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Snails, Spiders, and Stereospecificity—Is There a
Role for Calcium Channels in Anesthetic

Mechanisms?

Depression of Ca®* currents by volatile anesthetics has
been described for more than a decade, having initially
been noted in myocardial tissue'~* and subsequently
in neural and secretory cells.>® Yet, the minimal an-
esthetic contributions provided by the classic calcium
channel blockers (dihydropyridines, phenylalkylam-
ines, benzothiazepines) have not made a strong case
for a calcium channel role in anesthetic mechanisms.
However, molecular biologic techniques used to isolate
genes encoding the major Ca®** channel subunits com-
bined with electrophysiologic investigations have dis-
tinguished at least five types of Ca®* channels.>~'" It is
now clear that the aforementioned Ca channel blockers
inhibit almost exclusively the L-type channel promi-
nent in heart and vascular tissue but do not contribute
to synaptic stimulus-secretion coupling.'?

In this issue of ANESTHESIOLOGY, Study demonstrates
isoflurane-mediated inhibition of Ca%* currents at a rel-
evant clinical concentration in a central nervous system
cell isolated from the hippocampus.!® These results
emphasize the complexity of such an investigation,
with the observed Ca®** current generated by ion flux
through at least four different Ca®* channel types: T,
L, N, and an additional unidentified type. The T-type
channel, which activates at lower (more negative)
membrane voltages than other classes, contributes a
modest Ca** current that participates in pacemaker ac-
tivity in some cells'"'> and secretion in others in a
variety of cell types.'® Anesthetics depress T-type chan-
nels in heart,* endocrine,® and peripheral neuronal
cells,” although the significance of these observations
is unclear. Consistent with earlier work, Study reports
that the dihydropyridine-sensitive L-type channels are
inhibited by isoflurane. However, whereas the initial
definitions of ion channels were based on biophysical
criteria such as the voltage threshold required to open
(still employed to identify T-type channels), such cri-
teria as rate of inactivation do not always permit sep-
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aration of the various high-voltage-activated channels.
More recent studies have employed a variety of bio-
logically derived toxins to define the various Ca chan-
nels that contribute currents in neuronal and other
cells. The N-type channel, first described in peripheral
neurons in 1985,'” has been found to be selectively
depressed by w-conotoxin GVIA, a poison from the ma-
rine snail Conus geographus.'®'® Perhaps of greatest
significance in this investigation is the evidence for
isoflurane depression of this N-type Ca** channel that
has been found in a variety of neural and secretory cell
lines and has a key role in stimulus-secretion coupling
in certain cells.*>?' Anesthetic inhibition of the N-type
channel would be of considerable importance in dis-
rupting neuronal interaction.

Whereas Study demonstrated an action on several
types of Ca** channels at clinical concentrations of iso-
flurane, Hall et al. in this issue report only very modest
depression of Ca** currents from cerebellar Purkinje
cells,?? a cell line in which the P-type channel was
initially defined.?® The P-type channel, which is spe-
cifically blocked by a poison (w-Aga-IVA) from the fun-
nel web spider Agelenopsis aperta, also appears to have
a prominent role presynaptically and may be of critical
importance for stimulus-secretion coupling in certain
cells.?!?*24 Because the cerebellum is far less involved
in mood, memory, and consciousness than is the hip-
pocampus, the relevance of these findings to anesthetic
mechanisms is not obvious. Furthermore, whereas this
channel is prominent in Purkinje cells, an w-Aga-IVA-
resistant current is evident in other cells of the
cerebellum?® that may be sensitive to anesthetics. The
experiments of Study reveal the tantalizing observation
that an isoflurane-sensitive current remains after elim-
ination of T-, L-, and N-type channels.'* Although one
could speculate that the toxin-resistant channel might
be the P-type, its inactivation time course during de-
polarization and high sensitivity to isoflurane make this
less likely. Unfortunately, the identity of this channel
as a P-type could not be eliminated because of the lack
of w-Aga-IVA, which is only recently commercially
available. There is increasing evidence that other Ca®*
channels exist, tentatively termed Q and R,?¢ that are
resistant to all of the aforementioned toxins but sen-
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sitive to other Conus and Agelenopsis poisons (e.g.,
CVIIA, Aga IA). These channels also may play a prom-
inent role in cell function. Molecular genetic studies
confirm that genetic material for Ca** channels beyond
T-, L-, N-, and P-types can be extracted from brain,''%’
but the physiologic relevance and anesthetic sensitivity
of these channels remain to be explored.

What do these observations regarding Ca** channels
have to do with the mechanism of anesthetic action?
Substantial evidence has accumulated, and was re-
viewed recently, describing the action of various agents
that activate the GABA, chloride channel.?® Activation
of this anion channel results in cell hyperpolarization
or an increase in ion conductance that prevents de-
polarization, thereby inhibiting neuronal activity. Such
activation by benzodiazepines, barbiturates, propofol,
and the anesthetic steroids provides an obvious mech-
anism for the hypnotic effects of these agents.?*>° Work
by a number of investigators has shown that the volatile
anesthetics have a similar action with regard to acti-
vating the GABA, chloride channel®'-** that provides a
clear neurobiologic basis for the hypnotic and sedative
effects of these anesthetics. Recently, the molecular
interaction of anesthetics and the GABA, Cl™ channel
has been probed by Harris et al. using the stereospecific
isomers of isoflurane. They showed that isoflurane
anesthesia, as assessed by sleep time in mice, appears
to be stereoselective,?® and that similar stereospecific
volatile anesthetic actions can be demonstrated on GA-
BA, ligand binding.® Such stereospecific activation of
a molluscan K* current by the (+)-isomer of isoflurane
at low concentrations (0.5 MAC) has been invoked as
a strong argument for a direct anesthetic action on spe-
cific proteins and not a generalized bilayer effect,?’
even though not all anesthetics (e.g., chloroform, di-
ethyl ether) possess a carbon atom with four different
side chains and expressing stereoisomerism. Despite
the fact that the phospholipids of the membrane bilayer
are themselves all one stereoisomer of the glycerol
backbone,*® stereospecificity of action often is used as
indicating a specific protein receptor as site of action.
In this issue, Moody et al. provide evidence that iso-
flurane actions on L-type Ca channels are not stereo-
selective,*® with supporting evidence by Graf et al.*®
based on studies in intact myocardium. Although it is
tempting to attribute these nonstereoselective effects
to a “‘nonspecific’”’ (7.e., lipid) site, the converse of the
stereospecificity-protein receptor association is not
necessarily true. In the absence of further evidence,
the lack of a stereospecific effect does not necessarily
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exclude a direct anesthetic effect on the channel pro-
tein. Interpretations of stereospecific actions of anes-
thetics require far greater investigation of small chiral
compounds and how they interact with the various
classes of biologic constituents, particularly the mem-
brane phospholipids and membrane proteins.
Regardless of anesthetic action on the L-type Ca**

channels, if anesthetic effects on the other classes of
Ca®* channels are similarly nonstereoselective, that
seems to argue against Ca** channel effects mediating
anesthesia, which appears be somewhat stereoselective.
Furthermore, a recent review*! dismisses anesthetic ef-
fects on Ca channels as contributing to the anesthetic
state based on the higher doses required to inhibit cur-
rents ¢n vitro. Unfortunately, the authors neglected the
higher anesthetic solubility at the temperatures of the
in vitro experiments, and they failed to discuss in detail
that synaptic release is a high-order function of the
Ca®* that enters during depolarization.*? Thus, a re-
duction to 85% of control I, may be amplified to a
39-50% depression (0.85%, 0.85%) depending on the
apparent cooperativity. Even if anesthetics alter Ca
channel function, don’t the effects at the GABA, recep-
tor that appear to be stereoselective®® completely ex-
plain the clinical effects of the volatile anesthetics? The
actions at the GABA, receptor may account for the un-
consciousness produced by the volatile anesthetics;
however, an extrapolation beyond the hypnotic effect
(sleep time) to an understanding of total anesthetic
action seems unwarranted. Although the stereoselective
correlation presented by Harris et al. between in vivo®
and #n vitro® results seems convincing, a few caveats
must be presented. First, the stereoselectivity of the
effect on sleep time was incomplete, with one isomer
of isoflurane being only modestly more potent, es-
pecially at the higher concentrations. Second, complete
study of anesthetic potency requires the use of noxious
stimuli (such as tail-clamping in rats, or surgical in-
cision, clinically). While Harris et al.>* showed a ste-
reoselective effect in terms of sleep time, it remains to
be determined whether abolition of response to pain
has a stereoselective component. Most importantly, it
is evident to any practicing anesthesiologist that a com-
plete anesthetic adequate for surgery cannot be pro-
vided by the GABA,-agonist hypnotic agents alone, such
as barbiturates, benzodiazepines, propofol, or etomi-
date. Likewise, while possessing considerable anes-
thetic potency, even the large doses of opioids and
alpha,-adrenergic agents induce an incomplete anes-
thetic state that usually requires the addition of a hyp-
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notic agent for surgical anesthesia. Yet, a combination
of a benzodiazepine, propofol, or barbiturate with an
opioid or a-adrenergic agent can produce an anesthetic
state similar to that achieved by the volatile agents
alone.

Most discussions of the ‘“mechanism of anesthesia’’
are oriented toward volatile anesthetics and seek the
elusive ‘“‘unitary mechanism,” neglecting that an
equivalent anesthetic state can be generated by the
aforementioned combined method. Since opioids and
ay-agonists seem to ““‘complete’ the anesthetic when
combined with GABA, activating agents, do the volatile
anesthetics have cellular actions in common with the
opioids, as they do with the GABA, activators? It has
become clear that many of the opioids and a,-adren-
ergic agents act by inhibiting presynaptic Ca?* channels
responsible for activating transmitter release. %344 The
o and p opioid receptors, a, adrenergic receptors, GA-
BA; receptors, and certain muscarinic receptors (pres-
ent on sympathetic presynaptic regions) can decrease
the amplitude of Ca*" currents that are carried by N-
type Ca channels.**~* With regard to the paper by
Study, we recognize that N-type as well as other Ca*
channels are depressed by isoflurane and probably by
other anesthetics. In addition to effects on the Ca?*
channels, activation of opioid and &, receptors increase
the amplitude of presynaptic K* currents.>®5! This hy-
perpolarizing action at the synaptic terminal also will
reduce Ca** entry and, consequently, decrease neu-
rotransmitter release.?? Investigations in the same cells
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defining inhalational anesthetic and opioid actions,
alone and in combination, will be critical to determine
the possible common pathways of these agents whose
relation to the anesthetic state then must be verified.
Although certainly an oversimplification of the com-
plex neurophysiologic substrate, the major anesthetic
mechanisms can be summarized in figure 1. Most
prominently, the volatile anesthetics appear to bring
about two important neurobiologic actions indepen-
dently generated by: (1) the sedative-hypnotics, which
activate GABA, channels, and (2) the opioids or a,-
adrenergic agents, which reduce presynaptic Ca** in-
flux. Yet, at the molecular level, there remains the un-
answered question of how the inhalational anesthetics
can exert two apparently opposite channel effects: the
GABA, CI” channels stay open for a longer time and
hyperpolarize the cell, whereas the Ca?* channels ap-
pear not to open or stay open for a shorter period. Is
there a common pathway, Z.e., a ‘“unitary mechanism’’?
Modest changes in the membrane lipids could influence
these very different channel proteins in opposed di-
rections. Better candidates for anesthetic sites of action
include membrane-related cell processes that interact
with and modulate ion channels. The G proteins pro-
vide receptor-effector coupling at the cytoplasmic
membrane surface for myriad intercellular transmitters,
including the opioids and «,-adrenergic agents. Another
possible candidate is the protein kinase C enzyme fam-
ily, whose mechanism of activation involves interaction
with cell membrane lipids. This enzyme system, with
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important modulating functions on both the GABA,
receptors®® and Ca?* channels,>*>* was shown to be
altered by anesthetic agents,*® and protein kinase C
inhibition lowers anesthetic requirements (at least in
tadpoles).*” Further work will be directed toward ver-
ifying these apparently distinct mechanisms and
searching for a common cellular/molecular pathway
by which volatile anesthetics can generate these effects
on ion channel proteins and thereby inhibit cellular
excitability.

Carl Lynch 1III, M.D., Ph.D.

Joseph J. Pancrazio, Ph.D.

Department of Anesthesiology

University of Virginia Health Sciences Center
Charlottesville, Virginia 22908

References

1. Lynch C III, Vogel S, Sperelakis N: Halothane depression of
myocardial slow action potentials. ANESTHESIOLOGY 55:360-368,
1981

2. lkemoto Y, Yatani A, Arimura H, Yoshitake J: Reduction of the
slow inward current of isolated rat ventricular cells by thiamylal and
halothane. Acta Anaesthesiol Scand 29:583-586, 1985

3. Terrar DA, Victory JGG: Influence of halothane on membrane
currents associated with contraction in single myocytes isolated from
guinea-pig ventricle. Br J Pharmacol 94:500-508, 1988

4. Bosnjak ZJ, Supan FD, Rusch NJ: The effects of halothane, en-
fluranc, and isoflurane on calcium currents in isolated canine ven-
tricular cells. ANESTHESIOLOGY 74:340-345, 1991

5. Krnjevic K, Puil E: Halothane suppresses slow inward currents
in hippocampal slices. Can ] Physiol Pharmacol 66:1570~1575, 1988

6. Herrington J, Stern RC, Evers AS, Lingle CJ: Halothane inhibits
two components of calcium current in clonal (GH,) pituitary cells.
J Neurosci 11:2226-2240, 1991

7. Takenoshita M, Steinbach JH: Halothane blocks low-voltage-
activated calcium current in rat sensory ncurons. ] Neurosci 11:1404—
1412, 1991

8. Pancrazio JJ, Park WK, Lynch C III: Inhalational anesthetic ac-
tions on voltage-gated ion currents of bovine chromatffin cells. Molec
Pharmacol 43:783-794, 1993

9. Tsien RW, Ellinor PT, Horne WA: Molecular diversity of voltage-
dependent Ca?* channels. Trends Pharmacol Sci 12:349-354, 1991

10. Miller RJ: Voltage-sensitive Ca?* channels. ] Biol Chem 267:
1403-1406, 1992

11. Brust PF, Simerson S, McCue AF, Deal CR, Schoonmaker S,
Williams ME, Velicelebi G, Johnson EC, Harpold MM, Ellis SB: Human
neuronal voltage-dependent calcium channels: Studies on subunit
structure and role in channel assembly. Neuropharmacology 32:
1089-1102, 1993

12, Stanley EF, Atrakchi AH: Calcium currents recorded from a
vertebrate presynaptic nerve terminal are resistant to the dihydro-
pyridine nifedipine. Proc Natl Acad Sci USA 87:9683-9687, 1990

13. Study RE: Isoflurane inhibits multiple voltage-gated calcium
currents in hippocampal pyramidal neurons. ANESTHESIOLOGY 81:104—
116, 1994

Anesthesiology, V 81, No 1, Jul 1994

14. Hagiwara N, Irisawa H, Kamcyama M: Contribution of two
types of calcium currents to the pacemaker potentials of rabbit sino-
atrial node cells. J Physiol Lond 395:233-253, 1988

15. Suzuki S, Rogawski MA: T-type calcium channels mediate the
transition between tonic and phasic firing in thalamic neurons. Proc
Natl Acad Sci USA 86:7228-7232, 1989

16. Barrett PQ, Isales CM, Bollag WB, McCarthy RT: Ca** channels
and aldosterone sccretion: Modulation by K* and atrial natriuretic
peptide. Am J Physiol 261:F706-F719, 1991

17. Nowycky MC, Fox AP, Tsicn RW: Three types of neuronal
calcium channels with different calcium agonist sensitivity. Nature
(Lond) 316:440-443, 1985

18. Olivera BM, Gray WR, Seikus R, McIntosh JM, Varga J, de Santos
V, Cruz 1J: Peptide neurotoxins from fish-hunting cone snails. Science
230:1338-1343, 1985

19. McCleskey EW, Fox AP, Feldman DH, Cruz I, Olivera BM,
Tsien RW: w-Conotoxin: Direct and persistent blockade of specific
types of calcium channels in ncurons but not muscle. Proc Natl Acad
Sci USA 84:4327-4331, 1987

20. Hirning LD, Fox AP, McClesky EW, Olivera BM, Thayer ST,
Miller RJ, Tsien RW: Dominant role of N-type Ca** channels in evoked
release of norepinephrine from sympathetic neurons. Science 239:

57-60, 1988
21. Takahashi T, Momiyama A: Different types of calcium channels
mediate central synaptic transmission. Nature (Lond) 366:156-158, 1993
22. Hall AC, Lieb WR, Franks NP: Insensitivity of P-type calcium
channels to inhalational and intravenous general anesthetics. ANES-
THESIOLOGY 81:117-123, 1994
23. Llinas R, Sugimori M, Lin JW, Cherksey B: Blocking and iso-
lation of a calcium channel from neurons in mammals and cepha-
lopods utilizing a toxin fraction (FTX) from funnel-web spider poi-
son. Proc Natl Acad Sci USA 86:1689-1693, 1989
24. Turner TJ, Adams ME, Dunlap K: Calcium channels coupled
to glutamate release identified by omega-Aga-IVA. Science 258:310-
313, 1992
25. Bindokas VP, Brorson JR, Miller RJ: Characteristics of voltage
sensitive calcium channels in dendrites of cultured rat cerebellar
neurons. Neuropharmacology 32:1213-1220, 1993
26. Zhang]-F, Randall AD, Ellinor PT, Horne WA, Sather WA, Tan-
abe T, Schwarz TL, Tsicn RW: Distinctive pharmacology and kinetics
of cloned neuronal Ca?* channels and their possible counterparts in
mammalian CNS neurons. Neuropharmacology 32:1075~1088, 1993
27. Snutch TP, Leonard JP, Gilbert MM, Lester HA, Davidson N:
Rat brain expresses a heterogencous family of calcium channels. Proc
Natl Acad Sci USA 87:3391-3395, 1990
28. Tanelian DL, Kosek P, Mody 1, Maclver B: The role of the
GABA, receptor/chloride channel complex in anesthesia. ANESTHE-
SIOLOGY 78:757-776, 1993
29. DeLorey TM, Brown GB: y-aminobutyric acid, receptor phar-
macology in rat cerebral cortical synaptoneurosomes. ] Neurochem
58:2162-2169, 1992
30. Sieghart W: GABA, receptors: Ligand-gated CI™ ion channels
modulated by multiple drug-binding sites. Trends Pharmacol Sci 13:
446-449, 1992
31. Gage PW, Robertson B: Prolongation of inhibitory postsynaptic
currents by pentobarbitone, halothane and ketamine in CA1 pyramidal

cells in rat hippocampus. Br J Pharmacol 85:675-681, 1985

32. Moody EJ, Suzdak PD, Paul SM, Skolnick P: Modulation of the
benzodiazepine/y-aminobutyric acid receptor complex by inhala-

tional anesthetics. J Neurochem 51:1386-1393, 1988

20z ludy 01 uo 3senb Aq ypd°£0000-000L0766 1-Z¥S0000/0£ES Y9/ L/1/18/4pd-81o11e/ABO|0ISOUISBUE/WOD IIEUYDIDA|IS ZESE//:d}Y WOI) papeojumoq



EDITORIAL VIEWS

33. Nakahiro M, Yeh JZ, Brunner E, Narahashi T: General ancs-
thetics modulate GABA receptor channel complex in rat dorsal root
ganglion cells. FASEB J 3:1850-1854, 1989

34. Jones MV, Brooks PA, Harrison NL: Enhancement of y-ami-
nobutyric acid-activated CI™ currents in cultured rat hippocampal
neurones by three volatile anesthetics. J Physiol (Lond) 449:279-
293, 1992

35. Harris B, Moody E, Skolnick P: Isofluranc anesthesia is sterco-
sclective. Eur J Pharmacol 217:215-216, 1992

36. Harris BD, Moody EJ, Skolnick P: Stereospecific actions of the
inhalation anesthetic isoflurane at the GABA(A) receptor complex.
Brain Res 615:105-106, 1993

37. Franks NP, Licb WR: Stereospecific effects of inhalational gen-
cral anesthetic optical isomers on nerve ion channels. Science 254:
427-430, 1991

38. Yeagle P: The Structure of Biological Membrancs. Boca Raton,
CRC, 1992

39. Moody EJ, Harris B, Hochner P, Skolnick P: Inhibition of
[*Hlisradipine binding o L-type calcium channels by the optical iso-
mers of isoflurane: Lack of stercospecificity, ANESTHESIOLOGY 81:124—
128, 1994

40. Graf BM, Boban M, Stowe DF, Kampine JP, Bosnjak ZJ: Lack
of stereospecific effects of isoflurane and desflurane isomers in isolated
guinea pig hearts. ANESTHESIOLOGY 81:129-136, 1994

41. Franks NP, Licb WR: Molecular and cellular mechanisms of
general anesthesia. Nature Lond 367:607-614, 1994

42. Augustine GJ, Charlton MP, Smith §}: Calcium action in syn-
aptic transmitter action. Annu Rev Neurosci 10:633-653, 1987

43. Bley KR, Tsien RW: Inhibition of Ca?* and K* channels in
sympathetic neurons by neuropeptides and other ganglionic trans-
mitters. Neuron 2:379-391, 1990

44. Shen K-Z, Surprenant A: Noradrenaline, somatostatin and
opioids inhibit activity of single HVA/N-type calcium channels in
excised neuronal membrancs. Pflugers Arch 4 18:614-616, 1991

45. Crowder JM, Norris DK, Bradford DK: Morphine inhibition of
calcium fluxes, ncurotransmitter release and protein and lipid phos-

phorylation in brain slices and synaptosomes. Biochem Pharmacol
351:2501-2507, 1986

Anesthesiology, V 81, No 1, Jul 1994

46. Holz GG, Ranc SG, Dunlap K: GTP-binding proteins mediate
transmitter inhibition of voltage-dependent calcium channels. Nature
(Lond) 319:670-672, 1986

47. Gross RA, Macdonald RL: Dynorphin A selectively reduces a
large transient (N-type) calcium current of mouse dorsal root ganglion
neurons in culture. Proc Natl Acad Sci USA 84:5469-5473, 1987

48. Hescheler ), Rosenthal W, Trautwein W, Schultz G: The GTP-
binding protein, G,, regulates neuronal calcium channels. Nature
(Lond) 325:445-447, 1987

49. Seward E, Hammond C, Henderson G: u#-Opioid-receptor-me-
diated inhibition of the N-type calcium-channel current. Proc R Soc
Lond B 244:129-135, 1991

50. North RA, Williams JT, Surprenant A, Christic MJ: u and 6 re-
ceptors belong to a family of receptors that are coupled to potassium
channels. Proc Natl Acad Sci USA 84:5487-5491, 1987

51. Brown DA: G-proteins and potassium currents in neurons. Annu
Rev Physiol 52:215-242, 1990

52. Holz GG, Kream RM, Spicgel A, Dunlap K: G proteins couple
a-adrencergic and GABA,, receptors to inhibition of peptide secretion
from peripheral sensory neurons. Neuroscience 9:657-666, 1989

53. Kellenberger S, Malherbe P, Sigel E: Function of the «182+2S
y-aminobutyric acid type A receptor is modulated by protein kinase
C via multiple phosphorylation sites. ] Biol Chem 267:25660-25663,
1992

54. Haass M, Forster C, Richardt G, Kranzhofer R, Schomig A:
Role of caicium channels and protein kinase C for release of nor-
epinephrine and neuropeptide Y. Am J Physiol 259:R925-R930,
1990

55. Yang], Tsien RW: Enhancement of N- and L-type calcium cur-
rents by protein kinase C in frog sympathetic neurons. Neuron 10:
127-136, 1993

56. Slater §J, Cox KJA, Lombardi JV, Ho C, Kelly MB, Rubin E,
Stubbs CD: Inhibition of protein kinase C by alcohols and anaesthetics.
Nature (Lond) 364:82-84, 1993

57. Firestone S, Firestone LL, Ferguson C, Blanck D: Staurosporine,
a protein kinase C inhibitor, decreases the general anesthetic re-
quirement in Rana pipiens tadpoles. Anesth Analg 77:1026-1030,
1993

20z ludy 01 uo 3senb Aq ypd°£0000-000L0766 1-Z¥S0000/0£ES Y9/ L/1/18/4pd-81o11e/ABO|0ISOUISBUE/WOD IIEUYDIDA|IS ZESE//:d}Y WOI) papeojumoq



