
STUDIES ON TllijROLE OF CALCIUM CHANNEL SUBTYPES IN 

CATECHOLAMINE RELEASE FROM RAT ADRENAL 

CHROMAFFIN CELLS 

by 

Bettye Hollins 

Submitted to the Faculty of the School of Graduate Studies 

of the Medical College of Georgia in partial fulfillment 

of the Requirements of the Degree of 

Doctor of Philosophy 

July 

1996 
. J ' 



THE ROLE OF CALCIUM CHANNEL SUBTYPES IN CATECHOLAMINE 

RELEASE FROM RAT ADRENAL CHROMAFFIN CELLS 

This dissertation is submitted by Bettye Hollins and has been examined and 

approved by an appointed committee of the faculty of the School of Graduate Studies of 

the Medical College of Georgia. 

The Signatures which appear below verify the fact that all required changes have 

been incorporated and that the dissertation has received final approval with reference to 

content, form and accuracy of presentation. 

This dissertation is therefore in partial fulfillment of the requirements for the 

degree of Doctor of Philosophy. 



BETTYE HOLLINS 
Studies on the Role or" ca2+ Channel Subtypes in Catecholamine Release from Rat 
Adrenal Chromaffin Cells 
(Under the direction of STEPHEN R. IKEDA) 

Intracellular ca2+ functions in many cellular processes including the exocytotic 

release of neurotransmitters and hormones, gene expression, growth and differentiation. 

Voltage-dependent Ca2+ channels (VDCC) are the maj~r routes of ca2+ entry into cells 

· and although most neurons and neuroendocrine cells express multiple VDCC subtypes, it 

is unclear whether the co-expression of multiple subtypes represents a means of 

subserving the~various ca2+ functions. The present study examined the VDCC subtypes 

in isolated rat adrenal chromaffin cells and evaluated individual subtypes for preferential 

effects on catecholamine release. 

Pharmacological subtyping of VDCC with ca2+ -channel antagonists showed the 

presence of ~n :N-type channel .and an L-type channel. A cadt;nium-sensitive residual 

current (resistant or R-type channel) ·remained in the combined presence of both N- and' 

L-type channel antagonists. Serial application of the antagonists to the same cell show~d 
. ~ ·,/"'' ,._-~ 

that the N-type, L-type and R-type comprised 25±13, 45±10 and 28±12 percent ofthe 

Ca2+ current, respectively (n=25 cells). The applicatio_n of antag?nists to other VDCC 

subtypes (such as P- and Q-type) were ineffective on the Ca2+ currents. 

Release dynamics were evaluated in single chromaffin cells voltage-clamped at 

th.~_resting potential (-60 mV) and monitored with a carbon-fiber elec~ode.placed next to 

,·the cell membrane. The first electrochemical signal arising from the carbon-fiber 
f1, 

(· electfode (a measure of catecholamine released from single: vesicles) follo~ing a 50 ms 

_ pulse to O mV, showed a mean release latency of 43±2 ms ·and 46±3 t)lS in cells studied 4, 

to 8 hr and 24 to.36 hr following cell isolation, respectively. In contrast, the p~obability·b'f 

release declined by 50 percent over this period. Increasing the total intracellular. [Ca2+] 

via the patch pipette over the range of 20 to 1000 µM produced a concentration 



dependent increase in secretion in the absence of membrane depolarization. Release was 

further augmented by depolarizing the cell to O m V only in the range of 20 to 100 µM 

intracellular ca2+ indicating a maximum rate of release above these values. 

Release in the presence and absence of N- and L-type channel blockers was 

compared for a pre-recorded acetylcholine-induced action potential command (AP 

command) and rectangular voltage pulses to O m V. Both blockers produced significant 

decreases in the number of release events in response to the t~o stimuli. · The data 

suggest, ·however, that the inhibition of release in the presence of the N-type channel 

blocker, ro-conotoxin GVIA occurred by a different mechanism than a si.mple block of 

Ca2+ current. The· L-type channel blocker, nimodipi_ne suppressed release by 87 and 73% 

in response to the AP command and rectangular voltage pulses, respectively. The 

percentage block was greater in normal saline than in solutions that isolated Ca2+ 

currents (50% inhibition) and suggests that K+ channels serve a role -in antagonism of 

release that is independent of its role in repolarization. The incomplete block of release in 

the presence . of both inhibitors suggests that other channel subtypes are likely to 

participate in release, albeit to a lesser extent. A model is proposed in which L-type 

channels function in recruitment of granules for release while N-type c~annels fu~ction in 

docking of these granules to release sites. 

INDEX WORDS: ca2+ channels, exocytosis, rat chromaffin cells, nimodipine, ro
conotoxin, carbon-fiber electrode. 
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I. INTRODUCTION 

A. Statement of the problem 

Adrenal chromaffin ceHs express multiple voltage-dependent ca2+ · channel 

(VDCC) subtypes and ca2+ 1maging analyses in chromaffin cells show the appearance of 

discrete ca2+ spots in response to depolarization (Artalejo et al. 1993b; Albillos et al. 

1994; Hollins and Ikeda, 1996; Robinson et. al., 1995; Monck et al. 1994). Further, it has 

been shown with the use of carbon-fiber electrodes of 1-2 µmin diameter, that release 

occurs in the vicinity of the localized ca2+ increases and not from other parts of the cell 

(Robinson et. al., 1995). Since ca2+ functions in multiple intracellular events, it was 
,. . ~ :;· 

hypothesized that a specific VDCC subtype controls release in chromaffin cells. Such 

specificity could arise if a particular subtype localized exclusively to release sites. In 

support of this contention, a recent study has shown the potential for binding interactions 

between the N-type channel subtype and elements of the what is believed to be the 

docking complex of secretory vesicles (Sheng et al. 1996). 

VDCC are a diverse group of membrane glycoproteins containing a Ca2+ _ 

selective integral ion pore that opens in response to membrane depolarization allowing .an 

influx of Ca2+ into the cell (Catterall, 1988). In neurons andneuroendocrine cells, a rise 

in intracellular ca2+ is the trigger for the exocytotic release of neurotransmitters and 

hormones. The identification and localization of VDCC throughout the riervous system 

have been aided by the availability of several toxins and antagonists selective for various _ 

VDCC subtypes. Investigations of VDCC in neuronal cell bodies of both the central and 
\ . 

c, 

1 
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peripheral nervous system show numerous variations in the ~ypes of channels expressed 

(Dunlap et al. 1995). Many of these cells co-express multiple VDCC subtypes. Assuming 

that the VDCC expressed in neuronal cell bodies a.re similar to those expressed at the 

termini, the control of neurotransmitter release by specific VDCC varies with location. 

Similar conclusions have come from biochemical studies of brain synaptosomal 

preparations and electrophysiological studies in brain slice preparations. The efficacy of 

various toxins to block release of labeled transmitter and electrically induced synaptic 

responses varied in many cases with the transmitter and the brain region from which the 

preparation was derived (Turner et al. 1993; Dunlap et al. 1996). 

Direct analysis of release at nerve termini, however, has been possible only for 
,, ' 

non-mammalian synaptic termini, such as the squid giant axon. The large synapse of the 

squid allows simultaneous electrophys~ological recording of both the axonal terminal and 

the post synaptic cell. The rate of release at this site was shown to vary in proportion to 

the 3rd or 4th power of [Cale, (Augustine et al. 1985) with a niini.inum latency following 

the stimulus of 200 µs (Llinas et al., 1981 ). Because of the lack of access to mammalian 

synaptic termini, most of what is know·n abou~: VDCC and the· kinetics ·of.· 

neurotransmission has come from studies in systems considered to be homologous. 

Adrenal chromaffin cells are popular because of similar embryological origins to 

sympathetic neurons and the occurrence of secretion from the cell body allows direct 

assessment of release from the same cell in which the ca2+ channels reside. As VDCC 

are likely to function similarly in these cells, much of the mechanics and the 

spatiotemporal aspects of release have been performed in these cells. 

Previous attempts aimed at defining the role of the various VDCC subtypes in 

catecholamine release have been conducted in bovine adrenal chromaffin cells. The 

results of these studies, however, have been somewhat conflicting. One study employed 

capacitance measurements as an indicator of release in response to a train of rectangular 

voltage pulses (Artalejo et al. 1993b). A facilitation channel, identified uniquely by this 
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group, along with an N- and P-type channel were reportedly expressed in these cells. The. 

facilitation channel was defined as L~type ca2+ _channel current elicited in the presence 

of a depolarizing prepulse to + 100 m V but silent under the usual conditions of 

depolarizations, i.e. single voltage steps from a potentjal where the channels are closed 

directly to a potential where the channels are opened without an intervening large 

depolarizing pulse. The authors of this study concluded that all of the expressed channels 

contributed to release but that the facilitation channel produced the greatest enhancement 

of release. Another study measured catecholamines released from superperfused · bovine 

chromaffin cell beds in response to the perfusion of high [K+]o (Lopez et al. 199). In 

parallel studies of the isolated cells, an N-; L-, P, ·an~ Q-type channel were klentified but 

no facilitation channel was reported. This group reported that antagonists to P- and N

type channels produced no effect' on release but that release wa.s totally blocked. with a 

combination of L- and Q-type channel blockers. The reasoits for these differences are 

unclear, but perhaps relate to differences in the methods o~ study. 

The present study was based on the supposition that the resolution of this question 

might be clearer with a more physiological approach. Physiologically, release from 

chromaffin cells is induced by acetylcholine (ACh) released from preganglionic fibers in 

response to splanchnic nerve stimulation. The binding of ACh to nicotinic receptors 

produces depolarization of the cells and the induction of action potentials that open 

VDCC. ACh, however, can induce release in the abs~nce of depolarization due to the 

permeability of ca2+ through the nicotinic receptor and by binding to muscarinic 

receptors releasing Ca 2+ from intracellular stores. As these actions would confound the 

interpretation of effects elicited by VDCC, a pre-recorded ACh-induced action-potential 

command was employed with the hope that this form of stimulus would maintain the 

temporal changes in calcium normally experienced by the cell. Rat adrenal chromaffin 

cells were chosen because of the ease of preparation and the scarcity of available 

information on the VDCC expressed in these cells. The effect of specific antagonists of 
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VDCC subtypes on catecholamine release was c0mpared for the action-potential 

command and rectangular voltage pulses in the isolated cells. A single cell was voltaged

clamped to control membrane potential and for applying the voltage commands. 

Catecholamines released from the surface of the cells were detected as temporal current 

transients elicited in a carbon-fiber electrode placed next to the cell under study. 

B. Background 

1. Ca2+ channel diversity 

Ca2+ channels were _initially subdivided into groups based on electrophysiological 

characteristics, namely activation and inactivation properties (Carbone and Lux, 1984). A 

low voltage activating channel was labeled T-type for transient current and exhibited 

properties of opening at low membrane potential,_ inactivating rapidly after opening and 

exhibiting total inactivation at membrane potential above -60 mV. High voltage 
\ 

activating channels (HV A) were further divided into L-type for long lasting currents and 

N-type for neither transient nor long lasting. HV A opened at potentials positive to -30 

mV. With the exception of the T-type channel, much better discrimination of the channel 

types was obtained with the discovery of various small organic molecules and natural 

toxins that were found to bind selectively to the various channel subtypes (Olivera et al. 

1994; Scriabine, 1987). At present, there is no selective antagonist for T-type channels. 

Organic molecules, typified by the 1,4-dihydropyridines (DHP), selectively bind 

to and inhibit L-type channels reversibly (Scriabine, 1987). In addition, several of these 

compounds formed by side-chain substitutions were shown to act as agonists because 

~hese molecules increased the current through these channels. Because of the selectivity 

of these compounds, HV A channels were designated DHP-sensitive and DHP-insensitive. 

L-type channels show primary expression in peripheral tissues such as heart~ skeletal 

muscle and glands but expression has been observed also in dendrites and in peripheral 

neuronal cell bodies (Dunlap et al. 1996; Westenbroek et al. 1990). DHP-sensitive 

channels are now known to be quite heterogeneous in structure. Isolation of the skeletal 
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muscle channel co-purified five subunits, a 1, ~' a.20, and y (Curtis and Catterall, 1984). 

The y subunit is unique to skeletal muscle L-type channel. Molecular cloning studies 

show that each subunit is the product of a distinct gene. In addition, three other forms of 

Nimodipine 

. bKScGSSFT~J!RsrOYTKRL. 

ro-Conotoxin GVIA. 

bKGKGAPlRKTMYDfaSGsrRRGJ 

ro-Conotoxin MVIIC 

KKKb1AKDYGRfKWGGJJRGRJ1bs1MGTNbELPRLIMEGLGLA 

ro-Agatoxin IVA 

Selective ca2+ _channel anta onists. 

the a. subunit have been cloned, a. 1 C, a 1 s, and a. lD (Snutch and Reiner, 1992). a. 1 C 

and a. 1S correspond to the types expressed in heart and skeletal muscle, respectively, 

while a lD is believed to be the form expressed in endocrine cells and neurons. 

The DHP-insensitive channels have been. further differentiated with the use of . 

polypeptide toxins purified from the venom of the predatory snail, _Conus .geographicus, 

and the predatory funnel-wed spider, Agelenopsis aperta (Olivera et al. 1994). ro

Conotoxin GVIA was the first peptide purified from Conus geographicus shown to 

affect ca2+ channels. It selectively binds to and irreversibly inhibits cu_rrent through. N-
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type channels. N-type channels are expressed almost ex_clusively in neurons and are 

believed to be the primary channels mediating neurotransmitter_~elease. Another toxin, ro-
" . 

conotoxin MVIIC, that was cloned from a Conus magus tDNA library, ·blocks a non N~ 

type, non L-type ca2+ channel in ni:~ns d~signated as the Q-type channel. Thes~ 

channels are found·primarily in cerebellar granule cells (Dunlap ,et al. 1996). Cerebellar 

purkinje neurons contain another non N-type; non L-type channel designated the P-type 

channel for purkinje cell. The channel is s~lectively blocked by ro -Agatoxin IV A isolated 

from the venom of the funnel-wed spider, Agelenopsis aperta (Mintz et al. 1992). While 

P- and Q-type channel blockers exhibit selective inhibition of their respective channel 

type at nM concentrations, both inhibit Na;.type channels at µM concentrations. As with 

the L-type channels, several a1 subunits of the non L-type channels have been cloned. 

These include a1A, a1B, and a1E (Zhang et al. 1993; Stea et al. 1994)~ The dlB clone 

has been generally accepted as the. a 1 subunit found in N-type channels (Williams et al. 

1992; Witcher et al. -1993). The cloned a1E subunit, when expressed in oocytes, .displays . 

properties similar to another current found in cerebellar granule cells that remains iil the 

presence of N-, L-, P-, and Q-type channel blockers (Regan et al. 1991). This channel has 

been designated the R-type channel for resistant. Co-purification of neuronal ca2+ 

channels of dihydropyridine-labelled L-type channels or ro-Conotoxin GVIA-labelled N

type channels show that the subunit composition consists of a 1, a2B and f3 subunits 

(Takahashi and Catterall, 1987; Takahashi and Fujimoto, 1989; Williams et al. 1992; 

Witcher et al. 1993). 

Ca2+ channels are structurally complex (Catterall, 1988). The a 1 subunit is the 

largest of the subunits and is all that is required to form a functional channel. It consists 

of four domains containing six membrane-spanning segments each. The voltage sensor is 

located in segment four where every third amino acid contains a positive charge. The 

pore region is located between segments five and six and partially transverses the 

membrane. A pore region is contributed by each of the four domains to form the walls of 
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the channel. The -a.20 subunit is translated as a single protein but post-translational 

cleavage results in -two fragments held together by dissulfide bonds. The a2 fragment is 

a2 

y a1 

The muscle L-t e ca2+ channel. 

highly glycosylated and is thought to be extracellular while the 8 fragments traverses the 

membrane once (Gurnett et al. 1996). The f3 subunit does not traverse the membrane but 

remains cytoplasmic forming a binding attachment with the intracellular linker between 

the first and second domain of the a 1 subunit. 



. 8. 

2. Mechanism of release 

The concept ·that ca2+-dependent exocytosis· is th~- mechanism of release of 

transmitters and hormones is based on several lines of evidence (Cunnane and Searl, 

1994; Heuser et al. 1979): 1) electron microgr~phic data showing the pre,senc_e of' small 

clear vesicles_ of around 50 nm in diameter and large dense...,core vesicles of 200-300 nm 

in diameter at synaptic contacts within the ne~e terminal and the cytoplasm of endocrine 

cells; 2) biochemical analyses of isolated vesicles showing that the transmitters are 

concentrated within these vesicles; 3} actual fusion events between vesicles and the 

plasma me_mbrane captured by freeze-fracture photographs performed during stimulation 

of release; 4) detection of vesicle-associated proteins on the plasma membrane after 

stimulation of release and 5) the absence of fusion events in the absence-of ca2+. 

Studies aimed. at identifying the Ca2+ receptor that triggers exocytosis have 

revealed a number of ca2+_binding proteins that are _likely to interact with ca2+ at a 

number of steps in the exocytotic pathway including mobilization, docking and fusion 

(Burgoyne and Morgan, 1995). Although the activation of all of these steps is likely to 

occur with increases in ca2+, the speed of neurotransmitter release suggest that release

competent vesicles are pre-docked near the plasma membrane in a fusion-ready state that 

is initiated by a local rise in ca2+ (Augustine et al. 1985). 

Mechanisms believed to be involved in the docking and fusion of secretory 

vesicles recently have been shown to have counterparts in constitutive vesicle trafficking 

between intracellular membrane compartments (Sellner et al. 1993). T~e link between 

these processes involve several conserved cytosolic proteins: NSF (N-ethylmaleimide 

sensitive fusion protein), ATPase and SNAP a, f3, and y (soluble NSF attachment 

proteins). These proteins also have homologs in yeast. Binding interactions are believed 

to take place for proteins of vesicle membranes (v-SNAREs) and proteins of the target 

membranes (t-SNAREs) that are promoted by the cytosolic proteins. Complexes 

composed of synapt_obrevin (a vesicle membran_e protein), a~Snap, y-Snap, Snap-25 
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(synaptosomal associated protein), and syntaxin (a presynaptic membrane protein} have 

been demonstrated in vitro. The interaction produces a large 20S particle that is believed 

to comprise the docking complex. The formation ofthis complex was recently shown to 

occur also with adrenal chromaffin cell membranes (Morgan and Burgoyne, 1995; Roth 

and Burgoyne, 1994). In order to explain ca2+-dependent secretion, however, a ca2+_ 

binding fusion protein has been postulated to act as a clamp on fusion. Upon binding 

Ca2+, the clamp is removed and fusion is allo~ed to proceed. The postulated protein 

remains to be identified,· but several candidates that meet the ca2+ binding requirements 

have been proposed, including synaptotagmin (Littleton and Bellen, 1995), a vesicle· 

membrane protein and synexin, a cytosolic protein of the annexin. family that has been 

shown to promote fusion in vitro (Pollard et al. 1992). 

3. Adrenal chromaffin cells 

Chromaffin cells comprise the inner medullary 'tissu.e of the adrenal glands of 

most species. Thes,e cells are derived from the neural crest and differentiate from a 

pluripotent progenitor cell that also gives rise to sympathetic neurons (Anderson et al. 

1991). Like sympathetic neurons, the preganglionic fibers arise from cholinergic neurons 

located in the intermediolateral region of the spinal cord (Unsicker, 1993; Coupland, 

1965). The fibers arise from spinal segments T5-T9 and enter the adrenal gland by way of 

the splanchnic nerve. Both evoked excitatory potentials in response to transmural 

stimulation and spontaneous excitatory potentials have been recorded in chromaffin cells 

of guinea pig adrenal medulla (Holman et al. 1994; Holman et al. 1995). 

The secretory products of chroinaffin cells are stored in membrane-bound 

granules in the cytoplasm of the cell. The granules vary in sizes of 50 to 350 nm in 

diameter (Coupland, 1965) and two types of cells have been identified-on the basis of the 

presence of epinephrine or norepinephrine containing granuies (Coupland, 1965; Ali et 

al. 1989). Although, the catecholamines-epinephrine and norepinephrine-are the 
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primary products ·of these cells, other substances have been reported to b~ released from 

tpese granules, including ATP (Blaschko et al. 1956; Hillarp et al. 1955), enkephalin 

(Yang et al. 1980), and chromogranins (Blaschko etal. 1967). The role of ca2+ in 

release from chromaffin cells was first suggested by Douglas and Rubin (1963) from 

studies on the perfused cat adrenal and was later extended to other endocrine cells. 

Chromaffin cells are electrically excitable cells (Brandt et al. 1976; Akaike et al. 

1990; Kidokoro et al. , 1982) and several voltage-dependent ion channels have been 

identified in these cells (Fenwick et al. 1982; Artalejo et al. 1993a; Inoue and Imanaga, 

1993; Neely and Lingle, 1992; Bossu et al. 1991; Marty and Neher, 1985; Albillos et al. 

1994; Artalejo et al. 1990). Some of the ca2+ and K+ channels are reportedly modulated 

similarly to neurons by endogenous ligands (Doupnik and Pun, 1992; Twitchell and 

Rane, 1993; Kleppisch et al.~ 1993; Bigomia et al., 1990). In addition, several liganded 

receptors evoke release from chromaffin cells by releasing ca2+ from intracellular stores. 

These include histamine, acetylcholine, bradykinin and angiotensin II (Burgoyne, 1991). 



Il. AIMS OF THE THESIS 

The present thesis is art attempt to define the contribution to catecholamine , 

release of the VDCC subtypes expressed in rat adrenal chromaffin cells. Present evidence 

indicates that exocytosis differs between neurons and neuroendocrine cells in ca2+ · 

SeJ?.sitivity, speed of release, vesicle size and the presence of a specialized synapse. These 

differences preclude global generalizations of conclusions reached in the present model 

of release. This thesis focuses only .on the channels controlling release in rat adrenal 

· chromaffin •Cells. The specific aims are: 

1. To identify the ca2+ channel subtypes present in rat adrenal. chromaffin cells. 

2. To assess the effects of blockade of specific ca2+ channel subtypes on 

secretion . 

. 3. To correlate the rate of release with frequency and duration of calcium puls~s. 

4. To assess and evaluate the self detection of release through heterologously 

expressed ATP-liganded gated channels. 

11 



III. METHODS 

A. Cell isolation 

Adult male Wister rats (250-450g) were rapidly decapitated with a laboratory 

guillotine and the adrenal glands removed and transferred to ice-cold Hanks solution. One 

rat was used per preparation. The glands were dissected free of fat and decapsulated 

under a dissecting microscope. The tips were removed from each .end of the long axis of 

each gland and the rest of the gland was then sliced parallel to the first two cuts to form 
, , 

several disks. When trans-illuminated from below,. the medullae appeared .as tran~lucent 
·,· 

areas in the center of each ,disk. This area was dissected away from the surrounding

cortex and subjected to enzyme digestion. 

Isolation was conducted in a Hanks/saline solution (Neely and Lingle, 1992) of 

the following composition (~): NaCl 109.5, KCl 7 .28, Na-Hepes 5.36, Hepes 17.72, 

NaH2P04 10.07, CaCii 0.1, and dextrose JO, pH 7.4-containing .. 25QUJ/mlpenicillin and .. 

0.25 mg/ml streptomycin. It was necessary to use a low concert.tration of Ca2+ during 

isolation to avoid clumping of the cells. The enzyme mixture consisted of 6 ml of this 

solution containing 0. 7 mg/ml collagenase D (Boehringer Mannheim Biochemicals, 

Indianapolis, IN), 0.3 mg/ml trypsin (Boehringer Mannheim Biochemicals), and 0.1 

mg/ml DNAse I (Sigma Chemical Co., St. Louis, MO). This solution was filtered through 

a 0.22 µm filter before use. 

The medullae were transferred to a 35 cm2 culture flask, the flask flushed with 

100% 02 for 20 s, and the tissue digested for 1 hr at 35° Cina shaking water bath {160 

12 
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strokes per min). The flask was then removed and shaken vigorously by hand for 10 s to 

aid in cell dispersion. The digest was triturated several times with a 10 ml serological 

pipette, diluted with 5 ml of the Hanks/saline and centrifuged for 6 min at 100 x g. <:ell~ 

were washed once by resuspending in 10 ml ~f Hanks/saline and recentrifuging. The cells 

were then resuspended in 2 ml of Dulbecco's modified ·medium/F-12 (50:50) 

supplemented with 10% fetal bovine serum, 250 IU/ml penidllin, and 0.25 mg/ml 

streptomycin (all from Gibco, Grand Island, NY). Cells were plated on 35 mm poly-L

lysine and used between 3 hr and 2 days of culture. 

· B. Electrophysiological recordings 

Whole cell voltage clamp studies (Hamill et al. 1981) were performed with an 

Axopatch 200 amplifier (Axon Instruments Inc., Burlington, CA). Recording electrodes 
\ 

were pulled from borosilicate glass tubing #7052 (1.65 _ mm OD, 1.2 mm ID, Gamer 

Glass,· Claremont, CA) using a Flaming Brown P87 microelectrode puller (Sutter 

Instrument,. San Rafael, CA). Electrodes were coated with Sylgard (Dow Coming, 

Midland, MI) and fire polished on a microforge. Pipettes had resistances of 2-5 M.0 when 

filled with internal solution. Series resistances were 80% compensated and recordings 

0 

were performed at room temperature (22-25 C). 

Currents were filtered at 2 KHz or 500 Hz (for 1 ms sampling) and stored on a 

Macintosh computer. Voltage protocols were generated using custom designed software. 

Current traces and graphs were produced using Igor (W aveMetrics, Lake Oswego, OR) 

and Canvas (Deneba Software, Miami, FL). 

C. Amperometric detection of catecholamines 

Electrodes were fashioned from 6 µm carbon· fibers (Celion, Charlotte, NC) 

inserted into borosilicate filament glass #7052 (1.5 mm OD, 0.86 mm ID, A-M Systems, 

Inc., Everett, WA) and the glass tube pulled using a Flaming Brown P87 microelectrode 
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puller (Sutter Instruments, San Rafael, CA). The fiber was sealed in the tip of the pipette 

with epoxylite (Warner Instruments Corp., Hamden, CT) and baked at 80°C overnight. 

The protruding carbon fiber was insulated by dipping in melted paraffin and cut to an 

appropriate length just prior to use. The electrode was voltage-clamped at 800 mV using 

a modified Axon Axopatch 200 amplifier (Axon Instruments Inc., Burlington, CA). 

Electrical connections with silver/silver chloride wire in the headstage were made by 

back-filling the electrode with 3 M KCl as described (Chow et al. 1992). The ground 

electrode was immersed in 3 M KCl and connected to the bath with an agar bridge. 

Amperometric currents were filtered at 500 Hz and sampled at 1 KHz. 

D. mRNA microinjection 

The cDNA of the cloned !eceptor, P2xRl (Brake et al. 1994), was in vitro 

transcribed with mMessage mMachine (Ambion Inc., Austin, Texas). One µ1 of the 

cRNA (2 µg/µl) was mixed with 5 µ1 of 0.1 % ~uoresceinated dextran and injected into 

the cytoplasm of cells as previously described !Ikeda et al. 1992}. Injected cells were 

identified at the time of study by epifluorescence. 

E. Test solutions 

Test agents were diluted in external solution before use. Nimodipine (Sigma 

Chemical Co.) and (+)202-791, a dihydropyridine L-channel agonist (a gift from Sandoz 

Research Institute, East Hanover, NJ), were dissolved at 10 mM in absolute ethanol, 

shielded from light and stored at -50° C. ro -Conotoxin GVIA (Peninsula Laboratories, 

Inc., Belmont, CA), ro-Agatoxin IVA, and ro-Conotoxin MVIIC (Peptides International, 

Louisville, KY) were dissolved at 1 mM in water and frozen in aliquots at -50°-- C. 

Tetrodotoxin was dissolved at 1 mM in water and stored refrigerated. 
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F. Data analysis 

Results are presented as mean ± SEM unless otherwise noted. Where approprlate, 

the differences between means were statistically analyzed using one-way analysis. of 

variance or student's unpaired t test. Results were considered significant if p< o.os~ One 

or more of the following equations was fit to the data where noted in the text: 

Nemst equation 

Em ;::::RT/Z In :[c]o/[C]i, where Em is the equilibrium.potential, R is the 

universal gas constant, T is the temperature irt Kelvins, Z is the valence of 

the ion, [c]0 and [c]i are the external and internal concentrations of the ion 

respectively. At 25° C, RT/Z = 25.69. 

single exponential 

y=k0 exp-k11, where ko. is the starting value, tis thne ·and 1/lq is the time 

constant 

inverse exponential 

y=k0 (1-exp-k11), where ko is the final value, tis time and 1/lq is the time 

constant 

Hill equation 

y=V max:XO /( ko0 + X0 ), where V max is the maximum value, X is 

concentration; ko is the ECso, and n is the Hill coefficient 
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Table 1. Recording solutions I 

A B C 
Standard saline I Isolated INa+ Isolated lca2+ 

External solution (mM) pH7.4 

NaCl 140.0 50.0 

TEA-MeSO3 140.0 

TEA-Cl 100.0 

KCl 5.4 

CaCh 2.0 10.0 

MgC12 0.8 10.0 

Hepes 10.0 10.0 10.0 

Dextrose 15.0 15.0 

Sucrose 10.0 

TTX 0.0001 

Internal solution (mM) pll 7.2 

K-Isethionate 120.0 

KCl 20.0 

NaCl 5.0 30.0 

NMG 120.0 140.0 

CaCh 0.1 1.0 1.0 

MgCh 2.0 2.0 

Hepes 10.0 10.0 10.0 

MgATP 4.0 4.0 

EGTA 1.1 11.0 11.0 

Na2GTP 0.3 0.3 

HCl 20.0 

Abbreviations: NMG, N-methylglucamine; TIX, tetrodotoxin; IBA, tetraethylamonium; 
MeSO3, methanesulfonic acid 1 



IV. RESULTS AND CONCLUSIONS 

The isolation procedure produced primarily single spherical cells that stained with 

low concentrations (0.03% in saline) of neutral red (Role and Perlman, 1980). At low 

concentrations and short incubation times, neutal red has been shown to selectively stain 

monoamine containing cells. This selectivity is believed to be due to the rapid uptake and· 

accumulation of the dye within the acidic granules (estimated pH of 5.5), perhaps by 

formation of dye-monoamine adducts (Stuart et. al., 1974). The initial studies conducted 

on the cells included the evaluation of the cell's excitability (ability to generate action 

potentials) and the examination of the properties of the ion channels expressed in these 

cells. K+ channels mediating the outward currents in these cells have been described 

previously but little is known of the channels mediating inward currents in the chromaffin 

cells of this species. 

A. Electrophysiological characterization of rat chromaffin' cells 

1. Experimental setup 

a. Whole-cell recordings 

At the time of study, a dish of cells was removed from the. incubator and· mounted 

atop an inverted microscope housed in the patch rig setup. The dish (bath) was perfused 

with the selected external solution at 1 ml/min and connected to ground potential by way 

of an agar bridge. The headstage of Jhe patch-clamp amplifier was positioned above the . 

dish by a micromanipulator mounted to the microscope. Once filled with 50-100 µl of the 

17 
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selected internal solution, *e patch pipette was connected to the headstage by way of a 

pipette holder equipped with a suction port. Electrical connection was made by a 

silver/silver chloride wire that protruded from the holder into the pipette solution and the 

pipette was lowered into the bath and zeroed with reference to the bath potential. A single 

cell was visualized under phase contrast and the pipette lowered to contact the surface of 

the cell. A gigaohm seal was formed by the application of gentle suction to the pipette. 

Following formation of the seal, further s_uption was applied causing rupture· of the 

membrane trapped within the tip .of the pipette and producing continuity- between the 

patch solution and cytosol of the cell. Prior to rupture of the membrane, the voltage :of the 
. ' . ~ 

pipette was clamped to the desired holding potential fot the cell. In current clamp mode, 

this potential was removed :and the pipette current electronically clamped to 0 and then to 

the current of the cell present at e_ntry into t_his mode. This allowed recording_ of the 

membrane potential in an otherwise resting_ celL 

.b. Recording solutions 

The internal and external solutions were designed to facilitate_the desired analysis. 

The standard salines are simulations of the normal internal and external ionic 

environment of mammalian cells. The isethionate served simply as a counter ion for K+ 

(glutamate and aspartate are other choices) and to restrict internal chloride to a more 

physiological concentration. The internal solutions were supplemented with EGTA, ATP 

and GTP at concentrations purported to stabilize and prolong recordings. 

Solutions designed to isolate Na+ and ca2+ currents were created by ion omission 

and substitution. Na+ currents studied in other cell types have been shown to be both 

large and very fast so a sampling rate of 100 KHz and a 50/30 mM ( external/internal) 

Na+ concentration was employed to capture and reduce these currents, respectively. The 

reduction of the currents was a precautionary measure to prevent series resistance errors 

produced by large currents. External Na+ was reduced by partial substitution with IBA-
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Cl, which also served to block K+ channels, and ca2+ was replaced by Mg2+. Internally, 

the Na+ concentration was raised and K+ was replaced by NMG, an impermeant cation. 

ca2+ currents are not evident in the presence of Na+ and K+ currents so these currents 

were isolated by the exclusion of Na+ and K+ from the ~xternal and internal solutions 

and the inclusion of Na+ (TTX) and K+ (TEA) channel bloc_kers. Internal and external 

c1- were equimolar, which produced a c1- reversal potential of 0 mV. 

2. Current clamp studies 

The resting membrane potential of the cells was determined immediately upon 

rupture of the membrane with patch-clamp amplifier in current-clamp mode. The mean 

resting potential of ten cells analyzed in this manner was 62±3 mV with a range of -47 to 

-73 mV. Constant current pulses of 35 and 250 ms duration were applied to the cell to 

evoke action potentials. For comparison among cells, the membrane potential of the cell 

was adjusted to a standard -60 m V with the injection of constant current. The amplitude 

of the applied current pulses varied between -60 and +60 pA and was applied in 20 pA 

steps. Fig 1. illustrates typical voltage responses elicited in one of the cells. 

a. Constant current pulses 

Hyperpolarizing pulses produced membrane deflections with time courses that 

varied with the amplitude of the current pulse (Fig. lA). The more negative membrane 

deflections often exhibited rectificatiion as evidenced by changes in the trajectory of the 

deflection that often produced a pronounced hump at the peak of the voltage deflection. 

The input resistance also varied with the amplitude of current pulse and varied from 0.5 

to 1 G.Q, as computed from the magnitude of the voltage deflection divided by the 

amplitude of the injected current. 



Fig. 1. Response of isolated rat adrenal chromaffin cells to constant current injection. 
I 

Current pulses, from -60 pA to +60 pA were delivered in 20 pA steps for a 35 ms 

duration. A. Membrane deflections due to hyperpolarizing current pulses. Anomalous 

rectification is seen at the most negative potentials. B. Action potentials induced by a 

depolarizing current pulse. The derivatized record, shown below the voltage trace, shows 

two inflections. The second (arrow) corresponds to the shoulder on the downstroke of the. 

action potential. C. Action potentials induced in another cell in the presence of TIX 

showing Ca2+ based action poten~ials. D. Action potential induced in another cell in the 

presence of Cd2+, showing the absence of shoulders on the downstroke of these action 

potentials. The dashed(-----) lines denote 0 mV. The horizonal scale is 20 ms for all 

figures. The vertical scale is 20 mV for thefigure in A, 50 mV for action potentials in fig. 

B, C, and D an:d 200 m Vims for differentiated records in B, C, and D. 
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Depolarizing current pulses of 35 ms duration elicited one to two acti0n potentials 

containing a shoulder on the downstroke and pulses of longer duration produced a train of 

action potentials. Only the earliest-action potential elicited after the onset of the pulse was 

used for numerical analysis as subsequent members of a train were attenuated. The 

maximum rate of rise of these action potentials, as determined from the first derivative of 

the voltage trace, was 160±12 V/S. The numerically differentiated records of the voltage 

traces consistently showed a second inflection (Fig. lB, arrow) that corresponded to the· 

shoulder in the decay phase of action potential and suggested the presence of a second 

component of inward current. The mean overshoot and width measured at O m V were 

70±13 mV and 3.6±0.4 ms, respectively (n=lO). 

Depolarizing currentpul~es also elicited ca2+ .. based ;action potentials (Fig. lC) as 

shown by the occurrence of action potentials in the presence of TTX (0.1 µM). Although 
, .·_. ' ·• . .. 

this result could also indicate the presence of TIX-resistant Na+ channels, there was no 

indication of the presence of these channels in rat chromaffin cells (see below). The 

ca2+-based action potentials differed in appearance from the Na+-based action potentials 

(fig. lC, 1D, respectively) in that the ca2+-based action potentials were lower in 

amplitude and the maximum rate of rise (20±4 V/s) and mean overshoot (14±6mV),were 

significantly reduced _(n=3). 

b. Conclusions 

Rat chromaffin cells generate large overshooting action potentials containing a 

shoulder on the downstroke in response to contant current injection. The shoulder is 

likely due to ca2+ as smaller but repetitive ca2+ -based action potentials were generated 

in the absence of Na+ channel activity. There appears to be an increase in conductance at 

very negative membrane potentials as exhibited by rectification of the membrane 

potential in response to negative current injection. 
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. 3. Voltage clamp studies 

With voltage clamp, the membrane potential of the cell could be controlled and 

the ability to vary the voltage allowed assessment of the magnitude and kinetics of 

currents arising at various voltages. Fig. 2 shows the S!!perimposed current traces arising 

at various test voltages in a voltage-clamped chromaffin cell. Currents were elicited from 

a holding potential of -60 m V by stepping the voltage to various test potentials between 

-160 and +80 mV in the standard saline solutions. Na+ and K+ are.th_~ only discernable 

currents because they are the major ions present under these conditions. As expected, 

TTX eliminated the tr~nsierit inward current and the presence of Cd2+ in the external 

solution eliminated the transient outward current (Fig. 2B). Absence of the transient 

outward current in the presence of Cd2+ is consistent with the presence of Ca2+_ 

dependent K+ channels described previously. in these cells. (Neely and Lingle, ·1992). 

a. K+ -inward rectifier 

A small sustained inward current was detectable at potentials negative to -60 m V 

(fig. 2C). The amplitude of this current was greatest at the most negative test potential, 

which is consistent with the discription of currents arising from K+ inward rectifiers 

(Hille, 1992). · The rectification of membrane deflections seen in current clamp in 

response to negative current injection is likely due to the presence of this current. A 

current-voltage plot (1-V curve) of the current measured at the end of the pulse against 

test potential showed that the current was maximal at -120 mV, contained a negative 

slope between -160 and -120 mV and declined at more positive potentials. To test the K+ 

dependence of this current, the [K+] in the external saline was increased from 5.4 to 10.8 

and 21.6 mM by equimolar substitution with [Na+]. TTX (100 nM) was included to block 

Na+ channels. An 1-V curve was constructed over the voltage range -160 to -20 mV for 

the mean current elicited in each K+ ~xternal. As predicted for a K+ -dependent 



Fig. 2. Voltage-clamped cells studied in normal saline exhibit an inward rectifier-type 

current . A. Superimposed whole cell current traces obtained from a celf voltage-clamped 

at a holding potential of -60 mV. The traces show both a sustained and transient inward 

current followed by transient and sustained outward currents as the step potential is 

varied from -120 mV to +50 mV. B. Superimposed current [races elicited in the same 

manner as in A. but in the present of TI'X (top) and Cd2+ (bottom). C. Superimposed 

current traces of currents elicited at voltages negative to -60 m V. Currents were elicited 

in normal saline cont!J,ining 100 nM TTX at test potentials ranging from -160 m V 

(bottommost trace) to -60 mV (top trace). Some of the traces in A,B and C were omitted 

for clarity. D. Superimposed 1-V curves of the mean·± SEMof the normalized currents 

" 
elicited infive cells in various [K+J0 • 5.4 mM (closed circles,-•), 10.8 mM (opened 

circles, 0 ), and 21.6 mM (closed squares, •J K+. The currents in A,B .and Care from . 

different cells. 
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conductance, the current increased and I-V curve shifted to more positive potentials with 

increases in [K+]o (Fig. 2D). 

b. Conclusions 

The current and voltage-clamp studies confirm the neuronal character of these 

cells. The currents elicited in the standard salines are smaller than the currents found in 

sympathetic neurons but when weighed on the basis of cell size, the currents may be 

comparable. ca2+ currents were not evident in presence of the large Na+ and K+ 

currents. The presence of an inward rectifier current was unexpected for it had not been 

reported in bovine chromaffin cells but its presence explained the rectification• of the 

membrane potential at very negative potentials. A similar current, however, has been 

described iri guinea pig chromaffin cells (Inoue and Imanaga, 1'993). 

4. Na+ currents 

The solutions used to isolate Na+ currents are given in. Table I. Currents were 

elicited from a holding . potential of -80 m V by stepping the voltage to various. test 

potentials between -120 and +80 mV (fig. 3). Currents first appeared around -45 mV arid 

peaked near -20 mV. Currents reached a peak in less than a ms after onset of the test 

pulse and then inactivated. Both activation· and inactivation increased at more depolarized 

potentials. The mean reversal potential was 13.0±.15 mV <i:t=6) vs 12.8 mV as predicted 

by the Nernst equation for a Na+ dependent conductance in these solutions. All inward 

current was blocked in presence of 100 nM TIX. 

a. Activation and inactivation properties 

The properties of these channels were investigated by constructing activation and 

inactivation curves. For generation of activation curves, chord conductances were first 

computed using 



Fig. 3. Isolated whole-cell Na+ currents. A. Left. Superimposed current traces evoked by 

stepping the voltage,from a holding potential of -80 mV, to test potentials between -120 

and +50 mV for 20 ms. Recordings were made in solutions designed to isolate Na+ 

currents (Table 1 ). right. Current-voltage plot of the same cell showing the peak inward 

current in the absence (filled circles, •J and presence of 100 nM ITX (opened circles, O 

). B. left. Superimposed current ttaces evoked at -20 m V after a 250 ms prepulse to 

potentials between -120 and +30 mV. right. Mean± SEM activation (opened circles, O) 

and inactivation (closed triangles, ~) curves for sodium currents (n=6 cells). The solid 
. - -

lines were fit to the data using modified Boltzmann's equation (see text). Half~activation 

and slope were -26.8±1.6 mV and 6.5±0? mV, respectively and half;.inactivation and 

slope were -60±2 mV and-6 mV, respectively. hoo and moo, Hodgkin and Huxley notation 

for the steady-state inactivation and activation respectively. 



_j 

< 
C 

~ 
0 

1 ms 

< 
C 

~ 
0 

1 ms 

A 

B 

-< 
C -...., 
C 
Q) 
I... 
I... 
:::J 

(.) 

1.0 

0.8 

0 
-1 00 Potential ( m V) 

-100 Potential (mV) 

25 



26 

g = l(V)[E1- ErJ1 

where g is the chord conductance, Et is the test potential, Er is the reversal potential and 

l(V) is the current generated at the test potential. This value was normalized against the 

maximum conductance and plotted against the test potentiai. The activation data were fit 

to the modified Boltzmann equation 

g(V) / gmax = [l + exp(Vh - V) / k)]~1 

for which gmax is the maximum conductance, Vb is the half activation voltage, Vis the 

test potential and k is a slope factor. ,The resulting fit (~ig. 3B) gave a halr' activation of 

-26.8±2 mV and slope of 6.5±0.7 mV (n=6). 

Steady-state inactivation curves were produced by holding the cell at various 

prepulse potentials from -100 to -20 mV for 250 ms before stepping to a test potential of 

-20 m V. A prepulse duration of 1 s· produced similar resul_ts. The current elicited by the 

test potential was normalized to the maximum current elicited and plotted against the 

prepulse potential. These data. were fit to the following modified Boltzmann equation 

l(V) / Imax ~ [1 + exp(V - Vb) /k]-1 

where l(V) is the peak current during the test pulse, V is the prepulse potential, Imax is the 

maximum current, Vb is the half inactivation voltage and k is a slope factor. The resulting 

fit (Fig. 3B) gave a half inactivation of -60±2 m V and a slope of -6 m V (n=6). 

b. Conclusions 

Rat chromaffin cells express TTX -sensitive Na+ channels with half inactivation 

and half activation voltages of -60±2 mV and-26.8±2 mV, respectively. These values are 

similar to those reported for Na+ channel~ expressed in sympathetic neurons (-60±2 mV 

and -26.8±2 mV, respectively, Belluzzi and Sacchi, 1986; -56.2 mV and -21.1 mV, 

respectively, Schofield and Ikeda, 1988). Activation and inactivation properties have not 

been formally evaluated in chromaffin cells previously, however, a half inactivation 



Fig. 4. Changes in ca2+ current amplitude with time i~ culture. Six c~lls were randomly . 

selected on each of the indicate days in culture. Currents were evoked in solutions 

designed to isolate Ca2 + currents and the maximum amplitude of the whole-cell currents 

determined from 1-V curves as described in Fig. 5. 
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voltage of -35 mV was reported for Na+ channels in bovine chromaffin cells 

(Fenwicket.al. 1982). This· value is considerably lower than the half inactivation voltage 

found in this study (-60) but may relate to the use of a shorter prepulse duration (25 ms) 

in that study. 

5. ca2+ .currents 

Although chromaffin cells can be maintained in culture for several days, even 

weeks, investigation of the ca2+ currents in the present study showed a steady decline in 

current amplitude with days in culture (Fig. 4). Experiments, therefore, were performed 

within the first 48 hr of cell isolation. 

a. Voltage dependence of ca2+ currents in chromaffin cells 

ca2+ currents, exclusive of other current-carrying ions, were isolated with the 

solutions listed in Table 1, column C and verified by the elimination of all inward current 

in the presence of 500 µM Cd2+, a divalent-cationic blocker of ca2+ channels. The 

activation of the currents with respect to voltage was evaluated by stepping the voltage 

from a holding potential of -80 m V to various test potentials between -120 and +80 m V 

(Fig. 5). Currents first appeared at a test pulse to -40 m V, increased to a maximum at 0 

m V, and decreased at more positive potentials. Activation of the current followed an 

exponential time course that reached a maximum amplitude 5-7 ms after initiation of the 

voltage pulse. At potentials below 0 mV, varying degrees of iriactiva,tion were exhibited 

in some cells with little or no inactivation exhibited above this potential. A plot of the· 

maximum current elicited at each voltage against the test voltage (1-V curve) produced a 

single peak around 0 mV. The curve, however, exhibited a rightward skew that produced 

a shoulder in the curve around -20 mV. The ratio of the shoulder.to the main peak was 

variable but present in all cells studied. The complexity of the I-V curve suggested the. 

presence of several underlying ca2+ _channel types. 



Fig. 5. Voltage dependence of whole-cell Ca2+ currents. A. Super-imposed traces of 

currents elicited at the indicated voltages. Currents were evoked by stepping the voltage 

from a holding potential of -80 m V to various test potentials between -120 and +80 m V 

for 70 ms durations. B. Current-voltage relationship for the same cell over the full range 

of voltages. The maximum current elicited at each voltage is plotted against the test 

voltage. 
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A subset of cells exhibited currents indicative of a T-type channel (data not 

shown). As this current was IJ.Ot a general finding and no specific antagonist presently 

exists for T-type channels, studies in this thesis centered on the hig~-voltage activated 

channels. Characteristics of the T-type • currents as well as other features ·of the inward 

currents in these cells appear elsewhere (Hollins and Ikeda, 1996). 

b. Pharmacological subtyping of ca2+ currents 

I-V curves produced in the presence of .ca2+ _channel antagonists showed the 

voltage range over which currents were affected by these agents (Fig. 6A). The L-type 

channel dihydropyridine-antagonist, nimodipine (10 µM), primarily blocked curren~ that 

appeared at more hyperpolarized test potentials. 1-V curves produced in the presence of 

nimodipine showed 

nearly an elimination of the shoulder at -20 mV seen in the absence of nimodipine. These 

results indicated that the L-type ~hannel activated at less positive potentials than the 

remaining current and that the asymmetry of the 1-V curve was due to this current. 

Similar results were found with the dihydropyridine L-type channel agonist, (+)202-791, 

which showed a preferential increase in the current over the same range (Hollins and 

Ikeda, 1996). 

In contrast, 1-V curves produced in th.e presence of the N-type channel antagonist, 

co-conotoxin GVIA (10 µM) decreased currents that activated above -20 mV and was 

ineffective on currents appearing below this potential. 1-V curves in the presence or 

absence of co-conotoxin GVIA, were skewed in an identical manner but in the presence of 

co-conotoxin GVIA were reduced in amplitude around O mV (Fig. 6A). 

Current block in the presence of either of these agents varied among cells with co

conotoxin GVIA showing the greatest variability. A Cd2+-sensitive current, however, 

remained in the presence of both agents. Because of the resistance of this current, it was 

designated an R-type channel in this study. The presence of blockers for other known 



Fig. 6. Effect of Ca2 +-channel antagonists on whole-cell Ca2+ currents. A. 

Superimposed 1-V curves of ca2+ currents in the absence and presence of the L-type 

channel antagonist, nimodipine (10 µM) left, and the N-type channel antagonist, ro

conotoxin GVIA (10 µM) right. Currents were elicited as described in Fig. 4. B. Serial 

application of ro-conotoxin GVIA (5 µM) and nimodipine (JOµM) to the same cell. 

Currents were elicited by repeatedly stepping. the voltage from a holding potential of -60 

mV to O mV for 70 ms at 0.1 Hz. The maximum current is plotted against time. Horizonal 

lines indicate the duration of application of designated agent. The current resistant to 

both agents is indicated by the double-headed arrow. 
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Fig. 7. Relative proportion of ca2+_channel subtypes in rat chromaffin cells. Bar graph 

representing the channel subtype_ as reflected by the percent of current block by the 

antagonist of the selected channel type. R..,type was calculated as the percentage of the 

initial current remaining in the presence of the both agents. n=25 cells. 
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Table 2. Recording solutions U 

A B C 
Standard saline II Modified saline Cafree 

External solution (mM) ·pH7.4 

NaCl 145.0 120.0 133.0 

TEA-MeSO3 

TEA-Cl 30.0 

KCl 5.4 5.4 5.4 

CaCh 2.0 2.0 

MgCh 0.8 0.8 10.0 

Hepes 10.0 10.0 10.0 

Dextrose 15.0 15.0 15.0 

TTX 0.0001 

Internal solution (mM) pH7.2 

K-Isethionate 120.0 

KCl 20.0 

NaOH 7.0 7.0 

NMG 120.0 

MeS03 20.0 

CaCh 

Hepes 10.0 10.0 

MgATP 4.0 4.0 

EGTA · ,0.1 0.1 

Na2GTP 0.3 0.3 

HCl 20.0 

Abbreviations: NMG, N-methylglucamine; TTX, tetrodotoxin; TEA, tetraethylamonium; .. 
MeSO3, methanesulfonic acid · · 
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channel types (ol-Agatoxin IV A, P-type channel'· and ro-conotoxin MVIIC, Q-type. 

channel) were ineffective on the ca2+ currents in these c~lls (Hollins and Ikeda, 1996) . 
. ) 

To determine the relative proportion of each channel type expressed in the cells, 

nimodipine and roa.conotoxin GVIA were serially applied to.the sam~ cell depolariz~d at 0 

mV. In 25 cells tested in this manner, the mean percentage of each type was 25±13, 

45±10 and 28±12 % for N-type, L-type and R-type, respectively (Fig.7). . 

c. Conclusions 

These results show that rat chromaffin cells express two of the known VDCC 

subtypes and a resistant subtype. The N-and L-type exhibited differences in voltage 

activation with the majority of current contributed by L-type channels. In contrast to 

some of the studies in bovine chromaffin cells (Artalejo et al. 1991; Artalejo et al. 

1993b), L-type cu~ent did not arise from silent channels but was readily elicited with 

single test pulses. Thus, a facilitation type channel was not detected in rat chromaffin 

cells. The resistant subtype is defined here as the current remaining after application of 

blockers to known channel subtypes. A similar current has been described both in central 

and peripheral neurons (Regan, 1991) and therefore may be a ca2+-currentcomponent of 

many excitable cells. 

The antagonists used in this study are selective for the indicated channel subtypes, 

with IC5o's in the low to high nM range. To assure complete block of each channel 

subtype~ the highest concentration that did not show crossover into block of other 

subtypes was used. These concentrations are maximal to those that have been used in 

other chromaffin cell studies investigating Ca2+ channels, for example, DHP, 1-10 µM 

and ro-conotoxin GVIA, 1-5 µM, and in brain (0.1-5 µM for both agents). 
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B. Dynamics of catecholamine release in rat chromaffin cells 

1. Experimental setup 

A single chromaffin cell was voltage-clamped at -60 m V and studied in the 

solutions listed in Table 2A. A carbon-fiber electrode connected to the headstage of an 

independent patch-damp amplifier and mounted above the dish was lowered into the bath 

within the microscopic field of the cell. After membrane rupture with the patch pipette, 

the carbon-fiber electrode was pushed gently against the surface of the membrane 

opposite placement of the patch electrode. Each amplifier was connected to a common 

ground electrode immersed in 3 M KCl. A transient current (amperometric spike) is 

generated in the carbon-fiber electrode in response to the oxidation of subtances with 

oxidation potentials below 800 mV. Although, several endogenous substances fall within 

this oxidation range, for example, uric acid, in an isolated system as is used here, only 

the catecholamines are at sufficient concentrations for detection. Sampling from both 

amplifiers w~s fed simultaneously into separate channels of the AID converter board and 

stored on computer. Currents were sampled at 1 KHz. 

2. Release latency 

The characteristics of release were first investigated by examining the latency of 

release. The delay between the start of the stimulus and first appearance of the 

electrochemical signal was studied for 50 ms voltage pulses delivered at 0.05 Hz. This 

frequency of stimulation was assumed sufficiently long to allow ca2+ to return to 

baseline levels between stimulations as indicated by the absence of amperometric spikes 

during the 20 s interstimulus period. Cells were voltage-clamped at the resting potential (-

60 m V) before -and after stimulation. Latency was measured from the beginning of the 

pulse to the peak of the first amperometric spike occurring after the start of. the pulse. · 
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Monitoring of release was limited to the first 200 ms due to the occurrence of only a few 

rare events beyond this period. 

The cells showed an apparently low probability of release for stimulations of this 

duration as indicated by the number of blank records in which no electrochemical signal 

was detected and responses declined even further with time in culture. Pan of the 

apparently low probability of release can be attributed to the detection method employed. 

Rat chromaffin cells have a mean diameter of 15 µm and the carbon fiber employed in 

this study had a mean diameter of 6 µm. If one assumes that release occurs uniformly 

over the cell surface, then from the difference in surface area (707 µm2 vs 57 µm2, based 

on the area of a sphere and disc respectively), an estimated 8% of events were detected. 

Thus, the presence of a blank record only denoted the absence of release at the site of the 

c-arbon-fiber electrode. 

As shown for the latency histograms in Fig. 8, the mean release latency 

(algebraic) was 43±10 ms at 4-6 hr after isolation and did not differ significantly 24-36 hr 

later (46±12 ms). The cumulative histograms (Fig. 8B) fitted with an inverse exponential 

also showed similar time constants for release. The apparent probability of release, 

however, dropped by 50% over this period. After 2 days in culture, the probability of 

release was too low to obtain a meaningful histogram with this stimulus. The cells 

analyzed 4-6 hr post isolation showed release probability of 0.48 as computed by dividing 

the total number of responses by the number of depolarizations. This value was 0~26 at 

· 24-36 hr post isolation. A decrease in the number of release events would be expected if 

the zone of diffusion for ca2+ was reduced, as a result. ~f decreased ca2+ entry. This 

observation would be consistent with the decline in ca2+ curre~t with time in culture 

(Fig. 4). 



Fig. 8. Latency of the release even(s. A. Histograms showing the latency of release for 

two different time periods in response to 50 ms depolarizations to 0 mV aelivered at 0.05 

Hz. The delay was measured from the beginning of the pulse to the peak of the.first 

electrochemical signal occurring after the pulse: The· mean lat~ncy of release· is· szmilar 

for both histograms. B. Superimposed cumulative histograms for the same data. The time 

constant of release is similar for both histograms (35.5 ms vs 35.1 ms for the 4-8 hr and 

24-36 histogram, respectively), also indicating a similar release latency. 
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3. Effect of stimulation on the magnitude of release 

. In defining an adequate and reliable stimulus for which release could be 

compared, consideration was given to the release detection method and reproducibility of 

the response to the stimulation. Previous studies of release from bovine chromaffin cells 

used a train of depolarizing voltage pulses to 0 mV, either ten-20 ms (Horrigan and 

Bookman, 1994), five-500 ms (Neher and Zucker, 1993) or ten-50 ms depolarizations 

(Artalejo et al. 1993b). The cumulative-release responses were detected by increases in 

cell capacitance. The use of multiple stimulation protocols in these studies suggests that 

few events occur with single short stimulations. Unlike capacit.ance measurements, which. 

capt~re all release events, use of the carbon-fiber electrode required that a siz~able · 

number of events occur. Forth_e acetyl9holine-induced action potential command, 16 Hz 

action potentials were recorded from a cell stimulated with 10· µM acetylcholine (ACh). 

This concentration of ACh produced a vigorous stimulation of release in parallel 

experiments (data not shown). The recorded voltages (AP commands); .consisting of a 

train of action potentials, were applied to cells for various durations and release · 

continuously monitored for up to 5 s. Release events were summed. for 5 stimulations 

delivered at 0.05 Hz. A 2 s application of the 16 Hz AP command was found to elicit a 

series of release events from cells reliably on every stimulation (n=55 cells). It is 

interesting that a similar application of an 8 Hz AP command was rarely effective in 

eliciting release and indicates that a summation of [Ca2+]i occurs between successive 

AP's. 

For rectangular voltage pulses, the duration( of the pulse was used to define the 

adequate stimulus. As this stimulus was the most rigorous of the two, it was used also to 

determine the number of repetitive stimulations that could be applied to a single cell. This 

assessment was important because of the possible washout of the secretory response 

when using whole-cell dialysis or the depletion of granules by the repeated stimulations. 

As shown in Fig. 9A, a 1 s voltage pulse to 0 mV produced nearly a maximum rate of 



Fig. 9. Effect of stimulus length and repetition on magnitude of release. A. Graph 

showing the number of release events plotted against the duration of the voltage pulse. 

Five stimulations for various durations were delivered at 0.05 Hz. Release increased 

exponentially with length ofpulse. The numbers in parentheses represent the number of 

cells. B. Graph showing the effect of multiple stimulations on the number of release 

events. Five 1 s stimulations delivered at 0.05 Hz was repeated for up to 6 times in the 

same cell. The numbers in parentheses represent the number of cells. 
r 
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Fig. 10. Membrane and electrochemical current responses to the stimulus protocols. 

Current traces of the membrane current (top) and electrochemical-current (bottom)from 

a cell stimulated with the action potential command (16 Hz, 2s), A, and the rectangular 

voltage command (ls), B. Shown above each trace is the voltage paradigm. The current 

deflections in response to the action potential command are not sufficiently resolved at 

this sampling rate ( 1 KHz) and so are only described in relative terms. The inward and 

outward deflections are presumably due to Na+ and K+ currents,. respectively but 

capacitative currents are also present. 
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Fig. 11. Membrane and electrochemical current responses to the stimulus protocols in 

the presence of 500 _µM Cadmium. Current traces of the membrane current (top) and 

electrochemical current (bottom) from a cell stimulated with the action potential 

command (16 Hz), A, and the rectangular voltage _command, B. Cadmium (500 µMJ was 

present in the bath throughout the recording session. No electrochemical current.events 

were detected under these·conditions (n= 8 cells). 
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release. The data fit with an inverse exponential indicated that 67% of the maximum 

number of events occurred in 960 ms. Fig. 9B shows the effect of repetitive application of 

the stimulation protocol on the number of release events. The cumulative -release events 

occurring during a stimulation protocol is plotted against the stimulation protocol 

number. The number of release events, decreased abruptly for the first two repetitions but 

reached a steady-state level thereafter. The abrupt decrease likely reflects depletion of a 

pool of granules of relatively small pool size. Current traces illustrating typical responses 

to the two stimuli are shown in Fig. 10. Each stimulus evoked a series of electrochemical 

events (bottom traces) of varying amplitudes. The size of the event did not correlate with 

the time of occurrence of the event as both large and small signals appeared randomly_ 

throughout the monitoring period. The variation in size of the electrochemical events is 

consistent with large variation in size of chromaffin granules but could also reflect a 

variation in the concentration of catecholamines per granule. Responses to both stimuli 

were effectively blocked by the presence of 500 µM Cd2+ in the external solution (Fig. 

11), indicating that the release· events were due to the opening of VDCC. The events 

could be eliminated also by the inclusion of 10 mM EGTA in the patch-pipette (data not 

shown), indicating that the response required an elevation in free [Ca2+]i. 

4. Effect of stimulation on other currents 

To provide a more physiological environment to study release, the standard 

solutions used in this study were normal salines that did not employ block of other ions. 

The inevitable consequence of this is the flux of ions other than ca2+ during and after the 

stimulation. As these responses were quite characteristic and reproducible, they were 

used in the overall evaluation of th~_ effects ·of ca2+ _channel antagonists. Thus, these 

responses are described below. 

The whole cell current responses during and after stimulation revealed several 

apparently ca2+ -dependent current responses. Some of these effects can be seen in Fig. 



43 

10. The· outward current during the rectangular voltage pulse ~xhibited a complex 

waveform. At the beginning of the pulse, the current rose rapidly ~ut shawed,.an i_nitial 

slow decline, lasting 250-300 ms. This was followed by subsequent increases and further 

decreases in amplitude. Similarly, the current respo~s~s to the AP command grew 

progressively in amplitude and the basal current steadily became more outward. The most 

likely explanation for the increase in cond1:1ctance is activation of Ca2+-dependent K+ 

channels (Big K channels) described previousiy in these cells (Neely and Lingle, 1992). -:. 

These channels are voltage a~d. Ca 2+ dependent and activate within 2 ms of opening of 

Ca2+ channels (Marty and Neher, 1985). The secondary activation'of these channels may 

be indicative of secondary ca2+ release. 

The current responses occurring •after the pulse were niore heterogeneous, as . 

different effects were seen in different cells. Three types of effects were consistently 

observed: a standing outward current; a standing inward current; or a mixture of brief 

square and transient inward currents resembling single channel activity .. The responses 

often persisted for up to 5 s. The standing outward currenr was characteristic of small 

conductance (SK) ca2+ -dependent K+ channels that have been described for these cells 

(Marty and Neher, 1985). The post.-stimulus occurrence of this current could· be 
\ 

eliminated by repolarization of the cell to the K+ -equilibrium: potential. The inward 

currents following the pulse, were prominant irt cells studied in solution that employed 

block of l(+, channels. They could represent Ca2+-dependent c1- currents or ca2+_ 

dependent non-selective cation currents. Many cells were discarded because these inward 

currents either did not terminate in a reasonable time period or led to lost of the cell due 

to overwhelming leak. The inward currents were less evident in studies performed in the 

normal salines but when cells were repolarized to the K+-equilibrium potential, an inward 
~ 

current was usually observed. This indicated that cells differed in. the relative magnitude 

of these currents and that the presence of either current was often masked when the cell 

expressed similar proportions of both inward and outward current. 
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S. Conclusions 

These studies distinquished two parameters of release: release latency and release 

probability. As release latency is likely to .reflect distan_ces of vesicles from calcium 

channels, it would not be expected to change as a result of Ca2+ levels. A decrease in 

ca2+ entry, however, could result in a smaller zone of ca2+ diffusion that might be 

inadequate to reach the release sites. Under these conditions, no release would be 

expected and a decrease in release proba}?ility would result. 

Despite the seemingly low release probability of the cells, comparable and 

reproducible release was detected in response to- a 2 s, 16 Hz AP command or a 1 s 

rectangular voltage pulse to O m V. Current responses to these stimuli were· suggestive of 

secondary ca2+ release. This indicates that the increase in release. probability by 

prolonged depolarization is the result of the combined effect of extracellular ca2+ entry 

and intracellular ca2+ release. The effect of ca2+ on other ionic fluxes persisted for 

many seconds after termination of_ the ·stimuli. . ~s t1'ese respoD:ses contin?ed after 

repolarization of the cell, they are 1ikely·symptomatic of mechanisms that act to lower:the 

intracellular ca2+ levels. 

C. ca2+ dependence of Release 

The current responses to the stimulatiom protocol_s suggested that the release was 

due to both ca2+ entry and ca2+ release. A simple strategy to address the question is to 

evaluate release before and after depletion of intracellular ca:2+ stores. The existing 

agents that deplete these store, however, also evoke release of vesicles. Any effects would 

prove uninterpretable due to inability to distinquish depletion of ca2+ stores from 

depletion of vesicles. Release was evaluated, therefore, in relation to the Ca2+ current 

amplitude and in relation to intracellular dialysis with various concentrations of ca+ to 

simulate intracellular release. 
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1. Ca2+ .. current amplitude and release 

In these experiments, release was i;n~::mitored in solutions designed to isolate the 

ca2+ currents. Cells were studied in: the. solutions given in column B of Table 2 and 

stimulated with the rectangular-voltage pulse proto_col consisting of five-1 s 

depolarizations to 0 m V · at ·0.05 Hz. In contrast to the stable· currents -recorded in section 

A in which a high concentration of EGTA was used in the internal solution, with low 

internal EGTA, howeve,r, ca2+ currents declined with each successive depolariz.atfon.· · 

This observation is likely due to ca2+~deperident inactivation of the ca2+ channels 

(Fenwick et al. 1982; Standen, 1981). A plot of the mean number of release events 

against the mean current amplitude for 11 cells (Fig. 12A) showed a negative correlation 

(r= -0.598, p=0.0592). Although this result approached significance, it is counterintuitive 

and is weighted primarily by three cells exhibiting little release. This suggests that the 

size of the pool of granules that are pre-docked and available for release varies in 

different cells. When. analyzed on a pulse by pulse basis in indivi~ual cells, however, the_ 

data segregated into two groups. Release in one group of cells exhibited a steep 

dependenc.e on current amplitude, while release from the other group of cells showed 

little change with changes in current amplitude (Fig. 12B). The exact form of the 

relationships could not be determine~ because of the limited range of current amplitudes. 

2. Release in response to increases in intracellular ca2+ 

Elevation of [Ca2+]i was performed by varying concentration of Ca?+ in the 

patch pipette. Cells were studied in standard solutions (Table 2A) but omitting EGTA in 

the internal solution. Total pipette concentrations of ca2+ were varied between 20 and 

1000 µM. As ca2+ buffers were not employed in these solutions, the concentration of 

'free ca2+ is unknown and set by the endogenous ca2+ buffers of the cell. The time of 

onset of secretion in response to intracellular dialysis of ca2+ depended·on the.total ca2+ 

concentration in the pipette and varied between immediate onset upon break-in for the 



Fig. 12. Relationship between Ca2+-current amplitude and.release ,rate .. A. Graph 
'· ' 

showing the number of release events for 11 cells ag~inst the mean p;ak ca2+ current. 

Experiments were performed in SQ/utions employing Na+ andK+ channel blockers. B . 
. , . . ' 

Plot of release events per pulse Jo~ ~ach of the 5 stimulations in indiviclual. cells against 

the peak Ca2+ current elicited during each pulse. Each cell is represent~d by a differen; 

symbol. The five cells giving rise to the plot on the left shmyed a-steep relationship with 

current amplitude whereas data from 3 of the ·Jl ·cells· (rightmost ~.lot) showed-little 

change in release with current amplitude. 
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Fig. 13. Effect of ca2+ dialysis on magnitude of release. A. Bar graph showing the 

mean number of release events at -60 m V and 0 mV elicited by intracellular ca2 + 

dialysis. The numbers in paratheses represent the number of cells. B. Plot of release 

events occurring at -60 m V against the total ca2 + concentration- in the pipettefor the 

cells shown in A. The ca2+ concentration refers to the._total <;aCl2 added to the pipette 

solution, not the free Ca2+ concentration. The solid line represents the fit of the data ·to 

the Hill equation with a coefficient of 2. The EC5ofor Ca2+ was 97 µM. (* )=p<.001 
. -
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higher concentrations to 7~8 min after break-in for the lowest ca2+ concentration. 

Release events were monitored for 1 min at the resting potential (-60 m V)-. The cell was 

then depolarized to 0 m V to open VDCC and release was monitored for another 1 min. 

As shown by the graph in Fig. 13, secretion was concentration dependent. Release could 

be further augmented by the opening of VDCC only in the concentration range- of 20 to 

100 µM ca2+, after which, there was no further increase in the rate of release. A plot of 

the release events at -60 m V against the total pipette Ca 2+ concentration was fitted with 

the Hill equation (Fig. 13B) The plot showed an ECso for ca2+ of 97 µM when fit with a 

Hill coefficient of 2. This indicates a positive cooperativity of ca2+ with release. The 

presence of 500·µM Cd2+ in the external solution did not prevent secretion in response to 

this stimulus at the resting potential. 

3. Conclusions 

These studies indicate that the amplitude ·of the ca2+ c~rrent in and of itself is not 

predictive of release in response to depolarization when compru:-ed among cells. The 

detection of two types of release responses to changes in ca2+-current amplitude in, 

individual cells may be indicative of the presence of two different cell types that differ in 

the ability to buffer Ca2+. Ca2+ is highly buffered within chromaffin cells (estimated as 

10:1, Neher, 1992) and the extent of buffering coulc! produce different thresholds for 

release in different cells. In cells with high buffering capacity, the Ca2+ current · 

amplitude may be important in overcoming this buffering whereas in a. cell with lower 

buffering capacity, release may be little_ disturbed over -a wide· range _ of cutj"ent 

amplitudes. The effect of Ca2+ buffering on release in chromaffin cells is- well illustrated_ 

by the block of release in the presence high concentrations of exogenous ca2+ buffers in 

the patch pipette such as EGTA and BAPTA. These agents_ block vesicle release 

regardless of the size of the ca2+ current measured at the plasma meill:brane. 
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Re~ea,se was induced also by raising the total ca2+ concentratio~ in the ·patch 

pipette. The rate of release was further increased by the opening of VDCC and suggests 

that these channels act to promote an efficient high rate of release. An equivalent high 

rate of release was only obtained at total pipette ca2+ concentrations exceeding 100 µM. 

ca2+ concentrations of this magnitude have not been recorded in response to intracellular 

Ca2+ release, thus, ~elease from this source is likely to be slow and may never 

accumulate the Ca2+ necessary to effect a high rate of release. Release in response !O 

increases in intracellular ca2+ at the resting potential occurred in the absence of VDCC . 

activity, indicating that the response was not due to intracellular ca2+ acting on VDCC. 

This observation does not, however, rule out the participation of a non-voltage dependent 

ca2+ channel. It is interesting that agents that release c~2+ from intracellular stores do 

not evoke release in the absence of extracellular ca2+ (Burgoyne, 1991 and personal 

obervations)'·artd pipette Ca2~ concentrations ·evoking a maximum rate of release in the 

present study were severely reduced under conditions of O external ca2+. Although 

differences in membrane electrical fields created by differences in the two types of 

external solutions, could account for such results, the possibility of non-voltage 

dependent Ca 2+ routes into the cell cannot be excluded. 
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D. Effect of Ca2+ .channel blockers on release 

1. Experimental design 

To test the effects of ca2+_ channel block on release, the N-type channel blocker, 

co-conotoxin GVIA (5 µM) and L-type channel blocker, nimodipine (10 µM), were tested . 

for effects on catecholamine release in response to the action potential command and 

rectangular voltage pulses. Each protocol, consisting of 5 stimulations each, was applied 

once to the same cell at 0.05 Hz. Antagonists were added to the bath five minutes before· 

initiating recordings. Cells were studied in a static bath (not perfused) and a separate set 

of control cells were recorded at each recording session. 

2. Action potential command 

Both antagonists significantly reduced the number of release events observed in 

control cells (Fig. 14). The mean number of release events in control cells in response to· 

the AP command was 43±8 vs 13±3 in the presence of co-conotoxin GVIA. For 

nimodipine, the m~an number of release events· was 5±2 vs 39±6 in control cells. The 

co:µibined pr~sence of both antagonists reduced the mean number of release events from 

42±10 in control cells to 7±4 .. These figures constitute 87%, 70% and 83% inhibition of 

release with respect to control cells for nimodipine, co-conotoxin GVIA and combined 

antagonists, respectively. Although the absence of either channel seemingly produced 

similar effects on release, the effects on the cells were quite different (see also section 3 

below). 

In the presence of nimodipine, current responses to the AP command were 

progressively reduced throughout the stimulation producing a use-dependent type of 

effect (Fig.14). The response recovered during the 20s interpulse as all five stimulations 

were similar in appearance. This response is in contrast to what was observed in control 



Fig. 14. Effect of Ca2+ _channel antagonists on release evoked in standard saline. Bar 

graph showing the number of release events in control cells and in the presence of the 

designated ca2+_channel antag9nists. Top. Responses tcJ action potential commands. 

Bottom. Responses to rectangular voltage pulses. Both stimulations were performed in 

the same cells. The numbers in parentheses represent the number of cells. con, control; 

nim, nimodipine (10 µM); ctx, m-conotoxin GVIA (5 µM). (** ), p<.01; (*** ), p<.001. 
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Fig. 15. Effect of Ca2+ -chqn_nel antagonists on membrane currents. Current responses 

from two cells in the presence of the designated Ca2+-channel antagonists: Top. 

Example of membrane current responses to the action potential commands~ Bottom. 

Example of membrane current responses to the rectangular voltage pulses. Only the first 

2500 ms of each trace is shown. The traces are 1 of th~ 5 that constitued a stimulation 

protocol. All five traces were similar in appearance. The action potential command and 

the rectangular voltage pulse was applied to the same cell. 
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Fig. 16. Effect of cal+ _channel blockers on release evoked in solutions that blocked 

Na+ and K+ channels. A. Bar graph showing t~e effect of the designated Ca2+-channel 

antagonists on the peak whole-cell ca2 + currents in response to a 1 s voltage pulse to 0 

mV. B. Bar graph showing the mean number of release events for control cells and cells 

in the presence of the designated Ca2 + -channel antagonists. Both voltage protocols were 

conducted in the same cells as in A. Cells were voltage clamped at a holding potentiaZ. of 

-60 mV and studied in the solutions listed in Table 2, R The numbers in parentheses 

represent the number of cells. con, control; nim, nimodipine (10 µM);· ctx, ro-conotoxin 

GVIA (5 µM). p<.05 (* ), p<.01 (**),and p<.001 (*** ). 
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cells where the current responses continou_sly increased during the stimulation (compare 

Fig. 10 and 15). These results indic_ated that the reduction in release in the absence of L

type channels_ was due t~ an absolute· reduction in ca2 + current entry. 

Electronmicrographic studies show· that chromaffin granules reside at various distances 

from the plasma membrane (Burgoyne et. al., 1-982). A small pool of granules lie closer 

to the plasmer membrane and are believed to be predocked at release sites and easily 

releasable while granules farther away must be mobilized and docked to new or exiting 

release sites. Both, mobilization and docking are ca2+ -dependent steps. The possible 

explanation for the present results on release is that the reduced amount of available 

ca2+, in the presence of nimodipine, was insufficient to recruit from the larger pool of 

granules. Unlike nimodipihe, the pattern of the current responses to both the AP 

command and the rectangular voltage pulses in the presence of ro-conotoxin GVIA were 
I 

similar to controls (Fig. 15). The latter observation indicates that the absolute level of 

Ca.2+ entry was little affected by the presence of co-conotoxin GVIA.and suggests that the 

two channel subtypes affected release by two different mechanisms. 

3. Rectangular voltage pulses 

The effect on release in response to rectangular voltage pulses was somewhat less 

for both antagonists (Fig. 14) and may reflect differences in the rigorousness of the two. 

stimuli. The mean number of release events were also greater for this stimulus. The 

number of release events recorded in control cells were 60±6 vs 28±3 in w-conotoxin 

treated cells. In comparison, the mean number of events in controls was 56±6 vs 15±4 in 

· the presence of nimodipine. These figures correspond to a 73 and 53% reduction in 

release by nimodipine and conotoxin, respectively. The combined effect of the 

ant'agonists produced an 85% reduction in release, 11±2 release events in the presence of 

the antagonists compared to 71±7 events in controls. 
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As stated above,_ current responses to this stimulus were also different in the 

presence of the two antagonists. The comple_x waveform of the outward current (K+

delayed rectifier and Ca2+-dependent_ K+ current)· was similar in control and in ro -

conotoxin GVIA treated cells (F1g.-· 15).' In the presence of nimodipine, however, the 

outward current was much smaller in amplitude and declined further during the pulse, 

provoking a similar conclusion as with the AP-command that the two antagonists 

produced vastly different effects on the level of ca2+ entry. 

To examine more directly the effect of the two antagonists on ca2+ current and 

release, release was studied under conditions in which ca2+ currents were isolated. These 

experiments employed the solutions given in column B of Table 2, which effectively 

blocked K+ fluxes and voltage-dependent Na+ channels. The results are shown in Fig. 

16. Under these conditions, the effect of nimodipine on release was similar to its effect on 

Ca2+ current. The effect of ro -conotoxin on release, however, was still greater than 

evident from its effect on ca2+ current which indicates that the effect was not due to an 

overlap in block of L-type channels and may reflect a direct effect on elements of the 

release machinery. 

4. Conclusions 

These studies indicate that the magnitude of effect of ca2+_channel blockers on 

release is dependent on the type of stimulus and on the presence of other channel types. 

These differences appear to relate to accessibility of ca2+ to different pools of granules. 

Comparisons under similar conditions, however, indicated distinct differences between 

N- and L-type channels in the release process. 

Consistent with predominance of L-type channels in rat chronfaffin cells, 

inhibition of this channel· subtype produced a larger inhibition of release under all 

conditions. The magnitude of current entry through these channels likely evokes release 

from pools of granules residing at grea_ter distances from the plasma membrane. The 
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reduction in current by the L-type channel antagonist would limit access to these 

additional pools. The effect of both N- and L-type channel blockers on release was 

greater in normal saline than in solutions that allowed isolation of ca2+-currents. The 

large effect of th~ blockers on release in response to the AP command is understandable 

in terms of the need for summation of ca2 + between single action potentials. The 

difference in block of release for the rectangular voltage pulses between the two 

solutions, however, suggests an antagonistic role for K+ channels in release that is 

additive to the block by, ca2+ _channel antagonists. This conclusion, however, is based 

only on the observation that the effect of the blockers on release was less when K+ 

channels were blocked. Were the cells not voltage clamped, such an effect would be 

expected since K+ ch_annels act in repolarization of the cell. However, voltage-clamped 

cells cannot repolarize so the results suggest a different role for K+ channels under these 

conditions and may relate to the large conductance K+ channel detected on chromaffin 

cell granules for.which a function has yet to be determined (Arispe et. al. , 1992). 

In contrast to nimodipine, block of release in the presence of w-conotmdn GVIA 

appears to occur supplemental to effects on ca2+ currents. Microdomains of Ca2+ have 

been shown in response to opening of voltage-dependent Ca2+ channels (Monck et. al., 

1994; Robinson et. al., 1995) and release has been localized to these areas of ca2 + 

increase. It is conceivable, therefore, that some element(s) necessary for release might 

localize in the vicinity of ca2+ channels. The magnitude of block by the N-type channel 

blocker suggests that these channels may either localize near release sites or some 

element important for release may localize to these channels. Since the effects of the two 

antagonists were non additive and the channels are not essential for release, the data 

suggest that N-type channels act in a complementary association with L-type ca2+ 

channels to produce a high rate of release. The combination of antagonists, however, do~s 

not ·produce a complete block of release and suggests that the R-type channel subtype 

also contributes to release. 
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E. Detection of ATP release 

As stated in_ the introduction, a number of other substances including ATP are co

released with catecholamines when release is triggered in chromaffin cells. At present, 

there are no methods that provide the time resolution -comparable to carbon-fiber 

electrodes for the "investigation into the releas~ cif non-oxidizable subtances. Such 

methods would greatly aid investigat~ons into such· questions as to whether these 

substances are co..;stored within th~ same·.granule and if not, whether differential release 

occurs. Given the presentproliferation of cloned-membrane receptors, the present line of 

experiments were undertaken to determine whether the expression of a cloned ATP

activated receptor on the plasma membrane of chromaffin cells would detect the 

occurrence of released ATP. 

1. Expression of P2xR1 receptor for the detection of released ATP 

To address this question, the cloned ATP-activated receptor, P2xR1 (Brake et al. 

,1994), was heterologously expressed in chromaffin cells after cytoplasmic 

microinjection of the cRNA into single cells. Expression of the receptor was detected 

after incubation of the cells for 4-24 hr following injection. Application of exogenous 

ATP to injected cells, resulted in a dose-dependent inwardly directed current that 

reversed near 0 m V (Fig. 17). The affect of ATP was antagonized by the trypanocide, 

suramiri, a non-selective P2-purinoceptor antagonist. The concentration-response curve 

for ATP (Fig. 17C) showed an EC50 of 18 µM when fitted with a Hill coefficient of 2. 

No response to ATP was seen in non-injected cells (n=30). 

For the detection of release, cells were voltage-clamped at a holding potential of 

-60 mV and studied in the solutions listed in column A of Table 2. This receptor, 

however, proved to have a high Ca2+ permeability and therefore produced a feed forward 



Fig. 17. Electrophysiological response, of isolated rat chromaffin cells expressing the 

P2xRl receptor, to exogenously applied ATP. A. Inward currents, induced by ATP at the 

indicated concentrations. B. Application of ATP (30 µM) to another cell showing 

antagonism of the response by suramin (30 µM) and the time-dependent-reversal of the 

suramin effect. C. Dose-respons_e curve for ATP. Responses were normalized to. the 

response at 100 µM and the data fitted with the Hill equation using a Hill coefficient of 

2.0. The numbers in parentheses denote number of cells·. D . . current-voltage relationship 

of the currents elicited by ATP. Cells were voltage clamped at -60 mV and studied in 

Ca2+free external saline (Table 1). ATP was dissolved in the external solution and 

applied by lowering a micropipette connected to a multi-chambered reservoir to within 

20 µm of the cell. No responses were elicited in non-injected cells (n=30). The dashed 

line (---) denotes the zero current level. 
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Fig. 18. Release from cells expressing the P2xRJ receptor in response to histamine. 

Superimposed current traces ( 10 s) of the membrane ( top trace) and carbon fiber (bottom 

trace) of an injected cell. Histamine (JO µM) was applied by bath perfusion to an injected 

cell voltaged clamped at -60 m V and perfused with the standard saline solution at 1 

ml/min. The membrane current and current arising from the carbon fiber were sampled 

at 1 KHz. Events were captured on VCR and later down loaded into the computer in 10 s 

segments. 
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Fig. 19. Release from cells expressing the P2x RI receptor in response to brief exposure 

to histamine. Examples of membrane current traces from 3 injected cells to puffs of 

histamine (100 µM) delivered by a picospritzer at a pressure of 0.2 Kp!cm2. Events 

varied widely in amplitudes. The recordings began with onset of the puff and event 

markers (arrows) indicate termination of puff. In the first trace, the marker is masked by 

a large inward current. Cells_ were voltaged-clamped at -60 mV and currents were 

monitored for 10 s. Cells were perfused with the Ca2+free external solution and 

histamine was dissolved in the standard saline external solution. Puffs of standard saline 

external solution alone elicited no response. 
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Fig. 20. Release in response to depolarizing voltage pulses. Sample current traces 

showing the simultaneous capture of exocytotic events with a carbon-fiber electrode.• 

Superimposed current traces ( 10 s) of the membrane ( top trace) and carbon fiber (bottom 

trace) of 2 cells injected with the P2xRl receptor cRNA (top and middle figures) and a 

dye injected cell (bottom). 500-2000 ms pulses were delivered at 40 s intervals and 

currents were monitored for ]Os. Inset. One coincident event in the middle of the trace is 

shown on an expanded time scale. The onset of the CF signal preceeded the membrane 

current by 2 ms. Cells were voltaged clamped at -60 mV holding potential and a voltag¢ 

pulse to 0 mV for 1 s (top trace), 2 s (middle trace)~ and 500 ms (bottom trace) was 

delivered to the cells through the patch electrode. The three traces are from . different 

cells. Scale bar:· horizonal is 10 ms; vertical is 0.04 nA. 
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effect on release. Leak of ca2+ into the cell during formation of the whole cell access 

was usually sufficient to initiate uncontrollable release. It was, therefore, necessary to use 

a Ca2+-free external solution (Table 2, column C) until after seal formation and break-in. 

The patched cell was then studied under constant perfusion with the standard external 

saline. Release was initiated by the application of histamine (10 µM) or depolarizing 

voltage pulses to 0 m V. 
I 

Histamine, acting through H 1 receptors, causes release of Ca2+ from intracellular 

stores (Wan et al. 1989) but does not produce an associated membrane current. Bath 

application of histamine to injected cells produced a robust onset of transient inward 

currents (Fig. 18). Such curreJ1ts were not seen in non-injected cell nor in injected cells in 

the presence of suramin. In contrast, release of catecholamines could be detected 

electrochemically under these conditions. The presence -of high EGTA in the patch 

pipette blocked release of both catecholamines and the occurrence of these currents ( data 

not shown). These results indicated that the presence of these currents represented 

activation of the expressed receptor by the released ATP. 

The .high rate of release in the continued presence of histamine caused many 

events to appear fused, possibly due to the long duration of events and near simultaneous 

release of se-Veral granules. W~th brief application of histamine by way of a picospritzer, 

more discrete events could ·be detected (Fig. 19). Under these conditions, the external was 

the ca.2+ -free solution and histamine was dissolved in the standard external saline. 

· · Application of the standard exte~al saline in the absence of histamine was without effect. 
. \ 

Analysis of these transient _current events showed that the currents varied in amplitude 

and in duration. Similar results were obtained with depolarizing voltage pulses in cells 

studied with 0.5 mM Ca2+ added to the Ca2+free external solution (Fig. 20). The time 

constant for the duration of events varied between 50 and 450 ms and there was no 

correlation with current amplitudes. The variation in size of the current transients may 
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reflect the variation in the size of the chromaffin granules, however, other explanations 

such as incomplete release .of some granules, multivesicle release, or variation in the 

content of ATP among granules are just as plausible. 

Although ATP and norepinephrine are co-transmitters at autonomic-synaptic 

contacts and both ATP and catecholamines are known to be released under similar 

conditions from chromaffin cells, it has never been shown that release occurs from the 

same vesicle. To address this question, ATP and catecholamine release was co-monitored 

to determine if co-release could be detected. As illustrated in Fig. 20, many of· the 

. transient inward currents occurred with similar onsets as the amperometric carbon-fiber 

currents. The slowness of release, however, under these recording conditions (0.5 mM 

ca2+ in the external solution) limited the occurrence of car}?on-fiber current during any 

single stimulation. The difference in onset of co-detected events that were baselin_e 

resolved was measured in four cells. The onset of each current was measured from the 

numerically differentiated records of the current ~aces as the time of occurrence of the 

first deviation in slope of the dA/dt for each peak. With the exception -of one event, the 

carbon-fiber current preceded the membrane current with a mean difference of 2.3±0.4 

ms (n=33). The order of detection of the two detectors may reflect differences in _kinetics 

of the two detectors but could also reflect the proximity of the expressed r~ceptor to 

release sites. The similar occurrence of the two events indicated that both detected the 

same event. 

2. Conclusions 

ATP release was detected with ~he expression of the cRNA for the cloned P2xRl-

purinoceptor in chromaffin cells. Expression of . the receptor was indicated by the 

response of .injected cells to e~ogenously applied ATP. Activation of the receptor by 

released ATP produced an inward current that was easily detected in voltage-clamped 

cells. Simultaneous monitoring of catecholamine release showed that the electrochemical 
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signal was coincident with many of the inward currents, which indicated that the two 

signals detected the same event and constitutes the first demonstration of the ·release -of 

ATP and catecholamines from the same vesicle. The P2x R 1 .receptor, however, was 

found not to be innocuous on release. The high ca2+ permeability of this receptor 

precludes its use as a general detector of ATP release. Athough the receptor can be 

controlled in the presence of low external ca2+, release under these conditions is slow, 

and· the receptor is not appropriate for the monitoring of fast events as occurs in kinetic 

studies that require higher external ca2+.· The feasibility of this method of detection, 

however, has been amply demonstrated and the expression of a similar receptor lacking 

Ca2+ permeabilfry would likely have produced the desired results. 



V. DISCUSSION 

This thesis is an attempt to define the role of ca2 + -channel subtypes in 

catecholamine release from rat adrenal chromaffin cells. The study is based on 

electrophysiological and electrochemical techniques in conjunction wi~h the use of ca2+_ 

channel antagonists. The perspective ":ith which these results should be viewed with 

respect to the current literature is treated in the ensuing discussion. 

A. Ca2+ channel diversity 

Rat chromaffin ·cells express multiple ca2+ -.channel subtypes consisting of an N-, 

L- and R-type. The L-type channel is not a silent channel as has been described uniquely 

by one group in bovine chromaffin cells (Artalejo et al. 1993b) but does contribute most 

of the current in these cells. The finding of multiple ca2+_channel subtypes expressed in 

rat chromaffin cells is consistent with the findings in chromaffin cells of other species 

(Artalejo et al. 1990; Artalejo et al. 1993b; Albillos et al. 1994; Lopez et al. 1994) and of 

neurons (Snutch and Reiner, 1992). The specific subtypes appear to vary among species 

and there exists some controversy as to the expression of some subtypes in the same 

species (Artalejo et al. 1993b; Lopez et a_l. 1994). The findings as to the specific subtypes 

expressed in this study is not in total aggreement with another recent report of subtypes in 

rat chromaffin cells (Gandia et al. 1995). This group acknowledged the presence of N-, 

L.,. and R-type, · but also reported that P-type channels comprised _15% of the expressed 

channels. P-type channels have been shown to comprise one third of the channels in 

65 
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bovine chromaffin cells (Artalejo ef al.- 1993b) and the· report on subtypes in cat 

chromaffin cells stated as an unpublished observation that P-type channels comprised 

15% of the channels in cat cells (Albillos et al. 1994). There was, however, no evidence 

of the presence of P-type channels in the present study but perhaps there are subtle 

differences in strains of rats, although the particular strain was not reported in that study. 

The presence ·of R-type channels, however, is not a unique finding. These channels have 

been shown to occur in both the central and peripheral nervous sytem of the rat (Regan et 

al., 1991) 

B. Kinetics Qf release. 

A mean latency of 43-46 ms for release found in this study compares favorably 

with the 51 ms previously reported (Chow et al. 1992) using electrochemical detection in -

bovine chromaffin cells. This finding supports the conclusion that s:ecretory granules in 

neuroendocrine cells are at greater distances from ca2+ channels than synaptic vesicles 

in nerve termini (Augustine and Charlton, 1986). Release in response to raising 

intracellular ca2+ to very high levels through photolysis of caged ca2+, showed a 

minimum delay of 6-11 ms in pituitary melanotrophs (Thomas et al. 1993) compared to a 

minimum delay of 200 µs in squid giant axon (Augustine and Charlton; 1986). The 

present study showed a minimum delay of 7-10 ms for rat chromaffin cells. In spite of the 

differences in kinetics of release, ·the arrangement of ca2+ channels and secretory sites in 

neuronal termini and neuroendocrine cells are believed to be functionally equivalent. 

Although there is no morphological evidence ~or structures similar to active zones in 

neuroendocrine cells, pulsed-laser imaging studies of Ca2+ levels in response to short 

depolarizations show 'hot spots' or partial rings in the immediate vicinity of the plasma 

membrane which suggests clustering of calcium channels (Monck et al. 1994; Robinson 

et al. 1995). It has further been demonstrated that release is restricted to these localized 

areas of ca2+ increases (Robinson et al. 1995). 
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The kinetics of release from chromaffin cells has led to the proposal of multiple 

pools of granules that differ in releasability: an immediately-releasable pool, estimated to 

contain about 17 granules, a ready-releasable pool, containing about 170 vesicles and a 

reserve pool that supplies granules to the other pools (Horrigan and Bookman, 1994). 

Multiple pools of granules have been proposed also from the multiple release rates 

obtained in response to rapid release of caged ca2+. It was concluded that th~ different 

rates represented depletion of various finite pools of granules (Heidelberger et al. 1994; 

Thomas et al. 1993; Neher and Zucker, 1993) designated as ultra-:fast, fast, and slow. The 

differences in capacitance measurements and· electrochemical detection of release 

preclude direct comparison to the present results, however, experiments in which release 

was ~compared for repetitive stimulations in the same cell were suggestive of at least two 

pools. One pool was small as it was depleted after two repetitions of the stimulation. The 

second pool was considerably larger, for release remained steady-state for at least 5 

additional sets of stimulation. Considering the .estimate of the size of the ready-releasable 

pool and the percentage of release detectable in the present study, the effect of ca2+_ 

channel antagonists may have been to limit release to this pool. This is consistent also 

with the observation that the changes in the probability of release and the release fall off 

rate with time in culture showed changes -in parallel to changes in Ca 2+ currents~ 

C. Ca2+ dependence of release 

The intracellular ca2+ _dialysis studies showed that release was highly ca2+ . 

dependent. Release varied with a Hill coefficient of 2 and the response was maximal at a 

total Ca2+ concentration of 100 µM. Similar results were.obtained previously (51) but the 

maximum ca2+ concentration for release in that study was shown to be· 10 µM free 

ca2+. This difference may be reconciled in terms of intracellular ca2+ buffering. It has 

been estimated that for every 10 ca2+ ions that enter chromaffin cells, 9 are bound by 

mobile and immobile intracellular ca2+ buffers (Neher and Augustine, 1992). The results 
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of the present study refer to total ca2+ concentrations but if the estimates of intracellular 

ca2+ buffering are correct then the free ca2+ concentration was likely 10-fold lower. 

The augmentation of release to the maximum rate by ·further depolarization to O mV 

would indi~ate that ca2+ concentrations- at -~he subplasma membrane in response to 

depolarization are at least of this magnitude. Such concentrations are not usually detected 

because conventional ca2+-imaging techniques measure average_ ca2+ levels and 

depolarizations produce loc_al Ca2+ gradients that collapse and equilibrate with the cell · 

cytosol within a fraction-of second after the channel closes (Neher and Augustine, 1992). 

In contrast to the studies in neuroendocrine cells, c.a2+ sensitivity for secretion at 

nerve termini has been shown to be much highe~. Release in response to depolarization, 

caged ca2+ and intracellular dialysis of ca2+ were performed recently on isolated nerve 

termini of bipolar neurons from goldfish retina (Heidelberger et al. 1994). Release rates 

based on capacitance measurements showed that release was initiated ~t free ca2+ 

concentrations >20 µM and· half maximal at 194 µM free intraGellular ca2+. These 

,values indicate a ca2+ affinity an order-of magnitude lower than neuroendocrine cells. 

Like neuroendocrine cells, however, release in response to intracellular dialysis of ca2+ 

was slow and sub maximal. This indicates that in both.cell types, efficient release requires 

the locally high ca2+ concentrations obtained by the opening of VDCC. 

D. The role of VDCC subtypes in release. 
-

The present study demonstrated that although ca2+ channels are not essential for 

catecholamine release, these channels produce an efficient high rate of release and 

suggests that ca2+ channels are colocalized with release sites. L-type ca2+ channels 

have long been associated with catecholamine ·release from rat (Wakade, 1981), cat 

(Gandia et al. 1987; Garcia et al. 1984) and bovine chromaffin cells (Cena et al. 1983). A 

complete block of release by L-type channel antagonists, however, has never been 

demonstrated and this observation may result from the more recent studies showing the 



69 

co-expression of multiple Ca2+ _channel subtypes in the~e cells (Artalejo et al. 1993b; 

Albillos et al. 1994; Gandia et al. 1995; Hollins and Ikeda, 1993; Hollins and Ikeda, in 

press). Similarly, release at synaptic termini is also not.completely blocked by selective· 

Ca2+_channel antagonists (Turner et al. 1993; Tyler and Lovinger, 1995; Robichaud et 

al. 1994; Dunlap et al. 1995). Thus, these results suggest that all ca2+ channels 

participate in release by virtue of their role as Ca 2+ conduits. Under these conditions, the 

control of release by a specific subtype should correlate with the relative density of that 

subtype. The present results partly support this view. The block of release by the L-type 

channel antagonist is consistent with the dominance of this channel type in rat chromaffin 

cells. This conclusion was reached also for release from bovine chromaffin cells for the 

facilitation channel (Artalejo et al. 1993b). The .effect of the N-type channel antagonist, 

however, suggests a different role for these channels. Block of release was far in excess 

of the relative_ abundance of this channel type as indicated by current block with w

conotoxin OV~ and since the total _ca.2+ current was not significantly diminished, the 

results suggest block of an essential step in release. It is therefore proposed that this step 

involves the docking of granules recruited from remote pools. Support for this proposal 

comes from studies localizing N-type channels _to,release sites (Sheng et al. 1996). N-type 
. . 

ca2+ channels have been shown to interact with syntaxin, a plasma membrane protein 

· and component of the :vesicle docking complex. A specific binding motif for syntaxin is 

· located "in the second intracellular loop of the al subunit of the N-type Ca2+ channel 
. . . 

(Sheng et al. 1994). Although a similar interaction has not been shown with chromaffin 

cell membranes, the formation of the docking complex has been demonstrated in bovine 

adrenal chromaffin cells (Morgan and Burgoyne, 1995; Roth and Burgoyne, 1994). 



VI.SUMMARY 

l. Evoked acti~n potentials in rat chromaffin cells were both Na+ and Ca~+ based and 

whole-cell voltage clamp studies in normal saline revealed an inward-rectifier type 

current. The mean resting potential of the cells was -62±3 m V. 

2. 'Na+ channels were similar to those expressed in sympathetic neurons in activation and 

inactivation properties. 

3. Rat adrenal chromaffin cells express N-, L- and R-type ca2+ channels with mean 

relative percentages of 25±10, 45±12, and 27±10, respectively. 

4. The probability of release from chromaffin cells was low for short depolarizations but 

could be increased with longer depolarizations. 

5. A high rate of release appeared to require recruitment of granules from pools of 

granules at different distances from the plasma membrane or of different Ca2+ 

sensitivities. K+ channels appeared to play a direct role in release as the block of release 

was- less in the absence of .these channels. 

6. Inhibition of L-type channels produced an 87% inhibition of catecholamine release in 

response to action-potential commands when studied in normal saline. This effect appears 

to be due to failure to recruit from the larger pool of granules as a result of the reduction 

in ca2+ current. 

7. The N-type channel antagonist, w-conotoxin GVIA, also produced- a large reduction in 

release (73%). Inhibition by this toxin, however, appeared to occur by a mechanism 

supplemental to effects on ca2+ _current levels. The non-additive effect of these 

antagonists on release suggest a cooperative lirik between N- and L-type channels on 
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release.· 

8. The incomplete block of release in the presence of both agents sQggests that all Ca2+ 

channels participate in release. 

9. Heterologous expression of a cloned ATP-liganded receptor on the cell surface of 

chromaffin cells autodetected release of ATP from single granule fusion. Simultaneous 

detection of catecholamine and ATP release showed that both molecules were co-released 

from the same granule. The Ca2+ permeability of the receptor, however, precludes its use 

as a general detector of ATP release. 

Final conclusion 

The data are consistent with the model of release originally proposed by von 

Ruden and Neher in which granules located at different distances ( of pools) from the cell 

membrane are recruited sequenti~lly as a function of intracellular-free [Ca2+]. The 

present data suggest that ca2+ entry through all ca2+ channels participate in release of 

granules from the ready-releasable pool. N- and L-type channels function differently, 

however, in release from the larger more remote pool of granules. L-type channels appear 

to function in recruitment from the larger pool but N-type channels appear to promote the 

docking of these granules to release sites. An efficient high rate of release, therefore, 

requires the cooperative action of both channel subtypes. 
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