecting the swelling-activated Cl* current in an epithelial cell line (Tominaga et al.,

1995). Some swelling-activated Cl* currents are sensitive to inhibitors of P-glycoprotein 

{i.e., tamoxifen, DDSFK, verapamil) but it is likely that these agents are non-selective. 

Other swelling-activated Cl* currents have been shown to be inhibited by antibodies 

directed against P-glycoprotein {e.g., Wu et a i, 1996); it is more likely that P- 

glycoprotein regulates some swelling-activated Cl currents. Indeed, it is thought to do 

this via PKC-mediated phosphorylation of P-glycoprotein (Hardy et a i,  1995).

1.11. MEDICAL IMPLICATIONS OF Cl CHANNEL 

DYSFUNCTION

There are several medical conditions which are known to arise from dysfunctions 

in c r  homeostasis. Perhaps the best examples are cystic fibrosis and muscle myotonias.

7.11,1, Cystic fibrosis

Cystic fibrosis has been described as the most common and fatal genetic disease 

in Caucasian populations (Collins, 1992). It is associated with reduced Cl* and water 

transport across the apical membranes of epithelial cells. Thus, a reduction in the 

amount of fluid secreted from epithelial cells in the lung and in the secretory ducts of the 

pancreas results in blockage of these ducts, thick dehydrated mucus and bacterial 

infections. It is known that cystic fibrosis is caused by alterations in the gene which 

codes for the CFTR channel. The most common alteration which accounts for «70 % of 

cases, is the deletion of Phenylalanine 508. This deletion causes a temperature-sensitive 

defect in the processing of the protein such that at 27 °C the mutated protein can form
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functional channels, but at 37 °C, they fail to reach the plasma membrane (Denning et al., 

1992). As well as the deletion of Phenylalanine 508, there are many other mutations 

which also contribute to cystic fibrosis (Tsui, 1992).

1,11.2. Muscle myotonias

There are 2 forms of inherited myotonia (muscle stiffness); these are Becker’s 

(recessive) myotonia and Thomsen’s (dominant) myotonia. These conditions are 

associated with a reduced Cl" conductance making the muscle membrane hyperexcitable 

Both myotonias are due to a loss or reduction of function of the ClC-1 channel.

Different mutations in different parts of the ClC-1 protein are responsible for each 

myotonia. In recessive myotonia total loss of function of ClC-1 occurs; this is due to the 

insertion of a transposon into the gene, thus destroying the coding region for several 

putative transmembrane domains (Steinmeyer et a i, 1991b). In dominant myotonia, 

mutant ClC-1 proteins can still interact with wild-type ClC-1 proteins leading to their 

inactivation and thus a reduced Cl" conductance (Steinmeyer et a i, 1994).

1.12. SUMMARY AND AIMS OF THE WORK

It is all too easy to assign a particular role to a particular channel, but it is 

important to remember that channels are likely to have more than one role. The CFTR 

channel, for instance, as well as being involved in Cl" transport also regulates other 

conductances (see section 1.6.1) and may be involved in the transport of some amino 

acids (Rotoli et a i,  1994). GABAa channels may not act solely to regulate electrical 

excitability of the nervous system but may also have a role in homeostatic mechanisms, 

such as pH and cell volume regulation. Recent work has implicated glycine receptors in 

osmoregulation in the CNS (Hussy et a i, 1997).

As I have already pointed out, the major leap in our knowledge concerning Cl" 

currents came with the cloning of the GABAa and glycine channels in 1987. Knowledge 

of c r  channels and the role of Cl" ions has certainly lagged behind that concerning the 

major cations, Na^, and Ca^ ,̂ and in fact background Cl" channels for many years 

were simply regarded as “leak”.

In this thesis I have described three neuronal Cl" currents, a Ca^  ̂and PKC- 

dependent Cl" current (Chapter 3), a hyperpolarization-activated Cl" current (Chapter 4)
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and a swelling-activated Cl' current (Chapter 5) which have quite distinct characteristics. 

I have also attempted to discuss their possible physiological roles. The aims of the work 

were to compare these currents to each other and to other Cl' currents which have been 

previously described in these cells. Prior to the start of this work, Cl* currents which had 

already been described in SCG neurones included GABAa currents {e.g., Adams & 

Brown, 1975), Ca^^-activated Cl currents {e.g, Sanchez-Vives & Gallego, 1994) and a 

hyperpolarization-activated Cl* current (Selyanko, 1984). Neither the Ca^ - and PKC- 

dependent c r  current nor the swelling-activated Cl* current had previously been 

observed in SCG neurones and experimental observations of both these currents have 

been published (Marsh et al., 1995 and Leaney et a i, 1997, respectively).
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Chapter 2

Methods

2.1, Tissue culture

2.1.1. Dissociation and culture o f  rat superior cervical ganglia neurones

Sympathetic neurones from rat superior cervical ganglia (SCG) were isolated and 

cultured following a method modified from Marrion et a l, (1987). Sprague-Dawley rats 

(15-17 day old) were sacrificed by CO2 asphyxiation followed by decapitation. The SCG 

were located, removed and placed in Leibovitz L-15 medium. After the removal of their 

membranous sheath, each ganglion was cut into four even sized pieces which were then 

washed twice in a modified Hank’s Balanced Salt Solution (mHBSS; Ca^ - and Mg^^- 

free, with the addition of 10 mM HEPES). Cells were enzymatically treated by 

incubating the pieces of ganglia in collagenase (500 units/ml) plus bovine serum albumin 

(BSA; 6 mg/ml), dissolved in mHBSS at 37 °C for 15 minutes. The tissue was then 

washed twice with mHBSS and incubated in trypsin (type XIIS; 1 mg/ml) plus BSA (6 

mg/ml), in mHBSS for 30 minutes at 37 °C. After enzyme treatment, the tissue pieces 

were transferred into SCG growth medium and triturated using a fire-polished Pasteur 

pipette (approximate internal diameter 1 mm) until the medium appeared cloudy. The 

cloudy cell suspension was then added to L-15 medium and centrifuged at SOg for 3 

minutes. The supernatant was decanted and the pellet re-suspended in SCG growth 

medium. 500 pi aliquots of this cell suspension were then placed into laminin-coated
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recording dishes. These consisted of polished glass rings (external diameter 20 mm, 

internal diameter 16 mm, height 3 mm) attached to borosilicate glass coverslips (BDH,

22 mm x 22 mm, thickness 0.13-0.17 mm) with a silicone elastomer (Sylgard, baked at 

180 °C for 2 hours). At the start of the tissue culture procedure, the dishes were coated 

with laminin substrate (50 pg/ml) and incubated for 2 hours. Just before use, the laminin 

was removed and the dishes washed with L-15 medium. Cells were allowed to adhere to 

the dishes overnight in an incubator (37 °C; 95 % air/5 % CO2). Recordings were made 

from cells that had been in culture for 1-2 days, while cells used after more than one day 

in culture were kept in the incubator and re-fed by replacing the growth medium with 

fresh medium.

2.1.1.1. SCG Growth medium

L15-based with 10 % foetal calf serum, 2 mM L-glutamine, 38 mM glucose, 24 

mM NaHCOs, 50 ng/ml nerve growth factor and 100/100 International Units penicillin 

and streptomycin.

2.1.2. Rat basophilic leukaemia (RBL) cell line

Cells were maintained in monolayer culture in RBL growth medium at 37 °C in a 

humidified atmosphere of 95 % air/5 % CO2 The cells were harvested by first removing 

the growth medium and washing with Ca^ -̂ and Mg^^-free Dulbecco’s Phosphate 

Buffered Saline and then by the use of 0.5 % trypsin in a Ca^ - and Mg^^-free EDTA 

solution (Sigma). The cell suspension was centrifuged at 225g for 3 minutes and the cell 

pellet re-suspended in fresh growth medium. This suspension was aliquoted (500 pi) 

into glass recording dishes (as above) at a final density of 25000 cells/ml. Cells were 

allowed to adhere to the glass overnight in an incubator (37 °C; 95 % air/5 % CO2) and 

recordings were made from cells the next day.

2.1.2.1. RBL Growth medium

Minimum Essential Medium (MEM) supplemented with 2 mM glutamine, 100 

U/ml penicillin and 100 pg/ml streptomycin.
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2 2  Electrophysiological recordings

2.2.1. General

Cells were transferred in their recording dishes to the stage of an inverted 

fluorescence microscope (Nikon Diaphot 200) and superfused with external solution at a 

flow rate of ̂  10-14 ml/min. The volume of the dish was 500 pi thus complete exchange 

of dish contents was achieved in <5 s. The solution was gassed with 100 % 0% (for 

HEPES-buffered solutions) or 95 % Oz/5 % CO2 (for HCOg'-buffered solutions) and for 

some experiments was pre-heated to 32 °C. Electrophysiological recordings used either 

the perforated-patch (Horn and Marty, 1987) or the whole-cell patch clamp technique 

(Hamill a/., 1981).

Voltage commands were generated using the pClamp suite of software (version 

6.0, Axon Instruments) and imposed using a patch clamp amplifier (Axopatch 200A, 

Axon Instruments). The output of the amplifier was filtered at 5 kHz using the 

amplifier’s integral filter (lowpass Bessel) and was connected to a pre-amplifier 

(Cyberamp 320, Axon Instruments) and then to an analogue-to-digital converter 

(Digidata 1200, Axon Instruments) before being connected to a computer (Dell Pentium 

PC). Data were recorded to computer using the Clampex module of the pCIamp 

software and were also recorded using a pen recorder (Gould 2400S).

2.2.2. Patch pipettes

Patch pipettes were pulled on a vertical pipette puller (List) using thin-walled, 

filamented borosilicate glass (Clark Electromedical, external diameter 1.5 mm, internal 

diameter 1.17 mm). Pipette tips were then fire polished using a microforge (Narishige) 

to enhance the formation of gigohm seals, and in some instances the shanks were coated 

with Sylgard, prior to polishing, to reduce capacitance. When filled with pipette 

solution, patch pipettes had final resistances of 2-4 MQ.

2.2.3. The patch clamp procedure

Patch pipettes were held in a polycarbonate and “Teflon” electrode holder 

designed and engineered in the Department of Pharmacology, UCL. Pipettes were 

positioned in the external solution above the cells and were advanced close to the cell 

using a mechanical manipulator (Narishige). The electrical resistance was monitored 

continuously by recording currents in response to a transient voltage command (10 mV
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hyperpolarizing for 10 ms, at a frequency of 20 Hz). This voltage command resulted in a 

rectangular current pulse, the amplitude of which was dependent upon the resistance of 

the pipette, from Ohm’s law (V = I.R). Before sealing on to the cell, pipette current was 

adjusted to zero using the offset on the patch amplifier; the ground electrode was an agar 

bridge filled with 3M KCl and connected to a pool of 3M KCl. Contact between the cell 

and the pipette was monitored by a decrease in the amplitude of the current pulse due to 

an increase in resistance between the cell and the pipette. A suction tube was connected 

to the side-arm of the electrode holder through which gentle suction was applied. This 

resulted in an increase in resistance and the formation of a high resistance “gigohm” seal 

(only resistances greater than 1 Gfl were used for recordings). Whole cell recordings 

were obtained by applying a brief increase in suction to rupture the patch of membrane 

beneath the pipette, achieving series resistances of 4-10 MQ at a holding potential of -60 

mV. For reversal potential (Erev) measurements, series resistance was compensated by 

70-80 %.

2,2.4. The perforated-patch technique

In some experiments the perforated-patch technique was used to record 

membrane currents. These experiments used the polyene antibiotic amphotericin B (Rae 

et ai, 1991). A stock solution of 100 mg/ml amphotericin B was made up daily in 

dimethylsulphoxide (DMSO) and sonicated for 20-40 s. This solution was then 

dissolved and sonicated in internal solution to give a final concentration of 100 pg/ml. 

Tips of patch pipettes were dipped in amphotericin-free internal solution for 10-45 s and 

then backfilled with permeabilizing internal solution. Amphotericin B solutions were 

kept in the dark and fresh internal solutions were made every 2 or 3 hours. Solutions 

were filtered (Gelman, 0.45 pm pore size) before the addition of antibiotic. After the 

formation of a gigohm seal, cells were left in the cell-attached mode at -60 mV until the 

membrane beneath the pipette had permeabilized. This was monitored by the slowly 

increasing amplitude of the capacity transients, reflecting the decrease in series 

resistance. If a sudden change in the size of the capacity transients was observed, it was 

assumed that the patch had ruptured and the cell was in the whole-cell mode - these cells 

were rejected. Final series resistances of 8-15 MQ were generally obtained within 15 

minutes of seal formation.
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2.2.5. Temperature regulation

External solution was passed through a heating device (Mr. C. Courtice, School 

of Pharmacy, University of London) which utilized a thermistor probe and a temperature 

controller {Figure 2.1). The heating device consisted of a stainless steel disc (50 mm 

diameter, 10 mm depth) with a spiralled groove spark-eroded into the surface (1 mm 

width, 1 mm depth). This stainless steel disc was covered with a “Perspex” disc through 

which two stainless steel tubes passed vertically. These were positioned at the start and 

at the end of the groove and were the input and output tubes for external solution. Two 

15 f l  electrical power resistors, connected in parallel, were placed beneath and in direct 

contact with the metal disc; these acted to heat the stainless steel disc and thus in turn, 

the external solution. An additional hole was also drilled through the “Perspex” disc in 

which a thermistor was positioned so that it was in contact with the flow of external 

solution. This was connected to an external temperature control unit and these together 

acted as a feed-back device. Temperature could be maintained constant to within ±0.5 

°C.

2.2.6. Drug application methods

Drugs were generally bath applied by gravity superfusion by addition to the 

reservoirs containing external solution. In some instances drugs were applied via 

pressure ejection from a pipette localized close to the recording pipette (10-20 pm away 

from the cell). In these instances a pressure of 5 Ib/in  ̂was applied for a period of 5-30 s. 

Pressure was supplied by a compressed air cylinder and its application was controlled by 

apparatus constructed “in-house” (Mr. C. Courtice, School of Pharmacy, University of 

London) and was initiated and terminated manually.

2.2.7. Junction potentials and series resistance errors

Junction potentials arise when 2 different solutions of different compositions 

come into contact with one another (for review, see Neher, 1992). In the present study, 

junction potentials were measured according to Neher (1992). The reference electrode 

was a wide-bore patch pipette filled with 3M KCl connected via an agar bridge to a pool 

of 3M KCl. When both the bath and pipette contained internal solution, the amplifier 

voltage was adjusted to zero. The bath solution was then replaced with the appropriate 

external solution being tested and the change in potential noted. Junction potentials for
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Figure 2.1: Schematic diagram o f the device usedfor controlling the temperature o f 

external solution

This Figure illustrates the heating device used to control tem perature o f external 

solution. A full description is given in the text.
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all solutions were found to be less than 6 mV and all data were corrected. Junction 

potentials were also calculated using a computer programme (JPCalc; Barry, 1994) and a 

comparison of these two techniques revealed very little difference between measured and 

calculated junction potentials (<1 mV).

Values of series resistance typically obtained in whole-cell recordings were 4-10 

MQ and 8-15 Mf2 in the perforated-patch configuration. For reversal potential 

determinations series resistance was compensated for (70-80 %), thus reducing series 

resistance to values between 2.8 and 10.5 MQ. The mean current amplitude for all 3 

currents investigated did not generally exceed 500 pA. Thus for a current of amplitude 

500 pA, the associated voltage error would be <6 mV.

2.2.8. Calculation o f  equilibrium potentials

For all Eci and anion permeability calculations, ion activity was used rather than 

concentration. Activity coefficients (y) were taken from Kielland (1937) or Robinson 

and Stokes (1959), or were calculated for individual electrolytes using the extended 

Debye-Hückel equations outlined in Pitzer and Mayorga (1973) and Baumgarten (1981). 

This is detailed in Appendix A.

2.2.9. Calculation ofpermeability ratios fo r  ion selectivity sequences

Relative anion permeabilities were calculated using the Goldman-Hodgkin-Katz 

equation:

RT , Cl 
= ——. inrev

where R is the universal gas constant (8.315 J/K/mol), T is temperature (°K), F is 

Faraday’s constant (96480 C/mol), Clj and CL are the Cl* activities in the internal and 

external solutions, respectively, Xo is the activity of the test anion, X*, in the external 

solution and Px/Pci is the relative permeability of the test anion, compared to Cl*, where 

Pci is set to 1.
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2.2.10. Data acquisition and analysis

Voltage protocols were generated and data acquired using Clampex software 

(pClamp version 6.0, Axon Instruments) on a Dell Pentium PC. Currents were also 

recorded on a Gould 2400S chart recorder. Data were analyzed using Clampfit software 

(pCIamp version 6.0), Microcal Origin (version 4.1), and Borland QuattroPro (version 

5.0). Curves were fitted to non-weighted data using non-linear least squares analysis, 

unless otherwise stated.

2.3. The fluorescent microscope

Some of the work presented in this thesis has used the fluorophore Indo-1 

(Grynkiewicz et al., 1985) to measure changes in intracellular Ca^  ̂concentration 

(section 2.4). Fluorescence from Indo-1 was measured using a photometric system. 

Briefly, Indo-1 was excited at a given wavelength and emitted light was measured using 

photomultiplier tubes. A schematic diagram of the experimental apparatus used for 

Indo-1 experiments is shown in Figure 2.2. The peak emission wavelengths for Indo-1 

are 401 nm (Ca^^-bound) and 475 nm (Ca^^-free) and its peak excitation wavelength is 

346 nm.

2.3.1. Experimental apparatus

Excitation of Indo-1 was achieved using ultraviolet light from an encased 100 W, 

12 V Xenon arc lamp (Osram). Emitted light passed through a quartz collector lens and 

a 360 nm filter (330-380 nm bandwidth). Excitation light was reflected by a 380 nm 

dichroic mirror'  ̂and passed through a glycerine-immersion objective (UV Fluor; xlOO, 

numerical aperture 1.3) on to the cell. Emitted light from the cell passed back through a 

dichroic mirror and a xl relay lens in the side port of the microscope. The light was split 

by an additional 455 nm dichroic mirror onto two photomultiplier tubes (Thom EMI) 

with input filters (Ealing Optics) at 405 nm (396-414 nm bandwidth) and 480 nm (473.5- 

486.5 nm bandwidth). A diaphragm unit was placed in front of the photomultiplier tubes 

which contained 7 circular pinhole openings - the pinhole was selected to be just greater 

than the area of the cell. Output currents from each photomultiplier tube were then fed 

to a current-voltage converter and then to a ratio amplifier (Mr. N. Gill, UCL) where the

 ̂Dichroic mirrors are interference filters which when positioned at 45 ® to the light pathway, reflect wavelengths 
shorter than the specified wavelength. Wavelengths longer than this are transmitted through the dichroic mirror.
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Figure 2.2: The set-up fo r  recording Indo-1 fluorescence

Schematic illustration of the intracellular Ca^  ̂measurement system. Fluorescence at 405 

nm and 480 nm was monitored using photomultiplier tubes. The ouput currents from the 

photomultiplier tubes were converted into voltage and then into 405 nm/480 nm 

emission ratio using the ratio amplifier. Ratio output was recorded directly onto 

computer. A full description is given in the text.
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outputs from the photomultiplier tubes were converted into 405 nm/480 nm emission 

ratio. The voltage output of the ratio amplifier was then digitized by an analogue-to- 

digital converter (Digidata 1200, Axon Instruments) and recorded directly to computer.

2.3.2. The ester form  o f  Indo-1

Indo-1 is a charged molecule and thus membrane-impermeant. It is available, 

however, as the acetoxymethyl (AM) ester form, Indo-1 AM {Figure 2.3). The ester 

form of the molecule is uncharged and able to cross the plasma membrane. In the 

cytoplasm the ester moiety can be cleaved by endogenous esterases to leave the charged 

form which thus is retained in the cell. However, it is known that some fluorophores 

(including Indo-1) are actively extruded from some cells (Homolya et al., 1993).

2.3.3. Background subtraction

Many natural substances found in cells are fluorescent when excited by light 

within the ultraviolet region of the spectrum {e.g., NADH). This autofluorescence must 

be subtracted from fluorescent measurements. For whole-cell experiments when Indo-1 

was included in the patch pipette, amplifier outputs were adjusted to zero whilst in the 

cell-attached configuration prior to patch rupture. In perforated-patch experiments 

where the cells were pre-loaded with Indo-1 AM, background light was subtracted by 

adjusting amplifier outputs to zero when there was a cell-free field of view. Cells 

exhibited no detectable autofluorescence under the conditions used.

2.3.4. Photobleaching o f  fluorophore

Prolonged exposure of fluorophores to ultraviolet light can result in their 

dénaturation and hence a reduction in fluorescent intensity with time. This phenomenon 

of photobleaching was minimized by various procedures. Firstly, only minimal light 

exposure was used by illuminating the cells using a field aperture set just larger than the 

cell from which recordings were to be made. Secondly, cells were exposed to excitation 

light only during recordings and finally, neutral density filters^ (NDFs) were positioned in 

the light pathway after the quartz collector lens to reduce the intensity of the excitation 

light incident upon the fluorophore-loaded cells. A combination of 8,32 NDFs was

 ̂A 2-NDF reduces light transmission 2-fold and a 4-NDF reduces light transmission 4-fold, and so on such that a 
combination o f 2,4 NDFs reduces light transmission by 8-fold.
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Figure 2.3: Chemical structures o f Indo-1 and Indo-1 AM

This shows Indo-1 AM (upper panel) and the penta-potassium sait, Indo-1 (lower panel). 

The groups which are cleaved during the conversion o f Indo-1 AM to Indo-1 are 

highlighted in green
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initially used to reduce the excitation intensity 256-fold to reduce photobleaching of 

Indo-1. This meant that although very little photobleaching was observed (<15 % in 20 

minutes), the emission light intensity was so low that the signal-to-noise ratio was to low 

for accurate measurements. Instead, light intensity was reduced only 128-fold by using 

4,32 NDFs which had the advantage of allowing sufficient light levels to be recorded, but 

still with some photobleaching {Figure 2.4A). This was partially counteracted by 

subjecting Indo-1 to discontinuous light exposure. By only opening the light path when 

a recording was to be made, the photobleaching of Indo-1 was dramatically reduced 

{Figure 2.4B). The mean resting Ca^  ̂level and its associated standard deviation, was 

measured over a 30 s period in a number of cells. Expressing the standard deviation as a 

percentage of the mean gives an indication of the signal-to-noise ratio. Records were 

filtered at 1.6 Hz and the sampling rate was 100 Hz. For cells loaded with Indo-1 AM, 

with a combination of 4,32 NDFs, this was measured as 2.97 ± 0.28 % (« = 11).

2.4. Intracellular Câ  ̂measurements

Some of the experiments presented in this thesis describe the simultaneous 

measurement of intracellular free Câ "̂  and membrane currents. This section describes 

the calibration procedure for the ratiometric method for intracellular free Ca^  ̂

measurements using Indo-1; more detail is given in Appendix B {i.e., theory and 

assessment of compartmentalized Indo-1, advantages and disadvantages of this method).

2.4.1. Preparation o f  Indo-1 and Indo-1 A M

Indo-1 (penta-potassium salt) was made up as a 5mM stock in distilled water and 

for whole-cell experiments, was included in the internal solution at a final concentration 

of 100 pM. Indo-1 AM was made up as a 1 mM stock in DMSO and added to the 

growth medium at a final concentration of 1-4 pM, and cells were incubated at 37 °C for 

30-45 minutes. The cells were then washed for at least 20 minutes with an external 

solution to remove any excess dye and to allow time for ester hydrolysis. Using the same 

recording conditions, the fluorescence from cells loaded with 2 pM Indo-1 AM and 

bathed in a 2.5 mM Ca^^-containing external solution was less than that when cells were 

loaded with 100 pM Indo-1.
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Figure 2.4: Photobleaching o f Indo-1

Cells were loaded with 2 îM Indo-1 AM for 30 minutes at 37 °C and light intensity was 

monitored continuously at 405 nm using a photomultiplier tube. Values of light intensity 

are normalized to that at the start of each experiment.

(A) This graph shows the decline in fluorescence with various combinations of neutral 

density filters used to attenuate the intensity of excitation light (32 NDF, triangles; 4,32 

NDF, circles; 8,32 NDF, squares). Cells were subjected to continuous light exposure.

(B) This is a similar experiment, but this time cells were subjected to discontinuous light 

where the shutter was opened every 1 minute to take a reading. A combination of 4,32 

NDFs was used.
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2,4.2. The ratiometric method fo r  measuring intracellular free  Ca^*

Indo-1 is a dual emission fluorophore. This is taken advantage of in the 

ratiometric method, since fluorescence at two different wavelengths is measured and the 

ratio of these calculated. In the experiments described in this thesis, fluorescent intensity 

of Indo-1 was measured at 405 and 480 nm. The ratio (R) of intensity at these two 

wavelengths is related to intracellular free Ca^  ̂by the equation:

where R is the 405 nm/480 nm emission ratio, Rmin is the ratio at zero Ca^ ,̂ Rmax is the 

ratio at saturating Ca^  ̂and Ka* is the apparent dissociation constant for Ca^  ̂binding to 

Indo-1 (Grynkiewicz g/ a/., 1985).

In order to estimate changes in intracellular free Ca^  ̂a calibration must be 

carried out relating the 405nm/480 nm emission ratio, R, to [Ca^ Ĵj.

2.4.2.I. Calibration of Indo-1 for measurement of intracellular Câ ^

A “Calcium Calibration Kit” was obtained from Molecular Probes. This 

consisted of 11 solutions of 100 mM KCl, 10 mM MOPS and 0-10 mM of CaEGTA so 

that total Ca^  ̂ranged from 0-10 mM. The pH and osmolarity of each solution was 

adjusted to 7.2 and 275-285 mOsm, respectively, and 100 pM Indo-1 was added to each 

solution. Solutions were introduced into single cells by whole-cell dialysis via the patch 

pipette. Cells were bathed in a Ca^^-free version of external solution A (see section 

2.7.2.1) at 22 °C, and were voltage clamped in the whole-cell configuration at a holding 

potential of -40 mV. For each of the 11 Ca^  ̂solutions, the 405 nm/480 nm emission 

ratio was monitored every 5 minutes until no further change was observed (15-55 

minutes). The final ratio values obtained with different concentrations of intracellular 

free Ca^  ̂are summarized in Table 2.1.
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Final ratio values were plotted versus intracellular free Ca^  ̂(calculated in section

2.4.2.2.) and the parameters Rmin, Rmax and Ky* were determined by fitting a curve to the 

data using the equation:

r  \

R =
1 +

K J y

where n is the number of Ca^  ̂ions which bind to each Indo-1 molecule {i.e., n = 1). The 

fitted calibration curve is illustrated in Figure 2.5.

Free Calcium (pM) Mean ratio n
0 0.37 ±0.025 6

0.015 0.42 ±0.032 5
0.034 0.39 ±0.020 5
0.058 0.59 ±0.031 6
0.090 0.69 ± 0.024 5
0.134 0.77 ±0.020 4

0.2 0.99 ± 0.020 5
0.308 1.10±0.035 5
0.52 1.79 ±0.11 5
1.12 2.41±0.03 5

12.16 4.07 ±0.09 6
901.5 4.51 ±0.03 5

Table 2.1: 405 nm/480 nm emission ratio values obtained with various concentrations

o f free intracellular

61



5-1

4 -

o
raCt
Iw(O
E(D
E
o 2-
00

Ec
in
?  1 -

10000 100000 100000010000.01 10 1000.1 1

Calcium concentration (nM)

Figure 2.5: Calibration curve for the determination o f intracellular free 

concentration using Indo-1 fluorescence

The graph illustrates changes in the 405 nm/480 nm emission ratio with varying 

concentrations of intracellular free Ca^ .̂ The solid line is the fit of the mean of the data 

to the equation:

R = Knm ~ K m

1 +
V K\

+  K z

J y

with the slope (n) constrained to 1. The values of the parameters were found to be: Rmin 

= 0.36 ± 0.05, Rmax = 4.38 ± 0.07 and Kj* = 1150.94 ± 100.18 nM.
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2.4.2.2. Calculation of intracellular free Câ ^

The Calcium Calibration Kit contained solutions with varying concentrations of 

EOT A to produce calculated concentrations of free Ca^ .̂ These were determined by the 

dissociation constant of Ca^  ̂binding to EOT A (Kd(ECTA)) at a defined temperature, pH 

and ionic strength. The dissociation constant given was determined by the method 

described by Tsien & Pozzan (1989). In this Calibration Kit, at 20 °C , pH 7.2 and ionic 

strength 100 mM KCl, K<)(egta) was 150.5 nM. Thus Ca^  ̂can be calculated using the 

equation;

[CaEGTA]
d(EGTA) ■ [ E G T A ] j ,^^

The values of free Ca^  ̂determined by this method for each of the 11 solutions are 

tabulated in Table 2.2 (column A). Column B shows data re-calculated using the 

“React” software package (G. L. Smith, Department of Physiology, University of 

Glasgow; see Smith & Miller, 1985). “React” is a programme written to calculate free

Added Ca^  ̂
(mM)

Free Ca^  ̂concentration (pM) determined by:

Column A: 
Molecular 
Probes Kit

Column B: 
‘React’ software

Column C: 
‘React’ 

software 
(Indo-1)

0 0 0 0
1 0.017 0.015 0.015
2 0.038 0.034 0.034
3 0.065 0.059 0.058
4 0.100 0.091 0.090
5 0.150 0.137 0.134
6 0.225 0.205 0.200
7 0.351 0.319 0.308
8 0.602 0.547 0.520
9 1.35 1.23 1.12
10 39.8 36.9 12.16
11 Not Determined 1000 901.5

Table 2.2: Values o f free determined by the method o f  Tsien & Pozzan (1989),

used in the Calibration Kit (column A), “React” software (column B) and “React” 

taking into account the presence o f 100 pM  Indo-1 (column C)
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metal and ligand {i.e., EOT A) concentrations based on metal ion and affinity 

constants for EGTA and is a modified version of the above method. The values in both 

columns A and B are based upon Ca^  ̂binding to EGTA in the absence of Indo-1. Since 

Indo-1 also binds Ca^  ̂and can act as a Ca^  ̂buffer, these values are overestimates of the 

free Ca^  ̂concentration and any Ca^  ̂which is not bound to EGTA can now be bound to 

Indo-1 thus resulting in a lower free Ca^  ̂concentration than estimated. This is especially 

noticeable at high concentrations of Ca^  ̂when EGTA becomes saturated. With 10 mM 

added Ca^\ 10 mM EGTA and 100 pM Indo-1, free Ca^  ̂becomes 12.16 pM and free 

EGTA becomes 0.6 pM. Column C in Table 2,2 shows the re-calculated concentrations 

of free Ca^  ̂in the presence of 100 pM Indo-1. The constructed calibration curve 

{Figure 2.5) uses these values for intracellular free Ca^ .̂

25. Measurements o f  cell volume

Some of the work described in this thesis has been an investigation into a 

swelling-activated Cl current and its possible role in the volume regulation of SCG 

neurones. Two different methods were used to measure changes in cell volume. The 

first part of this section describes the relationship between osmotic pressure and volume 

changes. Key equations are shown boxed.

2.5.1. Osmotic phenomena

Osmotic pressure, k, is defined as the hydrostatic pressure which balances 

osmosis and prevents solvent flow across a membrane. For ideal solutions it is related to 

volume by the Boyle-van’t Hoff formula:

R T

where R and T have their usual meanings and V is volume. Electrolyte solutions deviate 

from ideal behaviour, as discussed in Appendix A; this is corrected for by introducing a 

term called osmotic coefficient ((|)) so that:

(j)RT
7t — -------
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If a cell is at equilibrium with a solution of osmotic pressure TCo, then:

<t>RT

V. (E l)
wO

where Vwo is the initial ceil water volume. If it is then transferred into a solution of 

osmotic pressure Tit, and if cj) remains constant and no solutes leave the cell, then:

(E2)

where Vwt is the cell water volume in the new solution.

Of course, not all of the cell is water. If the fraction of the cell which is not water 

is defined as b, such that:

V = V  ̂+ b (E3)

where V is the total volume, then from equation E2:

T f  = (f"o- * ) —  + *

(E4)

(E5)

This modified version of the Boyle-van’t Hoff equation is widely used to describe 

osmotic phenomena. A plot of Vt/Vo versus tio/tii yields a straight line with a gradient of 

( V o  - b) and an intercept on the ordinate of b. The term b is thought to represent the 

osmotically inactive volume of the cell i.e., that which does not participate in osmotic 

swelling or shrinking. For a cell behaving as a perfect osmometer, b = 0 and a plot of 

V t / V o  versus tio/tii would result in a unity slope line with an intercept of zero.

2,5.2, Measuring changes in cell volume

Two methods were used to estimate changes in cell volume. These were:

• morphometric

• confocal microscopy and three-dimensional reconstruction

A comparison between the two methods is made and discussed in Chapter 5.
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2.5.2.1. General image acquisition

Images of cells were acquired by means of a video frame rate camera (Watec) 

attached to the sideport of the microscope. Images were acquired directly to computer 

by means of frame grabber cards and image acquisition software. The frame grabber 

cards used were either the Iris card (Jandel Scientific, Germany) or the DT3155 card 

(Data Translation) in conjunction with ColourVision (Cocoon software, The 

Netherlands) or ImageTool (University of Texas Health Science Center, USA) 

acquisition software. Images were 8-bit, 256 grey scale and either 384x256 or 768x512 

pixel dimensions, and were analyzed using SigmaScan (Jandel Scientific, Germany) or 

Image Tool software.

2.5.2.2. Morphometric methods
Using image analysis software, the two-dimensional perimeter of a single cell 

soma could be outlined and the cross-sectional area calculated. Since the radius could 

then be calculated (area = 7ir̂ ), the volume of a single cell was estimated by assuming a 

spherical geometry and using the equation:

4
Volume = —70 -̂

3

The errors in outlining the perimeter of the cell were very small: 5 volume 

measurements of the same cell were made, yielding an SEM value less than 0.5 % of the 

mean volume.

2.5.2.3. Confocal microscopy and three-dimensional reconstruction

Experiments using confocal microscopy were done in collaboration with Dr A. 

Nadal (Department of Physiology, Kings College London). Confocal microscopy is well 

established as a valuable tool for obtaining three-dimensional measurements of cells with 

high contrast and very little blurring of images. A laser beam is focused to a small spot 

by an objective lens onto a fluorescent specimen. The mixture of reflected light and 

emitted fluorescent light is captured by the same objective lens and focused onto a 

photomultiplier tube via a dichroic mirror. A confocal aperture (pinhole) is placed in 

front of the photomultiplier such that the emitted light from points on the specimen that 

are not within the focal plane (/.g., out-of-focus light) will be obstructed by the pinhole. 

Thus, out-of-focus light (from both above and below the focal plane) is reduced. As the
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laser scans across the specimen, the intensity of the analogue light signal, detected by the 

photomultiplier, is converted into a digital signal resulting in a fluorescent image. The 

relative intensity of the fluorescent light, emitted from the point targeted by the laser, 

corresponds to the intensity of the resulting pixel in the image.

A BioRad MRC-600 confocal microscope system (x60 oil immersion lens, 1.4 

numerical aperture) was used to record fluorescent images of Calcein-AM loaded SCG 

neurones. Cells were loaded with 4 pM Calcein-AM (a dye which is insensitive to Mg^ ,̂ 

Ca^  ̂and pH in the physiological range) dissolved in external solution at room 

temperature (22 °C) for 30 minutes. The cells were then washed with external solution 

for at least 20 minutes to allow de-esterification of Calcein-AM. Cells were excited at 

488 nm using an Argon laser. A motorized microscope stage allowed fluorescent images 

to be recorded in the x-y plane and at 1.09 pm intervals in the vertical z-axis (BioRad 

TCSM software). Each image “slice” was converted to a binary format and the cross- 

sectional area measured (ImageTool software) and volume calculated. By summing the 

volumes of each slice, a three-dimensional measurement of cell volume could then be 

calculated.

2  6. Histological methods

Histological experiments were done in collaboration with Mr. D. McCarthy, 

(School of Pharmacy, University of London). Freshly dissected whole superior cervical 

ganglia were incubated in isotonic and hypotonic solution {Table 2.3) for 10 minutes.

The ganglia were then fixed in a 0.5 % glutaraldehyde modified isotonic or hypotonic 

solution {Table 2.3). The ganglia remained in this solution for 48 hours at 4 °C and 

were then washed in 0.1 M cacodylate buffer before post-fixation in 1 % osmium 

tetroxide. The ganglia were then dehydrated by using ascending concentrations of 

ethanol (70 % for 10 minutes, and washed 3 times, each for 30 minutes, with 100 %) 

before being embedded in “Araldite” epoxy resin with acetone as a link reagent, 

overnight. Sections were cut on a Reichert ultramicrotome. Semi-thin sections (0.5-1 

pm) were stained with 1 % aqueous toluidine blue for light microscopy using a Nikon 

Microphot microscope and ultra-thin sections (80-90 nm) were stained with saturated 

alcoholic uranyl acetate and 0.01 % aqueous lead citrate before examination using a 

Phillips 201 transmission electron microscope.
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2  7. Solutions

Concentrations are in mM and osmolarities in mOsm. Solutions were adjusted to 

pH 7.2 with NaOH except in Na^-free solutions, where KOH was used. Osmolarity was 

determined by freezing point depression (Automatic Osmometer, CamLab) and the 

margin of error was ± 3 mOsm. When required, extracellular tetrodotoxin (TTX) was 

present at 0.5 pM to inhibit sodium currents. For calcium-free external solutions, CaCli 

was omitted, MgCb was raised to 4 mM and 200 pM EGTA was added.

2.7.1. Solutions fo r  histology experiments

Isotonic Isotonic + 
fixative

Hypotonic Hypotonic 
+ fixative

NaCl 90 40 90 40
KCl 6 6 6 6

CaCb 2.5 2.5 2.5 2.5
MgCb 1.5 1.5 1.5 1.5
HEPES 5 5 5 5

Mannitol 95 95 0 0
Glutaraldehyde 0 0.5 % 0 0.5 %

Osmolarity 287 291 192 197

Table 2.3: Composition o f solutions usedfor histology experiments

2.7.2. External solutions used in electrophysiology experiments

2.7.2.1. A and PKC-dependent Cl current

ModifiedKreb's solution (A): NaCl 118, KCl 6, MgClz 1.5, CaCb 2.5, HEPES 20, 

glucose 10; osmolarity 282 mOsm.

For anion selectivity experiments, 118 mM NaCl was replaced with an equimolar 

concentration of NaBr or Nal. Osmolarities were 277 and 279 mOsm, respectively.

1.1.1.2. A hyperpolarization-activated Cl current

The external solutions used to record this current are given in Table 2.4. For 

anion selectivity experiments, solution (C) was used but 105 mM NaCl was replaced 

with an equimolar concentration of NaBr or Nal. Osmolarities were 299 and 303 mOsm 

respectively.

68



B C D E F G
NaCl 117.5 105 15 0 105 85

NaGIuconate 0 0 90 0 0 0
GlucosamineCl 0 0 0 117.5 0 0

KCl 6 3 3 6 3 3
MgClz 2.5 5 5 2.5 0 4
CaCb 0.1 0 0 0.1 0 0

HEPES 10 10 10 10 10 5
TEACl 15 15 15 15 15 0
glucose 10 10 10 10 10 0

Mannitol^ 0 0 0 0 10 9 5 /0
CsCl 0 10 10 1 10 10

Total [Cl ] 
Osmolarity

143.7
298

143
302

53
297

144.7
309

133
304

106
306/
209

Table 2.4: Composition o f external solutions used to record a hyperpolarization-

activated C t current

2.T.2.3. A swelling-activated Cl current and volume regulatory mechanisms

H J K L M N P Q
NaCl 90 90 10 0 90 90 67 90

NaGIuconate 0 0 80 0 0 0 0 0
ChollneCl 0 0 0 90 0 0 0 0

CaCl2 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5
KCl 6 6 6 6 6 6 6 6

MgClz 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
NaHCOs 0 0 0 0 0 0 22.6 0
HEPES 20 5 5 5 5 5 0 5

Mannitof 80/0 95/0 95/0 95/0 95/
190

95/45 90/
185

95/45

BaCb 0 3 3 3 3 3 3 0
CdCb 0 0.5 0.5 0.5 0.5 0.5 0.5 0

Total [Cl ] 104 111 31 111 111 111 88 104
Isotonic 296 296 293 288 296 296 302 287

Hypotonic 214 201 189 196 391
Hyper
tonic

250 397
Hyper
tonic

241

Table 2.5: Composition o f external solutions used to record a swelling-activated C l 

current and volume regulatory mechanisms

 ̂For solution G, 95 mM mannitol was removed to make the solution hypotonic; the figures given for osmolarity are 
isotonic and hypotonic, respectively
’ Similarly to previously described, solutions were made hypotonic or hypertonic by omitting or adding mannitol, 
respectively; the first number corresponds to the concentration of mannitol in isotonic solution, the second to that in 
hypotonic (or hypertonic) solution.
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For experiments determining the anion permeability of this current, the solutions 

used are given below {Table 2.6).

TEACl TEABr TEANO3 TE AI TEASCN
TEA^ salt 100 100 100 100 100

KCl 3 3 3 3 3
CaCb 2.5 2.5 2.5 1 2.5
CdCb 0.5 0.5 0.5 0 0.5
ZnCb 0 0 0 1 0

HEPES 5 5 5 5 5
Mannitol 90/0 90/0 90/0 100/10 105/15

Total [Cl*] 109 9 9 7 9
Isotonic 309 300 319 295 295

Hypotonic 204 201 211 200 200

Table 2.6: Composition o f external solutions used to study the anion permeability o f  the

swelling-activated C t current.

The TEAI-based solution contained ZnCb to block the hyperpolarization- 

activated Cl current instead of the usual CdClz because CdCb and TE AI formed a 

precipitate.

2.7.2.4. Voltage-gated Ca^  ̂currents 

Solution (R): TEACl 139.5, HEPES 10, glucose 10, CaCb 2.5, MgClz 1, TTX 0.5 pM; 

osmolarity 288 mOsm

2.7.3. Internal solutions used in electrophysiology experiments

2.7.3.1. A Ca  ̂ - and PKC-dependent Cl current

1 2
CsCl 129 25

CsAcetate 0 105
MgCb 1.5 1.5

HEPES 20 20
EGTA 0 0

Total [Cl ] 132 28
Osmolarity 251 253

Table 2.7: Composition o f internal solutions used to record a Ca^^- and PKC-

dependent C t current
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2.T.3.2. A hyperpolarization-activated Cl current

3 4
CsCl 150 22

CsAcetate 0 124
MgCb 1.5 1.5
HEPES 10 10
EGTA 3 3

Total [Cl ] 153 25
Osmolarity 280 284

Table 2.8: Composition o f internal solutions used to record a hyperpolarization-

activated C t current

2.7.3.3. A swelling-activated Cl current

5 6 7 8 9
CsCl 108.6 124 122 167 0

CsAcetate 0 0 0 0 122
MgCb 1.35 1.5 1.5 1.5 1.5
TEACl 22.5 25 25 25 25
HEPES 18 20 20 20 20
MgATP 4 4 4 4 4
EGTA 9 0 3 3 3

Total [Cl ] 133.8 152 150 195 28
Osmolarity 275 278 272 337 281

Table 2.9: Composition o f internal solutions used to record a swelling-activated C t

current

2.7.3.4. Internal solution used to record voltage-gated Câ  ̂currents

Solution (10): CsAcetate 129, CsCl 20, MgCb 1.5, EGTA 10, HEPES 10, MgATP 2,

Na2GTP 0.5; osmolarity 285 mOsm

2.8. Drugs and Chemicals

All tissue culture reagents were from Sigma or GIBCO. Amphotericin B, 9-AC, 

4-AP, ATP, ATPyS, digitonin, DDFSK, DMSO, gadolinium, glutaraldehyde, GDPpS, 

G T P yS , muscarine, niflumic acid, noradrenaline, oxo-M, PMA, PDBu, pirenzepine, SITS 

and tamoxifen were obtained from Sigma. GF109203X and NPPB were from
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Calbiochem. All the TEA salts were from Fluka, except TEACl which was from 

Lancaster. Calcein-AM, Indo-1 and Indo-1 AM were obtained from Molecular Probes. 

Himbacine was a gift from W. C. Taylor (University of Sydney), U73122 and U73443 

were from Affrniti, Py-methylene ATP (AMP-PNP) was from LC Laboratories and 

Pertussis toxin was from Porton Products.

2,9, Statistical analysis

Data are expressed as mean ± S.E .M . where n refers to the number of cells, and 

were tested for significance using Student’s t test (paired or unpaired, where 

appropriate). Values of P<0.05 were considered to be significantly different.

Each preparation of SCG neurones was derived from 2 animals and “control” 

and “test” experiments were done randomly using several preparations.
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Chapter 3

<2 I
A Ca and protein kinase C-dependent Cl 

current

3.1. INTRODUCTION

In this Chapter, I describe a Cl' current identified in SCG neurones which is 

activated in response to a depolarization-induced rise in intracellular Ca^  ̂via the influx 

of Ca^  ̂through voltage-gated Ca^  ̂channels, and is enhanced by the stimulation of PKC, 

either exogenously using phorbol esters, or endogenously via the activation of the 

phospholipase C (PLC) pathway. It is the activation of PKC by the stimulation of 

muscarinic receptors that I am concerned with in this Chapter. Preliminary experimental 

observations were made by Drs. S. J. Marsh and J. Trouslard prior to the start of the 

work described in this Chapter. These observations and some additional work which I 

now describe in this Chapter, has been published (Marsh et al., 1995). Although some of 

the work described in this Chapter confirms Dr. Marsh’s and Dr. Trouslard’s original 

observations, all of the data presented in this Chapter is my own.

The primary neurotransmitter onto SCG neurones is acetylcholine (ACh). It acts 

on nicotinic receptors, which are cation permeable ion channels, and muscarinic 

receptors which are coupled to G-proteins. Excitatory synaptic transmission is mediated 

primarily by the nicotinic receptors whilst the muscarinic receptors play more of a
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regulatory role. Muscarinic regulation of ACh-mediated neurotransmission is via 

inhibition of voltage-gated Ca^  ̂currents (Song et al., 1989) and inhibition of the M-type 

current (Brown & Selyanko, 1985).

Five muscarinic receptor genes have been identified (ml to m3, corresponding to 

receptor subtypes Ml to MS) (for review, see Caulfield, 1993). The M l, M3 and MS 

receptors preferentially couple to pertussis toxin-insensitive G  proteins (G q /n ) which 

activate P L C . There are 3 subtypes of P L C  (see Rhee & Choi, 1992). It is the P 

subtype of P L C  which is primarily stimulated by muscarinic receptor activation (Carter et 

al., 1990). Thus, muscarinic receptor-mediated activation of P L C p  causes the 

breakdown of phosphatidylinositol-4,S-bisphosphate (PIP2) into inositol-1,4,5- 

trisphosphate (IP3) and D A G . There are then 2  main outcomes of PIP2 hydrolysis. The 

first is the action of IP3 in mobilizing Ca^  ̂from intracellular stores, and the second is the 

activation of P K C  by D A G . The production of IP3 can also be achieved by muscarinic 

receptor stimulation but via a mechanism independent of G  proteins and PL C p  

(stimulation of MS receptors can activate tyrosine kinase which phosphorylates PLC y and 

leads to the generation of IP3; Gusovsky et al., 1993). In rat S C G  neurones, muscarine 

produces no discernible rise in intracellular Ca^ ,̂ suggesting perhaps that the pathway for 

EP3-mediated release of intracellular Ca^  ̂is not functional. However, this does not 

appear to be the case since recent evidence has suggested that the IP3 pathway is intact 

(see section 3.3.5).

The M2 and M4 receptors are preferentially coupled to the pertussis toxin- 

sensitive Gi proteins to inhibit adenylate cyclase. In SCG neurones, activation of M4 and 

Ml receptors leads to the inhibition of voltage gated Ca^  ̂currents (Bemheim et al.,

1992) independently of cAMP, Ca^  ̂and PKC (Bemheim et al., 1991).

Muscarinic receptor stimulation and the subsequent activation of PKC by DAG is 

the subject of this Chapter, with respect to the synergistic regulation of a neuronal Cl" 

current (Marsh et al., 1995).

PKC is a serine-threonine protein kinase which is activated in a reversible manner 

by calcium, phospholipids and DAG or the tumour-promoting phorbol esters. There are 

at least 11 isozymes of PKC which have been identified and together they constitute the 

largest serine/threonine-specific kinase family (for review, see Nishizuka, 1995). The 

different isozymes are divided into groups on the basis of their sequence similarities. A
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cartoon illustrating the domain-type structure of the different subtypes of PKC is shown 

in Figure 3.1.

In the inactive state, PKC is folded so that the pseudosubstrate region in the 

regulatory domain is bound to the substrate binding site in the catalytic domain. Thus, 

the regulatory domain exerts inhibitory influences on the catalytic domain via the 

pseudosubstrate site. In the absence of the regulatory domain, PKC is constitutively 

active. The activation of Ca^^-dependent isozymes is as follows: in response to a rise in 

intracellular Ca^  ̂(initiated either by intracellular Ca^  ̂mobilization or by Ca^  ̂influx 

across the plasma membrane), Ca^  ̂binds to the C2 domain and causes translocation of 

PKC (to the plasma membrane or an intracellular membrane, e.g., endoplasmic 

reticulum). Activation of PKC occurs when DAG binds to the Cl region. This causes a 

further conformational change where the inhibitory influence of the pseudosubstrate 

domain is removed, the PKC enzyme becomes active and stabilized in the membrane.

The Ca^^-independent isozymes which lack the C2 domain, still interact with the 

membrane in a DAG-dependent manner, but do not require the initial binding of 

intracellular Ca^  ̂for translocation.

The activation of PKC by DAG is stereospecific: only l,2-5«-DAGs can activate 

PKC (see Rando & Kishi, 1992) and this is in the micromolar range. The response to 

DAG stimulation is only brief since it is metabolised rapidly by DAG kinase and DAG 

lipase. Phorbol esters {e.g., PMA) mimic the actions of DAG but are much more potent, 

activating PKC in the nanomolar range (Rando, 1988). They bind at the same site 

promoting translocation and stabilization. The response to phorbol ester stimulation is 

prolonged because there is no natural cellular mechanism to terminate their action.
A synthetic analogue o f DAG which is used in assays to monitor PKC activity is diolein. With 10 îM 
Ca^* and 20 pg/ml phospholipid, the concentrations o f PMA and diolein required for half-maximal PKC 
activity (measured by the incorporation of ^̂ P into histone from [y-^^PjATP) were approximately 3 nM  
and 0.6 pM, respectively (Castagna et al., 1982).

PKC has been implicated in many processes. These are as diverse as muscle contraction, 

tumour promotion, neurotransmission and lymphocyte activation (see Nishizuka, 1986). 

Of particular relevance to the work described in this thesis, and especially in this Chapter, 

is the regulation of a neuronal Cl current. Although PKC-dependent Cl' currents have 

been described in several non-neuronal cells (see section 1.8.2, Chapter 1), a neuronal 

PKC-dependent Cl current has not been previously reported. This Cl' current, which 

can be activated by a rise in intracellular Ca^  ̂and is enhanced by PKC activation, may
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Figure 3.1: Cartoon illustrating the structure o f the three families o f PKC 

This figure shows the domain-like structure o f the polypeptide chain o f  the C a ^ - 

dependent family o f PKC isozymes (a , (31, p il and y; upper panel), the Ca^^-independent 

family (5, s, r|, 0 and p; middle panel) and the atypical PKC isozymes {f,  i and À; lower 

panel). All three groups possess the pseudosubstrate domain, the ATP binding site and 

the substrate binding site. The Ca^^-independent isozymes lack the Ca^^-binding region 

(C2) but are still activated by DAG or phorbol esters whilst the atypical PKC isozymes 

lack C2 and also the DAG binding site (Cl )  and are Ca^^-independent and are neither 

activated by DAG nor phorbol esters.
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have a significant role physiologically, because it can be activated by short applications of 

ACh, simultaneously inducing a Câ  ̂rise by opening nicotinic ion channels, and 

producing DAG by stimulating PLC-coupled muscarinic receptors. This suggests that it 

may be activated by ACh released at the synapse.

3.2. RESULTS

3.2. L Depolarization induces a slow inward membrane current

Membrane currents were recorded using the perforated-patch technique at 32 °C 

(external solution A, section 2.7.2.1. and internal solution 1, Table 2.7, Chapter 2). A 

depolarizing step* from -60 to +20 mV resulted in a membrane current which was made 

up of several components (Figure 3.2A). These were, a net outward current during the 

depolarization, a fast transient inward current immediately after depolarization, and then 

a slow inward current several seconds after the depolarization. When membrane current 

was recorded simultaneously with intracellular free Ca^  ̂using Indo-1, it was observed 

that this slow inward current reached its maximum amplitude after the peak of the Ca^  ̂

transient, i.e., when intracellular Câ  ̂levels had returned to resting levels (Figure 3.2B). 

The peak of the slow inward current occurred at 8-25 s after the peak of the intracellular 

Ca^  ̂transient.

3.2.2. The slow inward current is Ca?^-dependent

The amplitude of the slow inward current was dependent upon the duration of 

the depolarizing step. Increasing the duration of depolarization increased the current 

amplitude, this is summarized in Table 3.1. The dependence of current amplitude on the 

duration of depolarization would suggest that the slow inward current was dependent 

upon the influx of Ca^  ̂during the depolarizing step, confirmed by the absence of the 

slow inward current in a Câ ^̂ -free external solution (Figure 3.2B) or in the presence of 

external Cd̂ "̂ . The fact that the peak of the current occurred some 8-25 s after the peak 

of the Ca^  ̂transient, suggested that the current was not directly Ca^^-dependent.

Depolarizations were generally applied from -60 mV to +20 mV. This was because series resistance was not 
routinely compensated for (except in experiments for the determination of Erev and anion permeability) and it was 
observed that the maximal rise in intracellular Câ  ̂occurred at +20 mV.
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Figure 3.2: A slow inward current induced by membrane depolarization

(A) A 1 s depolarizing step from a holding potential of -60 mV to +20 mV resulted in a 

membrane current which was made up of several components, indicated on the trace:

(a)a net outward current during the depolarizing step, (b) a fast transient inward current 

immediately after the voltage step and finally (c) a slow inward current, %10s after the 

depolarization. The delay between the depolarization and the peak of the slow inward 

current is also indicated (“lag time”).

(B) Depolarizations were applied from -60 to +20 mV for 500 ms. A rise in intracellular 

Ca^  ̂(upper traces) was followed by a slow inward current (lower traces); note that the 

peak of this current had occurred when intracellular Ca^  ̂concentration had returned to 

resting levels. Both the slow inward current and the intracellular Ca^  ̂transient were 

dependent upon external Câ "", since both were absent in a Ca^^-free external solution 

(right-hand panels). Traces are part of a continuous record, with a 60s interval between 

them.
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In non-Indo-1 loaded cells, the amplitudes of Ici(m) tended to be greater (although this was not 
thoroughly investigated). Perhaps one of the reasons for this is that Indo-1 binds Zn^  ̂ (Jefferson et al., 
1990), and Zn̂  ̂ is thought to play a role in the activation o f PKC (Zalewski et al., 1990). The C l 
region o f PKC has zinc finger-like regions which are thought to be involved in DAG binding and the 
stabilization of PKC at membranes (Lester et a i ,  1990). If Indo-1 has chelated a significant fraction o f  
cellular Zn^ ,̂ then the amplitude of Ici(m) might be expected to be smaller.

Duration of 
depolarization 

(ms)

Peak amplitude of slow 
inward current (pA)

Range of current 
amplitudes (pA)

n

100 103.6 ±29.49 25-249 1
200 116.11 ±26.01 20-545 22
300 146.34 ±28.88 50-380 13
500 271.97 ±30.27 77-828 30
1000 354.65 ±34.75 93-776 26
1500 417.98 ±57.38 144-1160 21
3000 455.67 ±42.4 296-764 18

Table 3,1: The amplitude o f the slow inward current was dependent upon the duration

o f the depolarizing step

It can be seen from Table 3.1 that the amplitude of the slow inward current was 

somewhat variable. This may reflect differences in Ca^^-sensitivity or PKC-sensitivity of 

the current between cells. It was also observed that the slow inward current was 

temperature-dependent. All recordings were done at 32 °C as it was noted that raising 

the temperature above room temperature increased the amplitude of the slow inward 

current and also reduced the “lag-time” between depolarization and the peak of the 

current.

3,2,3. Whole-cell and perforated-patch recordings o f  the slow inward 

current

The experiments described above used the perforated-patch recording technique. 

Recordings of the slow inward current using the perforated patch and the whole-cell 

patch clamp techniques were compared {Figure 3,3). Immediately after patch rupture 

and entry into whole-cell mode, a depolarizing step to 0 or +20 mV would activate the 

slow inward current. The peak amplitude of these currents were typically larger than 

those obtained using the perforated-patch configuration (due to the lower access 

resistance, and possibly also a rise in intracellular Ca^  ̂caused by patch rupture).
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Figure 3.3: Recording the slow inward current using the whole-cell and perforated- 

patch configurations

This graph illustrates peak amplitude o f the slow inward current versus time, recorded in 

the whole-cell configuration (black circles; n = 4), the whole-cell configuration but with 

an ATP- and GTP-supplemented internal solution (red circles; n = 4) and the perforated- 

patch configuration (green circles; n = 6). The current amplitudes were normalized to 

those at the start o f each experiment. For the whole-cell experiments, rupture into 

whole-cell mode is indicated by time = 0, and for the perforated-patch experiments, time 

= 0 is the point when a stable series resistance had been obtained.
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However successive depolarizing steps were either unable to activate the current or the 

current amplitude rapidly declined with time; after 9.5 minutes, current amplitude had 

reduced to 15 .0 ± 1.7 % of its original amplitude (n = 4). This decline in current 

amplitude may be due to dialysis of ATP or a regulatory factor out of the cell.

Supplementing the internal solution with MgATP (2 mM) and Na2GTP (0.5 mM) 

made no difference to the stability of the recordings; the current amplitude still declined 

with successive depolarizations and at 9.5 minutes, current amplitude was 11.0 ± 2.8 % 

(« = 4). In contrast, the perforated-patch configuration allowed the slow inward current 

to be recorded for much longer periods (30-60 minutes) with a peak amplitude which 

remained fairly consistent. The SEM expressed as a percentage of the mean current 

amplitude was 8.72 ± 1.54 % measured over a 30 minute period {n = 4).

The importance of allowing sufficient time for dialysis of the cell with the 

contents of the internal solution must be noted. This is obviously a longer procedure 

than when in whole-cell mode and very often, currents did not achieve a stable amplitude 

until 15 minutes after the start of permeabilization of the membrane patch beneath the 

pipette.

3,2,4, The slow inward current is a C t current

The slow inward current was recorded using a CsCl-based internal solution. Its 

amplitude was smaller when the Cl* concentration in the internal solution was reduced 

(solution 2, Table 2.7, Chapter 2), thus suggesting that the slow inward current was a Cf 

conductance. To confirm this, the E^v of the slow inward current was measured. Since 

the slow inward current was Ca^^^-dependent, E^v had to be determined in Ca^^-free 

external solutions to avoid contamination of voltage-gated Ca^  ̂currents or other Ca^^- 

dependent currents. Pressure ejection of Ca^^-free solution was applied after the 

depolarizing step, and throughout the duration of activation of the slow inward current. 

Voltage ramps between -60 mV and +80 mV, for 200 ms, were applied approximately 

every 1 s under Ca^^-free conditions, before the depolarizing step and during the slow 

inward current {Figure 3,4A). Erev was determined by subtracting control ramps in Ca^- 

free external solution (prior to depolarization) from those during the slow inward 

current. Recordings were not started until after at least 15 minutes to allow sufficient 

dialysis of Cl* from the pipette into the cell. With equal concentrations of Cl’ in the 

internal and external solution (132 mM), the predicted Eci (assuming full dialysis and
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using ion activities rather than concentrations) was -0.27 mV. Under these conditions, 

Erev was -0.98 ± 4.61 mV {n = 9; Figure 3.4B). Similar experiments were done with a 

lower concentration of Cl' in the internal solution (53 mM); Erev was found to be close to 

E c i (Marsh ei a i, 1995), confirming that the slow inward current was carried by Cl" ions. 

It can be observed from Figure 3,4B that the current-voltage relationship of the slow 

inward current is not linear but that there is some outward rectification. The slope 

conductance of the slow inward current was measured from the voltage ramp applied at 

the peak of the slow inward current. Between -10 and -50 mV it was 9.54 ± 1.04 nS and 

between + 40 and +80 mV it was significantly increased to a value of 13.75 ± 1.72 nS (w 

= 6, P = 0.01). The efficient removal of external Ca^  ̂by pressure ejection of a Ca^^-ffee 

external solution was tested by applying the same voltage ramps approximately every 1 s 

in Ca^^-containing external solution, and then pressure ejecting Ca^^-ffee external 

solution; the Ca^  ̂current (seen as an inward current in the current-voltage relationship at 

around 0 mV) had disappeared within 1-2 s of applying Ca^^-free external solution 

(Figure 3.4Q.

Thus the slow inward current was sensitive to changes in concentration of 

internal C l. To confirm that this current was carried by Cl* ions, I used a series of 

blockers of Cl channels; the results of these experiments are described in the next 

section.

3.2.4,1. Inhibition o f  the slow inward current by CT channel blockers

It would appear that the slow inward current is a Cf current. This was confirmed 

by the use of pharmacological agents known to block Cl" channels. Two Cl" channel 

blockers were used; niflumic acid and NPPB which were bath applied until no further 

change in inhibition was observed (this was %3-5 minutes). Both niflumic acid and 

NPPB were almost fully reversible. The effects of niflumic acid shown in Figure 3.5 and 

data summarized in Table 3.2.

83



Figure 3.4: Determination o f the reversal potential o f the slow inward current

(A) This shows the slow inward current activated by depolarizing from -60 to +20 mV 

for 5 s. Cells were voltage clamped at -60 mV in external solution A (section 2.7.2.1, 

Chapter 2) and dialyzed with a CsCl-based pipette solution (132 mM Cf, solution 1, 

Table 2.7). The vertical deflections are voltage ramps between -60 and +80 mV which 

were applied every 1 s in a Ca^^-free external solution, prior to the voltage step and again 

after the depolarization and during the activation of the slow inward current (indicated 

by the bars). The voltage ramps shown are saturated, (a) and (b) indicate the voltage 

ramps used for the current-voltage relationship shown in (B).

(B) Current-voltage relationship obtained by subtracting the current-voltage relationship 

obtained in Ca^^-free solution prior to the depolarization (a) from that obtained in Ca^- 

free external solution during activation of the slow inward current (b). Erev is the 

intersection point with the abscissa and in this particular example, Erev was +2.7 mV.

Data is obtained from the cell illustrated in (A).

(C) Efficiency of removal of external Ca^  ̂by pressure ejection of Ca^^-free external 

solution. Cells were voltage clamped at -60 mV and voltage ramps applied (as described 

above) in Ca^^-containing solution (green trace) and when Ca^^-free solution had been 

pressure ejected (black trace). The voltage-dependent Ca^  ̂current was observed as an 

inward current at around -10 mV. These voltage ramps were applied 2 s apart.
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Figure 3.5: Inhibition o f the slow inward current by niflumic acid 

The upper traces show intracellular Ca^  ̂transients recorded before (left), during (centre) 

and after (right) bath application of niflumic acid (200 pM). The lower traces are 

membrane currents recorded simultaneously using the perforated-patch technique. The 

slow inward current was activated by depolarizing the membrane from a holding 

potential of -60 mV to 0 mV for 1 s.

86



Drug Concentration Percentage inhibition of slow 
inward current

n

Niflumic Acid 50 pM 34.67 ± 4.06 3
200 pM 65.5 ±6.9 8

NPPB 10 pM 45.2 ±3.23 5
30 pM 83.5 ±6.2 4
100 pM 99.17 ±0.83 3

Table 3,2: Summary o f inhibitory effects o f CT channel blockers on the slow inward

current

SITS (1 mM) was also found to inhibit the slow inward current (Marsh et al., 

1995). Thus the dependence of the slow inward current on the concentration of Cf in 

the internal solution, and its sensitivity to Cl* channel blockers, confirms that the current 

is carried by Cl* ions and it will now be referred to as Ici(ni).

3,2,5, Anion permeability ofIci(m) channels

Although the channel for Ici(m) is Cl* conducting, it may also be permeable to 

other anions. To investigate the anion permeability, external NaCl (118 mM; solution A, 

section 2.7.2.1, Chapter 2) was replaced with an equimolar concentration of either NaBr 

or Nal and Erev determined using voltage ramps, as outlined in section 3.2.4. The shift in 

Erev was then used to determine the permeability ratio, according to the Goldman- 

Hodgkin-Katz equation (section 2.2.9, Chapter 2). Replacement of NaCl with NaBr 

caused a negative shift in Erev, which became -11.75 ± 2.86 mV in = 12). An even 

further negative shift was seen when Nal replaced NaCl; under these conditions Erev was 

-24.2 ± 2.48 mV {n = 8; Figure 3,6). These data are shown in Table 3,3 and suggest the 

anion permeability sequence of T > Br > Cl*.

Anion Measured Erev (mV) Px/Pci n
Cl* -0.98 ±4.61 1 9
Br* -11.75 ±2.86 1.49 ±0.17 12
I* -24.2 ±2.48 2.31 ±0.22 8

Table 3,3: Summary o f anion permeability data fo r  Ici(m)
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Figure 3.6: Anionic permeability o f Ici(m)

Values of Erev were determined in the same way as described in section 3.2.4 and in the 

legend to Figure 3.4. Arrows mark Erev in each graph.

(A) Current-voltage relationships obtained when NaCl was replaced with NaBr. For this 

cell, Erev was found to be -15.8 mV.

(B) When NaCl was replaced with Nal, Erev shifted to more negative potentials, and in 

this example was found to be -27.3 mV.



3.2,6, Ici(m) is enhanced by muscarinic receptor stimulation

In CsCl-loaded cells, it was observed that application (bath or pressure ejection) 

of the muscarinic receptor agonists, muscarine (0.1-10 pM) or oxo-M (30 nM-1 pM), 

either enhanced the amplitude of the depolarization-induced Ici(m), or induced it if it was 

previously absent, without having any effects on the resting membrane conductance. The 

effects of the muscarinic agonists were not due to an increase in intracellular Ca^  ̂since 

neither the resting levels, nor the voltage-induced peak Ca^  ̂levels were affected {Figure 

3.7). These effects were mimicked by bradykinin (10 nM) but not by noradrenaline 

(lOpM). Brief applications of muscarine or oxo-M were used (<30 s) and at least 2 

minutes was left between successive activations of lew , since it was found that 

prolonged and repeated agonist application led to run-down of the amplitude of lew-

3.2.6.1. Dose-response curve fo r  muscarinic-enhancement o f  Ici(m̂

The effects of agonists at potentiating Ici(m) were expressed as “agonist-induced 

current”. Often no more than three agonist concentrations could be applied to a single 

cell. Figure 3.8 shows a dose-response curve for muscarine on a single cell where 5 

concentrations were successfully applied. In this example, the EC50 for muscarine in 

potentiating Ici(m) was 0.29 pM (IC50 for inhibition of the M-current is approximately 1 

pM; Marrion et al., 1989).

The muscarinic-enhancement of lew  was variable between cells (e.g., the 

muscarine-induced current varied from 43 to 457 pA with 1 pM muscarine). In some 

cells, depolarizations which increased Ca^  ̂to only 150 nM were able to induce Icwj 

whereas in others, larger Ca^  ̂rises (>600 nM) were required. An important point to 

note is that agonists seemed to increase the sensitivity of le w  fo Ca^% lowering the 

threshold of Câ "̂  required for activation of lew- This was seen as a leftward shift in the 

relationship between intracellular Ca^  ̂increase and current amplitude (Marsh et at.,

1995). Therefore, the magnitude of muscarinic-enhancement would depend upon the 

initial sensitivity to Ca^  ̂and the degree of the agonist-induced shift. Ideally, a dose- 

response curve for agonist-enhancement of lew  would measure both current amplitude 

and intracellular Câ "̂  in the absence and presence of different concentrations of agonist. 

However such experiments were not routinely feasible.
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Figure 3.7: Potentiation o f Ici(m) by oxo-M

This shows simultaneous recordings of lew  (lower traces) and intracellular Ca^  ̂(upper 

traces) in response to a 250 ms depolarization from -60 to +20 mV. Control traces are 

shown on the left and Ici(m) and intracellular Ca^  ̂recorded in the presence of 1 pM oxo- 

M are shown on the right.
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Figure 3.8: Dose-response curve for muscarine-induced Ici(m)

Muscarine-induced current was calculated as the difference between current amplitude in 

the presence and absence of a given concentration of muscarine, and is plotted versus 

muscarine concentration. The solid line is the best fit of the data to the hyperbolic 

function:

y  =
1 ^ ] "

[ a/ ]  + 1 ECso

where y is muscarine-induced current, [M] is muscarine concentration and n is the Hill 

coefficient. The sigmoidal derivative was generated when the logarithm of muscarine 

concentration was plotted on the abscissa. In this example, ymax was 121 pA, ECso was 

0.29 pM and n was 2.65.
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3.2.6.2. Enhancement o f  /c/w is mediated ^na M l muscarinic ACh receptors

Although 5 muscarinic receptor genes have been identified, only 4 subtypes of 

muscarinic ACh receptor are thought to be present in SCG neurones (Ml, M2, M3 and 

M4; Brown et a i, 1995). To identify the receptor subtype responsible for the mAChR- 

induced enhancement of Ici(m), I determined the potency of two muscarinic antagonists by 

estimating their dissociation constants. This was achieved by measuring the potentiation 

of Ici(m) produced by several concentrations of agonists (oxo-M or muscarine), in the 

absence and presence of these antagonists. The dissociation constant (K b) of an 

antagonist (B) is related to dose-ratio (DR);

M
{ D R - \ )( r \n  _-i\ (1)

where dose ratio is “the factor by which the agonist concentration must be increased to 

restore a given response in the presence of antagonist”.

Kb is also related to pA] by the equation:

pA, = -\og^^Kg (2)

The pA: value of an antagonist is an indication of its potency and is the negative 

logarithm of the molar concentration of an antagonist which produces an agonist dose- 

ratio of 2:

M  =  - lo g [ -6 L « = 2  (3)

In the present study, individual Kb values for different antagonists were 

calculated from the shift in the dose-response curve according to equation (1). pA: 

values were then calculated from equation (2). These experiments required stable 

membrane currents for long periods and no more than one concentration of antagonist

could be applied to a single cell. Thus it was not feasible to construct Schild plots to

confirm true competitiveness of each of the antagonists tested.

The Kb values for two antagonists, pirenzepine and himbacine, were estimated 

Two concentrations of pirenzepine were used, 30 and 100 nM, and one concentration of 

himbacine, 1 pM (neither pirenzepine nor himbacine inhibited Ici(m) in the absence of 

agonist). The experimental protocol is shown in Figure 3.9A. Pirenzepine caused an 

approximately parallel rightward shift of the linear portion of the oxo-M dose-response
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curve (Figure 3.9B(a)). A mean value of 8.21 ± 0.11 (n = l)  was obtained for the pA2 

value of pirenzepine. This suggests either an M l or an M4 receptor subtype (see 

Caulfield, 1993). Since there is considerable overlap between the affinity of pirenzepine 

for Ml (8.1-8.5) and M4 receptors (7.7-8.1), I sought to further clarify the receptor 

subtype. To do this, himbacine (1 pM) was used which has a high M4 affinity (Lazareno 

et a i, 1990) and is thus able to distinguish between Ml (7.2) and M4 (8.5-8.8) 

receptors. The estimated pA2 for himbacine was 7.08 ± 0.14 (n = 5; Figure 3.9B(b)) 

which is close to that for Ml receptors. Thus, I was able to conclude that the muscarinic 

enhancement of Ici(m) was mediated via activation of Ml acetylcholine receptors.

3,2.7. The second messenger pathway involved in the enhancement o f

Ic i(m )

Ml receptors are preferentially coupled to Gq/n G proteins which are responsible 

for activating PLCp. This catalyses the hydrolysis of PIP2 to DAG and IP3. I investigated 

the possible involvement of this pathway in muscarinic enhancement of Ici(m).

3.2.7.1. Ici(m) is inhibited by the PLC inhibitor, U73122

U73122 is reported to be a specific inhibitor of PLC-dependent pathways (e.g., 

SK-N-SH neuroblastoma cells; Thompson et al., 1991). At a concentration of 10 pM, 

U73122 inhibited oxo-M-mediated release of inositol phosphates by 85 % but inhibited 

forskolin-stimulation of adenylate cyclase by 20 % (Thompson et al., 1991). This 

compound has been tested in the present study to determine the involvement of PLC in 

Ici(m)-

Bath application of U73122 (1 pM) inhibited Ici(m) evoked by depolarization 

alone, (i.e., in the absence of agonist) by 83.0 ± 6.1 % (n = 4). Additionally, subsequent 

exposure to oxo-M failed to induce Ici(m). U73122 had no effects on resting Ca^  ̂levels 

nor on intracellular Ca^  ̂transients (Figure 3.10). The effects of U73122 were 

irreversible and Ici(m) was not present in cells which had previously been exposed to this 

compound. U73122 has an “inactive” analogue, U73343. However this also slightly 

inhibited Ici(m); at the same concentration (1 pM), it reduced the peak amplitude of Ici(m) 

by 20.43 ± 7.02 % (n = 7), and like U73122 had no effects on intracellular Ca^\
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Figure 3,9: The muscarinic-enhancement o f Ici(m) is inhibited by pirenzepine

(A) This Figure illustrates traces from part of a continuous record of membrane current 

(lower traces) and 407 nm/488 nm emission ratio (upper traces). A rise in intracellular 

Ca^  ̂and Ici(m) were elicited by step depolarizations to 0 mV from -60 mV, for 250 ms. 

Muscarine ( 1 pM; applied as indicated by the bars) enhanced the amplitude of Ici(m) (left- 

hand panel). Pirenzepine (100 nM), which was bath applied 4 minutes prior to the 

application of muscarine, prevented this enhancement (centre panel) and these effects 

were partially reversible (right-hand panel).

(B) The effects of (a) pirenzepine and (b) himbacine on the oxo-M-enhancement of Ici(m) 

“Agonist-induced current” is expressed on the ordinates in response to different 

concentrations of oxo-M. Kb for each antagonist was calculated as described in the text 

(section 3.2.6.2) using the equation:

In these examples the Ke values were 6.28 nM and 83.6 nM for pirenzepine and 

himbacine, respectively. Data are from 2 different cells.
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Figure 3.10: Inhibition o f Ici(m) by the PLC inhibitor, U73122 

Intracellular Ca^  ̂transients and membrane currents were recorded simultaneously in 

response to 500 ms depolarizations from -60 to 0 mV, before and during the application 

of 300 nM oxo-M (upper panel). U73122 (1 pM) was bath applied for 4 minutes and 

the same protocol applied again (lower panel). Ici(m) could not be activated even in the 

presence of agonist.
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3.2.7.2. Dependence o f  /c w

In a similar fashion to muscarinic agonists, activators of PKC such as the phorbol 

esters PDBu and PMA (100 nM-10 pM; bath application or pressure-ejection) 

potentiated Icum). With a depolarization-induced rise in intracellular Ca^  ̂greater than 

400 nM, PMA (10 pM, pressure ejection) caused a 288.8 ± 26.4 pA increment in Ici(m) ip 

= 8). In addition to an increase in current amplitude, phorbol esters also prolonged the 

time course of Ici(m) {Figure 3.11). These effects were also mimicked by synthetic 

analogues of DAG such as 1,2-dioctanoyl-^»-glycerol (DOG) and I-oleoyl-2-acetyl-5«- 

glycerol (GAG) (Marsh et a i, 1995).
In rat SCG neurones, PMA has been shown to enhance voltage-gated Câ  ̂ currents (100 nM increased 
current amplitude by 30 %, at 0 mV; Zhu & Dceda, 1994). PMA was proposed to act directly at the Câ  ̂
channel. It should be noted that those experiments used Ba^  ̂instead o f Câ  ̂as the charge carrier, when 
Câ  ̂ was used, PMA was less effective (5 times the concentration of PMA was required to cause the 
same increase in current amplitude).

Several PKC inhibitors were used, these were calphostin C (Kobayashi et al., 

1989) and staurosporine (Tamaoki et at., 1986). Although these were found to inhibit 

Ici(m), they were somewhat problematic since calphostin C is light-sensitive (Bruns et al., 

1991) and staurosporine elevated resting Ca^  ̂levels (Marsh et a i, 1995). Additionally 

they have little selectivity over other kinases, e.g., staurosporine IC50 for PKC inhibition 

is <0.7 nM, but for PKA inhibition is 7 nM, only a 10-fold difference. A more selective 

inhibitor of PKC is the bisindolylmaleimide compound, GFl 09203X (Toullec et a i,

1991) where the IC50 values for PKC and PKA are 10 nM and 2 pM (a 200-fold 

difference).
GF109203X acts competitively at the ATP binding site. It is perhaps surprising that this compound is 
so selective for PKC given the marked degree o f conservation between ATP binding sites in other 
protein kinases. Does the potency of GF109203X depend upon the amoimt o f PKC present? The 
competitive actions of GF1029203X against ATP may suggest that its potency depends upon cellular 
ATP levels. If the ratio of enzyme to channel remains constant, then a given concentration o f antagonist 
will inhibit the current by a given amoimt. If however this ratio changes, then the antagonist may have a 
variable block (Dr. M. P. Caulfield, personal communication). This cannot be easily tested.

Bath application of 1 pM GFl09203X inhibited Ici(m) by 63.8 ± 5.6 % (« = 9; Figure 

3.12A) but its effects were not always reversible. GFl09203X had no effect on 

intracellular Ca^  ̂nor on voltage-gated Ca^  ̂currents^ {Figure 3.12B), which is in 

accordance with other studies (Leprêtre et a i, 1994). In 6 out of 9 cells, G Fl09203X 

had no effects on the fast transient Ca^^-activated Cf current, and in the remaining 3, this

Voltage-gated Câ  ̂ currents were measured using external solution R and internal solution 10 (sections 2.7.2.4  
and 2.7.3.4, respectively. Chapter 2). Cells were voltage clamped at -80 mV and step depolarizations to +20 mV 
were applied for 50 ms.
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Figure 3.11: Potentiation oflci(m) by PDBu

Ici(m) (activated by a 100 ms jump from -60 to +20 mV) was potentiated by bath 

application of the phorbol ester PDBu (100 nM) which was applied for 1 minute.
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Figure 3.12: Inhibition o f Ici(m) by the PKC inhibitor, GF109203X

(A) lci(m) and a rise in intracellular Ca^^ were elicited by a 1 s depolarization from -60 to 

0 mV (left-hand panel). G F l02903X (1 pM) was bath applied for 3 minutes prior to 

activation o f l e w  iri the right-hand panel. In this cell, G Fl 09203 X inhibited l e w  t>y 64 

%. Although it appears that the Ca^^ transient has been inhibited, subsequent 

depolarizations induced Ca^^ transients o f  comparable amplitudes.

(B) This shows the inhibition o f voltage-gated Ca^^ currents by 10 pM  noradrenaline 

(blue circles) but not G F l09203X (black circles). Both drugs were applied (separately) 

as indicated by the bar.
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current was inhibited by approximately 10 %. The potentiating actions of muscarine (3 

pM) or PMA (1 pM) on Ici(m) were completely prevented by GF102903X (3 pM).

GFl 09203 X also inhibited the PMA- enhanced Ici(m) when it was applied at the peak of 

Ici(m) {Figure 3.13A). The effects of GFl09203X on Ici(m) and the PMA-enhanced Ici(m) 

are summarized in Figure 3.13B.

3,2,8, The effects o f  DDFSK and tamoxifen on Ici(m)

P-glycoprotein is the product of the multi-drug resistance gene (for review, see 

Endicott & Ling, 1989). It has been reported that swelling-activated Cl* currents are 

associated with expression of P-glycoprotein (Valverde et al., 1992) and that these 

currents are inhibited by DDFSK and tamoxifen (Mintenig et al., 1993; see section 

1.10.3, Chapter 1).

3.2.8.1. Inhibition o f  Ici(m)by DDFSK

Bath application of 50 pM DDFSK completely blocked Ici(m) (/z = 3; Figure 

3.14A). However, it was also noted that the fast transient Ca^^-activated Cl' current was 

also diminished, suggesting that DDFSK blocks voltage-gated Ca^  ̂channels, in 

accordance with other reports {e.g., Zerr et al., 1996). A small outward current at a 

holding potential of -60 mV was observed in response to 50 pM DDFSK; the mean 

amplitude of this current was 43.85 ± 4.32 pA {n = 13). The ionic basis of this outward 

current is not known, but it is clear that DDFSK is not a specific channel blocker since it 

acts on a variety of ion channels (Nishizawa et al., 1990). DDFSK was applied by 

pressure-ejection after the depolarizing step to avoid the interference of voltage-gated 

Ca^  ̂currents. Pressure ejection of 50 pM DDFSK inhibited the peak amplitude of Ici(m) 

by 94.34 ± 4.38 % (« = 7). In addition, when DDFSK was pressure-ejected at the peak 

oflci(m), the “ofF-rate” of la w  was accelerated {Figure 3.14B).

3.2.8.2. Inhibition o f  Ic i^b y  tamoxifen

Similarly to DDFSK, tamoxifen (10 pM) inhibited Ici(m) indirectly by inhibiting 

voltage-gated Ca^  ̂currents. This action of tamoxifen on Ca^  ̂currents is in agreement 

with other studies (Song et al., 1996). To circumvent this, tamoxifen was applied via
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Figure 3.13: Inhibition o f the phorbol ester potentiated-Ici(m) by GFI09203X

(A) Ici(m) was elicited by depolarizing to +20 mV for 1 s. Bath application of PMA (1 

pM) increased the amplitude and duration of Ici(m) (upper panel). This experiment was 

repeated in a different cell (since the effects of phorbol esters are irreversible) but this 

time 3 pM GFl 09203 X was pressure ejected at the peak of le w  (lower panel). The 

effects of this are quite obvious- GFl 09203 X accelerated the “off-rate” of lew -

(B) Summary of results of GFl 02903X on le w  &"d the PMA-enhanced le i(m ) .

G Fl09203X (3 pM) significantly inhibited le w  (^  ^  0.001) and PMA (1 pM) 

significantly potentiated lei(m) (P = 0.001) and G Fl09203X significantly prevented the 

actions of PMA (P = 0.001).
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(A)

400 pA

+ DDFSK  
(50 jjM; bath application)

10 s

(B)

300 pA

5s

DDFSK 
(50 pM)

Figure 3.14: Inhibition o f I c i ( m )  by DDFSK

(A) Ici(m) was elicited in this example by depolarizing from -60 to +20 mV for 1500 ms. 

Bath application of 50 pM DDSFK (right-hand panel) completely inhibited Ici(m).

(B) This shows the effects of applying DDFSK by pressure-ejection (indicated by the 

arrow) at the peak of Ici(m)- The “off-rate” of Ici(m) was clearly enhanced.
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pressure-ejection after the step depolarization. Under these conditions, tamoxifen (10 

pM) still inhibited Ici(m), by 35.37 ± 6.73 % (« = 4). Tamoxifen had no effects on the 

resting conductance, irrespective of whether it was bath-applied or applied by pressure- 

ejection.

3,2.9, The effects o f  external hypotonicity on Ici(m)

When the osmolarity of external solution was reduced by approximately 30 % 

(solution H, Table 2.5, Chapter 2), an inward current was activated at a holding potential 

of -60 mV (see Chapter 5). Hypotonicity had variable effects on Ici(m): in some cells, 

current amplitude was enhanced by hypotonic solution, but not in others. Overall, under 

isotonic conditions the mean current amplitude was 314.4 ± 47.6 pA {n = 24) and under 

hypotonic conditions, 303.5 ±41.8 pA {n = 24). However, it has previously been noted 

that the variability in current amplitudes makes these sort of comparisons difficult, 

without knowing the Ca^^-sensitivity or (PKC-sensitivity) of Ici(m) in each cell and in 

these experiments intracellular Ca^  ̂was not monitored.

3.3. DISCUSSION

3.3.1, General observations o f Ici(m) in SCO neurones

This Chapter has described a Ca^^-dependent Cl current (lew ) The amplitude 

of this current is enhanced by activators of PKC such as phorbol esters or indirectly via 

stimulation of Ml muscarinic ACh receptors. Ici(m) had the anion permeability sequence 

T> Br > Cl and was inhibited by niflumic acid, NPPB, a PKC inhibitor (G Fl09203X), a 

PLC inhibitor (U73122), DDFSK and tamoxifen.

3.3.2, A comparison between the whole-cell and the perforated-patch 

method to record Ici(m)

The experiments described in this Chapter used the perforated-patch technique to 

record Ici(m) since it could not be maintained under whole-cell recording conditions. This 

suggests that a factor required for Ici(m) is being lost from the cell during whole-cell 

dialysis. It is clear that Ici(m) is PKC-dependent, and presumably ATP-dependent, 

however the addition of ATP and GTP to the internal solution had no beneficial effect - 

the amplitude of le w  still declined during whole-cell dialysis. The cause of this “run-
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down” is not clear; the ineffectiveness of additional ATP and GTP does not preclude a 

phosphorylation step since it may be that the endogenous ATP production is sufficient to 

allow target protein phosphorylation. The temperature-dependence of Ici(m) may also 

suggest the involvement of a diffusible second messenger pathway.

3.3.3. Pharmacology ofIci(m)

The Cr channel blockers used (niflumic acid and NPPB) are not particularly 

selective amongst channel types. For instance, niflumic acid has been reported as a 

potent blocker of Ca^^-activated Cl channels (Pacaud et al., 1989), but it also inhibits 

other c r  currents and has also been shown to activate the BKca subtype of channels 

(Ottolia & Toro, 1994).
At 100 ^M, niflumic acid increased the Popen of Bicca channels by approximately 4-fold and was 
proposed to act by increasing the sensitivity o f the Bicca channel to Ca^ .̂ In the present study, niflumic 
acid had no effects on the resting conductance at -60 mV, nor was an increase in intracellular Câ  ̂
observed.

The inhibitory actions of tamoxifen on Ici(m) are interesting. Tamoxifen has been 

reported to be a selective inhibitor of swelling-activated Cl currents (Valverde et al.,

1993) yet it inhibited Icim by approximately 36 %. The inhibitory actions of tamoxifen 

on Ici(m) were not due to inhibition of voltage-gated Ca^  ̂currents, since it was pressure- 

ejected after the depolarizing step. DDFSK had a rapid and dramatic effect on the “off- 

rate” of Ici(m) {Figure 3.14B) suggesting that it may be acting directly at the channel.

The use of tamoxifen or DDFSK as selective inhibitors of swelling-activated Cl currents 

should be cautionary.

3.3.4. The Ca^^-sensitivityj and inherent variability oflcgm)

Activation of Ici(m) occurs via a “signal cascade”. For instance, one agonist 

molecule binds to one receptor protein which can then stimulate several G proteins.

Each G protein can stimulate many molecules of PLC which can then in turn hydrolyze 

many molecules of PIP2. The whole procedure is an amplification process - a single 

agonist/receptor interaction may result in the formation of many molecules of IP3 and 

DAG. Such a process is obviously more complex than a single one-to-one relationship 

between stimulus and response and may account for the variability observed with 

agonist-potentiation of Ici(m) (see section 3.2.6.1). Such variability may imply that, 

perhaps, there is a resting turnover of G proteins and/or the PLC pathway, such that
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some cells may be more sensitive to agonists than others. It has already been discussed 

that agonists increased the sensitivity of Ici(m) to Ca  ̂ (section 3.2.6.1) such that in the 

presence of agonist (or PKC activator), a smaller rise in intracellular Ca^  ̂was required 

to activate Ici(m).

Pooled dose-response curves were not constructed. Even the dose-response 

curve for a single cell, shown in Figure 3.8 is likely to be an over-simplification since the 

“response” {i.e., agonist-induced current) is not directly related to receptor occupancy 

alone, but to a more complex interaction involving intracellular Ca^  ̂and DAG via at 

least one second messenger pathway. To properly construct a dose-response curve for 

the agonist effects on Ici(m), both intracellular Ca^  ̂and current should be monitored 

simultaneously, so that the effects of the agonist are quantified with different 

depolarization steps, and thus different rises in intracellular Ca^ .̂

3.3.5. The absence o f a muscarine-induced rise in intracellular
Muscarinic agonists or activators of PKC alone did not activate Ici(m): a 

depolarization-induced rise in intracellular Ca^  ̂was always required. I have shown that 

Ici(m) is potentiated by stimulation of Ml ACh receptors. These receptors are coupled to 

PLC-mediated hydrolysis of PIP2 yielding DAG and IP3 Conventionally it might be 

expected that the IP3 produced would mobilize Ca^  ̂from intracellular stores but this has 

not been observed in SCG neurones - this has also been reported by Wanke et al.,

(1987).

Are the components of the IP3 pathway present in SCG neurones? M l ACh 

receptors are present in these cells (Brown et at., 1995) as are the G proteins which they 

are coupled to (Caulfield et at., 1994); the coupling between receptor and G protein is 

intact (this is well established for muscarinic-inhibition of the M-current; see Caulfield et 

at., 1994). It is known that IP3 is produced in response to muscarinic stimulation in SCG 

neurones (Bone et al., 1984). In fact, recent work done in this laboratory has confirmed 

that the IP3 sensitive Ca^  ̂store is present in SCG neurones (Dr. S. J. Marsh, personal 

communication).
Dialysis o f SCG neurones with IP3 (10 fiM) from the patch pipette caused a slow, «500 nM increase in 
intracellular Câ .̂ This was not due to Câ  ̂ influx during patch rupture because the cells were bathed 
in a Ca^^-free external solution. Despite this rise in no change in conductance was observed, 
suggesting that the rise in Câ  ̂ was insuflicient to activate either Ici(m), Ici(Ca) or Ca^^-activated 
currents.
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Therefore if all the components of the IP3 pathway are present, then why is a rise 

in intracellular Ca^  ̂still not observed? The answer may lie in the system used for 

detection of intracellular Câ .̂ The IP3 receptor is proposed to be embedded in the 

endoplasmic reticulum and to lie very close to the plasma membrane (see Pozzan et al.,

1994). The change in fluorescence from such a localized change in Ca^  ̂at or near the 

plasma membrane would probably not be distinguished from the overall fluorescence 

from the rest of the cell̂ ®.

Muscarine does not activate Ici(m)- If muscarine does increase intracellular Ca^  ̂

(but which is undetectable), then this may suggest that the Ici(Ca) and Ici(m) channels are 

located away from the IP3 “machinery”. Indeed, Ici(Ca) channels are proposed to have a 

dendritic location (section 1.7.1, Chapter 1).

An alternative explanation for the lack of muscarine-induced rise in intracellular 

Ca^  ̂may be that IP3 is metabolized so rapidly that its effects are too short-lived to be 

observed. There are two main pathways for IP3 metabolism; it can be de-phosphorylated 

into inositol-1,4-bisphosphate (IP2) which cannot mobilize intracellular Ca^\ or it can be 

further phosphorylated to inositol-1,3,4,5-tetrakisphosphate (IP4) The precise role of 

IP4 is unclear (see Irvine, 1991); it is thought to be unable to release Ca^  ̂from 

intracellular stores (lacrimal acinar cells; Bird & Putney, 1996) although there is some 

evidence for it regulating voltage-gated Ca^  ̂influx (cerebellar granule neurones; De 

Waard e/a/., 1992).

3.3,6. The second messenger pathway for Ici(m)
The PLC inhibitor, U73122, and its “inactive” analogue, U73343, were used to 

investigate the transduction mechanism of Iciw- U73122 is reported to be PLC-specific: 

it had no effects on phospholipase A2 (50 pM) or adenylate cyclase (10 pM) (Bleasdale 

et a i, 1990). One study has shown, however, that it inhibited dibutyryl cAMP- 

stimulated production of progesterone in luteal cells (Abayasekara & Flint, 1993). 

Additionally, it has been shown to be ineffective on some PLC-mediated pathways {e.g., 

in pancreatic p-cells U73122 (10 pM) did not inhibit glucose-induced increases in I P 3 ,  

additionally, this study showed inhibitory effects of U73343; Alter et a i, 1994). 

Although, the “inactive” analogue (U73343) of the PLC inhibitor, U73122, did have

It has been reported that in pancreatic acinar cells, oscillations of intracellular Ca^  ̂were reflected by oscillations 
in a Ca^^-dependent Cl current, but which could not be detected by Fura-2 (Osipchuk et al., 1990).
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some inhibitory effects in the present study, it is still clear that inhibition of PLC 

prevented muscarinic-enhancement of Ici(m).

These observations are in agreement with other studies where U73122 has been 

used to investigate PLC pathways. Thus it has been shown to inhibit agonist-induced, 

but not ionomycin-induced, Ca^  ̂rises in fibroblasts (IC50 1.5 pM; Grierson & Meldolesi, 

1995). For inhibition of oxo-M-induced release of inositol phosphates the Ki was 3.7 

pM and for GTPyS-induced release it was 5 pM(SK-N-3H cells; Thompson et al.,

1991). Although, the exact site of action of U73122 is not known it is thought that it 

disrupts the coupling between G protein and PLC. It is interesting that in the present 

study, U73122 inhibited Ici(m) induced by depolarization alone, i.e., when there was no 

agonist-induced PLC activation. This would seem to suggest that the rise in intracellular 

Ca^  ̂alone was sufficient to activate PLC, or that there is a resting turnover of PLC 

activation.

3.3.7. Cross-talk*^ between different signalling pathways
The evidence presented in this thesis and an associated paper (Marsh et at., 1995) 

points to the involvement of the PLC and PIP2 pathway in activating Ici(m). Although the 

involvement of PKC in activating Ici(m) has been established, it is not known at which 

stage PKC acts. It may phosphorylate the channel itself causing it to open, or maybe an 

intermediate protein is involved which becomes phosphorylated by PKC.

The involvement of an additional transduction pathway should not be ruled out. 

DAG can also be produced from the hydrolysis of phosphatidylcholine, catalyzed by 

phospholipase D, resulting in phosphatidic acid which is then metabolised to DAG, (and 

choline). There is no evidence for hydrolysis of PC by PLC to produce DAG directly 

(Nishizuka, 1995). DAG derived from phosphatidylcholine is unlikely to activate Ca^- 

dependent isozymes of PKC because no IPg-induced rise in intracellular Ca^  ̂has been 

produced (unless a Ca^  ̂rise is stimulated by other means). PIP2 can also activate PKC, 

although less efficiently. However it probably does not act at the same site as DAG since 

it was unable to overcome the actions of phorbol esters (Lee and Bell, 1991). Since it 

has only been shown that the Ca^-dependent isoforms were activated by PIP2, it may be 

that the PIP2 binding site is present in the C2 domain. Other lipids may also regulate 

PKC activity but to differing extents Phosphatidic acid, phosphatidylethanolamine, 

phosphatidylglycerol and cardiolipin are all capable, but only at high Ca^  ̂concentrations.
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c/5-unstaurated fatty acids {e.g., arachidonic acid, oleic acid and linoleic acid) can act 

synergistically with DAG in activating PKC (Shinomura et al., 1991) although the exact 

mechanism is unknown.

3.3.8. Which PKC isozyme mediates Ici(m)?

It is not clear which isozyme of PKC is involved in the activation of Ic i(m ) . It is 

likely to be Ca^-dependent, and one good candidate is PKCP which has been identified 

in SCG neurones (Roivanen et a i, 1991). The PKC inhibitor G Fl09203X is not 

isozyme-specific so this can provide no clues to the isozyme involved in Ici(m)- However 

an isozyme-specific inhibitor which has been developed is Go6976 (Martiny-Baron et al., 

1993). This has nanomolar potency for PKCa and PKCpi (2.3 and 6.2 nM, 

respectively) but even at micromolar concentrations does not inhibit PKC5, e or Ç (3 pM 

was ineffective). There have been no reports of the use of this compound in 

electrophysiological studies. Additionally, the 12-deoxyphorbol esters specifically 

activate PKCP isozymes (Dimitrijevic et a i, 1995) which would also be a useful tool in 

determining the isozyme of PKC responsible for Ici(m)-

3.3.9. The effects o f  hypotonicity on Ici(m)

Some experiments were done to see if Iciw was sensitive to changes in 

osmolarity. The effects of hypotonicity on Ici(m) were mixed. A %30 % reduction in 

osmolarity increased the amplitude of Ici(m) in approximately 50 % of cells, and decreased 

it in the other 50%. Intracellular Câ "̂  was not monitored during these experiments. 

Hypotonicity-induced cell swelling may act to reduce the concentration of intracellular 

Ca^\ An increase in volume of 50 % (see section 5.2.2, Chapter 5) would reduce 

intracellular Ca^  ̂by 33 %, decreasing it from % 100 nM to %66 nM. This is unlikely to 

have any effects on Ici(m). Some swelling-activated Cl" currents are proposed to be 

mediated via the activation of G proteins (see section 5.2.10, Chapter 5). Perhaps cell 

swelling activates G proteins and thus PLC to activate PKC which may then enhance 

Ic i(m ) , but the magnitude of this will depend upon the sensitivity of l e w  fo DAG/PKC in 

each cell, hence the variability in the effects of hypotonicity. Moreover, perhaps Ici(m) is 

sensitive to other G proteins and an overall increase in total G protein activity may also
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affect Ici(m) in a manner dependent upon its sensitivity to each G protein subtype. The 

stimulation of Ici(m) by hypotonicity may be important physiologically.

3.3.10, A physiological role for Ici(m)?

Ic i(m )  is also activated in response to brief applications of ACh (Marsh et al.,

1995). This would result in a rise in intracellular Ca^  ̂through the activation of Ca^^- 

permeable nicotinic receptors, and the activation of DAG/PKC via the stimulation of Ml 

muscarinic ACh receptors. This may suggest a possible important physiological role, 

since this would be the action of ACh released at the synapse. This will be discussed 

further in Chapter 7.
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Chapter 4

A hyperpolarization-activated Cl current

4.1. INTRODUCTION
This Chapter describes a time- and voltage-dependent Cl current which is 

activated by hyperpolarization. Three main types of hyperpolarization-activated 

membrane currents have been described. The first is the super-family of “inwardly 

rectifying” currents ( K ir ) .  These are present in many cell types (e.g., cardiac 

myocytes, skeletal muscle and neurones) and their main role is in maintaining the cell’s 

resting membrane potential, (for review, see Nichols & Lopatin, 1997). Several of these 

channel genes have been cloned, and at present there are at least 10 members (see 

Isomoto eta/., 1997).

The second is the mixed cation current (“anomalous rectifier”) which is 

permeable to both Na^ and ions. In cardiac tissue, this conductance is the 

“pacemaker” current and was termed If when it was characterised in 1979 (Brown eta/., 

1979a,b) and Ih by Yanagihara & Irisawa (1980). It has also been described in neurones, 

firstly in hippocampal neurones, where it was termed Iq (Adams & Halliwell, 1982), and 

also in SCG neurones (Lamas eta/., 1997).

Finally, there is hyperpolarization-activated Cl' current. This has been described 

in several cell types, (e.g., Ap/ysia neurones, Chesnoy-Marchais, 1982, 1983; epithelial 

cells, Fritsch & Edelman, 1996), including SCG neurones (Selyanko, 1984; Clark &
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Mathie, 1995; Clark et a i, 1997). Two different proteins have been cloned which, when 

individually expressed in Xenopus oocytes, result in a hyperpolarization-activated Cl' 

current. The first is the ClC-2 channel (Thiemann et a i, 1992), a member of the CIC 

family of voltage-gated Cf channels (see section 1.6.2.4, Chapter 1) and the second is 

phospholemman (Moorman et al., 1992) (see section 1.10.1, Chapter 1).

The aims of the experiments described in this Chapter were to investigate the 

characteristics of the hyperpolarization-activated Cf current in SCG neurones and to 

compare it to similar currents in other cell types and also to the Ca^^- and PKC- 

dependent current ( I c i ( m ) )  described in Chapter 3.

4.2 RESULTS 

4.2,1 Hyperpolarization activates a slow inward current

In cells voltage-clamped at 0 mV in the whole-cell configuration and dialyzed 

with a CsCl-based internal solution (solution 3, Table 2.8; external solution B, Table 2.4, 

Chapter 2; 22 °C), hyperpolarizing voltage steps revealed two current components. The 

first was a current which was activated immediately upon hyperpolarization (termed 

“instantaneous current”), and the second was a slower current which was observed at 

potentials more negative than -30 mV. The amplitude of this slow inward current 

(termed “hyperpolarization-activated inward current”), which was measured as the 

difference between the current at the start and at the end of the voltage step, increased 

with hyperpolarization {Figure 4.1). The mean amplitude of the hyperpolarization- 

activated inward current was -13.6 ± 3.6 pA at -30 mV, -84.7 ± 16.3 pA at -60 mV and - 

259.8 ± 34.7 pA at -100 mV {n = 40). Current amplitude with a given hyperpolarizing 

step remained stable over time with consecutive activations. Figure 4.2 illustrates 

currents activated by successive hyperpolarizing voltage steps. The current remained 

stable for at least 40 minutes and in fact, stable currents could be recorded from cells for 

up to 2 hours. The hyperpolarization-activated inward current was associated with an 

increase in conductance, because the amplitude of the instantaneous current at the end of 

the step was greater than that at the start (see Figure 4.2). The current slowly activated 

and showed no time-dependent inactivation over the voltage range studied (0 to -150 

mV). Hyperpolarizing steps from 0 to -100 mV were applied for up to 40 s: even over 

such a prolonged duration, no time-dependent inactivation was observed. To measure 

the time constants of activation, currents were elicited by 4 s hyperpolarizing steps from
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Figure 4,1: Hyperpolarization activates a slow inward current

(A) The upper panel shows the voltage protocol applied. Cells were voltage clamped at 

a holding potential o f 0 mV and the voltage was stepped to test potentials between 0 and 

-120 mV in 10 mV decrements for 4 s and stepped to -60 mV for 1 s before returning to 

0 mV. Voltage steps were applied every 20 s.

(B) Currents recorded using the above voltage protocol, from a cell in the whole-cell 

configuration with a CsCl-based pipette solution (3, Table 2.8, Chapter 2) and bathed in 

external solution B (Table 2.4, Chapter 2).

(C) A current-voltage relationship was obtained by measuring the difference in current 

amplitude between the start and end o f the voltage step.
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Figure 4.2: Stability o f recordings o f the hyperpolarization-activated inward current

(A) Hyperpolarizing voltage steps from 0 to -100 mV for 4 s, were applied every 3 minutes. Current amplitude was measured as the difference in 

current between the start and end o f the voltage step. The two components, i.e., the hyperpolarization-activated inward current and the instantaneous 

current, are indicated.

(B) Graph showing reproducibility o f current amplitude over a 42 minute period. Each data point is the mean ± SEM from 4 cells.



0 to -60, -100 and -120 mV in the presence of 10 mM external CsCl (solution C, Table 

2.4, Chapter 2) to block I q  present in these cells (Lamas et a l,  1997). The time course 

for activation of the hyperpolarization-activated inward current was fitted to a second 

order exponential function. Hyperpolarization caused an overall acceleration of the 

kinetics of activation which was manifested as a decrease in both time constants (ifast and 

Tsiow). This was due to an increased proportion of ifast accompanied by a decrease in the 

proportion of Xsiow contributing to the overall activation process. This data is 

summarized in Table 4.1 and illustrated in Figure 4.3.

Tfast (ms)
^siow  (ms)
% of Tfast

/O of Tsiow

Test potential 
-60 mV -100 mV -120 mV

337.31 ±50.97 
1715.06 ±314.06 

18±3 
82 ±3

218.86 ±29.83 
1129.45 ±233.11 

31 ±8  
69 ± 8

135.47 ±26.17 
790.74 ± 106.54 

34 ± 8  
66 ±8

Table 4.1: Effects o f membrane potential on the time constants o f activation o f the 

hyperpolarization-activated inward current

The values for the time constants accord with those already published for the 

hyperpolarization-activated inward current in SCG neurones (Clark & Mathie, 1995), 

although these authors did not investigate the effects of membrane potential on the time 

course of activation of the current.

4.2.2, The hyperpolarization-activated inward current is not a cation 

current

Hyperpolarization-activated cation currents have been described in neurones ( I q , 

Adams & Halliwell, 1982; Lamas et a i, 1997) and cardiac cells (L, Yanagihara & 

Irisawa, 1980). These currents are carried by both Na^ and ions and are inhibited by 

external Cs^. In the present study, the hyperpolarization-activated inward current was 

only slightly inhibited by external Cs  ̂{Figure 4.4A). At -100 mV, 10 mM Cs^ inhibited 

the amplitude of the hyperpolarization-activated inward current by only 4 . 6 ± 4 . 2 % ( «  = 

4), but it did affect the instantaneous current, inhibiting it by 16.2 ±3.0 % (« = 4). The 

apparent absence of I q  may be due to the recording conditions used (whole-cell, C s -
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Figure 4.3: Time course o f activation o f the hyperpolarization-activated inward current

(A) The graph illustrates a hyperpolarization-activated inward current evoked by 

hyperpolarizing to -120 mV from 0 mV for 4 s. A double exponential fit to this current 

yielded values for ifast of 126.28 ms (amplitude 180 pA) and Xsiow of 755.18 ms 

(amplitude 272 pA). The relative proportions of these components were approximately 

40 % and 60 % respectively. Single exponential curves were re-constructed using the 

time constants and amplitude parameters obtained from the double exponential fit, each 

being constrained to the appropriate proportion {i.e., 0.4 for red circles and 0.6 for 

Tsiow, green circles). These two components were then summed to give the fit shown by 

the blue circles.

(B) Graph showing the relationship between the time constants of activation, Xfast (red 

circles) and TsIow (green circles), of the hyperpolarization-activated inward current and 

test potential.

(C) This panel shows part of the hyperpolarization-activated inward current activated by 

stepping from 0 to -60 mV (black trace) and 0 to -120 mV (blue trace). Currents have 

been re-scaled for comparison. It is clear that the hyperpolarization-activated inward 

current has a faster time course of activation at -120 mV than that at -60 mV.
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loaded ceils; I q  recorded using perforated-patch in K^-loaded cells, Dr. J. A. Lamas, 

personal communication) or that I q  may be blocked by internal Cs^ ions.

Neither was the hyperpolarization-activated inward current affected by external 

Ba^  ̂{Figure 4.4B), in the presence of 10 mM Bâ % current amplitude was -250.88 ± 

24.02 pA at -100 mV {n = 4) which was not significantly different to that obtained in the 

absence of external Ba^  ̂(P = 0.48). Ba^  ̂also inhibited the instantaneous current but 

these effects were small (16.53 ± 2.13 % at -100 mV, n = 4). The slight inhibitory 

effects of Ba^  ̂on the instantaneous current may simply represent inhibition of a “leak” 

current (Scroggs et a l, 1994) or inhibition of a current which is still active under

these conditions (Cs^-loaded cells).

To further confirm that the hyperpolarization-activated inward current was not 

the mixed cation current, external Na^ was replaced with glucosamine (in the presence of 

1 mM CsCl; solution E, Table 2.4, Chapter 2). This had no effects on the amplitude of 

the hyperpolarization-activated inward current. At -100 mV it was -153.44 ± 28.0 pA {n 

= 9) which was not significantly different to controls (-259.8 ± 34.7 pA; « = 40, P  =

0.16). Omission of external ions (compensated for by increasing NaCl) also had no 

significant effects upon the amplitude of the hyperpolarization-activated inward current 

{Figure 4.4C), the current amplitude at -100 mV was -189.5 ± 33.4 pA {n = 6; control: 

-259.8 ± 34.7 pA, n = 40; f  = 0.34).

4,23, The hyperpolarization-activated inward current is a C t current

To examine whether the hyperpolarization-activated inward current was carried 

by c r  ions, I took several approaches. The first was to use an internal solution with a 

low c r  concentration. A solution was used which contained only 25 mM Cl (solution 4, 

Table 2.8, Chapter 2). Under these conditions, currents activated by hyperpolarization 

were much smaller; at -100 mV the mean current amplitude was -23.6 ±5.8 pA {n = 6) 

which was significantly different from that recorded with 153 mM Cl* in the internal 

solution (-259.8 ± 34.7 pA, n = 40, P  = O.OI). Thus the amplitude of the 

hyperpolarization-activated inward current was strongly dependent upon the 

concentration of Cl in the internal solution, suggesting that the current is carried 

primarily by Cf ions. The dependence of the amplitude of the hyperpolarization- 

activated inward current on the concentration of internal Cf and! its apparent
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Figure 4.4: The hyperpolarization-activated inward current is not carried by cations 

Currents were activated by stepping the membrane potential from 0 to -100 mV for 4 s 

followed by a step from -100 to -60 mV for 1 s. Control currents are shown by the black 

traces, and the green traces are examples o f currents obtained under three different 

conditions: (A) in the presence o f 10 mM external C s \  where in this example, the 

amplitude o f the hyperpolarization-activated inward current was reduced from 918 pA to 

905 pA by external Cs% (B) in the presence o f 10 mM external Ba^^; in this cell, control 

current amplitude was 305 pA and with 10 mM Ba^^ was 299 pA and (C) when was 

omitted from the external solution, in this example, current amplitude was reduced from 

147 pA to 133 pA. The omission o f external induced a small inward current at 0 mV 

(70 pA) which did not appear to be related to any change in the amplitude o f the 

hyperpolarization-activated inward current.
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insensitivity to manipulations in external cations suggests that this current is carried by 

c r  ions. To confirm this, I looked at the dependence of Erev upon external Cf 

concentration. In order to estimate the Erev of the hyperpolarization- activated inward 

current, two methods were used.

The hyperpolarization-activated inward current is followed by a transient 

outward (tail) current when the membrane potential is repolarized to positive potentials, 

for example, +20 mV (see Figure 4.5A). I investigated if this outward current 

represented a voltage-dependent deactivation of the hyperpolarization-activated inward 

current by studying its Erev. A tail current protocol was used whereby the 

hyperpolarization-activated inward current was activated by stepping the membrane 

potential from 0 to -120 mV for 4 s and then repolarizing to potentials within the range 

-30 to +50 mV for 6 s. Using this protocol, Erev could then be determined when the tail 

current amplitude changed from inward to outward (the “null potential”). Progressively 

increasing the duration of the hyperpolarizing step should result in progressively larger 

tail currents if these represent deactivation of the hyperpolarization-activated inward 

current. However, during preliminary experiments it was noticed that this was not the 

case, since the amplitude of the transient outward tail currents remained constant and 

they were also largely insensitive to external Cd^  ̂(the hyperpolarization-activated Cl- 

current is inhibited by external Cd̂ "̂ , see section 4.2.6; Figure 4.5A). Moreover, the 

transient outward current at +20 mV was reduced when external was elevated to 30 

mM (Figure 4. SB) suggesting that a contaminating current may still be present under

these conditions. Thus the tail-current protocol was not a satisfactory method of 

measuring Erev.

Erev was successfully determined by using a fast voltage ramp protocol. The 

hyperpolarization-activated inward current was elicited by hyperpolarizing to -100 mV 

from a holding potential of 0 mV. During activation of the current, several fast voltage 

ramps (200 ms) between -100 and +40 mV were applied and Erev was the intersection 

point of these voltage ramps. The ramps were sufficiently fast enough not to allow the 

hyperpolarization-activated inward current to deactivate during this time. This can be 

seen in Figure 4.6A where upon stepping back from +40 mV to -100 mV, the 

hyperpolarization-activated inward current was approximately the same amplitude as it 

was prior to the voltage ramps suggesting that very little channel closure had occurred
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500 pA

+ 200 pM Cd 2 +

2 s

3 mM KCI 30 mM KCI

200 pA

Figure 4.5: Use o f the tail current protocol fo r measuring Erev o f the hyperpolarization- 

activated inward current

(A) This shows current responses when the membrane was hyperpolarized from a 

holding potential of 0 mV to -100 mV and repolarized to +20 mV in 500 ms intervals. 

The left-hand panel shows control currents, and the right-hand panel in the presence of 

200 pM Cd^ ;̂ (internal solution 3, Table 2.8; external solution C, Table 2.4, Chapter 2).

(B) A similar voltage protocol was applied (0 to -120 mV for 4 s followed by a 

repolarization to +20 mV). The left-hand panel shows the current in control 3 mM K^- 

containing solution, and the right-hand panel, when external was raised to 30 mM.

121



Figure 4.6: Determination o f Erev for hyperpolarization-activated inward current

(A) The upper panel shows the voltage protocol imposed. The hyperpolarization- 

activated inward current was elicited by stepping the membrane potential to -100 mV 

from a holding potential of 0 mV. During this hyperpolarizing step, 200 ms linear 

voltage ramps between -100 and +40 mV were applied. This shows just one voltage 

ramp but typically >10 were imposed. A typical current response is shown in the lower 

panel. Note that, after the voltage ramp, very little current has deactivated.

(B) This graph shows two current-voltage relationships obtained by applying voltage 

ramps, as described in (A), when Eci was set at -2 mV. The intersection point of these 

two curves is Erev (indicated by the arrow). In this example, Erev was 0 mV.

(C) In a similar fashion, current-voltage relationships were obtained when Eci was set at 

+27 mV by partially replacing extracellular NaCl with NaGluconate. Erev in this example 

was +28 mV.
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during the voltage ramps. The current amplitude after the ramps was only 11.6 + 1.9 % 

less than that recorded prior to the ramps {n = 7). When the cells were bathed in 

external solution C (143 mM C1‘, Table 2.4, Chapter 2) and dialyzed with internal 

solution 3 (153 mM Cl*, Table 2.8, Chapter 2), Erev was +0.59 ± 3.04 mV {n = 10; 

Figure 4.6B). This was close to the Nemstian prediction for Eci (-2 mV). External 

NaCl was partially replaced with an equimolar concentration of NaGluconate (90 mM; 

solution D, Table 2.4, Chapter 2), thus shifting Eci to +27 mV. Under these conditions, 

Erev shifted to a more depolarized value: +34.43 + 1.81 mV {n = 6; Figure 4.6C) 

suggesting that gluconate is impermeable through this channel.

Thus, the hyperpolarization-activated inward current was sensitive to changes in 

external Cl concentration which would suggest that this current is mainly carried by Cl’ 

ions and to confirm this, I used three Cl* channel blockers.

4.2.3.1. Inhibition o f  the hyperpolarization-activated inward current by C t channel 

blockers

Three Cl* channel blockers were used: 9-AC, NPPB and niflumic acid. In a 

similar fashion to that described for Ici(m) in Chapter 3, the Cl* channel blockers were 

applied until no further change in inhibition was observed. All three inhibited the 

hyperpolarization-activated inward current. Their effects were >90 % reversible after 15 

minutes wash. There was no difference in the potency of blockers between -60 and -100 

mV (P = 0.12-0.16). The effects of these blockers are summarized in Table 4.2 and 

illustrated in Figure 4.7.

Drug
Percentage inhibition of

Hyperpolarization- 
activated inward current at

Instantaneous current at n

-60 mV -100 mV -60 mV -100 mV
Niflumic Acid 

(50 pM) 
NPPB (100 pM) 
9-AC (200 pM)

40.8 + 4.4

49.9 ±4.0 
34.6+10.8

26.7 + 7.1

33.1+6.4 
29.2 + 9.2

12.39 + 6.33

9.68 ±6.51 
7.22 ±3.87

7.81+5.04

7.48 ± 6.23 
6.54 + 3.18

5

5
5

Table 4.2: Summary o f effects o f C t channel blockers on the hyperpolarization- 

activated inward current and the instantaneous current component
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Figure 4,7: Inhibition o f the hyperpolarization-activated inward current by C t channel 

blockers

Currents were elicited by applying 4 s hyperpolarizing steps between 0 mV and -120 mV 

in 10 mV decrements (voltage protocol as in Figure 4.1). The left-hand panels show 

control currents and the right-hand panels show currents in the presence of 50 pM 

niflumic acid (upper), 200 pM 9-AC (middle) and 100 pM NPPB (lower). All records 

are taken from the same cell where the ‘control’ in the left-hand panel of (B) is the 

recovery of the current from niflumic acid. Likewise, ‘control’ in (C) is the ‘wash’ from 

the effects of 9-AC.
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Control Niflumic acid (50 }jM)

500 pA

1.5 s

Control (wash) 9-AC (200pM)

Control (wash 2) NPPB (100 pM)
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Thus, the hyperpolarization-activated inward current is a Cl' current and will henceforth 

be denoted as Ickhp).

4.2,4, Anion permeability ofIci(HP) channels

The properties of Ici(hp) thus far described are similar to those of a 

hyperpolarization-activated Cl current previously described in SCG neurones (Selyanko, 

1984; Clark & Mathie, 1995; Clark & Mathie, 1997) and to those of hyperpolarization- 

activated Cl currents described in Aplysia neurones (Chesnoy-Marchais, 1983), 

osteoblastic cells (Chesnoy-Marchais & Fritsch, 1994) and epithelial cells (Fritsch & 

Edelman, 1996). To investigate the anion permeability of the I c i(h p ) channels, external 

NaCl (105 mM; solution C, Table 2.4, Chapter 2) was replaced with an equimolar 

concentration of NaBr or Nal. The fast voltage ramp protocol was used to measure Erev 

(section 4.2.3). When Cl ions were replaced with Br ions E„v shifted to +7.5 ± 2.3 mV 

{n = 5), a value significantly different to that obtained with NaCl {P = 0.002). 

Substitution of C1‘ with T also shifted Erev, this time to +24.8 ± 2.2 mV (« = 6). This is 

clearly different to that obtained in NaCl (P = 9.5x10’*) and is also significantly different 

to the that obtained in NaGluconate (+34.4 ± 1.8 mV, n = 6 \P  = 0.007). Data are 

summarised in Table 4.3 and illustrated in Figure 4.8.

Ion Measured Erev (mV) Px/Pci n
Cl +0.59 + 3.04 1 10
Br' +7.5+2.3 0.63 + 0.08 5
I +24.8 + 2.2 0.17 ±0.04 6

Table 4.3: Summary o f anion permeability data fo r  Ickhp)

4,2,5, Voltage-dependence ofIci(HP)
Steady-state conductance ( g s s )  was calculated according to the following 

equation:

M

where AI is the amplitude of Ickhp), V is the test potential and Erev is the reversal potential 

(measured using the fast voltage ramp protocol; +0.59 ± 3.04 mV; see section 4.2.3).
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Figure 4.8: Anion permeability o f Ici(hp)

Values of Erev were determined in the same way as described in section 4.2.3 and in the 

legend to Figure 4.6. Erev is marked on each graph by an arrow.

(A) Current-voltage relationships obtained when NaCl was replaced with NaBr. For this 

cell, Erev was found to be +5.8 mV.

(B) When NaCl was replaced with Nal, Erev shifted to more positive potentials, and in 

this example was found to be +27.4 mV.
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Hyperpolarizing voltage steps (5 mV decrements, 4 s duration) were applied 

from a holding potential of 0 mV to test potentials between -30 and -150 mV.

Membrane currents were often unstable at potentials more negative than -130 mV. An 

example of the relationship between driving force (V-Erev) and conductance (gss) is 

shown in Figure 4.9A. Data were fit to a Boltzmann function constrained to a minimum 

conductance of zero. The mean half-activation voltage (V>/J was -67.53 ±4.8 mV, the 

maximum conductance (gmax) was 5.46 ± 1.14 nS and the slope factor^^ (a) was 17.91 ±

1.23 mV/e-fold change in conductance {n = 4).

4.2.5.1. The lack o f  effects o f external on the voltage-dependence o f  I ci(hf)

The above experiments were conducted in external solution containing 5 mM 

MgCb (solution C, Table 2.4). Similar experiments to those just described were 

performed in the absence of external MgCb (solution F, Table 2.4, Chapter 2). The 

reduction in osmolarity caused by the removal of MgCb was compensated for by the 

addition of 10 mM mannitol but no compensation was made for the reduction in 

concentration of divalent ions (the addition of Ca^  ̂would have caused the complication 

of contaminating voltage-gated currents). In Mg^^-free external solution, Erev was 

-4.32 ±3.13 mV (n = 8; Eci = -0.5 mV) which was not significantly different from 

controls (+0.59 ± 3.04 mV, n= \3 ,P  = 0.3). An activation curve was plotted (Figure 

4.9B) and under Mg^^-free conditions, neither gmax nor were significantly changed 

(4.19 ± 0.67 nS, P = 0.35, -82.08 ± 6.08 mV, f  = 0.11, respectively; « = 5) although 

there was a small but significant change in the slope factor, a  (23.23 ± 0.70 mV/e-fold 

change in conductance, n=5,P = 0.01). The kinetics of activation of I c k h p ) were also 

investigated; Mg^^-free external solution had no effects on either time constant measured 

at -100 mV (Tfast 256.43 ± 55.3 ms, P  = 0.11; Xsiow 1495.64 ± 357.59 ms, P  = 0.13; « =

5).

 ̂  ̂ The slope factor, a  (voltage increment per e-fold change in conductance), represents the gating charge o f the 
channel;

RT
a  =

zF
where R, T and F have their usual meanings and z is the gating charge. The gating charge is the amount o f charge 
which moves from one side o f the membrane to the other during channel gating, a  was found to be approximately 
18 mV, thus z is 1.4.
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Figure 4.9: Activation curves for Ici(hp) in the presence and absence o f external 

Currents were elicited by 4 s hyperpolarizing steps applied between -30 and -150 mV in 

5mV decrements. Conductances were calculated at each test potential and were plotted 

versus driving force {i.e., test potential minus Erev). Data were fit (solid line) to a 

Boltzmann equation of the form:

&min

\ + e

where gmin was constrained to zero and V is driving force.

(A) An example of an activation curve for Ici(hp)- In this particular example, gmax was

6.23 ± 0.1 nS, V>/, was -79.4 ±1.11 mV and a  was -19.19 ± 0.89 mV.

(B) The effects of removal of external Mg^  ̂on the activation curve for Ici(hp). In this 

example, gmax was 6.66 ±0.15 nS, V-/, was -75.12 ± 1.6 mV and a  was -22.8 ± 1.23 mV.
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4.2.6, Inhibition o f  Ici(hp) by external and
The divalent cations and Zn^  ̂have been shown to block the 

hyperpolarization-activated Cl' current in several cell types, including SCG neurones 

(Selyanko, 1984; Clark & Mathie, 1995). In the present study, both Cd^  ̂and Zn^  ̂

strongly inhibited Ici(hp). The effects of both were fully reversible at the concentrations 

tested (Cd^ ;̂ 1-200 pM; Zn^ ;̂ 20 and 100 pM) which allowed several concentrations to 

be applied to one cell. A dose-response curve for the effects of Cd^  ̂at -100 mV is 

illustrated in Figure 4.10 and summarized in Table 4.4.

Concentration 
of Cd"" (pM)

Percentage inhibition of 
Ici(H P ) at -100 mV n

1 3.8 ±2.2 4
3 13.6 ± 1.3 4
10 25.8 ±3.6 5
20 45.9 ±4.5 6
50 79.5 ±3.4 6
100 85.0 ±5.2 5
200 98.6 ± 1.4 5

Table 4.4: Summary o f dose-dependent inhibition o f Ickhp) ^  external

The ICso for Cd^^-inhibition of Ici(hp) was 20.9 ± 1.77 pM with a Hill coefficient (n) of 

1.28 ± 0.13. Cd^  ̂also had some inhibitory effects on the instantaneous current (200 

pM: 22.4 ± 3.2 % inhibition at -100 mV; n = 5).

The time course of activation of the Cd^^-sensitive current (obtained by 

subtracting the current in the presence of Cd^  ̂from the control current; Figure 4.1 OB) 

was investigated. A concentration of 20 pM Cd^  ̂was chosen which blocked I c k h p ) by 

«50 % at -100 mV. Time constants (Xfast and isiow) were measured and their relative 

proportions for control currents and Cd^^ -̂sensitive currents; Tfast control; 126.1 ± 10.06 

ms, 17 + 3.5 %, Tfast Cd^^-sensitive current: 131.84 ± 32.2 ms, 20 ± 3.4 %; TsIow control: 

1533.66 ± 141.66 ms, 83 ± 3.5 %, TsIow Cd^^-sensitive current: 1425.42 ± 87.44 ms, 80 ±

3.4 % {n = 4). There was no significant difference in Tfast and TsIow between the control 

Ici(H P ) and the Cd^^-sensitive current ( f  = 0.9 and 0.37, respectively). This suggests that 

Cd^  ̂is not having selective actions on either the fast or slow time constants of activation 

of Ic i(H P ). This data is shown in Figure 4.IOC.
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Figure 4,10: Dose-response curve fo r  inhibition ofIci(HP) by external C(f^

(A) A dose-response curve was constructed and data fit using the Hill equation:

% Inhibition = % m i n  -  % m a x

1 +
+ %.

where n is the Hill coefficient and IC50 is the concentration of Cd^  ̂which inhibits Ici(hp) 

by 50 %. The fit was constrained between 0 and 100 % inhibition.

(B) This shows control I c i(h p ) (left-hand panel), I c i(h p ) in the presence of 20 pM Cd^  ̂

(centre panel) and the Cd^^-sensitive current (right-hand panel); currents were elicited by 

applying hyperpolarizing voltage steps from 0 to -100 mV for 4 s. The dotted line is 

zero current.

(C) Cd^  ̂(20 pM) did not appear to have any effects on the time course of activation of 

Ici(H P ). This shows control I c i(h p ) (black trace) and the Cd^^^-sensitive current (green 

trace), re-scaled for comparison.
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It is well documented that Cd^  ̂is an effective blocker of voltage-gated Ca^  ̂

channels (e.g., Schofield & Ikeda, 1988). The inhibitory effects of Cd^  ̂on Ici(hp) 

however, were independent of its effects on Ca^  ̂currents. In solutions containing Ca^  ̂

(2.5 mM), the current amplitude at -100 mV was -249.3 ±69.0 pA and the percentage 

inhibition by 50 pM Cd^  ̂was 78.4 ± 1.8% (n = 3). These observations were not 

significantly different to the effects of Cd^  ̂in Ca^^-free solution; control current 

amplitude at -100 mV was -259.8 ± 34.7 pA (n = 40, P = 0.94) and 50 pM Cd^  ̂

inhibited I c i(h p ) at -100 mV by 79.5 ±3.4 % (n = 6; P = 0.78). Moreover, I c i(h p ) was 

routinely recorded from cells dialysed with 3 mM EGTA (internal solution 3, Table 2.8, 

Chapter 2) which buffers Ca^  ̂to <1 nM, thus suggesting that Ici(hp) is Ca^^-independent. 

ions also potently inhibited I c i(h p ), the data are summarised in Table 4.5,

Concentration of Percentage inhibition of Ici(hp)
Zn"' (pM) at -100 mV n

20 34.2 ±9.6 4
100 50.9 ±8.8 5

Table 4.5: Summary o f inhibitory effects o f external Zn^^ on Ici(hp)

4.2.7. Ici(HP) ^cis not inhibited by the PKC inhibitor^ GF102903X

The current described in Chapter 3, Ici(m ) (Marsh et at., 1995), was both Ca'̂  

and PKC-dependent. Although I c i(h p ) is Ca^^-independent, this does not preclude the 

possibility of PKC involvement since there are some isozymes of PKC which are Ca^^- 

independent (see Nishizuka, 1995). The PKC inhibitor GFl 09203X was used to 

investigate the possible role of PKC in the activation of Ici(hp). Bath application of I pM 

GFl 09203X inhibited I c i(h p ) measured at -60 mV by just 6.3 ± 3.5% and at -100 mV by

4.5 ± 3.5% (n = 4). These minimal effects contrast with its effects on Ici(m) where 1 pM 

caused 63.8 ± 5.6% inhibition of the current amplitude (n = 9; see section 3.2.7.2, 

Chapter 3).

4.2.8. Intracellular A TP did not modulate Ici(hf)

Ici(H P ) was routinely recorded using an internal solution which did not contain 

ATP. To investigate the possible effects of internal ATP on Ici(hp), internal solution was 

supplemented with 4 mM Mg ATP. Mean current amplitudes at -60 and -100 mV were -
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49.17 ± 5.97 pA and -180.33 ± 30.9 pA, respectively (« = 6). These values were not 

significantly different from control experiments in the absence of MgATP in the internal 

solution (-60 mV, -75.76 ± 10.83 pA, P = 0.23; -100 mV, -259.85 ± 35.56 pA, P  = 0.36; 

« = 23). Voltage ramp experiments indicated that the presence of MgATP did not 

significantly change Erev (+1.59 ± 1.51 mV; n = S ,P  = 0.82) from that determined 

without ATP supplementation (+0.59 ± 3.04 mV, w = 13). Activation curves were 

constructed (see section 4.2.5). The mean gmax was 3.68 + 0.71 nS, V-/, was -77.12 + 

4.61 mV and a  was -22.04 ±2.38 mV (« = 4). These values were not significantly 

different from those under control conditions (gmax: 5.46 + 1.14 nS, « = 4, P  = 0.07; V%: 

-67.53 ± 4.8 mV, « = 4, P  = 0.18; a: -17.91 ± 1.23; n = 4 ,P  = 0.32).

4.2.9. Ici(HP) is not inhibited by tamoxifen or DDFSK

The effects of the P-glycoprotein inhibitors, tamoxifen and DDFSK on Ici(hp) 

were investigated. Bath application of 10 pM tamoxifen had minimal effect on Ickhp): 

control current amplitude at -100 mV was -253.2 ± 54.7 pA and in the presence of 

tamoxifen was -257.5 ± 50.8 pA {n = 9), not significantly different from controls (P = 

0.86). However, in contrast to tamoxifen, DDSFK (50 pM) did have some inhibitory 

effects inhibiting by 30.27 ± 7.16 % and 35.02 ± 3.49 % at -60 and -100 mV respectively 

(« = 7). Neither tamoxifen nor DDFSK had any strong inhibitory effects on the 

instantaneous current.

4.2.10. Effects o f  external hypotonicity on I c i ( h p )

Swelling-activated Cl currents have been reported in many cell types (for review, 

see Nilius et al., 1996), and more recently in SCG neurones (Leaney et a i,  1997). It has 

also been reported that a cloned hyperpolarization-activated Cl* channel protein (ClC-2) 

can be activated by hypotonicity (Gründer et a i, 1992).

Ici(H P ) was recorded in response to voltage steps from 0  mV to potentials between 

-40 and -120 mV (20 mV decrements, 4s duration). Reducing extracellular osmolarity 

from 306 to 209 mOsm (solution G, Table 2.4, Chapter 2) induced cell swelling: 33.68 + 

4.45 % increase in cross-sectional area, equivalent to a 54.95 ± 7.54 % increase in 

volume (« = 6). An increase in the instantaneous current was observed, as well as an 

increase in the amplitude of Ici(hp). An example of this is shown in Figure 4.11.

136



HypotonieIsotonie

s

300 pA

Membrane potential (mV)

-120 -100 -80 -40 -20

-40-

Q.
-80-

- 120 -

-160-

- 2 0 0 -

-240-

-280-

Figure 4.11: Effects o f external hypotonicity on Ickhp)

The upper portion o f this figure illustrates Ic i(h p ) recorded by hyperpolarizing steps from 

0 to potentials between -40 and -120 mV in 20 mV decrements for 4 s. The left-hand 

side shows currents recorded under isotonic conditions (306 mOsm) and the right-hand 

side under hypotonic conditions (209 mOsm). The relationship between I c k h p )  and 

voltage is shown by the graph in the lower portion o f the figure.
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Ici(H P ) and the instantaneous current were measured at -60 and -100 mV under 

both isotonic and hypotonic conditions. The amplitude of Ici(hp) increased by 49.33 ± 

9.87 pA at -60 mV and by 70.0 ± 14.55 pA at -100 mV {n = 6) in the presence of 

hypotonic solution, whilst the amplitude of the instantaneous current increased by 173.5 

±51.05 pA at -60 and 355.83 ± 131.88 pA at -100 mV (n = 6). Thus the effects of 

hypotonicity on Ici(hp) were substantially smaller than those on the instantaneous current. 

The basis for the increase of the instantaneous current is probably due to the activation 

of a swelling-activated Cf current observed in these cells (Leaney et al., 1997) and this 

will be discussed further in Chapter 5. External hypotonicity had no significant effects on 

the time constants of activation of Ici(HP): %fa:t was 208.74 ± 58.65 ms (measured at -100 

mV) in isotonic solution and 317.0 ± 96.5 ms in hypotonic solution; Xsiow in isotonic 

solution, 907.3 ± 88.6 ms and 793.23 ± 87.3 ms in hypotonic solution (w = 4; P  = 0.34 

and 0.21, respectively).

4.3. DISCUSSION

4,3A, General observations o f Ici(hp) in SCG neurones

The main findings of this Chapter are that hyperpolarizing voltage steps to 

potentials more negative than -30 mV activate a Cf current (Ickhp)). The channel 

responsible for Ici(hp) shows greater permeability to Cl* than to Br' or T. It is potently 

inhibited by the divalent cations Cd^  ̂and Zv?* but not by Ba^  ̂(or Cs^), which 

distinguishes it from hyperpolarization-activated cation currents. In these cells, there 

does not appear to be any change in the current amplitude by activation of PKC or 

intracellular ATP. Its sensitivity to external osmolarity raises the question of its 

relationship to swelling-activated Cl* currents.

4,3,2, Comparison o f Ici(hp) in SCG neurones and other cell types

Hyperpolarization-activated Cl* currents were first described in Aplysia neurones 

(Chesnoy-Marchais, 1982) and have since been described in other cell types. These 

include T84 epithelial cells (Fritsch & Edelman, 1996), hippocampal pyramidal cells 

(Madison a/., 1986; Staley, 1994), osteoblasts (Chesnoy-Marchais & Fritsch, 1994) 

and mandibular duct cells (Komwatana et al., 1994). These reports describe a current 

with similar properties to Ici(hp) in the present study. A hyperpolarization-activated Cl*
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current has also been described in SCG neurones (Selyanko, 1984; Clark & Mathie,

1995; Clark et a i, 1997). The characteristics of Ici(hp) described in the present study has 

some similarities with these reports. These include its time- and voltage-dependence, its 

inability to conduct cations and its Cd̂ "̂ - and Zn^^-sensitivity. Although previous reports 

of the hyperpolarization-activated Cf current in SCG neurones were not very detailed, it 

was reported that there was no effect of external hypotonicity on the hyperpolarization- 

activated Cf current (Clark & Mathie, 1995; see section 4.3.6. for discussion).

43,3, Pharmacology ofIci(HP)

Ici(H P ) was inhibited by the conventional Cf channel blockers, NPPB, niflumic acid 

and 9-AC. The effect of DID S was not investigated - this compound is reported to be 

ineffective on the cloned hyperpolarization-activated Cf channel (ClC-2; section 1.6.2.4, 

Chapter 1). The inhibition produced by niflumic acid (50 pM) was comparable to that 

obtained for Ici(m), whereas NPPB was much more potent on Ici(m). No effects of 

tamoxifen or DDFSK on Ici(hp) were observed, in contrast to their effects on Ic i(m ).

4,3,4, A role for phosphorylation in channel activation?

Some studies have indicated a role for ATP and phosphorylation in channel 

gating {e.g., Madison et al., 1986; Fritsch & Edelman, 1996). Both these groups 

demonstrated the abolition of the hyperpolarization-activated Cf current by phorbol 

esters; in addition, Fritsch & Edelman (1996) observed that in the presence of ATP, 

hyperpolarization-activated Cf currents in T84 cells became smaller and slower. They 

suggested that the gating of this current was modulated by phosphorylation. In the 

present study, the PKC inhibitor, GFl09203X had no effects on I c i(h p ). Additionally 

currents could be elicited without supplementing the internal solution with ATP and 

maintained for at least 1 hour whilst ATP-supplemented internal solutions had no effects 

on Erev or the voltage activation curve of Ici(hp); the lack of effects of ATP are in 

agreement with those observations of Komwatana et al., (1994). This however does not 

rule out a regulatory role for PKC and phosphorylation of this channel.
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4.3.5, What is responsible for the voltage-dependence o f  Ici(hp)?
The inward rectification seen with activation of the NMDA receptor is due to 

voltage-dependent block by extracellular (Mayer et at., 1984) and the rectification 

of inwardly rectifying channels is known to be mediated via intracellular Mg^^ and/or 

polyamines such as spermine or spermidine (see Isomoto et al., 1997). I have addressed 

the question of what is responsible for the voltage-dependence of Ici(hp). Previous 

studies have shown that the voltage-dependence of Ici(hp) was not due to voltage- 

dependent block by internal Mg^ ,̂ gluconate, HEPES or external HEPES (Staley, 1994). 

In my experiments I have demonstrated that neither internal ATP nor external 

affected the activation curve for Ici(hp) (although external had a small effect on the 

slope factor, a). It has recently been shown that the cloned ClC-2 channel, believed to 

be responsible for hyperpolarization-activated Cl*currents (see section 4.3.7.2) is 

activated by a voltage-dependent “ball-and-chain” mechanism (Jordt & Jentsch, 1997). 

This is because deletion of the NH2 terminus or amino acid mutations in the D7-D8 

cytoplasmic loop abolished the voltage-dependence of gating. It was postulated that the 

NH2 terminus is the “ball-and-chain” and the cytoplasmic loop is the receptor.

The slope factor of approximately 18 mV/e-fold change in conductance is close 

to that reported for hippocampal pyramidal neurones (14 mV/e-fold change in 

conductance; Staley, 1994). The activation curve is quite shallow compared to that for 

I q  where the slope factor is 8 mV/e-fold change in conductance (dorsal root ganglion 

(DRG) neurones; Mayer & Westbrook, 1983) and for the M-current where it is 8.7 

mV/e-fold change in conductance (SCG neurones; Constanti & Brown, 1981). Thus the 

voltage-dependence of I c k h p ) is not as pronounced as it is for either I q  or the M-current. 

This suggests that Ici(hp) is unlikely to be involved in fast events and thus it may play 

more of a regulatory role.

4.3.6, Modulation ofIci(HP) by external hypotonicity

An interesting issue is that relating Ici(hp) to osmolarity changes. In the present 

study, an approximate 30 % reduction in external hypotonicity increased the amplitude of 

both Ici(HP) and the instantaneous current component. The effects of hypotonicity on the 

instantaneous current can be attributed to activation of a volume-sensitive Cf current 

which is present in these cells (Leaney et al., 1997) and which is described in Chapter 5. 

My observations contrast with those of Clark & Mathie (1995) who saw no effects of
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hypotonicity on the hyperpolarization-activated Cl current in SCG neurones. This is 

surprising since the recording conditions they used would not appear to be dissimilar to 

those in the present study (CsCl-loaded cells, whole-cell recordings). However there is 

little detail in their report, thus preventing direct comparisons. Similar effects of 

hypotonicity have also been observed in T84 epithelial cells (Fritsch & Edelman, 1997) 

where hypotonic solution increased the amplitude of a hyperpolarization-activated Cl 

current and hypertonicity decreased it. However the effects of osmolarity changes were 

complex which may reflect multiple transduction pathways and a complex relationship 

between osmolarity and the hyperpolarization-activated Cl" current. The 

hyperpolarization-activated Cl" current described in osteoblasts (Chesnoy-Marchais & 

Fritsch, 1994) also showed sensitivity to external osmotic challenge but this was in the 

opposite manner, i.e., hypotonicity reduced current amplitude and hypertonicity 

enhanced it.

Although there is some evidence for the modulation of hyperpolarization- 

activated Cl currents by osmolarity, these currents differ quite distinctly from the 

classical swelling-activated Cl currents on the basis of their time- and voltage- 

dependence, their anion selectivity and their sensitivity to inhibitors (see Nilius et al., 

1996). This is the topic of Chapters 5 and 6 and will not be discussed further here: 

suffice to say that the main conclusion that can be drawn so far is that, although I c i(h p ) 

appears to be modulated by hypotonicity, it is not the same as the swelling-activated Cl 

currents described in these and other cells.

4,3,7, What is the molecular candidate for Ici(hp)?

The two main possibilities are the phospholemman protein (Moorman et al., 

1992) and the ClC-2 channel (Thiemann et al., 1992). The expression of either of these 

proteins in Xenopus oocytes leads to the activation of Cl currents which share similar 

properties to the native hyperpolarization-activated Cl" currents described in various cell 

types.

4,3.7,1, The phospholemman protein

Expression of the phospholemman (PLM) protein (see section 1.10.1, Chapter 1) 

in Xenopus oocytes led to a hyperpolarization-activated Cl" current (Moorman et al., 

1992). However, it is unlikely that PLM is responsible for Ici(hp) because PLM-induced
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currents are (a) inhibited by Ba^  ̂(IC50 0.36 mM), (b) insensitive to (1 mM: 17 % 

inhibition) and (c) more permeable to I* and Br' than Cl' (I* > NO3 > Br* > Cl*; Kowdley 

etal., 1994).

4,3,7,2, The ClC-2 channel

The second molecular candidate for hyperpolarization-activated Cl* currents is the 

ClC-2 channel. Its ubiquitous tissue expression suggested some sort of “house

keeping” role (Thiemann et al., 1992). When expressed in oocytes it exhibits a 

hyperpolarization-activated current which is more permeable to Cl* than to Br* and I* and 

is Ca^^-independent. The sensitivity of ClC-2 to Cd^  ̂or Zn^  ̂has not been determined. 

Similarly to Ici(hp) it was shown to be activated by external hypotonicity (Gründer et al., 

1992). However, the effects of external hypotonicity seemed to increase the amplitude 

of the instantaneous current rather than the slow hyperpolarization-activated Cl* current.
The observations made on ClC-2 expressed in oocytes need to be examined carefully. In the first 
instance Xenopus oocytes express an endogenous hyperpolarization-activated Cl' current (Parker & 
Miledi, 1988) and also a swelling-activated Cl' current (Ackerman et al., 1992). Moreover, expression 
o f other proteins in Xenopus oocytes has been shown to be dependent upon the method used to 
defolliculate the oocyte (Voets et al., 1996) and also the temperature at which they are incubated at 
post-injection (Buyse e ta l., 1997).

However, since the characteristics of the ClC-2 current are virtually identical to 

Ici(H P ) it seems to be a more likely candidate than PLM.

4.3,8. Comparison o f Ici(hp) Wr/f Ici(m)

To recap, Ici(m) is a Ca^  ̂and PKC-dependent Cl* current which can be induced by

ACh via the simultaneous activation of nicotinic receptors to produce the rise in

intracellular Ca^ ,̂ and muscarinic receptors to stimulate the production of PKC. The

first obvious difference between Ici(m) and Ici(hp) is their Ca^^-dependence. Although

Ic i(H P ) is potently inhibited by Cd^ ,̂ these effects are not mediated via blockade of Ca^^
be

channels, moreover, activation of Ici(hp) does not seem tcÿPKC-dependent. DDFSK and 

tamoxifen had contrasting effects on Ici(hp) and Ici(m). DDFSK (50 pM) inhibited Ici(hp) 

by %30 % and Ici(m) by %94 %, whilst tamoxifen had no effects on Ici(hp) but inhibited 

Ic i(m ) by %35 %. The discriminatory effects of NPPB were also noted (see section 

4.3.3).
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4,3,9. A physiological role for Ici(hp)?

There is a distinct lack of literature concerning the possible physiological role of 

Ici(H P ) (and ClC-2) in neuronal cells. In non-neuronal cells, I c i(h p ) (ClC-2) has been 

proposed to be involved in volume regulatory mechanisms. In neuronal cells an 

interesting hypothesis has been proposed for the role of ClC-2 in regulating intracellular 

Cr concentration. These will be considered in Chapter 7.
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Chapter 5

A swelling-activated Cl current

5.1. INTRODUCTION

This Chapter describes a swelling-activated Cl' current which I have observed in 

SCG neurones, and its possible role in the regulation of cell volume (also discussed in 

Chapter 6). The work described in this thesis has been published (Leaney et al., 1997) 

and is the first report of a swelling-activated Cf current in primary neurones. I have used 

two methods to measure changes in cell volume: these will be discussed first. I will then 

describe the characteristics of the swelling-activated Cf current and compare it to similar 

currents expressed in other cell types. A comparison between the three SCG Cf currents 

described in this thesis will be made in Chapter 7.

Volume regulation is an important function of all living cells. But how do cells 

maintain and regulate their volume? Animal cells lack rigid walls which means their 

plasma membranes cannot support hydrostatic pressure gradients, thus cell volume is 

determined by the thermodynamic equilibrium of water across the plasma membrane.

This is controlled by a combination of external and internal osmolarity such that any 

changes in osmolarity will result in the movement of water into or out of the cell. Water 

entering or leaving the cell causes cells to swell or shrink, respectively. There are two 

principal mechanisms for water movement across membranes: diffusional or pore- 

mediated. The partition coefficient for water into lipid is low suggesting that diffusion
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may not be important. However because the concentration of water is high (55 M) and 

the surface area of the lipid layer is large, diffusion is quite significant. Specialized water 

channels termed aquaporins have been identified which can enhance water permeability, 

these channels are blocked by mercuric compounds (Denker et al., 1988; aquaporins are 

discussed in more detail in section 6.3.9.1, Chapter 6). In erythrocytes blocking these 

channels with mercury reduced water permeability by 90 % suggesting that water 

movement across the membrane seems to be predominantly pore-mediated (Macey & 

Farmer, 1970).

Regulation of cell volume occurs through the net gain or loss of osmotically 

active substances termed “osmolytes” which can be organic or inorganic in nature. 

Organic osmolytes include sugars, amino acids and urea whilst inorganic osmolytes are 

ions such as N a\ K% Cl' and HCO3', the relative contributions of organic and inorganic 

substances varies among cell types. The movement of osmolytes into or out of the cell is 

accompanied by the movement of osmotically obliged water. Several pumps and 

transport mechanisms exist for the movement of osmolytes across the plasma membrane, 

the efficacy of which varies with different cell types (Sarkadi & Parker, 1991). These 

may include ATP-driven pumps, ion coupled co-transport or exchange mechanisms and 

and Cl channels. In mammalian cells, volume regulation generally occurs through the 

movement of inorganic osmolytes whilst organic substances may be recruited under 

conditions of extreme osmolarities or over prolonged time periods.

This Chapter concentrates upon the response of SCG neurones to conditions 

which cause swelling. When cells are exposed to external hypotonicity the entry of 

water causes them to swell. This is often followed by a regulatory period (termed 

“Regulatory Volume Decrease” or RVD) where the efflux of solute, accompanied by 

water, allows the cells to return to their original volume. In many cases the efflux of 

solute is achieved by the opening of Cl channels and an increased Cl" permeability.

Swelling-activated Cl* currents have been described in several cell types, mainly 

non-neuronal (e.g., epithelial cells, Kubo & Okada, 1992; chromaffin cells, Doroshenko 

& Neher, 1992; myocytes, Tseng, 1992; Xenopus oocytes, Ackerman et al., 1992).

There have been some descriptions, although to a lesser extent, in neuronal-cell lines 

(e.g., CHP-100, Basavappa et at., 1995; FI 1, Pollard, 1993) but none in primary 

neurones. The characteristics of swelling-activated Cl currents have been described in
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Chapter 1 (section 1.9); briefly, they exhibit time-independent activation, outward 

rectification, an anion selectivity sequence of T> Br' > Cf and are Ca^^-independent.

5.2. RESULTS

5.2.7. Comparison o f  the methods used fo r measuring cell volume

5.2.1.1. Morphometric

Cell volume was estimated from measured cross-sectional area and by assuming a 

spherical geometry (section 2.5.2.2, Chapter 2). Changes in cell volume were measured 

in response to various osmotic gradients. Osmolarities of solutions ranged between 68 

% and 132 % of isotonic osmolarity (isotonic solution was 296 mOsm, the most 

hypotonic was 201 mOsm and the most hypertonic was 391 mOsm). A graph showing 

the relationship between changes in osmolarity and consequent changes in volume is 

illustrated in Figure 5.1 and data is summarized in Table 5.1.

TTo
Isotonic Test

TTo/jlt
Osmotic
gradient

Vt/Vo 
Change in 

volume
n

296 201 1.47 1.34 ±0.03 14
224 1.32 1.23 ±0.02 4
250 1.18 1.15±0.03 9
268 1.1 1.1 ±0.02 7
296 1.0 1 ± 0 4
391 0.76 0.85 ±0.01 6

Table 5.1: Relationship between changes in volume (V/Vq) with changes in external 

osmolarity (K(/Kt) as determined by the morphometric method

The linear regression to the data in Figure 5.1 yielded an intercept on the 

ordinate of 0.29 ± 0.04 and a gradient of 0.71 ± 0.04. The intercept on the ordinate 

(which is the term “b” in equation E3, section 2.5.1, Chapter 2) represents the fraction of 

the cell which is “osmotically inactive”, i.e., %29 %.

5.2.1.2. Confocal microscopy

Approximately 30-40 image “slices” were taken of each cell under isotonic (296 mOsm) 

and hypotonic (201 mOsm) conditions. The cross-sectional area of each slice was
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Figure 5.1: Relationship between changes in external osmolarity and cell volume using 

the morphometric method

This graph illustrates changes in external osmolarity (Tio/ttt) along the abscissa with 

consequent changes in volume (V t /V o )  along the ordinate, ttq is the osmolarity o f 

isotonic solution (296 mOsm), Kt is the osmolarity o f test solution, Vq is the isotonic cell 

volume and Vt is the cell volume in test solution. Volumes are expressed relative to Vq 

which was normalized to 1. The black line is fit to the data using the equation;

^  = ( V , - b ) . ^  + b
V, n.

The intercept on the ordinate is b and the gradient o f the line is (V o - b ) .  The fitted line 

yielded a slope o f 0.71 ± 0.04 and extrapolated intercept o f  0.29 ± 0.04. The green line 

is a regression line predicting the behaviour o f a perfect osmometer, where b = 0. 

Number o f observations for each point are between 4 and 14. The inset shows the same 

fitted data but with the axes extended to (0,0) so that the intercept on the ordinate can 

clearly be seen.
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measured and the volume calculated. A three-dimensional measurement of cell volume 

was obtained by summing the volumes of each “slice” (see section 2.5.2.3). The mean 

change in volume (of the cell soma) was calculated to be 1.22 ± 0.02 (« = 7).

The confocal method provided a quantitative estimate for the actual volume of a 

cell. If Vt/Vo = 1.22 then from:

=  - 6 ) — + 6

b becomes 0.53.

The confocal microscopy work was a short series of experiments in collaboration 

with Dr. A. Nadal (Department of Physiology, Kings College London) - this facility was 

not routinely available. The morphometric method was thus used to measure changes in 

cell volume (advantages and disadvantages of this method are discussed in section 5.3.2).

5,2.2. External hypotonicity induces cell swelling

Cell volume changes were measured in both non-patched cells and patched cells 

simultaneously with membrane current. Reducing external osmolarity from 296 to 201 

mOsm (solution J, Table 2.5; internal solution 6, Table 2.9, Chapter 2; 32 °C) caused cell 

swelling which was fully reversible when isotonicity was restored. In whole-cell patched 

cells cross sectional area increased by 34.8 ± 2.2 % and volume by 57.2 ± 3.9 % (w =

43). In non-patched cells the swelling was less: cross-sectional area increased by 21.9 ±

1.9 % and volume by 34.7 ± 3.2 % (« = 14). The extent of cell swelling of cells in the 

perforated-patch configuration was similar to that seen under non-patched conditions 

(33.9 ± 4.9 % increase in volume, n=  10). The degree of cell swelling (Vt/Vo) was 

dependent upon the osmotic gradient (ttg/tci) and the recording condition used. Figure 

5.2 shows this relationship with fitted regression lines for 3 different recording 

configurations (whole-cell, perforated-patch and non-patched); the values for intercept 

on the ordinate (b) and slope (1-b) are given in Table 5.2.
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Figure 5.2: Relationship between changes in cell volume (V/Vo) and external 

osmolarity (n /n )  using different recording configurations

The graph shows data obtained under whole-cell patched (black circles), perforated- 

patch (red circles) and non-patched (green circles) configurations, compared to that o f a 

perfect osmometer (blue line). Data are fitted to the equation:

= + ^V. 71.

and the parameters obtained for b are given in Table 5.2 in the main body o f the text. 

Number o f observations for each point are between 4 and 43.
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Recording configuration Ordinate intercept (b) Slope (1-b)
Whole-cell 

Perforated-patch 
Non-patched 

Perfect osmometer

-0.11 ±0.13 
0.28 ±0.03 
0.29 ±0.04 

0

1.11 ±0.1 
0.72 ± 0.03 
0.71 ±0.04 

1

Table 5.2: Values fo r  intercept and gradient fo r  linear fits  to volume measurements 

under different recordings configurations

5.2.3. Hypotonic solution activates a membrane current

Hypotonic solution (201 mOsm, solution J, Table 2.5, Chapter 2) was applied to 

CsCl-loaded cells in the whole-cell configuration at a holding potential of -60 mV 

(internal solution 6, Table 2.9). This caused cell swelling which was followed %30 s later 

by the activation of a sustained inward current (Figure 5.3). At -60 mV the inward 

current induced by hypotonicity was 369.1 ± 28.9 pA (« = 47). A delay between cell 

swelling and current activation was observed; the mean delay was 26.0 ± 2.3 s and the 

current peaked at 82.9 ± 5.4 s (« = 47). When isotonicity was restored, the current 

returned to its control level within 164.5 ± 20.7 s. Giga-ohm seals were occasionally lost 

due to extensive cell swelling. Of 491 cells studied, all cells swelled and 88.2 % 

exhibited an inward current.
When comparing between cells, there was no correlation between the amplitude o f the current and the 
initial cell volume, i.e., large cells did not necessarily produce a larger current, nor did they exhibit a 
greater increase in swelling than small cells. Also, there was no correlation between the amplitude o f  
the current and the volume increase - large currents were not necessarily associated with large increases 
in voliune.

A smaller (%T7 %) reduction in osmolarity (solution N, Table 2.5) 

also resulted in cell swelling and the activation of an inward current under whole-cell 

conditions, the amplitudes of which were significantly less than those following a 30 % 

reduction in osmolarity (72.7 ± 4.8 pA current, accompanied by a 19.7 ± 5.1 % increase 

in volume, n =6, P = 0.003 and 0.004, respectively).

Sequential reductions in the osmolarity of external solution in 18-28 mOsm 

decrements from 296 mOsm to 224 mOsm produced small inward currents at each step 

with only a small increase in volume (n = 4; Figure 5.4). The first reduction in 

osmolarity from 296 mOsm to 268 mOsm increased cell volume by 7.5 ± 1.4 % and 

activated an inward current of 52.3 ± 6.3 pA. A second reduction to 250 mOsm again
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Figure 5,3: Activation o f an inward current by external hypotonicity 

The upper portion of this figure illustrates membrane current recorded using the whole

cell patch clamp technique (internal solution 7, Table 2.9, Chapter 2) at a holding 

potential of -60 mV. The cell was bathed in isotonic solution (296 mOsm, solution J, 

Table 2.5), and hypotonic solution J (201 mOsm) was applied during the period shown 

by the bar. The lower part of the figure is a series of video images of the same cell 

recorded simultaneously with membrane current at the time-points (i) to (iv) indicated on 

the current trace.
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Figure 5.4: Effects o f sequentially reducing external osmolarity on cell volume and 

membrane current

The trace shows membrane current recorded in the whole-cell configuration (holding 

potential -60 mV) accompanied by video-images of the cell at various time points 

throughout the experiment. The cell was bathed in isotonic solution (J, Table 2.5; 296 

mOsm) and the bars at the top of the trace indicate the applications of various hypotonic 

solutions (201-268 mOsm).
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only caused a small increase in volume of 8.2 ± 2.2 % and an inward current of 85 ± 10 

pA. Finally an additional decrease in osmolarity to 224 mOsm induced a further 15.1 ± 

3.3 % increase in volume and a 77.5 ± 18 pA inward current. Upon reducing the 

osmolarity even further to 209 mOsm, a large inward current of 552.5 ± 128.5 pA was 

activated and the cells swelled substantially (38.3 ± 6.2 % increase in volume). A further 

8 mOsm reduction to 201 mOsm did not cause any further increase in current (<75 pA) 

or cell swelling (<15 % increase in volume).
The current could be stimulated more than once but the amplitude o f the second current (stimulated 5 
minutes after the first one), expressed as a percentage o f the first, was 31.6 ± 6 .8  % (n = 3). The 
increase in cell volume with the second application o f hypotonic solution (51.51 ±  11.12 %) was not 
significantly different to the first increase in cell volume (36.83 ± 6.08 %; n = 3 , P  = 0.17). The current 
was maintained whilst exposed to hypotonic solution even over a >5 minute period (i.e., RVD was not 
observed).

Cell swelling was also observed when the interior of the cell was dialyzed with a 

hypertonic solution (337 mOsm; solution 8, Table 2.9, Chapter 2) in whole-cell mode. 

This also induced inward currents with a similar delay in activation after patch rupture 

(46.83 ± 1.56 s, n= 6, P = 0.13) although current amplitudes were greater when 

activated in this manner: 921.67 ± 179.27 pA (n = 6, P = 1.4x10* )̂. I also tried to 

increase cell volume by applying positive pressure to the patch pipette to inflate the cell. 

Under such conditions, any volume change would be as a result of membrane stretch 

rather than osmotically-induced. This approach however was unsuccessful and resulted 

in cell rupture.

Activation of the current did not appear to be temperature-dependent since the 

increases in cell volume and inward current induced by hypotonic solution were not 

significantly different when recorded at 22 °C and 32 °C (current: 144 ± 45 pA at 22 °C 

and 188.9 ± 27.8 pA at 32 °C; increase in cell volume: 20.0 ± 1.9 % and 23.4 ± 2.0 % at 

22 °C and at 32 °C, respectively; = 5).

5,2.4, Voltage-dependence o f  the swelling-activated current

To investigate the voltage-dependence of this current, voltage clamp experiments 

were performed using either a voltage ramp (800 ms, from -100 to +60 mV) or step 

protocol (20 mV increments, 1 s steps from a holding potential of -60 mV to test 

potentials between -100 and +60 mV) to change membrane potential. Cells were bathed 

in external solution J (Table 2.5, Chapter 2) and dialyzed with internal solution 6 (Table

2.9). Slope conductances between -100 and 0 mV and between +30 and +60 mV of the
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swelling-activated inward current (obtained by subtracting the current-voltage 

relationship in isotonic solution from the current-voltage relationship in hypotonic 

solution) were measured {Figure 5.5A). The slope conductance measured between -100 

and 0 mV was 5.1 ± 0.5 nS (// = 47). This was significantly different to that measured 

between +30 and +60 mV (9.7 ± 1.0 nS; P  = 6x10'^). Unlike I c i(h p ) described in Chapter 

4, the hypotonicity-induced current exhibited no obvious time-dependent activation nor 

inactivation following stepped voltage commands (n=  10; Figure 5.5B). Current- 

voltage relationships obtained by using a voltage step protocol were similar to those 

obtained using the voltage ramp protocol (Figure 5.5C). Current- voltage relationships 

were also obtained using a voltage step protocol but at a holding potential of 0 mV; 

outward rectification was also apparent using this protocol.

Under these conditions the slope conductance measured between -100 and 0 mV was 4.6 ±  1.7 nS which 
was significantly different to that measured between +30 and +60 mV (13.5 ± 5.2 nS; n = 6 \ P  = 0.047). 
These slope conductances were not significantly different from those measured at a holding potential of 
-60 mV {P = 0.75 and 0.24).

5.2.5. The swelling-activated current is a C t current

The amplitude of the swelling-activated current was dependent upon the 

concentration of Cf in the internal solution. Reducing internal Cl* to 28 mM (solution 9, 

Table 2.9, Chapter 2) reduced the amplitude of the hypotonic-induced current from

369.1 ± 28.9 pA (n = 47) to 90 ± 23.8 pA (n = 6). This dependence of current 

amplitude on Cf concentration suggests that the swelling-activated current is carried by 

Cr ions.

To investigate the dependence of this current upon external Cl concentration, 80 

mM NaCl was replaced with an equimolar concentration of NaGluconate (solution K, 

Table 2.5, Chapter 2) and the shift in Erev measured. Current-voltage relationships were 

obtained from voltage ramp protocols as described in section 5.2.4 and ion activities 

rather than concentrations were used (see Appendix A). Ercv was determined from the 

intersection point of current-voltage relationships obtained before and during the 

application of hypotonic solution.

Two current-voltage relationships with different external chloride solutions are 

illustrated in Figure 5.6. With a high Cl external solution (111 mM Cf; solution J,

Table 2.5), and 152 mM internal Cl (solution 6, Table 2.9), Erev was +7.7 ± 1.7 mV (n = 

13; Figure 5.6A). This was close to the predicted value for Eci (+10 mV). In the
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Figure 5.5: Voltage-dependence o f hypotonicity-induced currents

(A) This shows current-voltage relationships obtained from a cell voltage-clamped in the 

whole-cell configuration (internal solution 6, Table 2.9). Voltage ramps (800 ms) from 

-100 to +60 mV were applied under isotonic and hypotonic conditions (solution J, Table

2.5). Erev is the voltage at which the two current-voltage relationships obtained in 

isotonic and in hypotonic solution, intersect.

(B) Responses of another cell to imposed 1 s voltage steps from a holding potential of - 

60 mV to test potentials between -100 mV and +60 mV in 20 mV increments. The 

upper panel shows current responses under isotonic conditions, the middle panel under 

hypotonic conditions and the lower panel is the voltage protocol applied. Current- 

voltage curves (C) were plotted from the currents recorded during the last 200 ms of 

each voltage-step illustrated in (B).

157



00

Hypotonic

Membrane potential (mV)
-1 0 0  -80  -60  -40

isotonic
-20

40 60

-0 .5

2.0 Hypotonic

IsotonicMembrane potential (mV)
-1 0 0  -8 0  -60  -40 -20

- 1.0

- 2.0

(B)

2 nA

Isotonic

200 ms

+60 mV

-60 m V - 

-100 mV

Hypotonic

1 s



NaGluconate external solution (31 mM Cl’; solution K; E c i  +43 mV), E ^ v  was shifted to 

a more depolarized potential of +26.6 ± 4.6 mV {n = 8; Figure 5.6B). Although Erev has 

been shifted more positive, the degree of shift is less than that predicted by the Nemst 

equation. To investigate why this shift was less than expected, I made a comparison with 

the reversal potential for the Cl current induced by GABA ( E g a b a )  in these cells using 

the same recording conditions (see Adams & Brown, 1975).

When the high Cl* external solution was used (111 mM Cf; solution J), E q a b a  

was +6.5 ± 2.5 mV {n = 5) in isotonic solution and +1.1 + 2.5 mV (n -  7) in hypotonic 

solution. Using the same internal solution (6, Table 2.9) and the NaGluconate external 

solution (31 mM Cf; solution K, Table 2.5), E g a b a  was +39.3 ± 1.3 mV (« = 12) under 

isotonic conditions but only +26.5 ± 4.4 mV (« = 4) under hypotonic conditions. These 

results are illustrated in Figure 5.7. Thus, the reversal potential obtained for the GAB A- 

induced current showed a similar discrepancy on external Cl* to that for the hypotonicity- 

induced current.

5.2.5.1. Inhibition o f  the swelling-activated current by CT channel blockers

The swelling-activated current was inhibited by NPPB, niflumic acid and SITS 

but not by the GABAa channel blocker, picrotoxin (50 pM). The effects of these 

compounds were measured as the decrease in steady-state hypotonicity-induced inward 

current at -60 mV, and their voltage-dependence investigated using a voltage ramp 

protocol. A summary of these results is presented in Table 5.3.

Both niflumic acid and SITS produced a dose-dependent inhibition of the 

chloride current whereas the effects of NPPB at the three concentrations (30, 100 and 

300 pM) were not significantly different from each other (P = 0.24-0.93). The effect of 

SITS was notably voltage-dependent since currents at positive potentials were 

suppressed more strongly than currents at negative potentials {Figure 5.8C), whereas 

niflumic acid {Figure 5.8A) and NPPB {Figure 5.8B) had similar effects on both inward 

and outward currents. The inhibitory effects of all three compounds were partially 

reversible on washing.

The dependence of the amplitude of the hypotonicity-induced current on internal 

and external Cl*, and its inhibition by Cl* channel blockers points to the fact that the 

hypotonicity-induced current is carried by Cl* ions and is thus now defined as Ic i(sw e ii).
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Figure 5.6: C t -dependence o f hypotonicity-induced current 

The two graphs show current-voltage relationships obtained from voltage ramp 

protocols applied to a cell dialyzed with internal solution 6 (Table 2.9). In (A) hypotonic 

solution J (Table 2.5) was applied. Under these conditions Eci was +10 mV and in this 

particular example, Ercv was +7 mV. Graph (B) shows a similar experiment but where 

hypotonic solution K was used, thus setting Eci at +43 mV and Erev, in this cell, was 

measured as +26 mV.

160



Figure 5.7; Reversal potential determination o f GABA-induced C t current under 

isotonic and hypotonic conditions

(A) This Figure shows membrane current recorded using the whole-cell technique from a 

cell dialyzed with a CsCl-based internal solution (6, Table 2.9) and voltage-clamped at - 

60 mV. Voltage ramps between -100 and +60 mV (800 ms) were applied throughout 

the duration of the experiment. Hypotonic solution (201 mOsm) induced cell swelling 

and an inward current. At the peak of this current, 10 pM GABA was bath-applied, 

which induced a further inward current. Isotonicity (296 mOsm) was then restored and 

the current showed full recovery from hypotonic challenge. After a 10 minute interval, 

indicated by the asterisk, 10 pM GABA was re-applied but this time under isotonic 

conditions; again an inward current was observed.

(B) This graph shows current-voltage relationships for the GABA-induced inward 

current under isotonic (I) and hypotonic (H) conditions. It is clear that in isotonic 

solution, the GABA-induced inward current reversed at around the predicted E c i ,  but 

when the cell was exposed to hypotonic solution, the GABA-induced inward current, in 

a similar manner to the swelling-activated current reversed at potentials %15 mV 

negative to E c i .
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Figure 5.8: Pharmacology o f the swelling-activated current

This illustrates the effects of three Cf channel blockers on hypotonicity-induced currents. 

Voltage-ramps were applied in isotonic and hypotonic solution J (Table 2.5). Drugs 

were applied at the peak of the swelling-activated inward current and the voltage ramps 

repeated 1-2 min later (green traces). Concentrations used were (A) 200 pM niflumic 

acid, (B) 300 pM NPPB and (C) 1 mM SITS.
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% inhibition of
% inhibition of slope 
conductance between

n

Drug Concen
-tration

swelling- 
activated current 

at -60 mV

-100 and 0 
mV

±30 and ±60 mV

Niflumic
acid

50 pM 38.7 ± 12.2 31.6±6.1 25.1 ±5.9 4

200 pM 71.7±8.8 72.2 ±4.5 77.1 ±6.7 5
NPPB 30 pM 59.2 ± 10.4 66.2 ±9.8 65.2 ± 12.1 4

100 pM 57.8 ±9.7 65.0 ± 10.2 70.1 ± 15.3 4
300 pM 72.0 ±6.8 73.3 ±7.0 86.3 ± 11.0 4

SITS 300 pM 8.5 ±3.0 7.3 ±2.3 35.6 ± 14.1 4
1 mM 30.1 ±6.0 27.0 ±3.8 89.5 ±4.8 4

Table 5.3: Inhibition o f the swelling-activated current by C t channel blockers 

5.2.6. Anion permeability ofIci(sweiD channels

Although Ici(sw eii) is carried ostensibly by C l', its ability to pass other ions was 

investigated. External TEACl was replaced with equimolar concentrations of TEABr,

TE Ai, TEANO3 or TEASCN (Table 2.6, Chapter 2). Ercv for each anion current was 

measured and anion permeability ratios calculated using the Goldman-Hodgkin-Katz 

equation (section 2.2.9, Chapter 2). The data are summarized in Table 5.4 and examples 

of current-voltage relationships obtained with different anions are shown in Figure 5.9.

The selectivity sequence SCN" > T > NO3 > Br* = Cl* agrees with other studies of 

swelling-activated Cl currents {e.g., acinar cells, Arreola et a t,  1995; epithelial cells, 

Kubo & Okada, 1992).

Anion (X) Measured E^v (mV) Px/Pci n
SCIST -27.1 ±6 .16 4.21 ± 0 .88 6

r -15.3 ±4 .94 2.89 ± 0 .79 10
NO3 -2.9 ±2.95 1.46 ± 0 .1 4 5
Br 7.08 ±2.63 0.99 ± 0 .1 0 8
e r 6.28 ± 2.11 1 6

Table 5.4: Summary o f Erev measurements with different anions, and calculated

anion permeability ratios
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Figure 5.9: Determination o f the relative anion permeability o f Ici(sweii)

Voltage ramps were applied under isotonic and hypotonic conditions and Erev determined 

by the intersection of the current-voltage relationships. The graphs show representative 

examples for Ici(sweii) when the major extracellular anion was (A) thiocyanate SCN", (B) 

iodide T, (C) nitrate NO3 and (D) bromide Br'.
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5.2 7. Ici(sweU) is not -dependent
Some swelling-activated Cl* currents have been shown to be Ca^^-dependent 

{e.g., Basavappa et al., 1995, Kotera & Brown, 1993) and Câ "̂  may play a role in the 

volume regulation of some cells (for review, see McCarty & O’Neil, 1992). To study 

the effect of intracellular Ca^  ̂on Ici(sweii), several approaches were taken.

In some cells, hypotonicity-induced cell swelling increases intracellular Ca^  ̂(e.g., 

chromaffin cells, Doroshenko & Neher, 1992; submandibular gland cells, Fatherazi et at., 

1994). Changes in intracellular Ca^  ̂were measured simultaneously with membrane 

current using the perforated-patch recording configuration and Indo-1. Figure 5.10 

illustrates Ici(sweii) measured simultaneously with intracellular Ca^ .̂ In this experiment the 

Ca  ̂ - and PKC-dependent Cf current, Ici(m) (Chapter 3), was also recorded. These 

experiments used the perforated-patch configuration (internal solution 1, Table 2.7) and 

external osmolarity was reduced from 296 to 214 mOsm (external solution H, Table

2.5). Resting Ca^  ̂levels were 89.62 ± 8.49 nM (« = 17); these did not discemibly 

change with the bath application of hypotonic solution. However, a step depolarization 

from -60 mV to +20 mV for 500 ms induced a rise in intracellular Ca^  ̂of approximately 

400 nM and the consequent activation of law-

Hypotonic solution did not induce any measurable changes in intracellular Câ "̂  in 

either patched {n= 14) or non-patched {n = 3) cells. This is in comparison to the effects 

of ionomycin^^ (1 pM) which induced a rise in intracellular Ca^  ̂from 62.8 ± 17.2 nM to

332.1 ± 67.3 nM {n = 4). There were no significant effects of Indo-1 AM on the 

amplitude of Ici(sweii). In Indo-1 AM loaded cells Ici(swcU) was 115.7 ± 16.6 pA (« = 14) 

and in non-loaded cells, it was 173.4 ± 23.4 pA {n = 69, P  = 0.28).

Ca^^-free hypotonic solution (CaCb-free solution J, Table 2.5, Chapter 2) still 

induced cell swelling and Ici(sweii) recorded in whole-cell mode; the amplitude of which 

(235 ± 24.2 pA, n = 6) was not significantly different from that recorded in Ca^^- 

containing hypotonic solution (173.4 ± 23.4 pA, n = 69,P = 0.45). This also suggested 

the lack of involvement of intracellular Ca^  ̂in the activation of Ici(sweii). When 

intracellular free Ca^  ̂was buffered to <1 nM by 9 mM EGTA (internal solution 5, Table

2.9), hypotonic solution (J, Table 2.5) still induced cell swelling and the subsequent 

activation of Ici(sweU). Again, the current amplitude was not significantly different

lonomycin also induced a small inward current at the holding potential o f -60 mV o f 42.41 ±  12.18 pA (n = 4).
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Figure 5.10: Hypotonie solution did not increase intracellular Ca^^

The upper portion of this figure shows membrane current recorded from an Indo-1 AM 

loaded cell voltage-clamped at -60 mV in the perforated-patch configuration (internal 

solution 1, Table 2.7). Hypotonic solution (H, Table 2.5) was applied as indicated by the 

bar. The downward deflections indicate membrane current responses to 4 s, 

hyperpolarizing steps to -100 mV, every 10 s. The arrow indicates the activation of Ici(m) 

(Chapter 3) by a step depolarization to +20 mV for 500 ms. The lower section of the 

figure is part of a continuous record of the 405 nm/480 nm emission ratio of Indo-1 

which represents intracellular Ca^  ̂concentration where the resting ratio corresponds to a

Ca^  ̂concentration of 90-100 nM and the peak ratio corresponds to 400 nM.
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from that obtained with the EGTA-free pipette solution (EGTA-ffee: 369.1 ± 28.9 pA, n 

= 47; 9 mM EGTA; 408.1 ± 55.8 pA, n = \6\P = 0.51).
The removal o f EGTA from the internal solution means that intracellular Ca^  ̂ is not controlled and it is 
conceivable that there may be contaminating Câ  ̂ from the internal solution. However, it is clear that 
hypotonicity did not induce a detectable rise in intracellular Câ  ̂and that IcKsweU) could still be activated 
in the absence o f external Câ ,̂ strongly suggesting that Ici(sweU) is Ca^^-independent.

5.2.8. Activation o f  Ici(sweU) is not mediated via PKC

Since Ici(sweii) is Ca^^-independent, it would appear that it differs to Ici(m) described 

in Chapter 3. However, since it is known that some isozymes of PKC are Ca^^- 

independent (see section 3.1, Chapter 3), I went on to investigate the PKC-dependence 

of Ici(sweii). To do this, I used the PKC inhibitor, GF109203X.

Bath application of 1 pM GFl 09203 X under perforated-patch recording 

conditions (external solution H, Table 2.5, internal solution 1, Table 2.7) did not inhibit 

Ici(swcii) but, in the same cell, reduced Ici(m) by 50.3 ± 3.8 % (n = 10). An example is 

shown in Figure 5.11. In a separate set of experiments, Ici(sweii) was recorded under 

whole-cell conditions (external solution J, Table 2.5; internal solution 7, Table 2.9) after 

>25 min pre-treatment with 3 pM G Fl09203X. The amplitude of Ici(sweii) in the treated 

cells was 483 ± 154.5 pA (n = 5) which was not significantly different from that obtained 

under control conditions (654.9 ± 123.7 pA, n = 22,P = 0.54).

5.2.9. Is Ici(sweU) A TP-dependent?

All the whole-cell data presented so far, were obtained with internal solutions 

containing 4 mM Mg ATP. Omission of ATP had no significant effects on the amplitude 

of Ici(sw eii); when the internal solution was supplemented with ATP, Ic i(sw e ii)  was 654.9 ±

123.7 pA; « = 23 and when there was no ATP in the internal solution, Ici(sweii) was 473.3 

±  86.8 pA; n =  6; P =  0.47). Nor did the omission of ATP affect the kinetics of Ic i(sw e ii), 

including the delay in activation (ATP-containing internal solution: 26.4 ± 3.2 s; ATP- 

free internal solution: 18 ± 4.2 s; P  = 0.22), the time to peak (ATP-containing internal 

solution: 54 ± 4.5 s; ATP-ffee pipette solution: 41 ± 3.3 s;P = 0.16) or the maximal rate 

of activation of the current (ATP-containing internal solution: 18.9 ± 2.3 pA/s; ATP-ffee 

internal solution: 22.8 ± 6.1 pA/s; P = 0.47). Cells were dialyzed with ATP-ffee internal 

solution for at least 10 minutes prior to starting recording. However, this does not 

necessarily mean that all the ATP has been dialyzed from the cell, moreover, the
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Figure 5.11: The PKC inhibitor, G F l09203X  does not inhibit Ici(sweii)

This figure illustrates membrane current recorded using the perforated-patch mode. 

Downward deflections are current responses to 5 s, hyperpolarizing steps from -60 to 

80 mV every 5 s. Ici(m) was activated by a step depolarization to +20 mV for 1 s, 

indicated by the arrows. Bath application of hypotonic solution in the absence and 

presence of 1 pM G Fl09203X is indicated by the bar.
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production of cellular ATP is unknown which may mean that intracellular ATP levels 

have not changed. To further investigate the role of ATP, ATP was replaced with either 

ATPyS or AMP-PNP (non-hydrolyzable analogues of ATP).
Hydrolysis o f ATP is the reaction where ATP loses a phosphate group, yielding ADP and inorganic 
phosphate. Non-hydrolyzable analogues cannot undergo this process. In ATPyS one o f the oxygens in 
the terminal phosphate is replaced with a sulphur, thus this terminal phosphate cannot be lost. 
Although it is non-hydrolyzable it is still a good substrate for kinases (Eckstein et al., 1985). In AMP- 
PNP the oxygen which links the two terminal phosphate groups is replaced with an NH. This is neither 
hydrolysed nor is it a kinase substrate (Yount et a i ,  1971).

The effects of these analogues were rather unexpected. Soon after breakthrough 

into whole-cell mode (internal solution 5, ATP replaced with ATPyS, Table 2.9, external 

solution J, Table 2.5), an inward current was activated which exhibited outward 

rectification and reversed at +3.1 ± 2.9 mV {n = 5; Eci, +6 mV). During this current, no 

cell swelling was observed. The characteristics of this ATPyS-induced current compared 

to Ici(sweii) (internal solution 5 with ATP) are shown in Table 5,5.

Ici(swell)
{n= 17)

ATPyS-induced 
current {n = 10)

P

Current amplitude at 413.5 ±52.7 793.6 ± 107.5 0.002
-60 mV (pA)

Delay in activation (s) 36.7 ±5.9 40.2 ±6.1 0.7
Time to peak (s) 70.1 ±6.0 118.8 ± 15.2 0.002
Maximal rate of 10.6 ± 1.7 15.4±3.7 0.19
activation (pA/s)

Table 5.5: A comparison between IcKsweii) cind the ATPyS-inducedcurrent

When cells which had been dialyzed with ATPyS were subsequently exposed to 

hypotonic solution (201 mOsm), Ici(sweii) was still induced {Figure 5,12). The properties 

of Ici(swcii) activated in the presence of intracellular ATPyS were compared to those in the 

presence of ATP {Table 5,6). Similar results were obtained with AMP-PNP (4 mM; n =

3).
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Figure 5.12: ATPyS-induced current and subsequent activation o f  Ici(sweU)

This figure shows membrane current recorded at -60 mV in the whole-cell configuration. 

Cells were dialyzed with internal solution 5 (Table 2.9) where ATP was replaced with 

ATPyS. Patch rupture is indicated by the arrow and bath application of hypotonic 

solution by the bar. The lower portion illustrates current-voltage relationships of (A) the 

ATPyS-induced current and (B) Ici(sweii). The voltage ramps illustrated in the current- 

voltage relationships are indicated on the upper panel (a-d).
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ATP-internal 
solution (n=  17)

ATPyS-internal 
solution (n=  10)

P

Amplitude of Ici(sw cii) at 
-60 mV (pA) 

Delay in activation (s) 
Time to peak (s)

Maximal rate of 
activation (pA/s)

413.5 ±52.7

36.7 ±5.9 
70.1 ±6.0

10.6 ± 1.7

750.0 ± 138.6

15.6± 1.5 
35.2 ±3.9

39.6 ±5.0

0.01

0.01
2.1x1

0-4
6.1x1

0'"̂

Table 5.6: Comparing Ici(sweii) in the absence and presence o f  ATPyS

5.2.10. A role fo r G proteins in Ici(sweU)?

Some swelling-activated Cl' currents have been proposed to be mediated via the 

activation of G proteins (e.g., Doroshenko & Neher, 1992; Nilius et at., 1994c; Mitchell 

et a i,  1997a,b). To see if a G protein-mediated pathway was involved in the activation 

of Ici(swcii), I used the GTP and GDP analogues, GTP^S and GDPpS. These were 

included in the internal solution (separately) at final concentrations of 1 mM.
G proteins are made up of an a  subunit and a Py subunit. Under “resting” conditions, GDP is boimd to 
the a  subunit. Upon stimulation, GTP binds and GDP dissociates and the two subunits dissociate into 
Ga (with GTP bound) and Gpy. Re-association o f the subunits is triggered by GTP hydrolysis and GDP 
binds to the a  subunit again. Mĝ '̂  (10-20 pM) is required for activation and dissociation. Under 
“resting” conditions, there may be a slow turnover o f this cycle.

The viability o f GDPpS was tested by investigating noradrenaline-mediated inhibition o f voltage-gated 
Ca^̂  currents. These were recorded in the whole-cell mode (internal solution 10, section 2.7.3.4; 
external solution R, section 2.7.2.4, Chapter 2) and were activated by depolarizing from -80 to +20 mV  
for 50 ms. Noradrenaline (10 pM) inhibited voltage-gated Câ  ̂ currents by 79.7 ±  4.4 % (w = 4) but in 
the presence o f internal GDPpS, only caused 21.7 ±  6.7 % inhibition (ji = 4).

The inclusion of GDPpS in the internal solution (7, Table 2.9, Chapter 2) reduced the 

amplitude of Ici(sweii) and its maximal rate of activation; these results are tabulated in 

Table 5.7.

In a similar fashion to ATPyS, the presence of GTPyS induced the activation of an 

inward current (without cell swelling) soon after breakthrough into whole-cell mode (Erev 

+5 ± 1.5 mV, « = 9; Eci +6 mV). The properties of this GTPyS-induced current were 

similar to Ici(sweii) (Table 5.8). However activation of the GTPyS current was prevented 

by pre-incubating the cells with 3 pM GFl09203X (n = 3).
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ATP-internal 
solution (« = 34)

GDPpS-intemal 
solution {n = 6)

P

Amplitude of Ici(sweii) at 
-60 mV (pA) 

Delay in activation (s) 
Time to peak (s) 
Maximal rate of 
activation (pA/s)

603.0 ±87.6

33.0±3.7 
67.1 ±6.1 
16.8 ± 1.8

181.7±31.5

38.0 ±7.3 
57.5 ±6.6 
5.7± 1.2

0.01

0.6
0.52
0.02

Table 5.7; Comparison between Ici(sweii) in the absence and presence o f GDP^S

Ici(sw ell)

{n = 34)
G T P yS -induced 
current (« = 11)

P

Current amplitude at 603.0 ±87.6 495.5 ±83.7 0.51
-60 mV (pA)

Delay in activation 33.0±3.7 20 ±2.9 0.06
(s)

Time to peak (s) 67.1 ±6.1 59.6 ± 10.4 0.54
Maximal rate of 16.8 ± 1.8 11.8± 1.7 0.15
activation (pA/s)

Table 5.8: A comparison between I c i( s w e i i)  ond the GTPyS-induced current

Subsequent exposure to hypotonic solution induced Ici(sweii) (a similar observation 

to those with A T P yS ). The properties of Ici(sweii) were similar to when it was activated in 

the absence of G T PyS except that its amplitude was larger and its maximal rate of 

activation faster {Table 5.9). These findings are, in essence, the same as those for 

A T P yS .

ATP-internal 
solution (« = 34)

GTPyS-intemal 
solution 
(w = 11)

P

Amplitude of Ici(sweii) at 
-60 mV (pA) 

Delay in activation (s) 
Time to peak (s) 
Maximal rate of 
activation (pA/s)

603.0 ±87.6

33.0 ±3.7
67.1 ±6.1 
16.8 ± 1.8

889.7 ±77.3

23.1 ±3.4 
38.5 ±5.0
52.2 ±6.0

T2xlO^

0.16
0.01

2x10^

Table 5.9: Comparing Icusweii) in the absence and presence o f  GTPyS
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As already discussed Ici(sweii) could be activated more than once but the second 

current amplitude was always much smaller than the first (section 5.2.3). In the presence 

of GTPyS in the internal solution, the amplitude of the second activated Ici(sweii) was still 

smaller than the first but was now 67.6 ± 5.7 % of the first current amplitude {n = 8), 

compared to 31.6 ± 6.8 % {n = 3) in the absence of GTPyS. These two values were 

significantly different {P = 0.007).

Some G proteins are inhibited by pertussis toxin {i.e., Gi, Go). The possible 

involvement of these G proteins was investigated by pre-treating the cells with pertussis 

toxin (0.5 |ig/ml, 24 hours, 37 °C).
Inhibition o f voltage-gated Câ  ̂ currents by noradrenaline was used as a positive control for the effects 
of pertussis toxin (PTX). In PTX-treated cells, noradrenaline (10 pM) caused no inhibition o f voltage- 
gated currents (« = 4), compared to its effects in non-PTX-treated cells (79.7 ±  4.4 %, n = 4).

The amplitude of Ici(sweii) in PTX-treated cells (219.4 ± 46.75 pA, n = 5) was not 

significantly different to that in non-treated cells (285.0 ± 53.45, n = %,P = 0.42), 

suggesting that a PTX-sensitive G protein is not involved in the activation of Ici(sweii).

5.2.11. The effects o f tamoxifen and DDFSK on Ici(sweU)

As mentioned in Chapter 1 (section 1.10.3), some swelling-activated Cl currents 

are associated with the expression of P-glycoprotein (Valverde et al., 1992). These 

currents exhibit outward rectification, are strongly ATP-dependent, have the ionic 

selectivity sequence T> Br’> Cl' and are inhibited by tamoxifen and DDFSK.

5.2.11.1. Tamoxifen did not inhibit lci(sweî

10 |iM tamoxifen blocks swelling-activated Cl' currents in endothelial cells by 

=80 94 (Nilius et al., 1994a) and in T84 epithelial cells by %100 % (Valverde et al.,

1993). 10 pM tamoxifen had no effect on Ici(sweii) in SCG neurones. The mean current 

measured at -60 mV under isotonic conditions was -70 ± 18.6 pA which increased to -

548.8 ± 135.6 pA upon the application of hypotonic solution. When tamoxifen was then 

added, the current at -60 mV was -546.6 ± 155.1 pA which was not significantly 

different to that recorded in the absence of tamoxifen {n = 5 ,P  = 0.99). I also 

investigated a swelling-activated Cl' current in Rat Basophilic Leukaemia (RBL) cells 

which have been reported to be inhibited by 10 pM tamoxifen (%33 %; Nilius et al., 

1994b). In a similar fashion to Ici(sweii) in SCG neurones, hypotonic (201 mOsm) solution
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induced RBL cell swelling and the activation of an inward current. Voltage ramps were 

applied (as described in section 5.2.4) and Erev was found to be +11.0 ± 1.9 mV {n = 5) 

which was close to Eci (+10 mV). The mean amplitude of Ici(sweii) in RBL cells was 

216.0 ± 18.8 pA {n = 5). Tamoxifen (10 pM) inhibited this current by 37.6 ± 8.1 % (« = 

5). A comparison between the effects of tamoxifen on Ici(sweii) in SCG neurones and RBL 

cells is shown in Figure 5.13.

5.2.11.2. IcKsweU) yvas inhibited by DDSFK

At 50 |iM DDSK has been shown to inhibit some swelling-activated Cl currents 

{e.g., submandibular gland cells, Fatherazi et al., 1994; pancreatic duct cells, Verdon et 

al., 1995) but to have no effects in others {e.g., pigmented epithelial cells, Botchkin & 

Matthews, 1993). This drug was tested on Ici(sweii) in SCG neurones. Bath application of 

50 pM DDFSK caused an almost complete block of Ici(sweii) measured at -60 mV (87.4 

±8.0 %, n = 4). The effects of DDFSK on Ici(swcii) in RBL cells, however were small 

(10.0 ± 5.9 % inhibition, n = 4).

5.3. DISCUSSION

5.3.1. General observations o f Ici(sweU) in SCG neurones
The main findings of this Chapter are that exposure of cells to external 

hypotonicity induces cell swelling and the activation of a Cl" current which I have termed 

Ici(sweii). This current is Ca  ̂ - and PKC-independent and is unlike previously described Cl 

currents in these cells. It shares several characteristics with swelling-activated Cl' 

currents in other cell types which will be described, but first I will discuss the methods 

used for measuring changes in cell volume.

5.3.2. Summary o f  volume measurement methods

The increase in cell volume in response to an approximate 30 % reduction in 

external osmolarity (tco = 296 mOsm, tti = 201 mOsm) was found to be:

• Morphometric: 1.34 ± 0.03 {n= 14)

• Confocal microscopy: 1.22 ± 0.02 {n = 7)

Technically, the morphometric method was the simplest method and provided a relatively 

simple indication of changes in cell volume. It required that the perimeter of each
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Figure 5.13: Comparison between the effects o f tamoxifen on swelling-activated C t 

currents in SCG neurones and RBL cells

Current-voltage relationships were constructed from voltage step protocols for Ici(sw eii) in 

SCG neurones (A), and from voltage ramp protocols for the swelling-activated Cf 

current in RBL cells (B). Over the voltage range investigated (-100 to +60 mV) 

tamoxifen (10 pM) had no effect on Ici(sw eii) in SCG neurones but inhibited the 

hypotonicity-induced Cl' current measured at -60 mV in RBL cells by approximately 33 

% in this cell.
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individual cell was carefully drawn - a time-consuming process. The errors in doing this 

however were very small: 5 volume measurements of the same cell were made, yielding 

an SEM value less than 0 .5 % of the mean volume. The main error associated with the 

morphometric method is based on the assumption that cells have a spherical geometry - 

cultured SCG neurones are not spherical. Additionally, the morphometric method 

translates lateral changes in cell cross-sectional area to cell volume. Upon exposure to 

hypotonic solutions, cells also appeared to swell vertically since cells often became out of 

focus. A more accurate method of measuring cell swelling would be to measure changes 

in volume, three-dimensionally. This was attempted by using confocal microscopy. The 

confocal technique was a more accurate method to quantitatively assess the actual 

volume of a cell, but had lengthy analysis time (the cross-sectional area of each image 

“slice” had to be measured), and the confocal microscopy facility was not routinely 

available.

There is a discrepancy in volume estimation and determination of the “b” value 

(the fraction of the cell which is “osmotically inactive”) between the morphometric 

method and the confocal microscopy method. It would seem more likely that the 

confocal method would provide the closest approximation of cell volume since it can be 

used to measure actual cell volumes. The assumption of a cellular spherical geometry is 

likely to be inaccurate - swelling-induced changes in height are not necessarily equal to 

lateral changes, thus resulting in an overestimate of volume changes by the morphometric 

method.

5,3,3. What is the value?

From the graphs illustrated in Figure 5.1, the intercept on the ordinate, which 

represents b, was %0.29. This term is supposed to represent the fraction of the cell 

which is not water (b = V - V^; equation E3, section 2.5.1., Chapter 2) and thus which 

does not contribute to changes in osmolarity {i.e., it is osmotically inactive). From the 

confocal microscopy experiments b was calculated to be 0.53. In a perfect osmometer 

where Vt/Vo = 7Co/7it, then b = 0. But what does b actually represent, in cellular terms? It 

may represent the volume of the cell composed of intracellular organelles. However, 

intracellular organelles are observed to swell in response to hypotonicity (see section 

6.2.7, Chapter 6 ). It has also been suggested that b represents non-solvent water (see 

House, 1974) i.e., water which is associated with cellular structures and thus not free to
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act as a solvent. The properties of cellular water versus pure water have been argued for 

some time {e.g., Clegg, 1984). It is not difficult to imagine that cellular water may 

behave differently to pure water and even aqueous solutions, if only because of the 

complex system of membranes and cytoskeleton and the interaction of water with these, 

and with macromolecules. To complicate matters even further, cellular water may be a 

“blanket” term, since water in organelles may not necessarily be the same as water which 

is in the cytoplasm. The nature of the cytoplasm itself is not known, but it is likely to be 

gel-like in nature and is in fact four times more viscous than water (see Luby-Phelps,

1994).

Whole-cell patched cells swelled to a greater extent than non-patched cells and 

under whole-cell conditions no volume regulation was observed when hypotonic solution 

was applied >5 minutes (see section 5.2.3). The greater degree of swelling observed 

under whole-cell conditions is likely to be due to the removal of regulatory constraints 

during cell dialysis. In a non-patched, intact cell, such constraints will still be present and 

thus may limit the amount of water entering the cell. It is not known whether cells in the 

perforated-patch configuration exhibit volume regulation in response to prolonged 

exposure to hypotonic solution. However, cells in the perforated-patch mode exhibited a 

similar degree of swelling to non-patched cells, suggesting that again, constraints on cell 

swelling are still present.

5.3.4. Ici(sweU) is similar to other swelling-activated C t currents
As already mentioned, swelling-activated Cl* currents have been described in 

many non-neuronal cell types, but they have not been as widely reported in neuronal cells 

{e.g., Pollard, 1993; Basavappa et al., 1995). I have demonstrated that SCG neurones 

also express a swelling-activated Cl current which has similar characteristics to those in 

non-neuronal cell types, such as its outward rectification, anion permeability sequence, 

Ca^^-independence and sensitivity to DDFSK. It is also unlike some swelling-activated 

Cr currents on the basis of its lack of time-dependent inactivation at positive voltages, its 

insensitivity to tamoxifen and its apparent ATP-independence. Some of those points will 

now be discussed further.
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5.3.4. L Voltage characteristics o f  Ici(sweU)

Ici(sw eii) in SCG neurones exhibited outward rectification. This is a common 

characteristic of swelling-activated Cl' currents. No time-dependent activation or 

inactivation of Ici(sweii) was observed at potentials between -100 and +60 mV. Swelling- 

activated c r  currents may often exhibit time-dependent inactivation at positive 

potentials, usually more positive than +40 mV {e.g., Kubo & Okada, 1992), although 

such an observation could be attributed to the redistribution of Cl* during large currents 

(in that study, currents were >10 nA at +80 mV). Other currents show time-dependent 

activation at hyperpolarized potentials {e.g., Worrel et at., 1989; Winpenny et at., 1996) 

whilst one study demonstrated the complete opposite; time-dependent activation at 

positive potentials and time-dependent inactivation at negative potentials (Kotera & 

Brown, 1993). In this latter study, the swelling-activated Cl' current was also dependent 

on external Ca^  ̂and thus may not be a “classical” swelling-activated Cl current.

5.3.4.2. Pharmacology o f  IcK^u)

Tamoxifen and DDFSK are both inhibitors of P-glycoprotein (see section 1.10.3, 

Chapter 1). Verapamil is another member of this class of P-glycoprotein inhibitors, all of 

which are structurally unrelated. They inhibit both the transport function of P- 

glycoprotein and the channel, when applied extracellularly. They block the activated 

channel rather than preventing activation by hypotonicity and this is independent of drug 

transport. Since none of the blockers are structurally related, it would seem that 

inhibition may be a direct consequence of P-glycoprotein interaction (Mintenig et at., 

1993).

However, in the present study tamoxifen and DDFSK had discriminatory effects: 

tamoxifen was ineffective whereas DDFSK fully blocked Ici(swcii). Neither tamoxifen nor 

DDFSK can be used as selective inhibitors of swelling-activated Cl' currents since I have 

already shown that they inhibited Ici(m) by %36 % and %94 % (section 3.2.8, Chapter 3), 

respectively although Ici(hp) was not affected by either drug; thus these drugs should be 

used with caution in defining swelling-activated Cl' currents.

No pharmacological agent tested selectively inhibited Ici(sweii); SITS exhibited a 

voltage-dependent block of Ici(sweii)- this drug was not used during investigations of Ici(hp) 

but it was found to almost fully block Ici(m) at -60 mV compared to only a %30 % 

inhibition of Ici(sweii) at the same potential.
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5.3.4.3. -independence ofIci(sweU)

The Ca^^-independence of Ici(sweii) is in agreement with some studies {e.g., 

myocytes, Tseng, 1992; osteoblasts. Gosling etal., 1995; epithelial cells, Winpenny et 

al., 1996) but not with others {e.g., lacrimal gland cells, Kotera & Brown, 1993; CHP- 

100 neuronal cell line, Basavappa et al., 1995). The absence of a hypotonicity-induced 

increase in intracellular Ca^  ̂may reflect an inability to detect small localized changes 

which may be all that is required for activation of Ici(swcii). The inability to detect such 

changes in Ca^  ̂has already been discussed (section 3.3.5, Chapter 3). However it is 

unlikely that Ici(swdi) is Ca^^-dependent since it could still be activated in the absence of 

external Ca^  ̂and also when intracellular Ca^  ̂had been buffered to <1 nM with high 

concentrations of EOT A in the internal solution. It is interesting that most swelling- 

activated c r  currents appear to be Ca^^-independent even though the RVD mechanisms 

may be Ca^^-dependent {e.g., 1407 epithelial cells, Okada & Hazama, 1989: RVD was 

Ca^^-dependent, the swelling-activated Cl current was not), thus suggesting the 

involvement of another regulatory pathway for RVD.

5.3.4.4. Reversal potentials and anion permeability o f  I ckŝ û

5.3.4.4.I. Reversal potential of Ici(weii) using gluconate
In section 5.2.5, Erev was measured when external Cl* concentration was either 

111 mM or 31 mM (when Cl* was partially replaced with gluconate). Erev for both 

Ici(sweii) and the GABAa-C1* current in the low Cf solution was % 15 mV less than the 

predicted Eci. Initially, it was proposed that this discrepancy was due to cell swelling 

which diluted intracellular Cf such that the E^v would be less than predicted such that a 

50 % increase in volume (mean increase was 57.2 ± 3.9 %, /? = 43) would reduce the 

intracellular Cf concentration by 33 % and the predicted Eci under those conditions 

{k+29 mV) is close to the Erev observed (%+27 mV) - this seemed a plausible 

explanation. However, the hypotonicity-induced cell swelling observed in these two 

solutions was not significantly different to each other‘s (111 mM Cf : 57.47 ± 9.05 %, n 

= 13; 31 mM Cf : 42.52 ± 5.38, w = 8 , P  = 0.18). Thus an alternative explanation had to 

be sought. From the Erev experiments, the gluconate/Cf permeability ratio can be 

calculated using the Goldman-Hodgkin-Katz equation (section 2.2.9, Chapter 2). This

' ̂  Similarly the degree of swelling observed in the different hypotonic anion TEA^ solutions (C f, B f , f ,  SCN", 
NO]') were not significantly different to each other {P = 0.08-0.81).

183



was calculated as 0.35 ± 0.09 {n = 8 ), suggesting that gluconate is not totally 

impermeant.

S.3.4.4.2. Anion selectivity of Ici(iweii)
The selectivity of a channel is determined by the dehydration energy of an ion, 

and its interaction with the channel proteins. A smaller dehydration energy means that 

less energy is required for dissociation of the ion from its binding to water. The anion 

selectivity sequence for Ici(sweii) was SC>T> I > NO3 > Br*= Cl > gluconate, which is 

comparable to that found for other swelling-activated Cf currents. This sequence 

corresponds to Eisenmann’s sequence 1 (Wright & Diamond, 1977) and differs to that 

for free-solution mobility (Br*> T> Cl > SCN*; Robinson & Stokes, 1959). This means 

that the channel is not simply a water filled pore, but that there are anion binding sites 

present. There are 7 Eisenmann’s sequences which reflect different types of interactions 

of anions with binding sites. Sequence 1 reflects weak interactions between anions and 

binding sites and is determined by hydration energies, a smaller hydration energy means 

that less energy is required for dissociation of the ion from its binding to water, i.e., the 

anion with the lower hydration energy will be the most permeant. From the anionic 

diameters, a minimum pore radius can be estimated. This has been done for GABAa Cf 

channels; the permeability of GABAa channels to anions as large as propionate suggested 

a minimum pore diameter of 5.6 Â (Bormann et a i, 1987). Ici(sweii) in the present study 

was permeable to gluconate; the diameter of gluconate (5.5 Â; Duszyk et a i,  1990) 

suggests that the pore of the channel is at least 5.5 Â (c./, amphotericin B: 8  Â, 

gramicidin: 4 Â; Finkelstein, 1984). The relevance of pore diameters with respect to 

water movement will be returned to in Chapter 6 .

The value calculated for the gluconate/Cf permeability ratio (0.35) is somewhat 

higher than other reports where the ratio is between 0.1 (T-lymphocytes, Lewis et a i, 

1993) and 0.19 (endothelial cells, Nilius et a i, 1994a). However, one report which has a 

similar ratio is of a swelling-activated Cf current in pancreatic duct epithelial cells 

(Verdon et a i,  1995). The pronounced permeability to gluconate may be of significance 

in volume regulatory mechanisms. Some swelling-activated Cf channels are permeable 

to amino acids such as taurine (Jackson & Strange, 1993). The role of organic 

osmolytes in volume regulation is discussed in Chapter 6 .
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5.3.4.5, The time course and apparent ATP-independence o f  IcKsweii)

Ici(sw eii) and cell volume were maintained whilst the cell was whole-cell patched 

and in hypotonic solution, i.e., no RVD was observed, even when applied for >5 minutes 

(see section 5.2.3). This may be because any water which leaves the cell via an RVD- 

type mechanism is replaced with water influx from the pipette which acts like a reservoir. 

In some cells, the swelling-activated Cf current is transient {e.g., Doroshenko & Neher, 

1992). In T-lymphocytes (Lewis et a l, 1993) and a submandibular gland cell line 

(Fatherazi et a i, 1994), the swelling-activated Cl'currents were transient and could only 

be activated once. However, they found that supplementing the internal solution with 

ATP meant that the currents could be repeatedly activated. This presumably implies 

some ATP-dependence. Perhaps the channel or an associated protein is phosphorylated, 

although neither group used any protein kinase inhibitors to investigate this. In the 

present study, Ici(sweii) could not be repeatedly activated to the same magnitude, neither in 

the absence nor presence of ATP, and its insensitivity to the PKC inhibitor,

G Fl09203X, suggests that PKC-mediated phosphorylation probably is not involved in 

activation of the current.

5.3.5. What is the transduction mechanism for Ici(sweU)?

It is clear from the above experiments that Ici(sw eii) is neither Ca^^-dependent nor 

does its activation appear to be dependent upon PKC-mediated phosphorylation. So 

what does activate Ici(swcii)? Could it simply be a change in membrane tension or 

cytoskeletal architecture? Or is there a more complex, second-messenger-mediated role? 

Several mechanisms which have been proposed include the involvement of G protein- 

mediated pathways, the arachidonic acid cascade and mitogen-activated protein (MAP) 

kinase signalling pathways.

Swelling-activated Cl' currents can be activated by either changes in osmolarity 

or by applying positive pressure via the patch pipette to inflate the cell. The latter 

method thus avoids osmotic changes and activates currents by membrane stretch. 

Stretch-activated channels are cation-conducting but poorly discriminate between cations 

(Na^, Ca^  ̂and K^) and are inhibited by gadolinium‘ŝ (Yang & Sachs, 1989). However, 

anion permeable stretch activated channels have been described (activated by inflation

' In the present study, Ici(sweU) was insensitive to gadolinium ( 2 0  pM) suggesting that swelling is not a consequence 
of Ca^  ̂entry via stretch-activated channels.
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and deactivated by deflation), which have a similar anion permeability sequence, are fully 

blocked by SITS (1 mM) and 9-AC (1 mM), are Ca^^-independent and cAMP- 

independent (myocytes; Hagiwara et al., 1992).

The involvement of G proteins was suggested by Doroshenko & Neher (1992) on 

the basis that the properties of a swelling-activated Cf current in chromaffin cells had 

very similar characteristics to a G T PyS-activated current (G T P yS  applied intracellularly) 

in the same cells (Doroshenko et al., \99\), i.e., time course, Ca^  ̂independence, 

sensitivity to neomycin and nordihydroguaiaretic acid (NDGA) and voltage- 

independence; moreover, GTP and GDPpS altered the kinetics (but not the amplitude) of 

the swelling-activated current. They suggested that G proteins activated an arachidonic 

acid cascade resulting in the formation of arachidonic acid metabolites (although a 

candidate for activation of the swelling-activated Cl current was not suggested). A 

similar hypothesis for a swelling-activated Cf current in endothelial cells was also 

proposed by Nilius et al., (1994c), and Mitchell et al., (1997a) for pigmented ciliary 

epithelial cells. The latter was inhibited by neomycin, calphostin C and the PLA2 

inhibitor, /?-bromophenacyl bromide, thus implying that cell swelling activates PLC and 

PLA2, both of which generate the formation of arachidonic acid and its metabolites, 

which may be regulated by PKC-phosphorylation of PLA2.

The role of G  proteins in Ici(swcii) in the present study was investigated. The 

amplitude of Ici(sweii) was reduced by G D P p S  and enhanced by G T P yS . In addition,

G T PyS activated a Cl' current which appeared similar to Ici(sw eii) (section 5.2.10). 

However, it is unlikely that this GTPyS-induced current is Ici(sweii) because of the 

discriminative actions of GFl 02903X. It would seem that G T PyS activated a PKC- 

dependent Cf current which may be Ici(m) described in Chapter 3, although this was not 

further investigated. The insensitivity of Ici(sweii) to pertussis toxin did not help to resolve 

the possible involvement of a G protein.

Certainly it would seem that on the whole the “classical” second messenger 

systems involving PKA and PKC are not involved in swelling-activated Cl currents in 

many cell types. The involvement of PKA and PKC is not clear, since in some cells PKA 

is involved (e.g., atrial cells, Du & Sorota, 1997), and in others, PKC is involved (e.g., 

proximal tubule, Robson & Hunter, 1994). One study showed that neither PKC 

activators and inhibitors, tyrosine kinase inhibitors, mitogen-activated protein (MAP) 

kinase inhibitors nor phosphatase inhibitors affected the swelling-activated Cf current in
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endothelial cells (Szücs et a i, 1996). An involvement of the cytoskeleton has been 

proposed to play a transducing role in the activation of swelling-activated Cl* currents 

{e.g., Fatherazi et al., 1994). This again appears to differ between cell types and it seems 

likely that the cytoskeleton may act in combination with another system. It is quite 

possible that there is a complex relationship between cell swelling and current activation 

which involves more than one signalling pathway, thus making interpretation of some 

experiments difficult.

5,3,6, A molecular candidate for Ici(sweU)?
A combination of pharmacological and molecular biology studies have indicated 

that there are three structurally non-related proteins which may be involved in the 

activation of swelling-activated Cl currents. These are P-glycoprotein (Hyde et al., 

1990), ClC-2 (Gründer et al., 1992) and p l e i n  (Paulmichl et al., 1992).

5.3.6.1. The ClC-2 channel

ClC-2 is a member of the CIC family of Cl* channels (see section 1.6.2.4, Chapter 

1) and is activated by hyperpolarization and also cell swelling. It is clear that Ic i(sw c ii) 

described in SCG neurones is not mediated by this protein for the following reasons: (a) 

ClC-2 does not exhibit outward rectification, (b) ClC-2 has a different anion selectivity 

sequence (Cl* > Br* > T), (c) ClC-2 exhibits time-dependent activation and (d) ClC-2 is 

probably Cd^^-sensitive (this has not been demonstrated, but it may be inferred on the 

basis that I c i(h p )  is sensitive to Cd^  ̂and it would appear that in these, and in other cells, 

that ClC-2 underlies I c i ( h p ) ) .

5.3.6.2, P-glycoprotein

Although the argument “channel versus channel-regulator” has been controversial 

for P-glycoprotein, it is now generally agreed that P-glycoprotein is a regulator of some 

swelling-activated Cl* channels (see section 1.10.3, Chapter 1). Some swelling-activated 

Cl- currents which have been shown to be associated with P-glycoprotein {e.g., Valverde 

et al., 1992, Vanoye et al., 1997) have some similar properties to Ic i(sw e ii) in SCG 

neurones {e.g., outward rectification and anion selectivity). Although both tamoxifen 

and DDFSK do inhibit P-glycoprotein (both the channel and the transport function of P- 

glycoprotein; section 1.10.3, Chapter 1) they cannot be used as a selective tool for P-
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glycoprotein as I  have already demonstrated their inhibitory effects on the two other Cl' 

currents described in the present study, Ici(m ) and I c i(h p ). I t  appears that Ic i(sw e ii) is not 

strongly ATP-dependent, which is in direct contrast to P-glycoprotein-associated 

swelling-activated Cl' currents.

5.3.6.3. The plein protein

picin (see section 1.10.2, Chapter 1) was thought to be responsible for swelling- 

activated c r  currents because an endogenous swelling-activated Cl' current expressed in 

Xenopus oocytes had electrophysiological properties which were very similar to those of 

picin-induced currents (Krapivinsky et a l,  1994). This was also underscored by the 

abolition of swelling-activated Cl currents by monoclonal antibodies or anti sense 

oligonucleotides directed against picb in Xenopus oocytes (Krapivinsky et a l,  1994) and 

NIH3T3 fibroblasts (Gschwentner et a l, 1995). Whether plein was the channel itself or 

just a regulator thereof was not clear. However a closer examination of the properties of 

picin-induced currents (Icin) and the swelling-activated Cl current in oocytes revealed that 

there were some important differences which had been overlooked (Voets et a l, 1996). 

These included differences in the degree of outward rectification ( I c in  being stronger), I c in  

being more permeable to N O 3 than I (Ic i(sw e ii)  did not strongly discriminate between 

these two anions), Icin being blocked by cyclamate, block by cAMP (Icin exhibiting 

voltage-dependence of block), the effects of external acidity (Icin unaffected) and the 

effects of external hypotonicity (Icin unaffected). All these observations suggested that 

the two currents were in fact quite distinct.

Recently it has been shown that Icin is “identical” to ClC- 6  currents in oocytes {e.g., time-dependent 
inactivation, outward rectification, anion selectivity, blocked by cyclamate; Buyse et al., 1997). This is 
even more curious since the two proteins are not structurally similar (plein having no transmembrane 
domains whilst ClC- 6  has 12-13). A possible explanation for this is that the two proteins both regulate 
an identical endogenous channel. The fact that plein is primarily cytosolic and has no putative 
transmembrane spanning regions suggests that it may act as a regulatory protein.

Do any of the above candidates fit the role for Ici(sweii) in SCG neurones? The 

reasons against the role of ClC-2 have already been put forward (e.g., current-voltage 

relationship, anion selectivity, sensitivity to Cd^ ;̂ section 5.3.6.1); although Ici(sweii) was 

insensitive to tamoxifen it was blocked by DDFSK (both inhibitors of P-glycoprotein). 

However, Ici(sweii) did not appear to be strongly ATP-dependent which probably rules out 

P-glycoprotein as a likely candidate. Perhaps the best candidate is plein: it shows the 

correct current-voltage relationship and a similar anion selectivity sequence, moreover
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preliminary molecular biology experiments have revealed the presence of mRNA for plein 

in whole SCG.
Reverse transcriptase polymerase chain reaction (RT-PCR) experiments were done in collaboration with 
Dr. I. Wood (Wellcome Laboratory for Molecular Pharmacology, UCL). The mRNA for plein was found 
to be present in sympathetic ganglia although it is unknown whether this was o f neuronal or glial cell 
origin.

5.5.7. Volume regulation: a physiological role fo r  Ici(sweU)?

The most obvious role for swelling-activated Cl currents is in volume regulation. 

SCG neurones do exhibit regulatory mechanisms in response to changes in cell volume 

and this is the topic of the next Chapter.
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Chapter 6

Volume regulatory mechanisms and 

histological observations of hypotonicity- 

induced cell swelling

6.1. INTRODUCTION

The principles of ceil volume regulation via the movement of osmotically active 

substances (osmolytes) accompanied by water, which can be pore-mediated or 

difflisional, have already been discussed in Chapter 5. Most cells are able to regulate 

their volumes in the face of osmotic challenge. External hypotonicity induces cell 

swelling due to water entry into the cells; this is often followed by a compensatory 

decrease in cell volume, termed Regulatory Volume Decrease (RVD). Conversely, in 

response to external hypertonicity, cells initially shrink and then may undergo a 

regulatory mechanism whereby the cell volume returns to control levels. This is termed 

Regulatory Volume Increase (RVI). There are two types of RVI. The first, termed 

“primary RVI” is the mechanism just described, which is activated following 

hypertonicity-induced cell shrinkage. The second type of RVI is called “secondary RVI’ 

or “post-RVD RVI”. This may be observed when cells have swollen in response to 

hypotonicity and then undergone RVD to such an extent that they have shrunk.
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Subsequent exposure to “isotonic” solution, which is now hypertonic relative to the cell, 

induces secondary RVI. These volume regulatory mechanisms are illustrated in Figure

6.1. Such mechanisms may occur over periods ranging from a few minutes to many 

hours or several days. Both RVD and RVI can be mediated through several different 

pathways and a single cell may utilize more than one strategy during volume regulation.

I have concentrated on volume regulatory mechanisms mediated by the 

movement of inorganic substances. The influx or efflux of inorganic osmolytes is 

achieved using plasma membrane transport systems. For RVD, these include the efflux 

of and Cl through the activation of separate and Cl channels, activation of an 

electroneutral KVCl* co-transport mechanism and the parallel activation of and Cl 

/HCO3 ' exchange systems. It should also be noted that in addition to cells increasing the 

efflux of osmolytes to mediate RVD, they may also reduce the influx of osmolytes (and 

vice versa in the case of RVI). RVI is also thought to be mediated via several 

mechanisms, including a Na^/KV2Cl' co-transport system, a NaVCf co-transporter and, 

like in RVD, the activation of a CI /HCO3 exchange system, but this time in parallel with 

the activation of a Na^/H^ system.

Organic osmolytes can be moved into or out of the cell via transport systems, or 

even through some channels (Jackson & Strange, 1993). The involvement of organic 

osmolytes in mammalian cell volume regulation is usually slower and on a more long

term basis, where it may involve changes in their synthesis or metabolism.

The aims of the experiments described in this Chapter were to investigate 

whether SCG neurones express mechanisms for volume regulation and to examine if 

Ici(sweii) described in Chapter 5 plays a role in these processes. I have also looked at the 

effects of hypotonicity-induced cell swelling on the morphology and ultrastructure of 

neurones in intact, isolated superior cervical ganglia.

All the volume measurements in this Chapter have been made using the 

morphometric technique (see section 2.5.2.2, Chapter 2). Data are presented such that 

initial cell volume in isotonic solution (at t = 0) is normalised to 1, and cell volumes in 

test solutions are expressed relative to this. Thus an increase in cell volume of 40 % is 

expressed as 1.4. Images of cells were taken at 1 minute intervals and test solutions 

were applied at t = 1 minute (unless otherwise indicated). The duration of application is 

indicated by the bars in the Figures. No attempt was made to fit curves to the data to 

measure rates of volume recovery, but the time point where cell volume had recovered
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Figure 6.1: Cartoon depicting changes in cell volume and subsequent regulatory 

mechanisms in response to changes in external osmolarity

(A) Regulatory Volume Decrease: hypotonic solution (indicated by the bar) causes cell 

swelling followed by a slower phase where cell volume was returned to control levels.

(B) Primary Regulatory Volume Increase: hypertonic solution induces cell shrinkage, 

followed by a compensatory mechanism returning cell volume back to control size.

(C) Secondary Regulatory Volume Increase: after exposure to hypotonic solution the 

cell volume, in this instance, is actually smaller than control size. Return to isotonic 

solution causes an increase in cell volume, (Secondary RVI).
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back to 50 % of its swollen state was used as an arbitrary index of volume recovery 

(termed t%voi). Most graphs are plotted on the same ordinate scale, for easy comparison.

6.2. RESULTS 

6.2.1. Mechanisms o f cell volume regulation

6.2.1.1. Regulatory Volume Decrease

Exposure of non-patched cells to a hypotonic (201 mOsm) external solution 

(solution J, Table 2.5, Chapter 2), results in an RVD response {Figure 6.2A). Cell 

swelling occurred during the first 2-3 minutes of exposure to hypotonic solution whereby 

cell volume had increased to a maximum of 1.33 ± 0.02 {n = 4) and returned to control 

size by approximately 20 minutes. Cells often shrank to volumes smaller than their 

control volume in isotonic (296 mOsm) solution; 25 minutes after applying hypotonic 

solution, cell volume was 0.91 ± 0.02 {n = 4). The value for t%voi in this set of 

experiments was 9.0 ± 0.41 minutes {n = 4).

In voltage-clamp experiments it was observed that a smaller decrease in 

osmolarity (17 %) resulted in a reduced amplitude of Ici(swcii) (section 5.2.3, Chapter 5). 

This decrease in external osmolarity (250 mOsm, solution N, Table 2.5) also caused a 

lesser degree of swelling in non-patched cells (1.16 ± 0.02, n = 4), but interestingly, no 

RVD response was observed {Figure 6.2B), at 27 minutes, cell volume was 1.13+ 0.02 

{n = 4).

6.2.1.2. Regulatory Volume Increase

Most of the work presented in this Chapter and Chapter 5 has concentrated on 

the response of cells to hypotonic solution. When cells are exposed to hypertonic 

external solutions, they shrink. Since SCG neurones clearly exhibited RVD, I 

investigated whether they also possessed an RVI response.

6.2.I.2.I. Primary RVI

During the first 3 minutes of applying a hypertonic solution (391 mOsm, solution 

M, Table 2.5), cells rapidly shrank to a relative volume of 0.77 ± 0.01 {n = 5). This was 

not followed by RVI, instead cell size remained approximately constant and at 27 

minutes cell volume was 0.73 ± 0.01 {n = 5).
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Figure 6.2: The RVD response in SCG neurones

These graphs illustrate the relative changes in cell volume of non-patched cells versus 

time in response to an approximate reduction in external osmolarity of (A) 30 % and (B) 

17 %. Cells were initially bathed in isotonic solution (296 mOsm) for at least 15 minutes 

before applying test solutions as indicated by the bars. Volume was normalised to that at 

the start of the experiment, at t = 0, in isotonic solution. Data points represent mean ± 

SEM of (A) 4 and (B) 4 cells.
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These experiments were done using HEPES-buffered solutions. A Na^/H^- 

coupled-Cr/HCOs' exchange mechanism exists which acts to transport Cl* into the cell 

(see section 1.3, Chapter 1), and which has been suggested to contribute to RVI 

mechanisms (Cala, 1990). Since RVI was not observed in HEPES-buffered solutions, 

the experiments were repeated but this time using a HCOg'-based hypertonic solution 

(397 mOsm, solution P, Table 2.5). Under these conditions, the cells shrank to 0.85 + 

0.01 {n = 6). RVI was still not observed under these conditions; at 27 minutes cell 

volume was 0.84 ± 0.01 {n = 6). These results are also illustrated in Figure 6.3A.

6.2.1.2.2. Secondary RVI

To examine whether SCG neurones exhibit a secondary RVI response, I exposed 

cells to a hypotonic solution (201 mOsm) and then after RVD had occurred, isotonicity 

(296 mOsm) was restored. Initial exposure to hypotonic solution caused an increase in 

cell volume to 1.35 ± 0.04 (« = 4) followed by RVD and a decrease in cell volume to 1.0 

± 0.01 {n = 4) by 24 minutes {Figure 6.3B). The return of cells to “isotonic” solution 

(296 mOsm) caused an initial shrinkage to 0.71 ± 0.02 {n = 4), suggesting that the cells 

are hypotonic to this solution. Over the following 24 minutes in “isotonic” solution, a 

small increase in cell volume was observed to 0.81 ± 0.06 (n = 4). Hypotonic solution 

was then applied a second time, 52 minutes after the first application. The cells still 

swelled but only to a maximum of 1.1 ± 0.02 (« = 4).

6.2.2. Is the RVD response mediated by the movement o f  C t ions?

6.2.2.1. Inhibition o f  the RVD response by niflumic acid

It has been demonstrated that Ici(sweii) was inhibited by niflumic acid (200 pM: %72 

%; see section 5.2.5.1, Chapter 5). The effects of niflumic acid on the RVD response 

were investigated. Niflumic acid was used at a concentration of 500 pM which should 

fully block Ici(sweii). RVD was inhibited by niflumic acid {Figure 6.4) where it was 

observed that the initial cell swelling induced by hypotonic solution was followed by a 

period in which there was no volume regulation and the cells remained swollen. At 27 

minutes cell volume was 1.50 ± 0.02 {n = 4).

Isotonic solution also contained 500 pM niflumic acid; the effect of niflumic acid 

on isotonic cell volume is shown in Figure 6.4. The solvent DMSO (0.5 %) in which
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Figure 6.3: The absence o f primary but not secondary RVJ in SCG neurones

(A) This graph shows the absence of RVI in HCOs'-bufFered external solutions (isotonic : 

302 mOsm, hypertonic: 397 mOsm; black circles) and HEPES-bufifered (isotonic: 296 

mOsm, hypertonic: 391 mOsm; green circles).

(B) This graph illustrates the volume response to 2 applications of hypotonic solution 

(201 mOsm). In both cases, RVD was observed and also a secondary RVI response 

when the cells were returned to isotonic solution (296 mOsm) after the first appUcation 

of hypotonic solution.
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niflumic acid was dissolved, had no effects on cell volume under isotonic conditions 

(after 20 minutes, cell volume was 0.98 ± 0.03, n = 3).

After exposure to hypotonic solution plus niflumic acid, cells were returned to 

isotonic solution also containing niflumic acid where a rapid recovery of cell volume was 

observed, even though the Cl' channels should still be blocked. This is illustrated in the 

lower portion of Figure 6.4. This suggests that water movement can occur via a 

pathway independent of Cl' channels.

6.2.2.2. Manipulations in external C t concentration affect the RVD response

The above experiments suggest that the movement of Cl is involved in RVD. If 

this is so, alterations in external Cl' concentration should affect RVD. External Cl was 

reduced from 111 to 31 mM by partially replacing NaCl (80 mM) withNaGluconate; this 

should act to reduce internal Cl' since Eci has moved more positive and there is now a 

greater driving force for Cl' efflux.
Intracellular Cl concentration in SCG neurones is approximately 30 mM (Ballanyi & Grafe, 1985).
With 111 mM external Cl', Eci (*-40 mV) is more positive than Em and thus the direction o f Cl' flux at 
Em is outward. Reducing external Cl' to 31 mM will, initially increase the driving force for Cl' efflux 
and (since Eci, * 0  mV, is now more positive) and the RVD might be expected to be enhanced. 
However, this efflux o f Cl' will reduce intracellular Cl' concentration. One might expect that this 
reduction in intracellular Cl' would partially inhibit RVD because there is less Cl' available for efflux 
from the cell. These experiments suggest that the resting permeability o f the cell to Cl* is quite high.
What might determine this resting permeability? The hyperpolarization-activated Cl' current ( I c i (h p ) )  

described in Chapter 4, is open at the resting membrane potential so this may contribute. The Cl' 
/gluconate substitution experiments were done in the absence o f Cd^ .̂ If Cd^  ̂ had been present and 
acted to inhibit the exit pathway for Cl (i.e., Ic i (h p ))  and thus prevent the reduction in internal Cl', then 
the effects o f gluconate on RVD might actually have been enhanced.

Cells were incubated in isotonic gluconate solution for 30 minutes prior to them being 

transferred to hypotonic gluconate solution {Figure 6.5, lower panel). During the 

incubation in isotonic gluconate solution, cell volume decreased to 0.88 ± 0.01 of control 

(« = 4). Thus, reduction of external Cl' leads to cell shrinkage which suggests that the 

movement of Cl' is partly responsible for cell volume changes and therefore the resting 

permeability of the membrane to Cl' in these cells must be substantial. Exposure to 

hypotonic gluconate solution still induced cell swelling {Figure 6.5; upper panel) ', 

maximal cell volume was 1.30 ± 0.03 {n = 6) but the subsequent RVD response was 

partially inhibited, which was seen as slowed recovery: tî voi was 16.0 ± 1.79 minutes {n 

= 6).
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Figure 6.4: Inhibition o f the RVD response by niflumic acid 

The upper panel illustrates the effects of 500 \iM niflumic acid (green circles) on 

hypotonicity-induced cell swelling. Both isotonic and hypotonic solutions contained 

niflumic acid. The effects of niflumic acid on isotonic cell volume is shown by the black 

circles. The bar indicates application of isotonic or hypotonic solution. The lower panel 

shows the recovery of cell volume observed when cells were returned to isotonic 

solution but in the presence of niflumic acid (500 pM). Data are from 4 cells.
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Figure 6.5: Changing the external CT concentration alters the RVD response 

The upper graph illustrates the changes in volume in response to an approximate 30 % 

reduction in osmolarity of a low Cl external solution (31 mM). The lower panel shows 

the effects of reducing external Cl' on cell volume in isotonic solution.
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6.2.3, The RVD response is not dependent on external

There is considerable debate as to the Ca^^-dependence of RVD mechanisms (see 

McCarty & O’Neil, 1992 for review). I investigated the dependence of RVD on external 

Ca^  ̂by using Ca^^-free isotonic and hypotonic external solutions (CaCb- and Cd^^-ffee 

solution J, Table 2.5, Chapter 2). Removal of Ca^  ̂from the isotonic solution had no 

appreciable effects on the resting cell volume. Ca^^-free hypotonic solution neither 

affected the initial cell swelling observed (1.34 ± 0.02, « = 5) nor the subsequent RVD 

response; t%voi was 10.40 ± 1.50 minutes (n = 5; Figure 6.6)

6.2.3.1. The effects o f  external C(f^ on the RVD response

The experiments described up to this point (except the gluconate experiments, 

section 6.2.2.2 and the Ca^^-free experiments, section 6.2.3) have all been conducted in 

the presence of Cd^  ̂(500 pM). I compared the RVD response obtained in the presence 

and absence of Cd^  ̂{Figure 6.7). In the presence of Cd^ ,̂ the maximal swelling was 

1.33 ± 0.02 and t%voi was 9.0 ± 0.41 minutes {n = 4). These values were not significantly 

different to those obtained in the absence of Cd^ :̂ maximal swelling 1.37 ± 0.02 {n = A,P  

= 0.09) and t w  9.75 ± 1.25 minutes (// = 4, f  = 0.59).

6.2.4, RVD is not temperature-dependent

All the RVD experiments described so far have been performed at 32 °C. Like 

Ici(sweii), the RVD mechanism did not appear to be sensitive to changes in temperature.

The RVD response at 22 °C was no different to that obtained under the normal 

recording conditions of 32 °C {Figure 6.8). The value for t%voi was 8.33 ± 0.67 minutes 

{n = 3) which was not significantly different to that at 32 °C {P = 0.41).

6.2.5, RVD and the involvement o f  ions

6.2.5.1. A role fo r  -sensitive JC channels in the RVD response?

The experiments that have been described (except the gluconate experiments, 

section 6.2.2.2) were done in the presence of 3 mM Ba^\ To investigate whether Ba^  ̂

had any effects on the RVD response, I compared the RVD responses obtained in the 

presence and absence of 3 mM BaCb in both isotonic and hypotonic solutions. As 

illustrated in Figure 6.9, the two graphs are virtually superimposable
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Figure 6.6: The RVD response is independent of external

RVD responses in the presence (black circles) and absence (green circles) o f external 

Ca"" (2.5 mM).
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Figure 6.7: External does not affect the RVD response 

This illustrates the RVD response in the absence (black circles) and presence (green 

circles) o f  external (500 pM) which was present in both isotonic and hypotonic 

solutions. Hypotonic solution was applied as indicated by the bar.
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Figure 6.8: The RVD response is insensitive to changes in temperature

All o f the RVD experiments were carried out at 32 °C. Changing the tem perature to 22

°C did not affect the RVD response (green circles), compared to 32 °C (black circles).
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Figure 6.9: Does e x t e r n a l a f f e c t  the RVD response?

RVD in the absence (black circles) and presence (green circles) o f external Ba^^ (3 mM). 

Hypotonic solution was applied as indicated by the bar.
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suggesting that there is no involvement of a Ba^^-sensitive channel in the RVD 

response. The value for t%voi in the presence of Ba^  ̂was 9.0 ± 0.41 minutes {n = 4) 

which was not significantly different to that obtained in! its absence (10.14 ± 1.99 

minutes, n - l , P -  0.89).

6.2.5.2. Manipulations in external JC concentration affect the RVD response 

External KCl was raised from 6 to 30 mM whilst the concentration of external Cl'

was kept the same by reducing the concentration of NaCl by 24 mM. This resulted in 

partial inhibition of the RVD response {Figure 6.10). The maximal degree of swelling 

observed was unchanged: 1.35±0.03(« = 5) but the RVD response was partially 

inhibited i.e., t%voi was increased to 18.8 + 2.18 minutes {n = 5) which was significantly 

different from control {P = 0.02).

6.2.5.3. Modulation o f  the RVD response by several iC channel blockers

The next approach was to use a broad spectrum of channel blockers to see if 

they had any effect on RVD. The drugs used were, 3 mM BaCb, 25 mM TEACl, 10 

mM CsCl and 5 mM 4-AP (solution J, Table 2.5, Chapter 2 where NaCl was reduced to 

40 mM; 304/212mOsm). This combination of channel blockers inhibited the RVD 

response {Figure 6.11), which was seen as a slowed recovery phase, t%voi was >27 

minutes {n = 5).

6.2.6. The R VD response is not dependent upon external Na^

The possible role of Na^ in the RVD response was investigated by using a Na"̂ - 

free hypotonic solution where NaCl was replaced with an equimolar concentration of 

CholineCl (solution L, Table 2.5, Chapter 2). This had no discernible effects on the 

RVD response {Figure 6.12)', the maximal cell swelling was 1.27 ± 0.04 and t-/,voi was 

8.71 ± 1.36 minutes {n = 7).

6.2.7. Histological observations o f  cell swelling

This section describes the results of the investigation into the effects of external 

hypotonicity on the structure of neurones in whole isolated ganglia. This was attempted 

by using transmission electron microscopy. The main advantage of this technique is the
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Figure 6.10: Changing the external fC concentration alters the RVD response 

Elevating external KCl from 6 to 30 mM partially inhibited the RVD response without 

affecting the maximal cell swelling (green circles). Cells were initially bathed in high KCl 

isotonic solution (287 mOsm) and hypotonic solution (194 mOsm) was applied as 

indicated by the bar. The control RVD response is shown for comparison (black circles).
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Figure 6.11: A combination o f fC channel blockers inhibits the RVD response 

Both isotonic and hypotonic solution contained a combination o f channel blockers (3 

mM BaCb, 25 mM TEACl, 10 mM CsCl and 5 mM 4-AP; green circles). The control 

curve is also shown for comparison (black circles).
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Figure 6.12: Removal of external Na"' had no effects on the RVD response 

Cells were initially bathed in Na^-free isotonic solution for 20 minutes prior to the 

application o f hypotonic solution (green circles). The control curve (black circles) is 

shown for comparison.
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high magnifications used, in excess of x30000, which cannot be obtained on a 

conventional light microscope. The effect of the fixative glutaraldehyde alone on 

individual cultured SCG neurones was first examined. This fixative is normally used at a 

final concentration of 2.5 %; however at this concentration (made up in isotonic solution, 

287 mOsm), the cells immediately shrank; this is not surprising since the osmolarity of 

this solution was over 800 mOsm. Reducing the concentration to 0.5 % reduced 

osmolarity to 420 mOsm, but this was still [too high. This problem was overcome by 

reducing the concentration of NaCl and using glutaraldehyde at a final concentration of 

0.5%  (Table 2.3, Chapter 2).

Whole ganglia with their connective tissue removed, were incubated in either 

isotonic (to act as a control) or hypotonic solution for 10 minutes prior to fixation in 

glutaraldehyde. An approximate 30 % reduction in external osmolarity caused drastic 

changes in the internal structure of the SCG neurones. Such effects were visible under 

light microscopy. It was clear that most of the cells had increased in cross-sectional 

area, as had the nuclei and the cytoplasm seemed less dense {Figure 6,13). At a higher 

magnification these effects were clearer. The cytoplasm appeared to contain vacuoles 

{Figure 6,14). The cause of this vacuolization was further examined using transmission 

electron microscopy. The nucleus, and particularly the cytoplasm both seemed less 

dense under hypotonic conditions. A closer examination revealed that the formation of 

vacuoles was largely due to the swelling of mitochondria {Figure 6,15). The swelling of 

the mitochondria led to an overall disruption of the internal cristae structure. Changes in 

other internal organelles were also observed, both the Golgi apparatus and the 

endoplasmic reticulum had also swollen and the amount of free glycogen had decreased. 

Facilities were unavailable to look at changes in the cytoskeleton.
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Figure 6.13: Light microscopic changes in SCG neurones 

Light micrographs of SCG (0.5-1 pm sections) stained with toluidine blue. Each 

micrograph is from a different ganglia after exposure to isotonic (287 mOsm; upper 

panel) or hypotonic solution (192 mOsm; lower panel) for 10 minutes prior to fixation in 

a 0.5 % glutaraldehyde-containing solution (isotonic: 291 mOsm, hypotonic: 197 mOsm) 

at 4 °C for 48 hours.

Magnification: xl60 

Scale bar: 30 pm
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Figure 6.14: A doser examination o f the effects o f hypotonicity on SCG neurones 

Light micrographs taken under the same conditions as those in Figure 6.13, but at a 

higher magnification. The appearance of vacuoles within the cytoplasm is easily 

visualized. The upper panel shows the cells under isotonic, and the lower panel, under 

hypotonic conditions.

Magnification; x640 

Scale bar: 15 pm
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Figure 6.15: The effects o f hypotonicity on the internal structure o f SCG neurones 

using transmission electron microscopy

Electron micrographs of the internal structure of SCG neurones. Sections were 80-90 

nm thick and stained with uranyl acetate and lead citrate. Key features are indicated on 

the micrographs: mitochondria (M), Golgi apparatus (G), nucleus (N), nuclear membrane 

(NM), endoplasmic reticulum (ER) and glycogen (g).

Magnification: x 15680 

Scale bar: 0.61 pm
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6.3. DISCUSSION

6.3,1, Histological observations o f hypotonicity-induced changes in 

neuronal structure

Under similar conditions to those experiments on single isolated SCG neurones, it 

is clear from the histological investigations that hypotonicity caused quite substantial 

changes in the structure of SCG neurones. These were observed as an overall increase in 

cell cross-sectional area, a reduction in both cytoplasmic and nuclear density and the 

formation of cytoplasmic vacuoles which resulted from mitochondrial swelling.

My observations agree with other studies of hypotonicity-induced changes in cell 

structure. To the best of my knowledge, there is no published literature describing the 

effects of osmotic changes on primary neurones. However, there have been several 

reports of the effects of hypotonicity on the internal and external structure of cells from 

the neuronal cell line, PC 12. PC 12 cells have been shown to swell and exhibit RVD 

(Delpire et al., 1985) and these effects are associated with a reduction in cytoplasmic 

density, a reduction in the number of surface microvilli and a rearrangement of 

cytoskeletal structure (Cornet et a l, 1994). These effects were particularly apparent in 

the microfilaments whereas the microtubules and intermediate filaments were largely 

unaffected. Certainly, the reduction in cytoplasmic density agrees with the present study, 

however the authors reported that no vacuolization was observed and saw no changes in 

the endoplasmic reticulum or Golgi apparatus (Delpire et a l,  1985). This is curious, 

since those authors monitored changes up to 2 hours and used a slightly larger osmotic 

gradient (46 % reduction). This may reflect differences in the fixation procedure since 

those authors used a 1.25 % solution of glutaraldehyde and fixed for only 30 minutes.

It would have been interesting to examine the effects of hypotonicity on the 

cytoskeleton and to investigate a potential involvement of the cytoskeleton in RVD. 

Hypotonicity has been shown to cause changes in the organization of the cytoskeleton 

{e.g.. Comet et a l,  1993) which may suggest a role of the cytoskeleton in transducing 

cell volume changes to the activation of membrane currents. The structure of the 

cytoskeleton can be investigated by using cytochalasins which disrupt actin and 

colchicine which disrupts microtubules. The effects of these compounds were not 

investigated in the present study. However, it has been reported that the effects of 

cytochalasin B are quite different to the effects of hypotonicity (Comet et a l, 1993). 

Whilst the effects of hypotonicity on the microfilament network are progressive and
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incomplete, the effects of cytochalasin B are more drastic, leading to a complete 

disruption. Since cytochalasin B has also been shown to inhibit RVD in some cell types 

(e.g., Ehrlich ascites. Cornet et a i, 1993; leukocytes, Downey e ta l ,  1995; ROS17/2.8 

osteosarcoma cells, Lo et a i, 1995), it would seem that perhaps an intact cytoskeleton is 

required for RVD However, in some cells neither RVD (e.g., astrocytes, Moran et al., 

1996) nor swelling-activated Cl currents (e.g., endothelial cells, Oike et at., 1994; 

epithelial cells, Wu et al., 1996) are affected by cytochalasins.

6.3.2. General observations o f volume regulatory mechanisms in SCG 

neurones

The main findings of this Chapter are that SCG neurones exhibit an RVD 

response when external osmolarity is reduced by approximately 30 %. No evidence was 

found for the presence of a “primary RVI” response (when external osmolarity was 

increased by «30 %) although cells did exhibit “secondary RVI”. RVD is mediated by 

the efflux of Cl and K .̂ The RVD mechanism, like Ici(sw eii), is Ca^^-independent.

6.3.3. The RVD response in SCG neurones

Most cells exhibit some form of volume regulation when they are exposed to 

hypotonicity. However, RVD was not exhibited in endothelial cells when osmolarity was 

reduced from 290 to 185 mOsm. In these cells swelling activates a Cl channel but the 

authors found no evidence of activation of a channel; since RVD was not observed 

this suggested the necessity of a efflux mechanism (De Smet et al., 1994).

In the present study, when external osmolarity was reduced from 296 to 201 

mOsm RVD was observed. However with a smaller osmotic gradient RVD was absent. 

Thus either the mechanism which normally mediates RVD has not been activated or it is 

insufficient to regulate cell volume. In whole-cell patched cells (152 mM Cf), the 

amplitude of Ici(sweii) was smaller with a 17 % reduction in osmolarity («56 pA; c.f., «370 

pA with a 30 % reduction). It is conceivable then that the lack of RVD with a smaller 

osmotic challenge is due to a smaller current and thus a reduced Cl* efflux.

The magnitudes of osmolarity changes that experimenters subject cells to are 

probably far greater than those which the cell may physiologically experience. One 

interesting point is that the type and magnitude of swelling may determine the RVD
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mechanism that the cell employs for RVD. In epithelial cells, small volume changes (<10 

%) were sensitive to block by charybdotoxin, a channel blocker, but not to a 

Ca^Vcalmodulin kinase inhibitor; with larger volume changes (>10%), charybdotoxin 

became ineffective whilst the Ca^Vcalmodulin kinase inhibitor inhibited RVD (MacLeod, 

1994). This is quite plausible if one imagines that multiple pathways are available for 

volume regulation, and that the involvement of these varies with the extent of cell 

swelling.

6.3.4. RVI mechanisms in SCG neurones

Not all cells exhibit RVI; some exhibit both primary and secondary RVI {e.g., 

lacrimal gland acinar cells, 35 % increase in osmolarity, almost full primary RVI;

Douglas & Brown, 1996) whilst others exhibit only secondary RVI {e.g., UMR-I06-0I 

osteoblasts, 45 % increase in osmolarity, incomplete secondary RVI; Khademazad et al.,

1991). In the present study primary RVI was not observed in SCG neurones. This could 

not be attributed to temperature since all experiments were performed at 32 °C (in 

lacrimal gland acinar cells, RVI was only observed in HEPES-buffered solutions at 37 

°C; Douglas & Brown, 1996). Nor could it be attributed to the omission of HCO3' ions 

from the external solution since RVI still was not exhibited in the presence of HCO3'.

Like SCG neurones, PC 12 cells and cerebellar granule neurones also exhibited RVD but 

not RVI although these authors did not investigate the involvement of HCO3* (Delpire et 

al., 1985; Pasantes-Morales ^/a/., 1993b).

SCG neurones did however exhibit secondary RVI. After a hypotonic challenge 

(201 mOsm) the cells regulated their volume back to control levels (thus their internal 

osmolarity must now be %201 mOsm). Restoring isotonicity (296 mOsm) caused almost 

immediate cell shrinkage confirming that the interior of the cell is hypotonic to the 

external (296 mOsm) solution. During this period in isotonic solution, some recovery of 

volume was observed (secondary RVI; although this response was much slower than the 

RVD response). A second hypotonic (201 mOsm) challenge then elicited cell swelling, 

suggesting that the osmolarity of the external solution was hypotonic to the cell interior 

such that the cell must have gained osmolytes between the end of the first hypotonic 

challenge (where it was 201 mOsm) and the start of the second hypotonic challenge.
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6.3.5. The role o f  in RVD

There are no reports of involvement in RVI mechanisms of mammalian cells; 

this contrasts with the numerous reports of its proposed role during RVD. However, the 

precise role of Ca^  ̂is not clear. In some cells, hypotonicity induces a rise in intracellular 

Ca^  ̂and the ensuing RVD response is Ca^^-dependent {e.g., UMR-106-01 cells, 

Yamaguchi et al., 1989; 1407 epithelial cells, Hazama & Okada, 1990). In other cells, 

hypotonicity may increase intracellular Ca^  ̂but the subsequent RVD is Ca^^-independent 

{e.g., cerebellar granule neurones, Sanchez-Olea et at., 1993, Moran et al., 1997) and in 

yet other cell types, neither a rise in Ca^  ̂is observed, nor is the RVD response Ca^- 

dependent (Rink et a i, 1983). In the present study hypotonic solution did not increase 

intracellular Ca^  ̂and neither Ici(sweii) nor the RVD response were affected by the removal 

of Ca^  ̂from external solutions.

It has already been discussed in Chapter 5 (section 5.3.4.3) that the absence of an 

increase in intracellular Câ "̂  due to hypotonicity may simply reflect an inability to detect 

small localized changes. To establish a definite involvement of intracellular Ca^  ̂in RVD, 

then RVD should be investigated under conditions where Ca^  ̂rises are prevented, e.g., 

by incubating cells with high concentrations of B APT A-AM (which will strongly buffer 

Ca^  ̂to low levels) or by using Ca^  ̂channel antagonists.

6.3.6. The effects o f  C(f^ on the RVD response

RVD was unaffected by Cd^  ̂which rules out an involvement of Câ "̂  influx via 

voltage-gated Ca^  ̂channels. At a concentration of 500 pM, Cd^  ̂will fully block the 

hyperpolarization-activated Cl current ( I c i(h p ))  discussed in Chapter 4  (section 4 . 2 . 6 ) .

The proposed molecular candidate for I c k h p )  (ClC-2) has been shown to be enhanced by 

hypotonicity (Griinder et a i, 1992). If Ici(hp) or ClC-2 contribute to the RVD response, 

then their inhibition might be expected to inhibit RVD. However, since Cd^  ̂had no 

effects on RVD in the present study, it seems unlikely that I c i ( h p )  contributes to RVD.

6.3.7. The role o f  iC  currents in volume regulation

The present study has demonstrated that reducing the concentration of external 

Cr or using a Cl* channel blocker inhibited RVD (section 6.2.2). Similar observations 

were made when external concentration was raised and when a combination of
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channel blockers were used. Raising external increased ti/jvoi from 9.0 ± 0.41 minutes 

(/2 = 4) to 18.8 ± 2.18 minutes {n = 5), and using a combination ofK^ channel blockers 

prolonged it even further to >27 minutes {n = 5), although the RVD response did not 

appear to be sensitive to external Ba^  ̂alone (3 mM). An RVD response observed in 

astrocytes was proposed to be mediated in part by channels, however it was 

unaffected by Bâ % TEA or 4-AP (Pasantes-Morales et al., 1994a) but was inhibited by 

quinidine.

The effects of the channel blockers were not as great as that of niflumic acid, 

possibly suggesting that Cl efflux is the primary mechanism for RVD in these cells. Can 

the inhibition of RVD observed with the channel blockers be attributed to channel

block or to their effects on Em?

Upon cell swelling, Cf efflux will act to drive Em towards Eci (which is more 

positive than Em) and thus the cell will depolarize. In fact, a 30 % reduction in 

osmolarity caused a 17.2 ± 4.1 mV depolarization {n = 6). If Em moves towards Eci then 

this will reduce the efflux of Cl from the cell (since the driving force is reduced). To 

counteract this, it is possible that the resting conductance will oppose the 

depolarization and thus act to bring Em back towards Ek (which is more negative than 

E m ) .

Let us assume that in SCG neurones, internal is approximately 150 mM and internal Cl is 30 mM.
In control external solution (6 mM K ,̂ 111 mM Cl ) Eci would be approximately -30 mV and Ek -80 
mV. Thus if  Em «-60 mV), which is between Ek and Eci, both and Cl movement would be 
outwardly directed and thus both will contribute to osmolyte redistribution.

Thus the and Cl* conductances act in opposition to stabilize Em between Eci 

and E k . By using channel blockers, the cell will depolarize and Em will move towards 

E c i ,  again reducing the driving force and inhibiting RVD Thus interpretation of the 

actions of these blockers cannot be definitely attributed to a role for channels.

Elevating external will shift E k  to more positive potentials, and thus towards 

Eci. If there is now less driving force for Cf movement then RVD will be inhibited.

Thus the effects of raising external are difficult to interpret - is RVD inhibited because 

c r  efflux has been effectively reduced or is it because Ek is now very close (if not equal) 

to Em, and hence the driving force for movement has been drastically reduced?

Co-activation of and Cl channels for RVD has been suggested to be 

important in many cell types {e.g., A6 epithelial cell, Nilius et at., 1995). In endothelial 

cells, cell swelling activated a Cl channel but there was no evidence of activation of a
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channel. Consequently RVD was not observed (De Smet a/., 1994). Additionally in a 

T-lymphocyte derived cell line lacking in channels RVD was not observed, although 

when K" channels were re-expressed RVD was observed (Deutsch & Chen, 1993).

6.3.8. The role o f  other osmolytes in R VD

Organic osmolytes such as urea, sugars and amino acids have been proposed to 

be involved in osmoregulation in invertebrates, but only recently has their role been 

addressed in mammalian cells. Cell swelling has been demonstrated to cause a reduction 

in the concentration of free intracellular amino acids; in astrocytes, a 50 % hypotonic 

solution released 58 mM free amino acids (taurine > aspartate > p-alanine > glutamate; 

Pasantes-Morales et al., 1993a). An amino acid which has been strongly implicated in 

volume regulation is taurine.

Taurine is ubiquitously present in most mammalian cells in the mM range whereas 

extracellular concentrations are 10-100 pM (Huxtable, 1992). Taurine contains both a 

basic group (-NH2) and an acidic group (-SO3), thus it is a “zwitterion”.
In aqueous solution, an equilibrium exists between the anionic and cationic forms of taurine where tlie 
predominant form present depends upon the pH of the solution and the pKa. The isoelectric point is that 
point where the concentration of the zwitterion is at its maximum and the concentration of anions and 
cations are equal. For taurine, pKi is 1.5, pK; is 8.82 and the isoelectric point is 5.16. Thus at pH 0 the 
predominant form is the cationic form, as the pH reaches 1.5, half the cationic form will become 
converted to the zwitterion form, a further increase towards pH 8.82 means that the predominant form 
will be the zwitterion and at pH 5.16 the concentration of zwitterion will be at its highest. At pH 8.82 
the zwitterion will be half converted to anionic form and as the pH becomes even more alkaline then the 
anionic form will predominate.

At neutral pH (6.8-7.6) taurine will be almost completely zwitterionic and only a 

tiny fraction will be anionic (%4 % at pH 7.4; Moorman et a!., 1995); because of this 

very little taurine will actually contribute to membrane current.

In cerebellar granule cells, hypotonicity induced-cell swelling caused taurine 

efflux^  ̂ (Schousbe et a i, 1990). This was sensitive to inhibition by NPPB (IC50 %30 

pM), niflumic acid (IC50 %300 pM) and DDFSK (IC50 %38 pM) with almost the same 

potencies as their inhibition of efflux (NPPB: IC50 ~38 pM; niflumic acid: IC50 ~200 

pM; DDFSK: IC50 %35 pM) (Sanchez-Olea et at., 1996). The similarity of potency of 

c r  channel blockers on and [^H] taurine efflux suggests that there is a common 

pathway for efflux of these osmolytes.

Taurine release was monitored using [^H] labelled taurine. In isotonic conditions the taurine release was <2 % of 
the total [Trj taurine pool.
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The first evidence for channel-mediated taurine efflux was in MDCK cells^  ̂

where hypotonicity induced a swelling-activated Cl- current which was permeable to 

taurine: Puimne/Pci was found to be 0.75 (Banderali & Roy, 1992). A similar pathway has 

been suggested in several other cell types (e.g., C6  glioma cells: Jackson & Strange, 

1993; cerebellar astrocytes, Pasantes-Morales et a i, 1994b; inner medullary collecting 

duct cells, Boese et a i, 1996). For taurine to permeate through a channel the minimum 

pore diameter would have to be 8-9 Â (Hall et a i, 1996). The pore diameter of the 

channel responsible for Ici(swcii) in SCG neurones is not known but a minimum diameter 

would have to be 5.5 À to allow for gluconate permeability (see section 5.3.4.4.2, 

Chapter 5). An alternative to taurine efflux being mediated via a channel may be that the 

mechanisms controlling taurine and Cf effluxes are so closely linked that inhibition of 

one appears to inhibit the other.

63.9. Water movement across membranes

The amount of water which has to be lost by a cell during RVD can be 

calculated. If a cell swells by %35 % from 4 to 5.4 pi, then it must have to lose 1.4 pi 

during RVD. The number of moles of water to do this can be calculated as the product 

of concentration and volume (55 M x 1.4 pi) - i.e., 11 pmoles. Thus the cell has to lose 

77 pmoles of water in 15 minutes to regulate its volume back to control levels.

The movement of water across membranes can be difflisional or pore-mediated 

(section 5.1, Chapter 5). Can water accompany ion movement through the channel?

The anion permeability sequence for Ici(swcii) (SCN"> T> NO3 > Br = Cf) is Eisenmann’s 

sequence I which reflects weak interactions between anions andtinding sites in the 

channel and is determined by hydration energies - the anion with the lowest hydration 

energy will be the most permeant. The permeability sequence is also reflected by ionic 

diameters since these determine the minimum distance (distance of closest approach) 

between the ion and water and also between the ion and its binding sites within the 

channel.
The ionic diameters for the anions used in the present study are: Cl (3.62 A), Br (3.9 A), NO3' (4 A),
SCN' (4.2 A), r (4.32 A) and gluconate (5.5 A) (taken from Duszyk et al., 1990 and Fatima-Shad & 
Barry, 1993). The hydration energies: are Cl' (79 kcal/mol), Br' (72 kcal/mol ), NO3 (69 kcal/mol ),
SChT (70 kcal/mol ) and F (64 kcal/mol) (taken from Wright & Diamond, 1977).

To measure Ptaurine/Pci, external solution contained taurine and the pH was raised to 8.2 where taurine is anionic 
such that a current could be measured (at pH 7.2 taurine would be zwitterionic and thus no current would be 
observed).
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For an ion to move through some channels, Eisensmann’s theory argues that it 

must lose its shell of water in order for the ion to bind to sites within the channel. When 

the water is lost from the ion, dipolar groups within the channel can substitute for the 

dipole of the water molecule, thus acting to stabilize the ion. The shell of water around 

an ion is in a constant state of flux where individual water molecules are constantly 

associating and dissociating and re-orientating on nanosecond timescales. Although 

there may be more than one shell of water surrounding an ion, the inner shell is more 

tightly bound to the ion. The channel responsible for I c i ( s w c i i )  is permeable to gluconate 

(ionic diameter 5.5 Â); if gluconate has only one shell of water than the minimum pore 

diameter would have to be % 11 A (the diameter of a water molecule is 2.72 A). If a 

channel has a diameter of %3 ionic diameters (~ 12-15 A) then ions may be able to pass 

through without losing their inner shells (see Hille, 1992). If the pore is narrower, then 

water would have to be stripped off so that the ion can move through the channel.

Under these circumstances, ion movement occurs via a “single file transport” process 

where the ion cannot move through the channel until it has displaced the water molecules 

in front of it. In a “single file” channel, osmotically-induced water movement is 

accompanied by ion movements (leading to a “streaming potential”) or if an applied 

voltage causes current flows then the ions will be accompanied by water (“electro

osmosis”). These phenomena also occur in wider pores where “single file transport” is 

not exhibited, although to a lesser extent. Thus it is conceivable that ions moving 

through the Ici(sw eii) channel can be accompanied by water molecules. It seems unlikely 

though that all the water accompanies Cl movement through the channel. However at 

this point we must refer to the experiment described in section 6.2.2.1 {Figure 6.4) when 

the recovery of cell volume in an isotonic solution in the presence of niflumic acid 

suggested that water movement must occur via an additional pathway.

6.3.9.1. Aquaporins - specialized water channels

It has been postulated for some time that specialized water pores may exist in 

some tissues in order to account for water permeabilities in certain tissues. In 

erythrocytes water movement across the membrane was too rapid to be explained solely 

by diffusion (for review, see Agre et al., 1993). The identification of aquaporin-1 

(AQPl) and several homologous proteins (AQP2, 3, 4 and 5) have been an important 

advance in the understanding of water movement across plasma membranes. AQP1 is
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tetrameric with four independent water pores; each monomer is 30 Â diameter with a 

minimum pore diameter of only 8 Â (at the narrowest point within the pore). Expression 

of AQPl in Xenopus oocytes increased water permeability 8-30 times, which was not 

accompanied by changes in membrane current (suggesting that ionic flow was not 

occurring) and which was sensitive to mercurial compounds (300 pM) (Preston et al.,

1992). In the present study mercuric chloride (5-300 pM) caused extensive cell damage, 

manifested as membrane blebbing and a granular appearance. An 8 Â pore diameter for 

AQPl is actually quite wide when compared to gramicidin A, for instance (4 Â; 

Finkelstein, 1984) so how does AQPl allow only water movement? It is thought that 

there are small regions of conserved amino acids which act to somehow confer selectivity 

(Cheng et al., 1997). Aquaporins are present in a variety of tissues although information 

regarding their presence in neurones is scarce. AQP 1 and AQP4 are present in the brain 

(AQPl : choroid plexus; AQP4: glial cells, Purkinje neurones; see King & Agre, 1996).

63.10. General conclusions

In this Chapter I have demonstrated that SCG neurones exhibit RVD and 

secondary RVI. RVD is Ca^^-independent and is mediated via Cf efflux although the 

movement of and Cl alone seems to be insufficient to account for the RVD observed.

I have addressed the possibility of the involvement of organic osmolytes such as amino 

acids and have also briefly discussed the nature of channel-mediated water transport. It 

would be interesting to investigate the presence of aquaporin-type proteins in neurones 

since there is very little evidence for this at present. It has recently been demonstrated 

that water can be a substrate for a co-transport pathway i.e., a iT/lactate transporter in 

epithelial cells (Zeuthen et a i, 1996); this could be an alternative route for water efflux 

(or influx) out of (or into) cells.
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Chapter 7

General Discussion

7. L General observations

In this thesis, three Cl' currents have been investigated in rat SCG neurones. 

These are a Ca^^- and PKC-dependent Cl' current termed Ic i(m ) , a hyperpolarization- 

activated Cl current, I c i ( h p )  and a swelling-activated Cl current, Ic i(sw e ii) . All three differ 

from one another in terms of their biophysical and pharmacological characteristics. The 

properties of each current are summarized in Table 7.1. Defining Cl channels on the 

basis of pharmacology alone is somewhat limiting since there are few selective tools 

available. The three currents in the present study differ in their sensitivity to voltage, 

pharmacology, anion permeability and Ca^^-dependence. It is clear that niflumic acid is 

unable to discriminate between the three currents; the only pharmacological tool that was 

able to do this was tamoxifen, the supposed inhibitor of swelling-activated Cl currents, 

which inhibited Ici(m).

7.2 Signal transduction mechanisms for the three C t currents

This is the area of research which is lacking. It has been demonstrated that Ici(m) 

is PKC-dependent, however at present it is unknown if a particular isozyme is required
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IcKm) IcifHPl Ici(swcll)
Experimental activation Voltage-dependent Ca^  ̂influx and 

muscarinic Ml receptor stimulation
Hyperpolarizing voltage steps 
(more negative than -30 mV)

External hypotonicity- or internal 
hypertonicity-induced cell swelling

Sustained/transient Transient Sustained Sustained

Amplitude at -60 mV (132mMCr)*' =272 pA (153 mMCl ) %85 pA (152 m M Cl) ^ 369 pA

Current-voltage relationship Outwardly rectifying Inwardly rectifying (steady state) 
Linear (instantaneous)

Outwardly rectifying

Anion permeability sequence T>Br >C1 Cl >Br >T T>Br >C1

% inhibition by niflumic acid 
(50 pM, at -60 mV)

%41 % =39 94

% inhibition by NPPB 
( 100 uM, at -60 mV)

%99 % %50 % =^58%

Ca ^-dependent? Yes No No

ATP-dependent? Yes No No (?)

% inhibition by tamoxifen 
( 10 pM, at -60 mV)

%36 % 0% 0%

% inhibition by DDFSK 
(10 pM, at -60 mV)

%94 % 0% %87 %

Transduction mechanism PLC pathway (PIP2 DAG + IP3) ? ?

Table 7.1: Summary o f biophysical and pharmacological properties o f three neuronal Ct currents

17 Evoked by a 500 ms depolarization.



or whether any of the Ca^^-dependent isozymes (a, pi, pil or y) are capable of mediating 

activation of Icw- The P isoform is present in SCG neurones (Roivanen et al., 1991) 

and preliminary observations in this laboratory have confirmed this. It is also unknown 

where the locus of action of PKC is - at the channel itself or at a regulatory protein. It 

was initially proposed that PKC phosphorylated the channel, opening it, whilst the 

closing of the channel was due to dephosphorylation. It might be expected then that 

inhibitors of dephosphorylation (phosphatase inhibitors) would affect the closing phase 

of the channel {i.e., the "off-rate"). However two phosphatase inhibitors^* (cypermethrin 

and calyculin A; Enan & Matsumura, 1992; MacKintosh & MacKintosh, 1994) had no 

effects on the amplitude, "lag-time" or “off-rate” of Ici(m) (Dr. S. J. Marsh, personal 

communication). These compounds were used at 100 nM and 10 pM, respectively and 

were applied for 10-15 minutes. Although these compounds are membrane permeable, 

they may not be reaching the required locus of action or the incubation times were 

inadequate. Of course, phosphorylation may not be involved at all. An alternative 

mechanism may be an "autocrine" mechanism. This has been proposed for the CFTR- 

regulation of a cAMP-dependent Cl' current in epithelial cells (see section 1.6.1, Chapter 

1) where ATP is released through the CFTR channel and then regulates the cAMP- 

dependent Cl channel via the stimulation of Piu receptors (Schwiebert et al., 1995). A 

similar mechanism has been hypothesized for volume regulation in epithelial cells where 

ATP is released in response to hypotonicity which then opened Cl channels also via the 

stimulation of P:u receptors (Wang et al., 1996). Application of ATP (100 pM) on SCG 

neurones activated a cation conductance (Cloues et al., 1993) thus it seems unlikely that 

Ici(m ) can be directly activated by ATP release. Additionally nitroprusside which 

generates nitrous oxide had no effects on resting conductance nor on Ici(m) (Dr. S. J. 

Marsh, personal communication).

Transduction mechanisms for Ici(hp) are largely unknown. Phorbol esters have 

been shown to inhibit Ici(hp) in T84 cells (Fritsch & Edelman, 1996) and hippocampal 

neurones (Madison et al., 1986; Staley, 1994) whilst cAMP has been shown to have 

either an enhancing effect {e.g., hippocampal neurones, Staley, 1994) or an inhibitory 

effect (T84 cells, Fritsch & Edelman, 1996).

Cypermethrin acts on type 2A phosphatases (IC50; 1 pM); calyculin A has about equal potencies on types 1 and 
2A (IC50: 2 nM and 1 nM, respectively).
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The phosphatase inhibitors, okadaic acid and calyculin A, were also shown to 

inhibit I c k h p ) in T84 cells (Fritsch & Edelman, 1997). In the present study, I saw no 

effects of a PKC inhibitor on Ici(hp) (section 4.2.7, Chapter 4), the omission or inclusion 

of ATP in the internal solution had no discernible effects (section 4.2.8) and I c i ( h p )  was 

not inhibited by tamoxifen or DDFSK (section 4.2.9).

There are many questions which need answering concerning signal transduction, 

volume regulation and Ici(sweii). These include, how does water enter and leave the cell?, 

how does the cell detect volume changes? and how are these volume changes transduced 

into channel or transporter activation? These questions have been asked by many 

investigators, and unfortunately the answers to these are still not known. Perhaps more 

fundamental questions are, why does a cell want to regulate its volume? Is it trying to 

maintain its absolute volume or shape? or is it trying to maintain cellular ionic 

concentrations to keep homeostatically balanced? Likewise the answers to these are not 

known either. It is easy to assume that cells simply want to maintain their intracellular 

milieu, however it may be structural integrity which is equally important and this is often 

disregarded. This may be important in maintaining the juxtaposition between neurones at 

the synaptic cleft, for example.

Many types of transduction mechanisms have been proposed which have been 

discussed in Chapter 5 (section 5.3.5). These include changes in membrane tension and 

cytoskeletal architecture and more complex second messenger pathways, involving G 

proteins, arachidonic acid, MAP kinase and tyrosine kinase. It is likely that more than 

one pathway is involved and that these may act synergistically depending on the 

magnitude and type of stimulus the cell experiences. It is also feasible then that the 

transduction mechanisms vary with cell types.

7.3, Physiological roles?

It is important to establish that the assumption that “one channel has one role” 

may not necessarily apply. For instance, glycine receptors have been proposed to be 

involved in volume regulation (Hussy et al., 1997) and NMD A receptors have been 

proposed to be involved in growth cone formation (Paoletti & Ascher, 1994). With this 

in mind, I will now discuss possible physiologically relevant roles for the three Cl* 

currents described in this thesis.
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7.3.1. A physiological role fo r  Icim?

It was noted that Ici(m) could be activated by brief applications of ACh. ACh, by 

acting on Ca^-permeable nicotinic receptors, would increase intracellular Ca^  ̂and 

activate DAG/PKC via stimulation of Ml muscarinic receptors (Marsh et al., 1995).

This is what may happen at the synapse and thus may be relevant physiologically. This 

may suggest that the channels for lci(m) are located in proximity to the synapse. It was 

demonstrated that synaptic stimulation of isolated SCG led to a delayed slow inward 

current, attributed to inhibition of the M-current, followed by a much later current which 

was associated with an increase in conductance. It was proposed that this current might 

be a Cr conductance on the basis of its reduction at potentials %Eci (Brown & Selyanko, 

1985). Importantly this current was abolished in the presence of atropine, although was 

still present in the presence of tubocurarine.

A dual system of Ca^  ̂entry and PLC activation does not exist solely for ACh 

receptors but also exists for glutamate in the CNS. The synergistic actions of glutamate 

in increasing intracellular Ca^  ̂by stimulating NMDA receptors and the activation of 

PKC via metabotropic receptors activation may be important in excitotoxic mechanisms 

(Bruno et a i, 1995). For instance, NMDA-induced Ca^  ̂influx causes the translocation 

of PKC to the plasma membrane where it is activated by DAG which has been generated 

from metabotropic receptor stimulation (IP3 may also release intracellular Ca^\ and 

exacerbate excitotoxicity). PKC may then have multifarious effects, e.g., a relief of the 

Mĝ "" block of NMDA receptors (Chen & Huang, 1992) and an enhancement of voltage- 

gated Ca^  ̂currents (Zhu & Ikeda, 1994). The activation of an Iciw-like current by PKC 

may have preventative effects on excitotoxicity where, in CNS neurones. Cl movement 

is inwardly directed (Eci is more negative than Em) which may hyperpolarize neurones 

and perhaps put a restraint on excitotoxic depolarizing events, lci(m) may be an “ideal 

solution” under such circumstances since it is “self-regulating” i.e., it can be activated by 

a depolarization-induced Ca^  ̂rise, and thus excessive stimulation by depolarization will 

increase the amplitude of lew , acting as a further “brake” on excitability.

In the SCG, an alternative role for lci(m) might be in volume regulation at the 

synapse. The involvement of Cl* efflux pathways in the regulation of cell volume has 

already been discussed. Significant changes in osmolarity may occur at a synapse due to 

transmitter release and local changes in ion concentrations and it is known that the
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quantal release of neurotransmitter is dependent upon external osmolarity (Furshpan, 

1956). c r  efflux via Ici(m) might contribute to the regulation of cell volume. Two 

relevant studies which may support a role for Ici(m) in volume regulation are (1) during 

skeletal muscle contraction PKC was shown to translocate from the cytosolic to the 

particulate fraction (Richter et a i, 1987) and (2) phospholipid turnover and DAG and 

IP] production were stimulated by changes in membrane tension caused by shear stress in 

endothelial cells (Bhagyalakshmi et a i, 1992).

7.3.2. A physiological role fo r  Ici(hp)^

Two possible roles for Ici(hp) or the cloned channel, ClC-2, have been proposed 

by other investigators. The first is in volume regulation and the second is in Cl 

homeostatic mechanisms. The biophysical characteristics of ClC-2 currents are quite 

different from swelling-activated Cl' currents, however ClC-2 currents have nevertheless 

been shown to be enhanced by hypotonicity (Griinder et a i, 1992). In the present study 

I found no effects of Cd^  ̂(an inhibitor of Ici(hp)) on the RVD response (section 6.2.3.1, 

Chapter 6 ) ;  if I c k h p ) did contribute to volume regulation then it might be expected that 

blocking this current would partially inhibit RVD. Although an enhancement of Ici(hp) 

was seen in response to hypotonicity this was only small compared to the effects on the 

instantaneous current, which was probably attributed to Ici(sweii) (section 4.2.10, Chapter 

4). Clark & Mathie (1995) found no effects of hypotonicity on Ici(hp) in SCG neurones 

although they did not state what osmotic gradient was used nor whether the 

instantaneous current was affected by hypotonicity.

7.3.2.1. Is there a role for Ici(hp) in regulating intracellular Cl concentration?

Staley and co-workers have offered a plausible explanation for the role of ClC-2, 

in hippocampal neurones during GAB A responses (Staley, 1994; Staley et a i,  1996). In 

hippocampal neurones, intracellular Cl* is less than predicted by passive distribution, thus 

Eci is more negative than Em and the actions of G ABA are hyperpolarizing {i.e.. Cl* 

influx). They suggest that the movement of Cl through the ClC-2 channels regulates 

intracellular Cl following a G ABA response when intracellular Cl' will accumulate, so 

much so that Eci becomes more positive than Em. Electrophysiological analysis of the 

ClC-2 current-voltage relationship shows that the activation curve is tightly coupled to
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Eci (V-/, is consistently % 15 mV more negative than Eci under different Cl gradients). 

Therefore outward movement of Cl through this conductance requires that Eci is 

positive to Em and this only occurs subsequent to prolonged GABAa receptor 

stimulation. Thus the role of ClC-2 is to redistribute Cl* after such a response.

T.3.2.2. Is there a role for Ici(hp) in maintaining Eci in resting cells?

In some peripheral neurones such as DRG neurones, Eci is more positive than Em, 

and so the movement of Cl under resting conditions is outwardly directed. Interestingly, 

these neurones do not express ClC-2 (Smith e ta l ,  1995) nor a hyperpolarization- 

activated c r  current (Staley et a i, 1996). However when ClC-2 was expressed in DRG 

neurones, the direction of Cl* movement was reversed, thus GAB A (which was used to 

indicate where Eci is at) now became hyperpolarizing.

The theory presented for the role of ClC-2 (or I c k h p ) )  in hippocampal neurones 

seems to be contradictory to the present study where I have shown that SCG neurones, 

which depolarize in response to GAB A, also express an endogenous I c i ( h p ) .  However, 

closer analysis of the two sets of data reveals differences in their activation curves for 

Ici(H P ) Although they both have similar gmax values (%5-6 nS) and slope factors (14-18 

mV/e-fold change in conductance) the values for Vy, are somewhat different, in that 

under near-symmetrical Cl*concentrations the Wv̂  for hippocampal neurones was %I5 

mV negative to Eci (Staley, 1994). In the present study, under similar conditions, Vy, 

was %65 mV more negative than Eci (section 4.2.5, Chapter 4). Thus the voltage 

sensitivity of these two currents appears to be quite different. Although, in the present 

study there was no investigation of changes in activation curve with changes in internal 

Cl* concentration, it would appear that the activation curve for Ici(hp) in SCG neurones is 

not closely linked to Eci.

Ici(HP) in hippocampal neurones was found to be inhibited by phorbol esters and 

enhanced by noradrenaline (Staley, 1994); it is not known whether these modulations 

were due to a shift in the activation curve of Ici(hp) as analysis of the current-voltage 

relationships was not undertaken. An investigation into the modulation of the I c i ( h p )  

currents by these compounds in SCG neurones might be informative.

Would Ici(HP) contribute to Em of SCG neurones? Two currents which are 

favoured as playing major roles in the control of Em are the M-current and I q . At around
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-55 mV in SCG neurones, these two currents have predicted amplitudes of % 150 pA 

(Marrion et a i, 1989) and <50 pA (Dr. J. A. Lamas, personal communication), 

respectively. At a similar potential, the amplitude of Ici(hp) is <50 pA, i.e., comparable to 

that of I q . Thus then it is feasible that, although small, I c i(h p ) may contribute to E m  in 

these cells (it should be noted that Cd^  ̂does cause a small outward current at %Em).

The roles which are often proposed for ClC- 2  or I c i ( h p )  mainly concentrate on the 

control of membrane excitability and the maintenance of Eci and its relationship with Em. 

However intracellular Cl' has other roles, for instance the control of intracellular pH {via 

a CI /HCO3 exchange) and volume regulation. Cl* channels are also expressed on 

intracellular organelle membranes where they are unlikely to be involved in electrical 

excitability processes but instead are thought to have a role in Ca^  ̂mobilization and pH 

control (for review, see Al-Awqati, 1995). It cannot be stressed enough that it is 

important to remember that one channel may have a role other than that which it is 

named after.

7.3.3. A physiological role fo r  IcKsweU)?

It has been demonstrated that SCG neurones exhibit volume regulatory 

mechanisms. Under what conditions would a neurone be exposed to changes in 

osmolarity? Physiologically, this may be during synaptic transmission - it is feasible that 

changes in osmolarity could arise due to changes in ionic concentration caused by 

transmitter action and action potential generation.

Very little is known about volume regulation in the CNS and how this is related 

to pathological conditions such as brain oedema and ischaemia. It is known that both 

neurones and glial cells swell during such conditions (for review, see Meyer, 1989). For 

example, hippocampal neurones in slices swelled quite considerably with small osmotic 

challenges (10 % reduction; Baraban et al., 1997). However, not all studies have shown 

this. Interestingly, one study (Somjen et al., 1993), failed to demonstrate any volume 

changes in hippocampal slices in response to much larger changes in external osmolarity 

(«70 % reduction or «70 % increase). A potentially important issue which is raised by 

this latter study is that hypotonicity instead of activating currents, actually suppressed 

them, they termed this response “channel shutdown” and that this may be a mechanism 

for limiting cell swelling which is potentially important under conditions such as
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ischaemia and brain oedema. The pathological sequelae of ischaemia is complex and 

results in cell swelling and possible cell death. This may be exacerbated by a massive 

release of glutamate which can lead to rise in intracellular Ca^\ This can also be caused 

by depolarization of the cells and subsequent Ca^  ̂influx via voltage-gated Ca^  ̂channels. 

Elevated Ca^  ̂ levels are excitotoxic and may result in the activation of degradative 

enzymes which may cause phospholipid breakdown. The swelling of mitochondria 

(which I have demonstrated to occur in response to hypotonicity; section 6.2.7, Chapter 

6) can lead to a reduction of ATP levels which in turn reduces the activity of ATP- 

dependent transport mechanisms. Intracellular pH may also rise as a result of anaerobic 

metabolism and reduced ATP levels. Inhibition of transport pumps may lead to the 

accumulation of ions and water and thus cell swelling occurs. To counteract such 

dramatic consequences, what would be an ideal strategy for cells to take? It is likely to 

be a combination of several approaches: (a) increase the transport of osmolytes out of 

the cell, (b) reduce transport of osmolytes into the cell, (c) increased ATP production (d) 

prevention of massive Ca^  ̂ influx caused by glutamate and voltage-gated Ca^  ̂ channel 

activation and (e) alteration of water permeability to prevent additional water entry.

Glial cells accumulate neurotransmitters such as glutamate (and thus “mop up” 

any that is released under normal conditions). During ischaemia, when the glial cells 

swell, they release glutamate which may be via the opening of glutamate-permeable 

swelling-activated anion channels (Bausch & Roy, 1996). This release of glutamate 

could have dramatic consequences on the pathological changes observed during 

ischaemia. Importantly, this release of glutamate from the glial cells was inhibited by 

neuroprotective agents which were shown to act by inhibiting the swelling-activated 

anion channel. Glutamate will cause the influx o fN a\ and Ca^  ̂into neurones which 

also results in the passive movement of Cl and water (Rothman, 1985), thus resulting in 

cell swelling. In CNS neurones, Eci is more negative than Em and thus the movement of 

c r  ions is inwardly directed. It would appear to be unlikely that a swelling-activated Cl 

current would be beneficial under such pathological conditions as Cf movement would 

be into the cell which is the complete opposite of what is required for volume regulation. 

However under such pathological conditions, the elevation of intracellular Ca^  ̂would 

lead to a substantial hyperpolarization due to the opening of Ca^^-sensitive channels. 

This would enhance osmolyte efflux from the cell by two mechanisms - directly, by the
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movement of through the Ca^^-sensitive channels and indirectly, by reversing the 

driving force on the Cf ions so that E c i  is more positive than Em, thus causing Cl'to 

leave.

Swelling-activated Cf channels may also be important for organic osmolyte 

movement. If these channels are permeable to taurine, for instance, then taurine will 

leave the cell ( its gradient is outwardly directed), and take water with it. There is 

clearly a fine balance required between osmolyte and water influx and efflux. For 

instance, reducing water permeability may prevent further water entry, but it would also 

act to reduce water efflux, and vice versa. It would seem that in the CNS volume 

regulation may be complex, particularly under deleterious conditions such as ischaemia, 

and although Cf movement through swelling-activated Cf channels may not be 

beneficial, efflux of organic osmolytes through these channels may be. In the CNS then, 

perhaps the “osmolyte of choice “ would be since its normal movement is outwardly 

directed.

7.4. Future directions

Several questions have arisen from the present work which mainly focus on the 

role of these currents and their transduction mechanisms.

• What is the transduction mechanism for Ici(sw e ii)?  Both G T PyS and G D P p S  modulated 

Ici(sw cii) in an opposing fashion (GTPyS enhancing and GDPpS reducing). Pertussis 

toxin had no effects on Ici(sweii) suggesting that if a G protein is involved, then it isn’t 

Gi or Go. The involvement of G proteins could be further investigated by using 

antisense oligonucleotides directed against specific G proteins {e.g., Abogadie et al., 

1996).

It would also be interesting to determine any involvement of the cytoskeleton 

in transducing volume changes. This would be investigated both 

electrophysiologically and also at the electron microscopy level. Preliminary 

experiments showed that Ici(swcii) was unaffected by cytochalasin B but RVD was 

slowed. However the general morphology of the SCG neurones did not appear to be 

altered by cytochalasin B (20 pM, 3 hours) unless it was added to the growth medium 

in which the cells were initially plated (20 pM, >12 hours). The lack of visible effects 

of cytochalasin B when used acutely, contrasts with observations in Ehrlich ascites
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cells where cytochalasin B caused the formation of membrane “blebs” (50 ^M, 30 

minutes; Cornet et al., 1993). Thus it would be needed to be confirmed whether the 

concentrations of cytochalasin used had actually been effective at disrupting the 

cytoskeleton. This could be done by using fluorescent markers such as N-(7- 

nitrobenz-2-oxa-l,3-diazol-4-yl) (NBD) or fluorescein-5-isothiocyanate (FITC) 

coupled to the actin stabilizers phalloidin or phallicidin {e.g., Suzuki et a i,  1993, Oike 

et a i,  1994) which can be used in both fixed and living cells (Barak et a i, 1980). The 

second approach would be immunocytochemical whereby cells are incubated with 

antibodies tagged with a visible marker, directed against cytoskeletal elements {e.g.. 

Comet g/ a/., 1993).

• What is the molecular candidate for Ic i(sw e ii)?  Preliminary studies have shown that the 

mRNA for plein is present within the superior cervical ganglia but because these 

experiments were not done on a pure neuronal preparation it is unclear whether plein 

was of neuronal or glial cell origin. To confirm its localization, several approaches 

can be taken: (a) further PCR experiments should be performed on a purer neuronal 

preparation’̂  and (b) in situ hybridization experiments would also help to locate the 

origin of p l e i n  mRNA. Although these experiments may suggest the presence of 

mRNA, they do not confirm the presence of the translated protein. This would be 

attempted by using antibodies or antisense oligonucleotides directed against p l e i n  and 

studying their effects on Ici(sw eii). This has been done in fibroblasts (Gschwentenr et 

a i,  1995) ?inà Xenopus oocytes (Krapivinsky et at., 1994).

• Where on the cell are the channels for Ic i(m ), I c k h p )  and Ici(sw eii) located? It has been 

postulated that the channels for Ici(Ca) are localized on the dendrites of SCG neurones 

(see section 1.7.1, Chapter 1). The activation of Ici(m) by ACh may suggest a synaptic 

location of the channels for Ici(m ). It is likely that the channels for Ici(sw eii) are located 

ubiquitously across the cell rather than being in specific locations; alternatively if the 

transduction mechanism for Ici(sweii) involves membrane tension and/or the 

cytoskeleton, then the channels may be localized specifically with anchoring proteins. 

There is no single channel data for Ici(m) and very little for hyperpolarization-activated 

c r  currents. A hyperpolarization-activated Cf current in hippocampal neurones has

The proportion of glial cells can be reduced by either pre-plating a suspension o f cells so that the rapidly 
adhering non-neuronal cells attach to the culture dish, or by using cytosine arabinoside - an anti-mitotic agent which 
reduces glial cell proliferation.
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been reported to have a single channel conductance of 40 pS (Mager et al., 1995). A 

range of unitary conductances for swelling-activated Cl" currents have been reported 

and can be split roughly into three groups: “mini” <10 pS (e.g., 2 pS, chromaffin cells; 

Doroshenko & Neher, 1992), “intermediate” (e.g., %75 pS, T84 epithelial cells; 

Worrell et at., 1989) and “maxi” >100 pS (e.g., %300 pS, N1E115 neuroblastoma 

cells; Fahlke & Misler, 1989).

7.5. Summary

It was stated in the Introduction to this thesis that the advance of knowledge of 

c r  channel structure, function and diversity has been slow. Entering “chloride channel” 

or “chloride current” as search terms into “Medline Database” yielded nothing in 1976,

30 records in 1986 but 105 records in 1996. Progress has been considerably advanced 

by the cloning of several Cf channel proteins, numbering at least thirteen, at present. In 

this thesis I have described three Cl currents in SCG neurones, two of which are novel, 

and have attempted to assign physiological roles to them, whilst not forgetting that there 

may well be co-operation between them. Although Cf ions have been proposed to be 

involved in several processes, in my view, the potential role of Cf ions has been severely 

underestimated. It is quite obvious that the structural identification of Cl channel 

proteins will be important in advancing knowledge in this field and perhaps the true 

potential of Cl may be realized.
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Appendix A

Calculation of ion activity and activity 

coefficients

A L L  A series o f  equations for calculating activity coefficients

Throughout this thesis, calculations of Eci and anion permeability ratios have 

used, where possible, ion activity rather than concentration. Solutions tend to behave in 

a non-ideal manner because individual ions are subject to influences from other 

surrounding ions in a concentration- and temperature-dependent fashion. This non-ideal 

behaviour is the basis of the Debye-Hückel theory. Thus thermodynamic equations 

which contain terms for concentration are not very accurate and so ion activities^® are 

used.

The activity of a solution (a) is the product of its molar concentration (c) and the 

mean activity coefficient (y) of that solution:

a = cy

Activity coefficients give a measure of the deviations of real solutions from 

ideality. Calculation of activity coefficients using the original set of equations by Debye-

Note that y is the mean activity coefficient of the parent salt (the relative contribution o f anions and cations to the 
activity o f parent electrolytes are difficult to determine). Values of y in Robinson and Stokes (1959) are given for 
single electrolytes, but it is assumed that their application to mixed electrolyte solutions is valid.
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Hückel relies on the knowledge of a parameter which describes the distance of closest 

approach between ions. Unfortunately, this parameter is available for only a few ionic 

species. Pitzer and Mayorga (1973) and Pitzer (1973) have derived a set of equations 

modified from the original Debye-Hückel equations which allow the calculation of 

activity coefficients. The values obtained from these equations are in close agreement 

with experimental data even up to concentrations as high as 6  M. The parameters 

required for these equations are ionic valences, molar concentration, temperature and 

ionic strength. As a result of their work, they present parameters for 227 electrolytes 

which enables y to be calculated at selected concentrations.

The equation for calculating y is:

\ n r  = Zm =x \ /  + m BMX (Al)

where zm and z% are the valences of cation (M) and anion (X), vm and v% are the 

number of cations and anions in the formula and m is the molal concentration of the 

electrolyte.

Two additional parameters are required; the first of these is/  (which is a function 

of the electrostatic interaction between ions) and is calculated by:

rl/2

1 + 1.2 / 1/2 (A2)

where A<p is the Debye-Hückel coefficient (0.392 for water at 25 °C) and I is the ionic 

strength of the solution, defined as:

/  = (A3)

where m; and z; are the molarity and charge, respectively, on ion, i. For 1:1 electrolytes 

{e.g., NaCl), ionic strength is equal to concentration, and for 2 :1  electrolytes {e.g., 

CaClz), ionic strength is equal to three times the concentration.
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The second parameter, Bmx describes what is known as the “second virial 

coefficient” (which, with po and pi, represents the net effect of short-range forces 

between cation, M and anion, X) and is calculated by:

+ ^ [ l  -  e - ^ ‘ "  (1 + 2/*'^ -  2/)]’MX (A4)

A1.2, Temperature-dependence o f activity coefficients

Because activity coefficients are temperature-dependent, it is important to note 

that the above equations are for calculations of y at temperature 25 °C. The activity 

coefficient at temperature, t, can be calculated by the following equation:

\ogr, = 4 ^ M ^ X i o g ( r 2 s )

4 s ^ M ^ X +  l 0 g ( X 2 5 ) 5 ,  -  l 0 g ( / 2 , )
(A5)

where 725 is the activity coefficient at 25 °C, yt is the activity coefficient at temperature t, 

and where A and B are the Debye-Hückel constants at 25 °C or temperature t (in 

Celsius). These are defined by:

A =
1.8246x10'

(DT) 3/2 (A6 )

B =
5.029x10'

where T is temperature in Kelvin, and D is defined in equation (A8 ) as:

D = 78.54{l + (-4.579 x 1 0 -’)(/ -  25)+ (1.19 x 10-’ )(< -  25)" -  (2.8 x 10“‘)(/ -  25)"}
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Thus 725 is determined from equations (Al), (A2) and (A4). At and Bt are 

determined from equations (A6), (A7) and (A8) and yt is thus calculated from (A5).

Although the extensive data presented by Pitzer and Mayorga (1973) allow 

calculations of y for most of the substances I have used, there was limited data for more 

obscure electrolytes such as TEASCN and TEANO3, so for these salts, the values of y 

for SOT and NO3 were taken from Kielland (1937).

240



Appendix B

Measurements of intracellular free Ca

using Indo-1

Bl. I The ratiometric method to measure intracellular free  Cd‘*

This Appendix describes the ratiometric method for measuring intracellular free 

Ca^ .̂ Indo-1 is a Ca^-dependent dual emission fluorophore which means that it’s 

emission spectra shifts to shorter wavelengths when it binds Ca^  ̂(Grynkiewicz et al., 

1985). The peak emission wavelengths for Indo-1 are 401 nm when saturated with Ca^\ 

and 475 nm in Ca^^-free solution. Both are longer than its peak excitation wavelength 

(346 nm). Because of this shift in emission wavelength, a ratiometric method can be 

used to calculate intracellular free Ca^ .̂ This involves measuring fluorescent intensities 

at two wavelengths. Generally the wavelengths chosen are close to the peak emission 

wavelengths under conditions of low and high Ca^  ̂concentrations {i.e., wavelengths 

close to 475 and 401 nm, respectively). The concentration of intracellular free Ca^  ̂can 

be calculated independently of Indo-1 concentration and instrumental (optical) factors. 

Other artefacts which may arise from cell thickness, photobleaching and dye leakage are 

eliminated.
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B1.2, Theory behind the ratiometric method

In the experiments described in this thesis, fluorescent intensity of Indo-1 was 

measured simultaneously at 405 and 480 nm. The ratio (R) of intensity at these two 

wavelengths is related to intracellular free Ca^  ̂([Ca^^];) by the equation:

= k :

where R is the 405 nm/480 nm emission ratio, Rmin is the ratio at zero Ca^\ Rmax is the 

ratio at saturating Ca^  ̂and Ka* is the apparent dissociation constant for Ca^  ̂binding to 

Indo-1.

BL3. Assessment o f trapped Indo-1

In some experiments the AM form of Indo-1 was used since Indo-1 itself is 

membrane-impermeant. Indo-1 AM is also able to cross intracellular membranes where 

it may become compartmentalized. The permeabilizing agent, digitonin, was used to 

estimate the amount of Indo-1 that was trapped in intracellular compartments. Digitonin 

permeabilizes membranes by selectively removing cholesterol and forming pores of 

approximately 8-10 nm in diameter (see Schulz, 1990). Cells were loaded with 2 pM 

Indo-1 AM for 30 minutes at 37 °C and fluorescence recorded at 405 nm. Experiments 

were done in Ca^^-free external solutions at 34 °C. 10 pM digitonin was bath applied 

and fluorescence was continuously monitored. Digitonin caused a rapid decline in 

fluorescence which approached zero (« = 3; Figure B l). These experiments suggested 

that there was very little trapping of dye, which contrasts with the observations of 

Spurgeon et a i, (1990) who found that approximately 50 % of Indo-1 loaded as the AM 

form was non cytosolic.

B1.4, Advantages o f  the ratiometric technique

Indo-1 was developed as a successor to Quin-2 which had several limitations 

(Grynkiewicz et a i, 1985). These included to short an excitation wavelength (339 nm) 

since it was in the range where cell autofluorescence is significant (thus high 

concentrations were required for a sufficiently high signal-to-noise ratio - to high a
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Figure B l:  Assessment o f  trapped Indo-1 using digitonin

This shows the decline in fluorescence due to the application of digitonin. Fluorescence 

was monitored at 405 nm using a photomultiplier tube and 10 pM digitonin was applied 

as indicated by the bar. Background fluorescence was subtracted and data were 

normalised to the fluorescence at the start of the experiment prior to the application of 

digitonin. Cell autofluorescence, examined in a different set of cells, was minimal.
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concentration may actually buffer Ca^  ̂transients). The affinity of Quin-2 for Ca^  ̂was 

also too high, so at high Ca^  ̂concentrations (micromolar range) the dye became 

saturated. Indo-1 has significant advantages over Quin-2; the main one is its increased 

fluorescence (about 30-fold) which means that a lower concentration of dye could be 

used. It also has a weaker affinity for Ca^  ̂and an improved selectivity over Mg^ .̂ It 

should be noted that the affinity of Indo-1 for Zn^  ̂is still high (Jefferson et al., 1990). 

Perhaps the greatest advantage however, and the one that is taken advantage of in the 

ratiometric method for measuring intracellular Ca^  ̂is that both the Ca^^-ffee and Ca^- 

bound species of Indo-1 are fluorescent and the emission spectrum shifts when Ca^  ̂

binds^\ This is in contrast to Quin-2, where changes in intracellular Ca^  ̂were signalled 

by changes in fluorescent intensity. The fact that this is also affected by dye 

concentration, cell thickness and excitation light intensity and its poor selectivity for Ca^  ̂

over Mg^  ̂and heavy metal divalent cations meant that Quin-2 had limited usefulness. 

Thus, the main advantages of the ratiometric method are that intracellular free Ca^  ̂can 

be calculated independently of fluorophore concentration, path length and instrumental 

(optical) factors. Artefacts arising from cell thickness, photobleaching, dye leakage and 

distribution of dye are also reduced.

B1.5, Disadvantages o f  the ratiometric method

There are of course some drawbacks to the ratiometric method. Apart from the 

calibration procedure (section 2.4.2.1, Chapter 2) being a time-consuming process, the 

ratiometric method provides only an estimate of intracellular free Ca^  ̂and temporal but 

not spatial changes in intracellular Ca^  ̂distribution can be measured. Some of the 

problems associated with the ratiometric method will now be discussed.

Bl.5.1. Discrepancy between Kj values obtained in situ and in vitro

The parameter Ky is the equilibrium dissociation constant for Câ "̂  binding to 

Indo-1 and is the parameter which converts fluorescence into Ca^  ̂concentration. The 

published Ky for Indo-1 binding to Ca^  ̂is 250 nM (Grynkiewicz et a i,  1985), however 

the apparent equilibrium dissociation constant (Kd*) obtained from the calibration

The excitation spectrum of Indo-1 also shifts with Ca^^-binding but this is much smaller (increasing Ca^  ̂from 0 
to 600 nM shifts the excitation spectrum by *25 nm and the emission spectrum by 80 nm.
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procedure was approximately 1200 nM. It is important to determine Ky in situ (despite 

the technical difficulties incurred) because the behaviour of fluorophores differs when in 

the cytoplasm compared to when in a calibration medium (e.g., Morgan, 1993; Baker et 

a i, 1994). Such differences arise because Kd is dependent upon several factors, 

including pH and temperature (Lattanzio, 1990), viscosity (Poenie, 1990), protein 

binding (Baker et al., 1994) and ionic strength (Williams & Fay, 1990). For instance, 

acidity, temperature and increased protein concentration all act to increase Kd.

B1.S.2, Calculation o f  intracellular free Ca^^

An essential requirement of the calibration procedure is that the Ca^  ̂

concentration in the cell is carefully controlled. Regardless of whether calibrations are 

performed in situ or in vitro, all methods for the measurement of intracellular free Ca^  ̂

require the use of Ca^  ̂buffers, usually EGTA. The Calibration Kit used, contained 

solutions with varying concentrations of EGTA to produce calculated concentrations of 

free (section 2.4.2.2, Chapter 2). Values of intracellular free Ca^  ̂were provided by 

the Calibration Kit for a given temperature, pH and ionic strength. These values were 

re-calculated under the conditions that I used, and also taking into account the presence 

of Indo-1 (100 pM). This made a substantial difference to the calculations of 

intracellular free Ca^^^and thus to the calibration curve (see Table 2.2, section 2.4.2.2, 

Chapter 2). If the values for intracellular free Ca^  ̂provided by the Calibration Kit were 

used, then the parameters Rmin, Rmax and Kd* were 0.35, 4.01 and 1251.12 nM 

respectively (as opposed to 0.36, 4.38 and 1150.94 nM when the re-calculated values 

were used). This might not seem to be much of a difference but, for a ratio of 2, for 

example, the calculated free Ca^  ̂concentration would be 1.03 pM (Molecular Probes 

calculation) or 0.79 pM (my re-calculated values).

Bl.5.3, Compartmentalization o f  Indo-1

When using the perforated-patch configuration cells were pre-loaded by 

incubation with lndo-1 AM since lndo-1 cannot enter the cell though the amphotericin 

pores. Although loading cells with lndo-1 AM is non-invasive it has several drawbacks. 

The first is that of intracellular compartmentalization. The calibration procedure relies 

on the assumption that the dye is distributed homogeneously throughout the cytoplasm.
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Since the AM form is also able to cross the membranes of intracellular organelles it may 

become trapped in these compartments if they contain esterases able to cleave the AM 

moiety. Assessment of the amount of compartmentalized Indo-1 was attempted (section 

B1.3) but conclusions from these experiments were difficult to draw. It would seem that 

very little Indo-1 was trapped which contrasts with reports of approximately 35-50 % of 

Indo-1 being compartmentalized (cardiac myocytes; Blatter & Wier, 1990; Spurgeon et 

al., 1990). Digitonin permeabilization is reportedly difficult to control and it may also 

disrupt intracellular membranes even though these contain less cholesterol than the 

plasma membrane (see Ahnert-Hilger & Gratzl, 1988). An alternative to digitonin is a - 

toxin, a bacterial protein which makes smaller (2-3 nm) pores in the membrane (Füssle et 

a i, 1981) and thus only allows substances of 1 kDa or less to leave the cell {cf., digitonin 

allows the loss of substances of up to 200 kDa). Unfortunately, at the time, a-toxin was 

unavailable in the U.K.

Bl.5.4. Hydrolysis o f  Indo-1 AM

A second problem associated with the use of ester forms of fluorophores and 

which may lead to inaccuracies, is that of incomplete ester hydrolysis. After loading the 

cells with Indo-1 AM, the cells should be thoroughly washed to remove any residual 

extracellular dye and to allow time for complete de-esterification of intracellular Indo-1 

AM. Although Indo-1 AM is Ca^^-insensitive, at low Câ "̂  levels it is still fluorescent and 

a contribution of its fluorescence to the total signal will lead to an underestimation of the 

actual intracellular free Câ .̂

57 .5.5. Other problems concerning intracellular measurements

There is the possibility that ultraviolet light and high concentrations of Indo-1 

may cause damage or be toxic to the cells. The production of ffee-radicals by ultraviolet 

light is a potential problem; this can only be effectively minimised by reducing the 

intensity of, and exposure of cells to excitation light. Toxic damage caused by Indo-1 

may be via the formation of toxic by-products of AM ester hydrolysis or the chelation of 

heavy metals which are required for normal cell function.
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Bl. 6. Conclusions from the ratiometric method

It is clear that whilst the use of Indo-1 and the ratiometric method has several 

advantages over previously used dyes such as Quin-2, caution should be exercised in 

interpreting results. In the present study, a calibration has been performed in situ, to 

minimize inaccuracies due to the differing behaviour of dyes in situ and in vitro: many 

studies solely rely on the published IQ value for Indo-1. However, there are still other 

inaccuracies, such as the problems associated with dye compartmentalization, and so this 

ratiometric method is only used to estimate changes in intracellular free Ca^ .̂
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Summary

Using perforated patch recordings in combination with 
intracellular Ca^+ (|Ca'+]i) fluorescence measurements, 
w e have identified a delayed Ca^^-dependent Cl cur
rent in a mammalian sympathetic ganglion cell. This 
Cl current is induced by the synergistic action of Ca^  ̂
and diacylglycerol (DAG) and is blocked by inhibitors 
of protein kinase C. As a result, the current can be 
induced by acetylcholine through the conjoint activa
tion of nicotinic receptors (to produce a rise in [Ca^+j,) 
and muscarinic receptors (to generate DAG). This 
demonstrates an unusual form of synergism between 
the two effects of a single transmitter mediated via 
separate receptors operating within a time scale that 
could be of physiological significance.

Introduction

Through stimulation of the appropriate G protein-linked 
receptors, many neurotransmitters are capable of activat
ing phospholipase C (PLC). This enzyme catalyses the 
formation of diacylglycerols (DAGs), which in turn activate 
protein kinase C (PKC) (Nishizuka, 1986). Activation of 
PKG by exogenous DAGs or analogs can phosphorylate 
and modulate many different ion channels (reviewed by 
Shearman et al., 1989; Knox and Kaczmarek, 1992; for 
some other examples, see  Chen and Huang, 1992; Yang 
and Tsien, 1993; Swartz, 1993; Zhang et al., 1994; Zhu 
and Ikeda, 1994). Hence, it might be supposed that the 
PLC-DAG-PKC pathway would constitute a very fre
quently used mechanism for the activation or inhibition of 
ion channels by neurotransmitters. However, the list of 
well-documented examples of such an operational path
way in the vertebrate nervous system is surprisingly lim
ited (for examples see  Burgess et al., 1989; Rane et al., 
1989; Boland et al., 1991; Chen and Huang, 1991; Aniksz- 
tejnetal., 1992; Plata-Salaman and ffrench-Mullen, 1994).

To take an instance of relevance to the present experi
ments: in sympathetic neurons, it has long been known 
that synaptic activation and stimulation of muscarinic ace

tylcholine receptors (mAChRs) accelerates phosphoinosi
tide breakdown (Hokin et al., 1960; Larrabee et al., 1963; 
Larrabee and Leicht, 1965; Bone et al., 1984; Horwitz et 
al., 1984; Patterson and Voile, 1984; Briggs et al., 1985; 
Pfaffingeretal., 1988). This leads to substantial DAG pro
duction (Wakade et al., 1991). Further, one prominent 
ionic response of these neurons to mAChR stimulation, 
the closure of Km channels, can readily be induced by 
activating PKC with phorbol esters or DAGs (Brown and 
Adams, 1987; Brown et al., 1989; Selyanko et al., 1990). 
Hence, one might readily suppose that Km channel closure 
following mAChR stimulation results from receptor- 
mediated formation of DAG and consequent PKC activa
tion. Notwithstanding, tests with PKC inhibitors have, so 
far, totally failed to substantiate this hypothesis (Bosma 
and Hilie, 1990; Selyanko et al., 1990; reviewed by Bosma 
et al., 1990).

We have now identified a different, and rather novel, 
response of these neurons to PKC activation following 
mAChR stimulation, namely, the enhancement or induc
tion of a membrane Ci" current. This arose from some 
observations on membrane current responses to the rise 
in intracellular Câ + ([Ca^]) associated with the opening 
of voltage-gated Câ + channels (Trouslard et al., 1993). 
During these experiments, we noted that, some seconds 
after the initial Câ + transient, there sometimes followed 
a delayed inward membrane current. In the present paper, 
we show that this delayed current is a Cl" current and that 
it is greatly enhanced by the simultaneous activation of 
PKC, either by exogenous DAG or by activating PLC- 
linked receptors (such as Ml muscarinic receptors or bra- 
dykinin receptors). We go on to show that it results from 
a synergistic interaction between Câ + and DAG: in conse
quence, it can be induced by ACh (the natural transmitter 
onto these cells) because this simultaneously stimulates 
nicotinic receptors, toopenCa^+permeablenicotinic chan
nels, and activates muscarinic receptors, to generate 
DAG. Since even brief applications of ACh suffice to in
duce the current, this is of potential functional significance.

Results

A Rise in Internal Ca^+ Activates a Delayed, Slow 
Inward Current
As previously reported (Trouslard et al., 1993), brief depo
larization of voltage-clamped dissociated rat superior cer
vical ganglion cells from their resting potential of around 
-6 0  mV to 0 mV induces a sharp rise in [Câ +ji, as a result 
of Câ + entry through voltage-gated Ca +̂ channels (Figure 
1A, lower trace). This Câ  ̂transient declined with a time 
constant of around ~ 4  s at 32®C (see also Trouslard et 
ai., 1993). As in sensory ganglia (Benham et al., 1991), 
recovery of [Câ +ji probably resulted from extrusion by the 
membrane Ca-ATPase, since recovery was greatly 
slowed by extracellular alkalinization or intracellular vana
date (data not shown).
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Figure 1. An Increase in [Câ '+ji Induces a Slow Inward Cl Current

(A) Simultaneous recordings of membrane current (upper traces) and 
[Câ +]j (lower traces) in a Cs*-filled, dissociated rat superior cervical 
sympathetic neuron. The cell was clamped at -6 0  mV and depolarized 
to 0 mV for 1 s to open voltage-gated Ca^* channels. In normal (Ca^- 
containing) solution (left), this induced a rise in [Ca^*)i followed some 10 
s  later by a slow inward current. Current responses to hyperpolarizing 
steps (-10 mV for 110 ms) show that this inward current is associated 
with an increased membrane conductance. Ca^*-free external solution 
(right) abolished both the rise in [Ca^*]i and the delayed inward current.
(B) Current-voltage curves for the delayed inward current obtained 
using 53 and 129 ml\  ̂Cl in the recording patch pipette ([Cl ],). Currents 
were obtained using 250 ms voltage ramps from -6 0  to +20 mV applied 
during the slow inward current. Curves show net currents after subtrac
tion of control currents in the presence of tetrodotoxin and pressure- 
ejected Ca^* free solution, to eliminate Na* and Ca^* currents, respec
tively.

Simultaneous recording of membrane current with per
forated patch electrodes filled with CsCI (to suppress K+ 
currents; see  Experimental Procedures) revealed that the 
Câ  ̂ transient was frequently followed by a slow inward 
current accompanied by a rise in conductance (Figure 1 A, 
upper trace). This current peaked some 8-25  s after the 
initiation of the Ca +̂ transient, i.e., when [Câ ]̂i had re
turned to basal levels. Notwithstanding its delayed appear
ance, it seem ed to be dependent upon the preceding rise 
in Ca^  ̂ since it was not observed in a Ca^^-free solution 
(Figure 1 A, right) or when the Câ  ̂channels were blocked 
with 100 pM Cd^ .̂ On the other hand, application of a 
Ca^^-free solution from a localized pressure pipette after 
the voltage step (which prevented the rise in [Câ ]̂i evoked

125 pA

h

Figure 2. The Delayed C l' Current Is Blocked by the Cl Channel 
Blocker Niflumic Acid

Upper traces show [Ca'*]j recorded before (control), during, and after 
(wash) bath application of 200 pM niflumic acid. Lower traces show 
simultaneous recordings of membrane current. The cell was depolar
ized from a holding potential of -6 0  mV to 0 mV for 1 s.

by a subsequent voltage step) did not affect the amplitude 
of the current. Further experiments (see, e.g.. Figure 3 
below) indicated that the Câ  ̂threshold required to initiate 
the slow inward current (as recorded from the whole-cell 
lndo-1 signal; see  Experimental Procedures) was normally 
between 400 nM and 1 pM. We also noted that the current 
became larger and faster on raising the bath temperature 
from 22°C to 32°C.

The Slow Inward Current Is a Cl Current
The ionic basis of the slow inward current was determined 
by reversal potential measurements, using voltage ramps 
(Figure 1B). With the standard pipette solution containing 
53 mM Cl" (Eci = -2 2 .4  mV; see  Experimental Proce
dures), the mean reversal potential for the current was 
-2 1 .9  ± 2.4 mV (n = 5). When patch pipettes were filled 
with 129 mM Cl" (Eci = -H .5 mV), the mean reversal poten
tial w a s-0 .5  ± 3.5mV(n = 5). The observed shift of 21.4 
mV was comparable with that for the reversal potential 
of the Y-aminobutyric acid (GABA)-mediated Cl" current 
measured in the same cells (see Adams and Brown, 1975). 
In contrast, the current amplitude was not substantially 
changed following total substitution of external Na+ with 
glucosamine. Tris, Cs+, or sucrose, or by replacing internal 
Cs^ with K̂ .

These observations suggest that the slow inward current 
at -6 0  mV was due to the outward movement of Cl". In 
accordance with this, the current was reversibly reduced 
by 65.5 ± 6.9% (n = 8) by the Cl" channel blocker niflumic 
acid (200 pM; Figure 2; see  Currie et al., 1995). This effect 
was mimicked by 1 mM 4-acetamido-4'-isothiocyanatostil- 
bene-2,2'-disulfonic acid (SITS) or 30-100 pM 5-nitro-2- 
(3-phenylpropyl-amino)-benzoic acid (NPPB) (Wangem- 
ann et al., 1986; Currie et al., 1995). (Niflumic acid and



Synergistic Regulation of a Neuronal Chloride Current
731

NPPB also reduced the rise in Câ + and slowed its extru
sion rate, possibly reflecting an interference with Ca^ ho
meostatic mechanisms or lndo-1 emission spectra, but 
this was insufficient to expiain the reduced current am
plitude.)

In spite of the similar reversal potentials, this siow Ci" 
current differed from the GABA-activated current in two 
respects. First, bicucuiiine (10 pM) or picrotoxin (10 pM) 
biocked the inward current produced by 100 pM GABA, 
but did not affect the slow Cl" current. Second, and unlike 
the GABA-activated current in these celis, the slow Cl" 
current showed strong inward rectification at potentials 
negative to -6 0  mV, as suggested in Figure 1B.

Enhancement of the Slow Cl Current by Muscarinic 
Receptor Activation
The slow Cl" current was consistently enhanced or (when 
previously absent) induced by the mAChR agonist oxo- 
tremorine M (Oxo M) when the iatter was added to the 
bathing fluid at concentrations from 30-100 nM or when 
focaiiy appiied by a pressure pipette containing 1-10 pM 
Oxo M, 5-30 s before delivering the voltage step (Figure 
3). This was not due to an agonist-induced rise in [Ca^], 
or to an increase in the amplitude or duration of the Câ + 
transient foliowing the voitage step, since Oxo M did not 
alter resting [Câ +]i and the peak Câ + transient was either 
unchanged or slightly reduced. (The latter probably re
flected weak inhibition of the Ca^ current foliowing activa
tion of endogenous M4 mAChRs; see Bernheim et ai., 
1992.) Further, the rate of Ca +̂ extrusion was either un
changed or slightiy acceierated (perhaps through PKC-
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Figure 3. The Slow Cl“ Current Is Enhanced by the mAChR Stimulant 
Oxo M

Superimposed recordings of membrane current (A) and [Ca^l (B) in
duced by 1 s depolarization from -6 0  to 0 mV before (control) and 
during bath application of 1 pM Oxo M. The graph In (C) shows the 
peak amplitude of the delayed inward current plotted against the peak 
initial [Ca^ji transient before (open circles) and during (closed circles) 
application of Oxo M. Data were obtained from the same experiment 
as that illustrated in (A) and (B), using different amplitude voltage steps 
to vary the initial C a^ transient. Note the shift in current sensitivity to 
[Ca'^ î induced by Oxo M.

mediated acceleration of the Ca-ATPase; Smallwood et 
al., 1988; Hofmann et al., 1994; see  also below). Instead, 
Oxo M appeared to increase the sensitivity of the slow 01" 
current to [Câ +Ji and to reduce the Câ + threshold required 
to trigger the current, as indicated in Figure 30. These 
effects of Oxo M were qualitatively replicated by another 
mAOhR agonist, muscarine (0.3-10 jiM, by bath applica
tion; see  Figure 4 below) and also by bradykinin (5-10 nM 
bath application) but not by noradrenaline (10 pM).

Rat superior cervical sympathetic neurons express 
mRNA for four different mAOhRs: Ml, M2, M3, and M4 
(Buckley, 1990; Brown et al., 1995). We therefore at
tempted to identify pharmacologically the subtype respon
sible for mAChR-induced Cl" current enhancement. As 
illustrated in Figure 4A, enhancement by muscarine was 
reversibiy suppressed by low concentrations (30 or 100 
nM) of the Ml mAChR antagonist, pirenzepine (Hammer 
et al., 1980). We estimated the dissociation constant for 
pirenzepine by measuring the increment in Cl" current 
produced by increasing concentrations of muscarine in 
the absence and presence of 30 or 100 nM pirenzepine. 
Pirenzepine caused a rightward shift of the dose-response 
curve, from the magnitude of which a pA2 value ( -  log 
Kb; see  legend to Figure 4) of 8.21 ±  0.11 (n = 7) was 
calculated (Figure 4B). This suggests either Ml or M4 re
ceptors (see Bernheim et al., 1992; Caulfield, 1993). To 
differentiate these two, we tested another antagonist, him- 
bacine, which has a high affinity for M4 receptors (Lazar- 
eno et al., 1990). The estimated pAz for himbacine was 
7.08 ±  0.14 (n = 5; Figure 4B). This is considerably less 
than the pAg for M4 receptors (8-8.8) but accords with that 
for Ml receptors (7.0-7.2; see  Caulfield, 1993). Hence, 
we conclude that Cl" current enhancement by mAChR 
agonists results from stimulation of Ml muscarinic re
ceptors.

The Slow Cl" Current Is Regulated by PKC
Activation of either muscarinic Ml or bradykinin receptors 
can stimulate PLC, to yield two primary messenger mole
cules, inositol 1,4,5-trisphosphate (IP 3) and DAG (see, 
e.g ., Rana and Hokin, 1990). We wondered whether either 
of these might be responsibie for the enhancement of the 
slow Cl" current produced by muscarinic agonists or bra
dykinin. A role for IP3 seemed unlikely because the princi
pal effect of this messenger is to release Ca +̂ from internal 
Câ + stores (Berridge and Irvine, 1989), but, as noted 
above, neither agonist increased [Ca^]i. Hence, we turned 
our attention to DAG, one effect of which is to activate 
PKC (Nishizuka 1986).

As illustrated in Figure 5A, exogenous application of a 
DAG, 1,2-dioctanoyl-sn-glycerol (DOG) (5 pM), also greatly 
enhanced the slow inward current, with either no effect 
on or a reduction of the priming Câ + transient. This effect 
was replicated using 1 -oleoyl-2-acetyl-sn-glycerol (GAG) 
(10 pM) or by phorbol 12,13-dibutyrate (PDBu) (10 nM-1 
pM; Figure 5B), either by bath application or by ejection 
from a pressure pipette 5 -30 s before the Câ + loading 
voltage step. In the presence of PDBu, the current also 
became greatly prolonged, lasting from 5-10 min. The 
inactive phorbol ester 4a-phorbol 12,13-didecanoate (4a-
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Figure 4. Pirenzepine Inhibits the Muscarine-induced Enhancement 
of the Siow 01“ Current

(A) Bath application of muscarine (1 pM; indicated by the scale bar) 
potentiated the siow inward Ci" current. The potentiation by muscarine 
was abolished by pirenzepine (100 nM; bath applied for 3 min) and 
partial recovery obtained after 5 min wash. The figure illustrates part 
of a continuous record displaying the 407 nm/488 nm ratio (upper 
traces) with simultaneous recording of membrane current (lower 
traces). The [Ca^^i transient was induced by a depolarizing jump from 
-60  mV to 0 mV for 250 ms.
(B) Effects of pirenzepine (left) and himbacine (right) on the Oxo 
M-induced augmentation of the slow inward Cl" current recorded on 
two cells. Ordinates show the increased inward current amplitude re
corded in the presence of different concentrations of Oxo M, i.e., after 
subtraction of any current recorded in the absence of Oxo M (see [A]). 
Antagonists were applied for 4 min before the agonists. The antagonist 
dissociation equilibrium constant Kb was calculated from the rightward 
shift of the agonist dose-response curve (the agonist dose ratio [DR]) 
according to the expression Kb = B / (DR-1 ), where Bis the antagonist 
concentration. In the experiments illustrated here, calculated values 
for Kb were these: pirenzepine, 6.28 nM; himbacine, 83.6 nM. Mean 
values in the text were calculated as the logarithmic transformation 
pA; = -  log Kb, assuming simple competitive inhibition.

PDD) (20 pM) had no effect, suggesting that the effect of 
PDBu was likely to have resulted from PKC activation. 
(This was confirmed using PKC inhibitors; see below). En
hancement of the slow Cl” current was specific to PKC to 
the extent that it was not replicated by stimulating PKA 
with 2 mM dibutyryl cAMP (n = 3) or 1 pM forskolin 
(n = 4).

To test whether the effect of mAChR stimulation might 
also be due to PKC activation, we used two approaches: 
application of PKC inhibitors and down-regulation of PKC. 
Since we were using perforated patch recording (see Ex-

2000- |

I 1000-

g 0 -

Control

20s 

PDBu (100 nM)

Figure 5. PKC Activators Enhance the Slow 01“ Current 

[Ca^ ĵi transients (upper traces) and membrane current (lower traces) 
evoked by 1 GO ms voltage steps from -60  mV to 0 mV before (control) 
and during bath application of DOG (5 pM) (A) and PDBu (100 nM)
(B). DOG and PDBu were applied for 1 min. (A) and (B) are successive 
recordings from the same cell with 5 min washing between recordings.

perimental Procedures), it was impracticable to test intra
cellular PKC inhibitor peptides, so instead we employed 
two membrane-permeable inhibitors: staurosporine, a 
broad-spectrum kinase inhibitor (Tamaoki et al., 1986), 
and calphostin C, a more selective PKC inhibitor (Bruns 
et al., 1991). Staurosporine (IpM) completely and irrevers- 
ibly blocked the induction of the Cl” current within 4 min, 
but this was accompanied by an increase in resting [Câ ]̂,. 
Calphostin C (100 nM) also produced an increase in rest
ing [Ca%  but this was small (51.5 ± 18.5 nM; n = 11), 
and an ~  2-fold slowing of the Câ + sequestration rate. 
Calphostin C prevented the induction or enhancement of 
the Cl” current by both PDBu and Oxo M (Figure 6) and 
completely eliminated the slow Cl” current in all cells 
tested, even following initial Câ + transients in excess  
of 2 pM.

To down-regulate PKC, we used a protocol previously 
employed for sensory neurons, namely, preincubation in 
1 pM PDBu for 18 hr (Burgess et al., 1991 ). This reduced, 
but did not eliminate, the response to subsequent applica
tion of PDBu, in that 8 out of 17 cells tested still showed an 
enhanced current amplitude following pressure ejection of 
1 pM PDBu. More complete inhibition of the subsequent 
response to PDBu was achieved by raising external [K+] 
by 45 mM during the 18 hr incubation period, to facilitate 
the translocation of PKC (Nishizuka, 1986). This proce
dure also eliminated the enhancement of the Cl” current 
by Oxo M in all eight cells tested (Figure 6).
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Figure 6 . Inhibition of the Slow Cl Current by PKC Down-Regulation 
and by Application of the PKC Inhibitor Calphostin C 

The bar graph gives the percentage of cells showing positive re
sponses (see below) following pressure-ejected PDBu (1 nM), bath- 
applied Oxo M (1 pM), and iontophoretically applied ACh in control 
experiments, after down-regulation of PKC (D-Reg) and in the pres
ence of 100 nfyi calphostin C (Cal-C). Numbers above the bars show 
the number of cells tested (denominator) and number of positively 
responding cells (numerator). Responses to PDBu and Oxo M were 
assessed as positive if they induced or enhanced the slow inward 
current after a 0.2-1 s voltage step from -6 0  to 0 mV (adjusted to 
induce an initial [Câ *], transient exceeding 600 nM; see Figures 3 and 
5). The mean enhancement of the slow inward current by PDBu was 
211 ± 37 pA (n = 12); that by Oxo-M was 100 ± 15pA(n = 10). Both 
were significantly greater than that observed after down-regulation or 
application of calphostin C (p < 0.001; maximum mean response, 13 
pA). Responses to ACh were assessed  by the presence or absence 
of the delayed inward current following the fast nicotinic current (see 
Figure 7). ACh was applied by iontophoresis (400 nA for 200-600 ms) 
from a pipette containing 1 M ACh solution. The mean peak amplitude 
of the nicotinic current and charge transfer (measured from the area 
under the current) were similar in control and calphostin C-treated 
cells: for controls (n = 11) current amplitudes were 2.53 ± 0.23 nA 
and the charge transfer was 3.19 ± 0.23 nC; for calphostin C (n = 
16), the current amplitude was 2.33 ±  0.19 nA and the charge transfer 
was 3.54 ± 0.33 nC. The mean slow inward current produced by ACh 
(170 ± 28 pA; n = 11) was significantly greater than that (0 pA) 
observed in the presence of calphostin C (p < 0.001 ). To down-regulate 
PKC, cells were preincubated at 37°C for 18 hr in 1 mM PDBu (Burgess 
et al., 1989) in the presence of 45 mM K* to raise [Ca^*], and so promote 
PKC translocation and degradation (Nishizuka, 1986).

ACh Activates the Slow 01 Current by a Synergistic 
Action on Muscarinic and Nicotinic Receptors
[Câ ]̂i in sympathetic neurons is also increased during 
stimulation of nicotinic AChRs (Trouslard et al, 1993). This 
raised the intriguing question whether the slow Cr current 
can also be induced by the conjuvent activation of nicotinic 
AChR and mAChR. We tested this by iontophoretically 
applying a pure nicotinic agonist (nicotine) in the absence  
and presence of bath-applied Oxo M. As shown in Figure 
7A, nicotine produced a rise in [Câ Ĵi that was, however, 
subthreshold for the slow Cl current; in the presence of 
Oxo fVI, a similar rise in [Câ ]̂i now became suprathresh- 
old, inducing a clearly delayed inward current. This was 
confirmed as a CM current by reversal potential measure
ments: raising pipette [Cl ] from 53 mM to 129 mM shifted 
E, by 32 mV.

A Control Oxo-M (IpM ) Wa.sh

800-,

3  400-

0-1

B Control Atropine ( IpM ) Wash

900 n

I  450

ACh

3.593 nC 4.267 nC 4.501 nC

Figure 7. A Transient Generated by Nicotinic AChR Stimulation 
Can Also Induce a Delayed Cl Current When Muscarinic Receptors 
Are Coactivated

Records in (A) show [Ca^ ĵi transients (upper trace) and membrane 
currents (lower trace) induced by iontophoretic application of nicotine 
(Nic) (200 nA for 600 ms in 1 M pipette solution; holding potential, -60  
mV). Under control conditions, only the fast nicotinic inward current 
is seen. When applied in the presence of 1 pM Oxo M (bath applied), 
the nicotinic current was followed by a delayed inward Cl current. In 
(B), a similar iontophoretic application of ACh (200 nA for 600 ms in 
3 M pipette solution) produced both an initial nicotinic current and a 
delayed inward Cl current. The latter was reversibly reduced by bath 
application of 1 pM atropine, showing that it was dependent upon 
coactivation of muscarinic receptors. Calibrations in (A), 320 pA, 10 
s; in (B), 125 pA, 15 s. (The nicotinic currents following iontophoresis 
of ACh are off-scale; charge transfer values are shown numerically 
below the records).

A corollary to this is that the current might also be in
duced by the natural transmitter onto these cells, ACh, 
since this can stimulate both types of receptor. This was 
clearly the case (Figure 7B): the initial large nicotinic (cat
ion) current and accompanying [Câ Ĵi transient were fol
lowed by a delayed slow inward current. This resulted from 
muscarinic receptor stimulation since it was greatly atten
uated or blocked by 1 pM atropine, without any decrement 
in the initial Ca^  ̂ transient. The ACh-induced secondary 
inward current was also blocked by calphostin C without
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significant change in the primary (nicotinic) Ca^+influx (see 
Figure 6), indicating that it resulted from PKC activation.

Discussion

In these experiments, we have detected a 01" current that 
appears to require both a rise in [Ca^Ji and activation of 
PKC for its generation. Thus, under normal circum
stances, a pulsatile rise of >400-600 nM [Câ +]i suffices 
to trigger the current. This threshold is lowered if PKC is 
simultaneously activated (either with an exogenous activa
tor or by stimulating PLC-linked receptors), though not to 
resting levels, since we never detected the current in the 
absence of a priming Câ + charge even after strong PKC 
activation. Conversely, the threshold was raised to in ex
cess of 1 -2  nM when PKC was inactivated by calphostin C 
or down-regulated by phorbol ester pretreatment. Indeed, 
under these conditions, we were very rarely able to detect 
the current following the largest Ca^ rises we could 
achieve. This implies that not only may there be an abso
lute requirement of PKC-mediated phosphorylation for ex
pression of the current but also that a Ca^+-dependent 
isozyme of PKC is most probably involved. A possible can
didate is PKCp, since this has been identified immunohis- 
tochemically in these cells (Roivainen et al., 1991).

There was a substantial delay of several seconds be
tween the rise in Câ + and the development of the current. 
For this reason, we think it unlikely that the channels re
sponsible for the current are directly activated by Câ +. 
Although rat sympathetic neurons do possess a true Câ +- 
activated Cl" current (Sanchez-Vives and Gallego, 1994), 
this is activated extremely rapidly during the initial Câ + 
transient, appearing as an inward current tail immediately 
following the voltage-gated Câ + current (see, e.g.. Figure 
3A; see  also Figure 5 in Trouslard et al., 1993). Moreover, 
unlike the delayed current, it was not augmented by PKC 
activation or reduced by pretreatment with calphostin C.

Instead, we suggest that the interaction between Câ + 
and DAGs is at the level of the PKC enzyme and that the 
role of the priming Câ  ̂ rise is to induce the membrane 
binding of the enzyme where it can then be activated by 
membrane-associated phospholipids and DAG (see Wolf 
et al., 1985; McArdle et al., 1986; TerBush et al., 1988; 
Huang, 1989). In this case, the delay in current onset repre
sents the time taken for membrane binding and effective 
“translocation” of PKC. One argument in favor of this as 
the rate-limiting step is that the PKC activators, though 
augmenting the current amplitude, did not shorten the de
lay. Likewise, a similar delay occurred irrespective of 
whether PKC was activated throughout the recording or 
in a punctate manner by (for instance) pressure application 
of ACh. Finally, we have noted that a similar delay oc
curred in the incremental current produced by a second 
charge of Ca^ (induced by a second voltage step) applied 
at the peak of the first delayed current. Hence, we further 
speculate that the current is generated not by Câ + itself, 
but through channel opening consequent upon PKC- 
mediated phosphorylation. In this case, recovery of the 
current would depend upon the rates of DAG metabolism, 
PKC deactivation, and subsequent dephosphorylation

processes. The prolongation of the current following appli
cation of PDBu would then be expected as a consequence 
of its lack of metabolism and persistent PKC activation. 
Thus, assuming our interpretation to be correct, one useful 
consequence of our observations is that the time course 
of this response could potentially provide information 
about the rates of functional PKC activation and deactiva
tion in mammalian neurons.

Since we have not yet succeeded in recording the activ
ity of the underlying channels and therefore cannot study 
the channels in isolated membranes, we are unable to say 
whether PKC phosphorylates the channels themselves or 
some other upstream protein, but the former is at least 
plausible. An analogy for this line of thinking would be 
the cystic fibrosis transmembrane conductance regulator 
channels (Welsh et al., 1992), though the channels respon
sible for the ganglion cell current are clearly not cystic 
fibrosis transmembrane conductance regulator channels 
since the ganglion cell current was not augmented by stim
ulating PKA. A variety of PKC-activated Cl" channels have 
been described in nonneuronal cell types (e.g., Walsh, 
1991; Robson and Hunter, 1994; Schumann and Raffin
1994), but, in the absence of single-channel information, 
further speculation about the nature of the ganglion cell 
channels seem s premature.

Of more interest from the viewpoint of neuronal function 
is the fact that the current can be activated by a brief 
application of the natural transmitter ACh. This arises be
cause ACh induces both of the synergizing trigger events: 
activation of Câ + permeable nicotinic receptors induces 
the priming rise of Câ + that we postulate to be required 
for PKC translocation and membrane binding, and stimu
lation of muscarinic receptors induces the rise in mem
brane-associated DAG leading to PKC activation. This is 
an important observation because it means that the PKC 
does not have to be preactivated to generate the Cl" cur
rent: there is sufficient time for the sequence of coactiva
tion by Ca^and DAG, translocation, and (presumed) phos
phorylation when the nicotinic and muscarinic receptors 
are briefly activated simultaneously, as they would be dur
ing synaptic transmission. The failure of muscarinic ago
nists to change the [Câ +ji levels significantly is a consis
tent observation in these cells (e.g., Wanke et al., 1987; 
Beech et al., 1991). We cannot, as yet, supply a feasible 
explanation for this apparent anomaly, particularly since 
muscarinic receptor activation does increase inositolphos- 
phate turnover (see Introduction). However, it does appear 
that, under our experimental conditions at least, Ca^+entry 
through voltage-gated Câ + channels and ligand-gated 
cation channels has a much stonger influence on aver
aged [Câ +]i than does agonist-induced release from IP3- 

sensitive stores.
In conclusion, in these experiments, we have detected 

an interesting synergistic response to Ca +̂ entry through 
Câ + permeable channels and DAG production mediated 
through the action of a single transmitter on two different 
receptors, one ligand gated and one PLC linked. Since 
this combination of receptors is not unique to ACh but 
extends to some other transmitters such as glutamate, 
5-hydroxytryptamine, and ATP, such a synergistic interac
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tion may be quite a widespread phenomenon in the verte
brate nervous system.

Experimental Procedures

Cell Preparation
Superior cervical ganglia of young (17 days postnatal) rats were re
moved and dissociated according to the methods of Marrlon et al. 
(1987). The cells were maintained In culture for a period of 1-3 days 
within a humidified incubator (5%:95% COziOz) at 37°C before use. 
The elevated LI 5 culture medium contained an additional 45 mM 
KCi.

Recording Methods
The combined single-cell electrophysiological/mlcrofiuorlmetric meth
ods used in the present study are essentially those applied In our 
previous papers (Trouslard et al., 1993; Robbins et al., 1992), I.e., the 
whoie-ceii variant of the patch clamp (Hamlll et ai., 1981) using an 
EPC-7 voitage clamp amplifier (List) with simultaneous estimation of 
[Ca^ji using the fluorescent C a^ probe indo-1 (Grynklewlcz et ai., 
1985). We have additionally utilized the perforated patch method (Horn 
and Marty, 1987; Rae et ai., 1991), which has not only allowed us 
to maintain the ceil Internal milieu but also prolonged the single-ceil 
microfiuorimetric measurements of [Ca**]i. For the perforated patch 
experiments, ceils were preloaded with the acetoxymethyl ester (AM) 
form of lndo-1 by Incubation with 0.5 pM lndo-1 AM for 30 min in the 
culture medium at 37°C. They were then superfused with the external 
solution for 20-30 min to allow ester hydrolysis. To check for Interfer
ence by possible toxic breakdown products of lndo-1 AM, in five experi
ments, ceils were loaded with lndo-1 AM at 22°C; the results with 
muscarinic agonists were Indistinguishable from those observed on 
loading at 37®C.

indo-1 was excited at 360 nm, and the Intensity of emitted light at 407 
and 488 nm was recorded using photomultiplier tubes. A homemade 
amplifier allowed us to subtract ceil autofluoresence and background 
light and then ratio the two photomultiplier signals. The proportionate 
output of the amplifier (1 V per ratio) was then digitized and acquired 
on a computer (Deli 486/66) together with the whoie-ceii current and 
command potentials outputs from the EPC-7 amplifier using a Labmas- 
ter (TL-1) Interface. The Labmaster computer Interface board was 
driven either by In-house software (Calgrab 2.0) that both acquired and 
displayed [Ga^l on line at 100 Hz or by Clampex (Axon Instruments) to 
control the ramp protocol used in reversal potential determinations. 
A full account of our experimental apparatus, the calculation of [Ca^]i, 
and the calibration procedure has been previously described (Trous
lard et al., 1993).

Perforated Patch Method
Stock solutions of nystatin (50 mg/ml) or amphotericin B (100 mg/ml) 
In dimethyl sulfoxide (DMSO) were ultrasonicated (2 min at 20®C). 
These stock solutions were made up daily and kept refrigerated until 
used. Nystatin (0.25 mg/ml) and amphotericin 8  (0.125 mg/mi) were 
dissolved and ultrasonicated in the intracellular solution just before 
use. To aid the formation of a  gigaseai, tips of the recording electrodes 
were dipped Into standard Intracellular solution for 10-60 s and then 
back-fiiied with permeablllzing intracellular solution. A gigaseai nor
mally formed within 30 s, while a  low resistance path Into the cell was 
typically obtained within 10 min. Ceils were left in this configuration 
to dialyse for 20-30 min before beglning the experiment. We normally 
obtained final series resistances of 15-35 MQ for nystatin and 8-15 
MQ for amphotericin B.

Solutions
The standard external solution consisted of 118 mM NaCI, 6  mM KCi,
1 .5 mM MgCIa, 2.5 mM CaCl2, 10 mM glucose, and 10-20 mM HEFES, 
buffered to pH 7.2 using NaOH; this solution was oxygenated through
out the experiment using 100% O2. Ca^-free solution contained no 
CaCl2 plus an additional 3.5 mM MgCl2 and 100-500 pM EGTA. Drugs 
were appiied by bath perfusion (10-12  mi per minute), by pressure 
ejection or by iontophoretic application. When changing the Ionic com
position of the external solution, the junction potentials were measured 
using a saturated KCI reference electrode. Reversal potentials were

then corrected for any change In junction potentials. All electrophyslo- 
ioglcal experiments were conducted at 32°C unless otherwise stated.

The Internal Cs solution consisted of 90 mM Cs acetate, 50 mM 
CsCi, 1.5 mM MgCl2, and 10 mM HEPES adjusted to pH 7.2 using 
NaOH or Tris. When a K+-contalnlng internal solution was required, 
K gluconate Isotonicaliy replaced Cs acetate. High Internal Cl was 
achieved by equimolar replacement of Cs acetate with CsCI. For con
ventional whole-cell recordings, Mg^+-ATP (2 mM) and indo-1 (100 
nM) were added to the Internal solutions.

Drugs and Chemicals
lndo-1, lndo-1 AM, tetrodotoxin, bradykinin, and NPPB were obtained 
from Caiblochem. Niflumic acid was from Aldrich. Nystatin, amphoteri
cin B, PDBu, 4o-PDD, staurosporine, DOG, GAG, pirenzepine, and 
calphostin C were obtained from Sigma. Forskolin and muscarine were 
obtained from Research Biochemlcals Incorporated. DOG, OAG, 
PDBu, and 4a-PDD were dissolved In ethanol and stored under nitro
gen at -70»C until used. Himbacine was a gift from W. C. Taylor 
(University of Sydney). Calphostin C (1 mM stock solution), niflumic 
acid (100 mM), and NPPB (100 mM) were dissolved in DMSO. inhibi
tion of PKC by calphostin C(IOOnM) was achieved by a 1 hr prelncuba- 
tlon under laboratory lighting at 22®C-24“C (Bruns et al., 1991) in the 
presence of 300 jiM o-tocopherol (Wang et ai., 1993). The control cells 
for the calphostin C experiments were Incubated in a-tocopheroi- 
contalnlng medium for 1 hr. The ceiis were then washed In the standard 
external solution for 30 min before commencing the electrophyslologi- 
cai recordings.
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A swelling-activated chloride current in rat sympathetic 
neurones

J. L. Leaney, S. J. Marsh and D. A. Brown

Department o f  Pharmacology, University College London, Gower Street,
London WCIE 6BT, UK

1. We have tested whether neurones show a swelling-induced CP current following hypotonic 
shock, by recording membrane current responses and cell volume changes in voltage clamped 
isolated rat sympathetic neurones during application of hypotonic solutions.

2. Using both whole-cell and perforated patch recording methods, hypotonic solution caused 
cell swelling and the activation of an inward CP current at —60 mV. This current showed 
weak outward rectification with no obvious time dependence. I t was inhibited by SITS 
(G’3-1 mM), NPPB (30-300 /^m) and niflumic acid (50-200 /im ), but not by tamoxifen 
(10 f i u ) .

3. Hypotonic solution did not cause a rise in intracellular Ca^’*’ concentration as measured by 
simultaneous indo-1 fluorescence. Also, neither the volume change nor CP current were 
affected by the removal of external Câ '*’ or internal Ca^’*’ buffering to ^  1 nM with EGTA.

4. The CP current was unaffected by an inhibitor of protein kinase C (PKC; GF109203X,
3 fiM) or by omission of ATP from the pipette solution.

5. Cells exhibited a regulatory volume decrease during sustained exposure to hypotonic 
solution. This was completely inhibited by 0*5 mM niflumic acid.

6. I t is concluded that osmotic swelling induces an outwardly rectifying, Câ "̂ - and PKC- 
independent CP current in these nerve cells. I t  is suggested that th is 'current may be 
involved in volume regulatory mechanisms.

Exposure of cells to hypotonic media results in swelling METHODS
accompanied by the redistribution of osmolytes and water 
(reviewed by Sarkadi & Parker, 1991). The control of cell

Cell preparation
, . , . , , 1 , • . 1   ̂ ^ . , Superior cervical ganglia were isolated from 15- to 17-day-old

volume IS achieved t ?  regulatmg the concentration of mtra- ,ats which had been killed hy exposum to a rising
cellular osmolytes such as K  and Q  ions, as well as ^ncentration of CO, followed hy decapitation. Neurones were
organic substances such as amino acids and sugars. One such cultured following a method modified from Marrion, Smart &
mechanism involves the redistribution o f CP, through Brown (1987). Recordings were made after 1-2 days in culture,

activation of Cl currents. Electrophysiological recordings

Swelhng-induced CP currents have been recorded in a Whole-cell, perforated patch and intracellular calcium concentration
variety of non-neural cells (see Strange, Emma & Jackson, ([Câ "̂ ],) recording methods were as previously described (Marsh et
1996). However, although some nerve cells also show hypo- ^̂ 995). For the perforated patch technique, amphotericin B was
tonicity-induced swelling (e.g. cerebellar granule neurones: ‘
■n A HT I n/r P Tif 1 n n r ,\  . 7  i . r  100-150 ug  ml . To aid the formation of a gigaseai, pipette tips
Pasantes-Morales, Maar & Moran, 1993), the only reports of ® ^  amphotericiu B-free pipette solution and then
swelhng-induced Cl currents have been m neuroblastoma p,Alilleil with the permeahUMug solution. Pinal series resistances
cells (Falke & Misler, 1989; Pollard, 1993), and it is unclear of 4-10 MG were obtained in the whole-cell configuration and
whether such currents occur in primary adult neurones. 8-15 MG in the perforated patch mode with amphotericin B.
Therefore, in the present experiments, we have examined Junction potentials between the pipette and bath solutions were
the effects of hypotonic challenge on membrane conductance measured with reference to a 3 m  KCI agar bridge connected to a
in primary rat sympathetic neurones. We found that a CU of 3 m  KCI and were found to be <  3 mV; all data shown have
current is activated in response to cell swelling and that this All experiments were performed at 32 ”C unless
can be distinguished from another recently described Cl" otherwise stated.
current in these cells (Marsh, Trouslard, Leaney & Brown, Voltage clamp experimental protocols were generated, and data
1995) by its insensitivity to Ca='+ and protein kinase C acquired, using pCLAMP 6.0 software (Axon Instruments) on a
(PKC). Dell Pentium PC. Current records were filtered at 10 kHz (low-
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Table 1. Composition of external solutions

Normal
Krebs

Solution
A

Solution
B

Solution
C

Solution
D

Solution
E

NaCl (m M ) 118 90 90 10 — 90
Sodium gluconate (m M ) — — — 80 — —
Glucosamine chloride (m M ) — — — — 90 —
KCI (mm) 6 6 6 6 6 6
MgCb (m M ) 1*5 1-5 15 1-5 1-5 1-5
CaCla (m M ) 2 5 2-5 25 2-5 2-5 2-5
BaClg (m M ) — — 3 3 — 3
CdClg (mm) — — 0-5 0-5 0-5 0-5
Hepes (m M ) 20 20 5 5 20 5
Glucose (m M ) 10 -- ' — — -- —
Mannitol (m M ) — ±80 ±95 ±95 ±80 45

Osmolarity (mosmol 1 )̂
Isotonic 281 296 296 293 297 —

Hypotonic — 214 201 199 212 250
Total [Cn 132 104 111 31 105 111

Solutions A to D were made hypotonic by omitting mannitol.

pass Bessel filter) using an Axopatch 200A output filter (Axon 
Instruments) and pre-amplified using a Cyber Amp 320 (Axon 
Instruments). When required, series resistance was compensated 
with 70-80% efficiency. The data are expressed as means +  s.e.m . 

(n, number of observations) and, if appropriate, were tested for 
significance using Student’s t test. Values of P < 0 ’05 were 
considered to be significantly different.

[Câ ]̂; measurements
[Câ '*’]] was measured using the dual-emission dye indo-1 
(Grynkiewicz, Poenie & Tsien, 1985). Briefly, indo-1 was excited at 
360 nm and emitted fight was measured at 405 and 480 nm using 
photomultiplier tubes. An amplifier allowed the ratio of the two 
photomultiplier signals to be measured and the output of this was 
digitized and acquired by computer. Cell autofluorescence and 
background light were subtracted. For perforated patch experiments, 
cells were incubated with the acetoxymethyl ester form of indo-1, 
indo-1 AM. A fuU account of this method has been previously 
described (Trouslard, Marsh & Brown, 1993).

Measurement of cell volume
Images of cells were recorded by a video camera (Watec Co. Ltd, 
Kawasaki, Japan) mounted on a Nikon Diaphot 200 microscope, 
using Colour Vision version 1.17 acquisition software (Cocoon 
Software, Roosendaal, The Netherlands). Image analysis was 
performed using SigmaScan version 2 software (Jandel GmbH, 
Erkrath, Germany). The cross-sectional area of single cells before 
and during a hypotonic challenge was measured and their volume 
approximated assuming a spherical geometry.

Solutions
The osmolarity of solutions was determined by freezing-point 
depression (Automatic Osmometer; CamLab Ltd, Cambridge, UK) 
and the pH of all solutions was adjusted to 7'2 with NaOH. For 
voltage ramp experiments, 0'5 y u  tetrodotoxin was added to 
external solutions to block voltage-dependent Na*" channels. The 
composition of the solutions are outlined in Tables 1 and 2 (the 
margin of error for osmolarity measurements was +3 mosmol U').

Where a Câ '̂ -ffee external solution was used, the concentration of 
magnesium was raised from 1-5 to 4 m M  to maintain surface charge 
and 200 j i u  EGTA was added.

Drugs and chemicals
Tissue culture reagents were obtained from Sigma or Gibco. 5-nitro- 
2-3-(3-phenylpropylamino) benzoic acid (NPPB) and GF109203X 
were from Calbiochem. Indo-1 AM was obtained from Calbiochem or 
Molecular Probes. Niflumic acid was from Aldrich. Amphotericin B, 
MgATP, GABA, gadolinium, 4-acetamido-4'-isothiocyanatostilbene- 
2,2'-disulphonate (SITS) and tamoxifen were from Sigma.

RESULTS
External hypotonic solution induces cell swelling
Application of hypotonic external solution (30% reduction 
in osmolarity; external solution B, Table 1; pipette solution I, 
Table 2) induced a reversible swelling of both whole-cell 
patched and non-patched sympathetic neurones, as measured 
by image analysis (see Methods). The mean cross-sectional 
area of whole-cell patched cells under isotonic conditions was 
815'5 +  27'8 firn ,̂ which increased to 1089'8 ±  85'8 
under hypotonic conditions. The mean increase was 34'8 +  
2'2%, which approximated to an increase in volume of 
57'2 +  3'9% (n =  43). This was significantly greater than 
that for non-patched cells, where the cross-sectional area 
increased from 761'1 +  61'1 to 928*6 +  77*8 /tm^ during 
hypotonic challenge (21'9 + 1'9% increase in area, 
equivalent to a 34-7 +  3*2% increase in volume; % =  14).

Hypotonic solution activates an inward current
In the whole-cell recording configuration at a holding 
potential of -6 0  mV, the swelling induced by hypotonic 
solution was followed some 30 s later by the activation of a 
sustained inward current (Fig. 1). The mean current
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Table 2. Composition of pipette solutions

Whole cell 
I

Whole cell 
II

Whole cell 
III

Whole cell 
IV

Perforated patch 
V

CsCl (m M ) 124 108-6 122 167 129
TEACl (m M ) 25 22-5 25 25 —
MgClj (m M ) 1-5 1-35 1-5 1-5 1-5
Hepes (m M ) 20 18 20 20 20
MgATP (m M ) 4 4 4 4 —
EGTA (m M ) — 9 3 3 —

Osmolarity (mosmol F‘) 278 275 272 337 256
Total [OF] 152 133-8 150 195 132

measured at a holding potential of —60 mV under isotonic 
conditions was —IGI‘7 +  ll*8pA  and the inward current at 
—60 mV induced by a 30% reduction in osmolarity was 
369" 1 ±  28-9 pA (n =  47). Under these conditions, the 
current activated with a mean delay of 26'0 +  2 3 s and 
peaked at 82-9 +  5-4 s (n =  47). After removal of hypotonic 
solution, the current returned to its control level within 
164-5 +  20-7 s. Occasionally, gigaohm seals were lost due to

extensive cell swelling. Of 399 cells studied, all swelled and 
85-6 % exhibited an inward current.

A smaller (17%) reduction in osmolarity (isotonic solution B, 
hypotonic solution E, Table 1 ; pipette solution III, Table 2) 
also produced an inward current and cell swelling. 
However, the amplitudes of both were significantly less than 
those obtained following a 30% reduction in osmolarity

Hypotonic

Figure 1. Activation of an inward current by hypotonic solution
The upper trace shows membrane current recorded using the whole-cell patch clamp technique (pipette 
solution III, Table 2) at a holding potential of —60 mV. The cell was bathed in isotonic external solution B 
(Table 1) and the solution was changed to mannitol-free hypotonic solution B during the period shown by 
the bar (Hypotonic). The lower part of the figure consists of a series of video images of the same cell 
recorded simultaneously with membrane current at the time points (a -d )  indicated on the upper trace. 
Scale bar, 15 /̂ m.
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(56-3+ 6 '3pA  current, accompanied by an 18’4 +  4‘6% 
increase in volume; % =  4).

In  additional experiments {n= 4), sequential reductions 
in the osmolarity of external solution B (Table 1) in 
18-28 mosmol decrements from 296 to 224 mosmol F^ 
produced small inward currents at each step with only a 
small increase in volume. A reduction in osmolarity from 
296 to 268 mosmol F^ induced a 7‘5 +  1*4% increase in cell 
volume and an inward current of 52'3 +  6'3 pA. A further 
reduction to 250 mosmol F ‘ again only induced a small 
increase in volume of 8*2 +  2*2% and an inward current of 
85 +  10 pA. Finally, an additional decrease in osmolarity 
from 250 to 224 mosmol F^ caused an increase in volume of 
15*1 +  3*3% and an inward current of 77*5 +  18 pA. Upon 
even further reduction to 209 mosmol F ,̂ a large inward

current of 552*5 +  128*5 pA was activated and the cells 
swelled substantially (38*3 +  6*2% increase in volume). A 
further 8 mosmol F^ reduction to 201 mosmol F^ did not 
cause any further increase in current (<75  pA) or cell 
swelling (< 15% increase in volume).

Cell swelling was observed when the interior of the cell was 
dialysed with a hypertonic solution (pipette solution IV, 
Table 2) in whole-cell mode. This induced inward currents 
with a similar delay in activation after patch rupture. 
Currents activated by this method had reversal potentials 
(Fje^; +11*1 +  5*4 mV; % =  6) close to the predicted CF 
equilibrium potential (A' ;̂ +14 mV). was measured as 
the intersection point of current-voltage relationships 
obtained by imposing voltage ramps at several time points 
during intracellular dialysis (see below).
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-1 0 0  -8 0  -6 0  -4 0  -2 0

Isotonic

- 0  5

- 10

e
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-1 0 0  -8 0  -6 0  -4 0  -2 0

Isotonic

-2  0

Isotonic

2 nA
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Hypotonic

+60 mV
1 s

-6 0  mV ■ 

-100 mV

Figure 2. Voltage dependence of the swelling-activated 01“ current
A , current-voltage relationships obtained using an 800 ms voltage ramp from —100 to +60 mV in a ceU 
bathed in isotonic solution B (Isotonic; Table 1) and at the peak of the inward current following apphcation 
of hypotonic (mannitol-free) solution B (Hypotonic). Whole-cell recording; pipette solution I (Table 2). Fev 
is the voltage at which the two current-voltage relationships obtained in isotonic and in hypotonic solution 
intersect. B, responses of another cell to imposed 1 s voltage steps from a holding potential of —60 mV to 
command potentials from —100 to +60 mV in 20 mV steps (protocol shown in C). Current-voltage curves 
were plotted from currents recorded during the last 200 ms of each voltage step. Whole-cell recording; 
pipette solution IH (Table 2); external solution B (Table 1). C, currents from the same cell as in B  recorded 
in isotonic (top traces) and hypotonic (mannitol-free; middle traces) solution B. The voltage protocol is 
shown at the bottom.
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Activation of the current did not appear to be temperature 
dependent since the increases in cell volume and inward 
current induced by hypotonic solution were not significantly 
different when recorded at 22 and 32 °C (inward current: 
144 ±  45 pA at 22 T  and 188-9 ±  27-8 pA at 32 °C; 
increase in cell volume: 20*0 +  1-9 and 23-4 +  2-0% at 22 
and 32 °C, respectively; n = 5).

Voltage dependence
Voltage clamp experiments using either a ramp or step 
protocol to change the membrane potential revealed that the 
swelling-activated current showed weak outward rectification 
under conditions of near-symmetrical CF concentration 
(Fig. 2). Cells were bathed in external solution B and dialysed 
with pipette solution I. The slope conductance measured 
between —100 and OmV was 5 - l+ 0 '5 n S ,  which was 
significantly different to that measured between -1-30 and 
-1-60 mV (9-7 +  1-0 nS; % =  47; P =  0-00006). The current

showed no obvious time-dependent activation or inactivation 
following stepped voltage commands (%= 10; Fig. 2C). 
Current-voltage relationships were additionally obtained 
using the same voltage step protocol but at a holding 
potential of 0 mV. Under these conditions, the slope 
conductance measured between —100 and 0 mV was 4-6 +  
1-7 nS, which was significantly different to that measured 
between -|-30 and -1-60 mV (13-5 ±  5-2 nS; n =  6; P =  0-047). 
These slope conductances were not significantly different 
from those measured a t a holding potential of —60 mV 
{P =  0-75 and 0-24, respectively).

The inward current is a CF conductance
Frev values were determined from the intersection point of 
voltage ramp current-voltage relationships obtained before 
and during the application of hypotonic solution (Fig. 3). 
The current-voltage relationship obtained under isotonic 
conditions was subtracted from that under hypotonic
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-100 -80 -60 -40 -20
Isotonic

-  - 1 0

-2  0
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- -0  5
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■- - 2  0

Figure 3. 01 dependence and pharmacological block of hypotonicity-induced currents
A , current-voltage curves obtained from voltage ramps (see Fig. 2A) applied to a cell that was patched 
using pipette solution I (Table 2; intracellular OF concentration ([CF]j) =  152 m M ) and bathed in solution B 
(a) (Table 1; extracellular CF concentration ([CF]J =  111 mm; ^  =  + 8  mV) and solution C (6) (Table 1; 
[CFJo =  31 m M ; =  +42 mV). Uev values were calculated from the intersection of the current-voltage 
relationships obtained in isotonic and in hypotonic solution, and were found to be +7 mV in a and +26 mV 
in b. B, effects of 1 m M  SITS (a) and 200 / im  niflumic acid (b) on hypotonicity-activated currents. Currents 
were recorded using whole-cell patch electrodes containing pipette solution I (Table 2) by applying voltage 
ramps (see Fig. 2.4) in isotonic and hypotonic (mannitol-free) solution B (Table 1). Drugs were applied at the 
peak of the inward current recorded in hypotonic solution and the voltage ramps were repeated 1-2 min 
later.
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Table 3. Inhibition of hypotonicity-induced CF current by Cl channel blockers

Drug Concentration

Percentage inhibition of 
hypotonicity-induced 

current at —60 mV

Percentage inhibition of 
slope conductance measured between

n—100 and 0 mV +30 and +60 mV

Niflumic acid 50 f i u 38*7 ±  12*2 31*6 + 6*1 25*1 +  5*9 4
200 p s . 71*7 ±  8*8 72*2 + 4*5 77*1 +  6*7 5

NPPB 30 59*2 +  10*4 66*2 ±  9*8 65*2 +12*1 4
100 / l u 57*8 +  9*7 65*0 +10*2 70*1 ±  15*3 4
300 /iM 72*0 ±  6*8 73*3 ±  7*0 86*3 ±11*0 4

SITS 300 fiM 8*5 ±  3*0 7*3 ±  2*3 35*6 ±  14*1 4
1 m M 30*1 + 6*0 27*0 ±  3*8 89*5 ±  4*8 4

Values are means + s.e.m.; n, number of observations.

conditions resulting in a current-voltage relationship for the 
hypotonic-induced current. The of this current was the 
voltage at which the hypotonic-induced current intersected 
the voltage axis at the zero current level. The dependence 
upon extracellular CF concentration ([GF]J was estimated 
by the shift in that was obtained when 80 mM CF in 
the external solution was replaced with an equimolar 
concentration of gluconate (solution C, Table 1). Current- 
voltage relationships for two cells with these external CF 
solutions are illustrated in Fig. 3d. With a CsCl- and 
TEACl-based pipette solution (solution I, Table 2) and a 
high-CF external solution (solution E, Table 1), Fjgy was 
-j-7'7 +  1*7 mV (n =  13; Fig. 3da), which was close to the 
predicted value for (+8 mV). P̂ gy was shifted to 
-H26*6 +  4*6 mV (n =  8; Fig. 3d6) with low-CF external 
solution (solution C, Table 1), which is less than the Nernst 
prediction (4-42 mV). To investigate why the shift was less

than expected, a comparison was made with the reversal 
potential for the CF current induced by the inhibitory neuro
transmitter GABA (Fq^ba) (see Adams & Brown, 1975). 
With a high-CF-containing pipette solution (solution I) and 
a low-CF external solution (solution C), and with 10 /fM 
GABA, Fq^pa was 4-39*3 ±  1*3 mV (n =  12) under isotonic 
conditions but only 4-26*5 +  4*4 mV {n =  4) under hypo
tonic conditions. With the same pipette solution but with a 
high-CF external solution (solution B), F ^ ^ ^  was 4-6*5 ±  
2*5 mV (% =  5) in isotonic solution and 4-1*1+2*5 mV 
{n =  7) in hypotonic solution. Thus, F̂ gy for the hypo
tonicity-induced currents was> the same,.as that for the 
GABA-induced current under all conditions.

Replacement of 90 mM NaCl (solution A, Table 1) with 
90 mM glucosamine chloride (solution D) did not have a 
significant effect on the amplitude of the hypotonicity-

Hypotonic

200 pA | _  

20 s

.o
I

0 6

Figure 4. Hypotonic solution does not increase [Ca®''’]j
The upper panel shows membrane current recorded using the 
perforated patch mode at a holding potential of —60 mV (pipette 
solution V, Table 2). Application of hypotonic solution (solution 
A, Table 1) is indicated by the bar (Hypotonic). The downward 
deflections indicate membrane current responses to 4 s, 40 mV 
hyperpolarizing steps every 10 s. The arrow indicates the 
activation of a Câ '*’- and PKC-dependent OF current by a step 
depolarization to +20 mV for 500 ms (see Marsh et al. 1995). The 
lower panel is part of a continuous record of the 405 nm/480 nm 
ratio and represents [Câ '̂ Ji where the resting ratio corresponds 
to a Ca?̂  concentration of 90-100 n M  and the peak ratio 
corresponds to 400 n M .
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induced inward current {P =  0-41). With solution A, the 
hypotonicity-induced inward current was 188-9 +  27-8 pA 
(n = 1 8 ) and with solution D, the inward current was 
137-5 ±  28-1 pA (n  =  4).

Inhibition o f currents by Cl" channel blockers

The hypotonicity-induced CF current was inhibited by the 
c r  channel blockers NPPB, niflumic acid and SITS. The 
inhibitory effects of these compounds were measured as the 
decrease in steady-state hypotonicity-induced inward current 
at —60 mV, and their voltage dependence was investigated 
using a voltage ramp protocol. A summary of these results 
is presented in Table 3 and the effects of SITS and niflumic 
acid are illustrated in Fig. 35. Both niflumic acid and SITS 
produced a dose-dependent inhibition of the CF current 
whereas the effects of NPPB at the three concentrations 
tested (30, 100 and 300 /(M) were not significantly different 
from each other {P =  0-24-0-93). The effect of SITS was 
notably voltage dependent, currents a t positive potentials 
being suppressed more strongly than currents at negative 
potentials (Fig. 35a), whereas niflumic acid (Fig. 356) and 
NPPB had similar effects on both inward and outward 
currents. The inhibitory effects of all three compounds were 
partially reversible on washout.

The hypotonicity-induced Cl" current is not 
dependent

Ca^’*’ may play a role in the volume regulation of many cells 
(reviewed by McCarty & O’Neil, 1992). To study the effect 
of intracellular Câ "̂  on the volume-sensitive C F current, 
we took several different approaches. In  some cells, hypo
tonicity-induced cell swelling leads to  a rise in [Câ """]̂

(e.g. Doroshenko & Neher, 1992; Fatherazi, Izutsu, Wellner 
& Belton, 1994). We therefore measured changes in [Ca^^], 
simultaneously with membrane current using the perforated 
patch technique (external solution A, Table 1; perforated 
patch pipette solution V, Table 2) and the fluorescent dye 
indo-1. Figure 4 illustrates the swelling-activated current 
measured simultaneously with [Ca ’̂̂ jj. Resting levels of Câ '*’ 
were approximately 90 nm. Bath application of hypotonic 
solution did not induce a rise in [Câ " ]̂); however, a 
superimposed step depolarization from —60 to -1-20 mV for 
500 ms induced an [Ca '̂'']j rise of approximately 400 nM and 
the consequent induction of a PKC-activated CF current 
(Marsh et al. 1995). Hypotonic solution did not induce any 
measurable changes in [Câ "*"]; in either patched {n =  14) or 
non-patched (n =  3) cells, whereas ionomycin induced a rise 
in [Ca '̂'’]i from 62-8 ±  17-2 to 332-1 +  67-3 nM (% =  4). 
Loading the cells with indo-1 AM (1-2 /im for 30-45 min) 
did not have a significant effect on the amplitude of the 
hypotonicity-induced current: with indo-1 AM the hypo
tonicity-induced inward current was 115-7 + 16-6  pA 
(%= 14) and without indo-1 AM, it was 173*4 +  23-4 pA 
{n=  69; P =  0*28).

Câ "'’-free hypotonic solution (CaClg-ffee solution A, Table 1) 
still induced cell swelling and an inward current; the 
amplitude of the current was not significantly different from 
that recorded in Ca^"*"-containing hypotonic solution A 
(5 =  0-45), again suggesting the lack of involvement of 
intracellular Ca^\ The inward current induced by Ca '̂^'-ffee 
hypotonic solution was 235 ±  24-2 pA (n =  6) and that 
induced by Ca^'*'-containing hypotonic solution was 173*4 ±  
23-4 pA (n =  69). Also, when free [Ca '̂'']i was buffered to

Hypotonic

1 jiM GF109203X

100 pA

20 s

Figure 5. The PKC inhibitor GF109203X does not inhibit the hypotonicity-induced Cl current
Membrane current recorded using the perforated patch mode at a holding potential of —60 mV (external 
solution A, Table 1; pipette solution V, Table 2). Hypotonic solution was applied for the period indicated by 
tbe bar (Hypotonic). Downward deflections are responses to 5 s, 20 mV hyperpolarizing steps every 5 s. A 
step depolarization to -1-20 mV for 1 s elicited the and PKC-dependent CF current (arrows). Bath 
application of 1 / im  GF109203X is indicated by the bar.
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<  1 nM by 9mM EGTA (pipette solution II, Table 2), 
hypotonic solution B (Table 1) still induced cell swelling and 
a subsequent activation of inward CF current (4084 +  
55'8 pA; 71 =  16), which was not significantly different from 
that of the EGTA-free control cells (3694 +  28*9 pA; 
n =  47; P =  0'51).

The current was also insensitive to gadolinium (20 /̂ m ; 
71 =  7), a blocker of Ca^^-permeable stretch-activated cation 
channels (Yang & Sachs, 1989), suggesting that swelling was 
not a consequence of Ca ’̂*’ entry through such channels.

Lack of effect o f tamoxifen
Some swelling-activated currents are associated with the 
multidrug resistance P-glycoprotein and can be inhibited by 
tamoxifen (Valverde, Mintenig & Sepulveda, 1993). Nilius, 
Sehrer & Droogmans (1994) reported that 10 /*m tamoxifen 
almost completely blocked swelling-activated OF currents in 
endothelial cells. In contrast, 10 /tM tamoxifen did not have 
a significant effect on the swelling-activated CF current in 
sympathetic neurones. The mean current measured at a 
holding potential of —60 mV under isotonic conditions was 
—70 +  18*6 pA, which increased to —548-8 +  135-6 pA 
upon the application of hypotonic solution. When tamoxifen 
was then added, the current at —60 mV was —546-6 +  
155-1 pA and was not significantly different to that 
recorded in the absence of tamoXifen (ti =  5; P  =  0-99).

Induction o f the Cl current is not mediated through 
PKC
We have previously reported that PKC activation can 
induce a CF current in these cells (Marsh et al. 1995). In 
order to see whether this was responsible for the swelling- 
activated current, we tested a PKC inhibitor, GE109203X. 
Bath application of 1 M GF109203X under perforated 
patch recording conditions (external solution A, Table 1; 
pipette solution V, Table 2) did not inhibit the hypotonicity- 
induced CF current but did reduce the PKC-activated 
current in the same cell induced by a depolarizing step (see 
Fig. 4) by 50-3 +  3-8% (ti=  10). An example is shown in 
Fig. 5. In a separate set of experiments, the hypotonicity- 
induced current recorded under whole-cell conditions 
(external solution B, Table 1; pipette solution III, Table 2) 
was 483 +  154-5 pA {n =  5) after 25 min pretreatment with 
3 /iM GF109203X, which was not significantly different 
from controls (654-9 +  123-7 pA; n =  23; P =  0-54).

All the whole-cell results presented above were obtained 
with pipette solutions containing 4 mM MgATP. Omission 
of ATP did not have a significant effect on the amplitude of 
the hypotonicity-induced inward current (ATP-containing 
pipette solution III: 654-9 +  123-7 pA; n =  23; ATP-free 
pipette solution III: 473-3 +  86-8 pA; n = Q] P =  0-47) nor 
did it affect the delay in activation (ATP-containing pipette 
solution III: 26-4 +  3-2 s; ATP-free pipette solution III:
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Figure 6. Effect of niflumic acid upon the 
regulatory volume decrease response to hypotonic 
challenge
Cell size was measured as described in Methods and 
results are expressed relative to the calculated control 
cell volume under isotonic conditions. Hypotonic 
solution (solution B, Table 1) was applied as indicated 
by the bar, either alone (upper panel) or plus 0-5 m M  

niflumic acid (lower panel). Each graph shows the 
results from 4 different cells.

Time (min)
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18 +  4*2 s; P =  0*22), the time to peak (ATP-containing 
pipette solution III: 54 +  4 5 s; ATP-free pipette solution 
III: 41 +  3 3 s; P =  0‘16) or the maximal rate of activation 
of the current (ATP-containing pipette solution III: 18'9 +  
2'3 pA s ' \  ATP-free pipette solution III: 22'8 +  6'1 pA s" \ 
P =0-47).

Effect of niflumic acid upon the regulatory volume 
decrease
I t has been proposed that swelling-activated CF currents in 
some cells are responsible for the regulatory volume 
decrease (RVD) mechanism by which cells regulate their 
volume (see e.g. Gosling, Poyner & Smith, 1996). As 
illustrated in Fig. 6 (upper panel), superior cervical ganglion 
neurones responded to hypotonicity (hypotonic solution B, 
Table 1) with rapid swelling followed by a period during 
which the cells reduced their volume. This process was 
completed within 25 min of bath application of hypotonic 
solution. Since the hypotonicity-activated CF current in 
these cells is inhibited by niflumic acid, we examined the 
effect of this blocker upon the RVD response. Figure 6 
(lower panel) shows that 0*5 mM niflumic acid completely 
prevented the cells from exhibiting an RVD response to 
hypotonic solution.

epithelial cells (Botchkin & Matthews, 1993). In  the present 
experiments, hypotonicity did not produce a clear rise in 
[Gaf'"']i (cf. submandibular gland cells: Fatherazi et al. 1994). 
Also, the hypotonicity-activated current was not prevented 
by gadolinium, so was not the consequence of stretch- 
activated Câ "̂  entry. Likewise (and in agreement with 
Shuba, Ogura & McDonald, 1996), it did not appear to result 
from activation of PKC; indeed, it is unlikely that any 
phosphorylation step was involved since the current 
persisted in the absence of ATP (cf. Robson & Hunter, 
1994).

In conclusion, superior cervical ganglion neurones appear to 
possess a CF current which is activated by cell swelling and 
differs from previously described CF currents in these cells. 
This is the first description of such a current in these cells, 
or indeed in any other primary mammalian neurone, that 
we are aware of. Since niflumic acid, which inhibits the 
current, prevented the restoration of ceU volume during 
sustained exposure to hypotonic solution, this CF current, 
like other swelling-activated currents, may be involved in 
cell volume regulation during normal or pathological states.

DISCUSSION
In the present experiments, we have reported that hypo
tonicity-induced swelling of sympathetic neurones induces a 
delayed inward current. We suggest this to be a CF current 
on the basis of its inhibition by the CF channel blockers 
SITS, niflumic acid and NPPB, and because its was the 
same as that for the current induced by CABA.

One observation at odds with this conclusion was that the 
shift in reversal potential on changing external [CF] from 
111 to 31 mM was about 15 mV less than that predicted 
from the Nernst equation. However, the shift of Fq^b^ 
showed a similar discrepancy, and can be attributed to 
dilution of intracellular CF as a result of swelling. Thus, 
assuming that a 50% increase in cell volume results in a 
33% reduction in [CF]j, then, with [CF]j now reduced from 
152 to 101 mM and [CF]g still at 31 mM, the predicted 
would be -+-29'8 mV, close to the actual value measured 
(4-26'6 +  4*6 mV).

In  addition to the CF current gated by CABA (Adams & 
Brown, 1975), several other CF currents have previously 
been described in these cells -  an inwardly rectifying 
hyperpolarization-activated CF current (Selyanko, 1984), a 
Ca ‘̂‘'-activated current (Sanchez-Vives & Callego, 1994) and 
a PKC-activated current (Marsh et al. 1995). The swelling- 
activated CF current differs from all of these in showing 
outward rectification, no Câ "̂  dependence and insensitivity 
to a selective and potent PKC inhibitor.

On the other hand, it shows a closer resemblance to some 
Ca^"""-independent swelling-activated CF currents in other, 
non-neural cells, such as myocytes (Tseng, 1992) and
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