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Tertiary amine local anesthetics (dibucaine, tetracaine, procaine, etc.) modify cell 
morphology, concanavalin A (Con A)-mediated agglutinability and redistribution of 
Con A receptors. Con A agglutination of untransformed mouse 3T3 cells was en- 
hanced at  low concentrations of local anesthetics, and the dynamics of fluorescent- 
Con A indicated that ligand-induced clustering was increased in the presence of the 
drugs. In contast, these drugs inhibited Con A-induced receptor capping on mouse 
spleen cells. These effects can be duplicated by combinations of vinblastine (or 
colchicine) and cytochalasin B suggesting that local anesthetics act on microtubule 
and microfilament assemblies which are involved in the trans-membrane control of 
cell surface receptor mobility and distribution. It is proposed that tertiary amine 
local anesthetics displace plasma membrane-bound Ca2+, resulting in disengagement 
of microfilament systems from the plasma membrane and increased cellular Ca2+ 
concentration t o  levels which disrupt microtubular organization. The possible in- 
volvement of cellular Ca2+ in cytoskeletal destruction by local anesthetics was 
investigated utilizing Ca2+-specific ionophores A23 187 and X537A. In media con- 
taining Ca2+ and cytochalasin B these ionophores caused effects similar t o  tertiary amine 
local anesthetics. 
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INTRODUCTION 

Due t o  their amphipathic structures, tertiary amine local anesthetics partition into 
and act on cellular membranes (1-4). Although their anesthetic site of action has not  been 
determined, local anesthetics interact with membrane lipids (3-lo), particularly anionic 
phospholipids (1,7,8, lo), and they probably interfere with ATP-dependent transport 
and bind t o  other membrane protein components (1 1-13). An important property of local 
anesthetics is their ability t o  displace Ca2+ from membranes (2,8,9,  14) and produce 
molecular disordering in lipid bilayers (10, 15). 
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Local anesthetics are known to affect a variety of cellular processes, in addition to 
their anesthetic properties on excitable cell membranes (1-3, 5). At low concentrations 
where anesthetics have little direct effect on membrane lipid fluidity (10, 15), these 
drugs alter cell volume (2, 16), osmotic fragility (16), spreading (17), locomotion (18), 
adhesion (19,20), axonal transport (21), endocytosis (17), exocytosis (22,23) and fusion 
(23,24). More recently low concentrations of tertiary amine local anesthetics have been 
found to modify lectin-mediated cell agglutination (25-27) and the dynamics of cell sur- 
face receptors (26-28). In particular, local anesthetics enhanced the susceptibility of 
untransformed BALB/3T3 cells to agglutination by concanavalin A (Con A), and facilitated 
lectin-induced redistribution of Con A receptors on these cells (26,27). In contrast, local 
anesthetics at similar concentrations inhibited ligand-induced capping of immunoglobulin 
receptors on mouse lymphocytes (27,28) suggesting that their actions might involve dis- 
ruption of the cytoplasmic structural elements associated with the cell plasma membrane 
such as microtubules and microfilaments. These membrane-associated assemblies, 
collectively called the cytoskeletal system, have been proposed to be involved in certain 
energy-dependent processes such as capping where clustered ligand-receptor complexes 
are swept to and held at one pole of a cell prior to endocytosis or shedding (29-32). Micro- 
tubules are sensitive to disruptive drugs such as colchicine and the Vinca alkaloids (33), 
and they are thought to act as “anchors” which restrict the mobility of certain cell sur- 
face receptors (34-37), because disruption of microtubular systems in many cases facilitates 
receptor redistribution by multivalent ligands (25,27,34-36,38,39). The other important 
class of membrane-associated cytoskeletal elements, microfilaments, also affect the 
mobility and distribution of surface receptors (27,29,38,40). Microfilaments can be 
disrupted by cytochalasin B (41,42) and D (43). Importantly, local anesthetics appear to 
disrupt both microfilament ard microtubule iystems (26,27,44) causing enhancement 
of ligand-induced redistribution or clustering (25-27), but inhibiting polar redistribution 
or capping (26-28). 

LECTIN-INDUCED AGGLUTINATION AND RECEPTOR REDISTRIBUTION 

Local anesthetics at low concentrations enhance lectin-mediated agglutinability and 
receptor mobility on untransformed 3T3 cells (Table I). Although these effects can be 
partially attained by treatment with cytochalasin B alone, the combination of cytochalasin 
B plus vinblastine closely mimics the action of tertiary amine local anesthetics (Table I), 
consistent with our previous results (26,27). In other experiments we have shown that 
drug treatments do not modify lectin binding to the cell surface (26, 27,49). In addition, 
local anesthetics failed to produce an additive effect if added together with colchicine and 
cytochalasin B (27). We interpret these results as evidence that local anesthetics modify 
both plasma membrane-associated microtubules and microfilaments involved in the trans- 
membrane regulation of cell surface receptor mobility and distribution. 

Further evidence for action of local anesthetics in modifying cytoskeletal systems 
has been obtained using mouse splenic lymphocytes. Anesthetics dramatically inhibit 
ligand-induced capping of surface immunoglobulin receptors (26-28). In addition, they 
also block Con A-induced cap formation on spleen cells (Table 11) and prevent the main- 
tenance of preformed caps (27) similar to that caused by cytochalasin B (27,38,40) or 
colchicine plus cytochalasin B (27, 38). 
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TABLE I. Effect of Tertiary Amine Local Anesthetics on Concanavalin A-Induced Cell 
Agglutination and Receptor Redistribution on Mouse 3T3 Cells 

Redistribution of fluorescent- 
Con A after drug treatment$ Concentration of 

Con A causing 
Drug half-maximal 

Treatment * concentration agglutination? % Uniform % Clustered 

Untreated - 1100pg/ml > 90 < 10 
Dibucaine 0.2 mM 160 < 10 > 90 
Tetracaine 0.5 mM 200 < 20 > 811 
Vinblastine 0.01 mM 1100 > 90 < 10 
Cytochalasin B 10 pg/ml 700 > 80 < 20 

200 < 20 > 80 Vinblastine 0.01 mM 
+ cytochalasin B 10 pg/ml 
Dimethylsulfoxide 0.1% 1100 > 90 < 10 

*Cells were incubated in suspension for 30 min at 37°C in serum-free media. 
TAgglutination was scored at 20°C as described previously (45,46). 
$Redistribution of cell-bound fluorescent-Con A was determined as in (27,47,48).  Cells were 
observed after 15 min at 20°C. The data represent the results of three different experiments. 

TABLE 11. The Effects of Local Anesthetics and Cytochalasin B on Capping of 
Concanavalin A Receptors on Mouse Spleen Cells* 

Incubation 
time 

Treatment Concentration (rnin) % Capst 

Untreated 
Dibucaine 
Tetracaine 
Pro mine 
Cytochalasin B 
Vinblastine 
+ cytochalasin B 
Dimethylsulfoxide 

39 Control -_  
2 x lo-‘ M 30 < 1  
5 x 1 0 - ~  M 30 8 
1 X lo-’ M 30 14 
10 p d m l  60 < 15 
0.01 mM 
10 d m l  
0.25% (v/v) 60 35 

60 < 1  

~~ ~ ~~ ~ ~~~~~~~ 

*Spleen cells were preincubated in serum-free RPMI 1640 medium with or without 
the various drug supplements for the indicated times and then incubated with fluorescein- 
conjugated Con A for 30 min at 37°C after which the percentage of cells displaying caps of 
Con A receptors was measured as described in Ref. 27. The results represent mean values 
derived from three separate experiments. 
?Percentage of stained cells with caps. 

MORPHOLOGY 0 F AN ESTH ETI C-TR E ATED CE L LS 

Local anesthetics produce dramatic morphological changes in confluent BALB/c 
3T3 cells (44). These cells are normally flat, polygonal, endothelial-like cells which are 
density-inhibited at about 5-12 X lo4 cells/cmZ. At confluency 3T3 cells contain an 
extensive network of microfilaments and microtubules (44, 50). Addition of dibucaine 
(2 X lop4 M), tetracaine ( 5  X 
ing at anesthetic doses; the differing potencies of these drugs corresponded well with their 
octanol-water partition coefficients (1 7). Examination by electron microscopy revealed 
that the local anesthetic-treated cells were devoid of identifiable microfilaments or micro- 
tubules (44). Within 5 min of exposure to local anesthetics, the plasma membranes on the 
flat 3T3 cells lifted in many places forming surface “blebs” resembling the surface zeiotic 

M) or procaine (10 X M) produced cell round- 
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Fig. 1. Diagrammatic sequence of morphological changes induced in BALB/c 3T3 cells by treat- 
ment with tetracaine for 30 min at 37°C. At low concentrations of anesthetic (- 0.5-0.8 mM) the 
normally flat, extended 3T3 cells (1) retract and round-up ( 2 - 3 ) .  Higher tetracaine concentrations 
(0.8 mM-1.0 mM) result in complete cell rounding and loss of membrane-associated cytoskeletal 
assemblies (4). Concentrations of 1 mM tetracaine or above result in cell detachment from substrate 
(5) (see Ref. 44 for details and original data). 

blebs produced by cytochalasin B (42) or cytochalasin D (43). A few minutes later many 
of these surface blebs broke off from the cell as vesicles containing cell cytoplasm, but no 
viable arrays of cytoskeletal components (44). These changes are documented in Ref. 44 
and illustrated in Fig. 1. 

Other reports have indicated that general ( 5  1) and local (52,53) anesthetics cause 
ultrastructural alterations in cell cytoskeletal systems. The local anesthetic lidocaine has 
been shown to impair microtubule assembly in vitro (52), and halothane, a gaseous in- 
halation general anesthetic, is known to cause microfilament breakdown in mouse neuro- 
blastoma cells (53). 

EFFECTS OF CALCIUM IONOPHORES 

If membrane-associated microtubules are involved in trans-membrane control of cell 
surface receptors, ligand-induced redistribution and lectin-mediated agglutination should be 
affected by cytoplasmic Ca2+ which is known to regulate the polymerization of tubulin 
subunits (54, 55) and depolarization of microtubules (56, 57). To examine the role of 
cytoplasmic Ca2+ in regulating cytoskeletal trans-membrane receptor control, we have 
utilized Ca2+-specific ionophores such as A23 187 and X537A (49). Calcium ionophores 
(in the presence of 4 X lop4 to 1 X M Ca2+) reduced the agglutinability of SV40- 
transformed 3T3 cells by Con A (49) similar to the action of colchicine on these cells (27, 
58). Further, the inhibition of SV3T3 cell agglutination caused by the calcium ionophores 
could not be augmented by the addition of colchicine (49). However, Con A agglutination 
of untransformed 3T3 cells was not appreciably altered by A23187 or X537A, unless 
cytochalasin B was additionally present (49). In these latter experiments the concentra- 
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tion of Con A required for maximum cell agglutination of 3T3 cells was -1,400 p g / d  in 
the controls, -1,200 pg/ml with A23187 (5 pg/ml) plus Ca2+, -1,100 pg/ml with 
cytochalasin B (15 pg/ml), and 250 pg/ml with A23187 plus Ca2+ in the presence of 
cytochalasin B (49). The binding of 3H-Con A to SV3T3 or 3T3 cells was not affected 
by these treatments (49). 

their surface receptors on mouse lymphoid cells or inhibit the capping of other receptors 
such as surface-immunoglobulin. Low Con A concentrations (usually < 5 pg/ml) or incu- 
bation of cells at 0-4°C prior to addition of Con A generally results in Con A-induced 
Con A receptor capping (34-36), but addition of higher Con A concentrations (usually 
> 25 pg/ml at 37°C inhibits capping of surface-immunoglobulin receptors on spleen cells. 
Loor et al. (30), Yahara and Edelman (35,36,59) and de Petris (38,40) have shown that 
colchicine blocks the Con A inhibition of anti-immunoglobulin-induced capping, suggest- 
ing that Con A binding to its receptors could modulate the mobility and distribution of 
other lymphocyte cells surface receptors through a microtubular system. We reasoned 
that if a microtubular system was involved in "anchoring" certain lymphocyte surface 
receptors as proposed by Yahara and Edelman (35, 36,59), then calcium ionophores in 
culture medium containing Ca2+ might well mimic the effects of colchicine or vinblastine 
(49). A23 187 or X537A were found to block the Con A inhibition of anti-immunoglobulin- 
induced capping, but these drugs alone had little effect on cap formation (49), while 
Valinomycin, a K+-specific ionophore, had no effect on either capping or Con A inhibi- 
tion of capping (49). Schreiner and Unanue (60) have recently reported that treatment of 
mouse spleen lymphocytes with A23 187 in the presence of extracellular Ca2+ stopped 
capping without addition of Con A. The possible reasons for this discrepancy in the action 
of calcium ionophores is not immediately apparent, but they could reflect different ex- 
perimental conditions, drug lots, etc. The important point here, however, is that 
experimental manipulation of cellular Ca2+ can result in alterations in cytoskeletal elements. 

Lectins such as Con A under certain conditions can alternatively promote capping of 

LOCAL ANESTHETICS AND CELLULAR CALCIUM 

The mechanism of local anesthetic action on cytoskeletal systems is unknown, but 
the experiments described here and elsewhere (26,27,49,60) suggest that Ca2+-sensitive 
functions are involved. Local anesthetics possess high affinity for Ca2+-binding sites and 
are able to displace Ca2+ from cellular membranes (2, 8,9).  Anesthetic-induced alterations 
in Ca2+ binding to the plasma membrane and cell membrane-associated cytoskeletal struc- 
tures could perturb the linkage of integral membrane receptors to these cytoplasmic 
elements at the inner surface of the plasma membrane (26,27,44,49).  An example of 
this possibility can be found in the human erythrocyte membrane where Ca2+ is involved 
in stabilizing a peripheral membrane spectrin-actin network at the inner membrane 
surface (61-63) which is involved in the trans-membrane control of at least two surface 
glycoproteins (64, 65). Unbound spectrin will only reassociate with membranes in the 
presence of Ca2+ (66), and similar forces could be involved in stabilizing cytoskeletal 
systems to the inner membrane surfaces of other cell types (67). Local anesthetics cause 
dramatic changes in erythrocyte morphology (68), and these effects might be due, in part, 
to modifications in Ca2+ sensitive components at the inner surface (44). 

anesthetics probably cause displacement of CaL+ from cellular membranes, and could 
produce competitive inhibition of Ca2+-sensitive functions required for microtubule integ- 

In cells containing membrane-associated microtubule-microfilament systems, local 
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Fig. 2. Proposal to explain the action of tertiary amine local anesthetics on cell membranes and 
membrane-associated cytoskeletal assemblies. The partitioning of drug molecules into cellular 
membranes results in displacement of membrane-bound Ca2+ which could be involved in stabilizing 
microfilaments (MF) to the plasma membrane inner surface. In addition, the resulting increase in free 
cellular Ca2+ could be responsible for microtubule (MT) depolymerization. (Not drawn to scale.) 

rity. The structural integrity of microtubules is particularly sensitive to Ca2+ concentra- 
tions in vitro, and cytoplasmic CaL+ concentrations have been proposed to control the 
state of cellular microtubule polymerization ( 5 5 ,  56).  An anesthetic-induced release of 
membrane-bound Ca2+ might raise intracellular Ca2+ concentrations to levels (> IOK5 M) 
capable of microtubule depolymerization (Fig. 2). Although the nature of the effects of 
local anesthetics on microfilament systems is not known, these cytoskeletal elements 
could also possess Ca2+ sensitive functions. Alternatively, membrane-bound Ca2+ could 
stabilize and link actin-containing microfilament systems to the plasma membrane 
similar to actin-spectrin complexes in human erythrocyte membranes. In this case local 
anesthetics would cause an uncoupling of microfilaments from the plasma membrane, an 
event that appears to occur within minutes after tetracaine treatment of 3T3 cells (44). Of 
course, a combination of these mechanisms and others not yet identified could be in- 
volved in the membrane association or attachment and activities of the cytoskeletal 
elements (67). 

producing alterations in cell morphology and other functional changes have been based 
primarily on the ability of these drugs to interact with membrane lipids (2 ,8 ,9 ,68) ,  we 
suggest that the effects of these agents on membrane-associated cytoskeletal assemblies 
must also be considered. Indeed, in certain instances anesthetic-induced alterations in 
cytoskeletal elements may represent the primary mechanism underlying the observed 
changes in cell function. This is particularly apparent in our experiments where combina- 
tions of cytoskeletal disrupting drugs such as colchicine (or vinblastine) plus cytochalasin 
B produced similar effects to local anesthetics on cell agglutination and receptor re- 
distribution and mobility. 

Although previous proposals for the mechanism of action of local anesthetics in 
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