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Editorial Comment 

The U Wave and the M Cell* 

R A L P H  L A Z Z A R A ,  MD,  F A C C  

Oklahoma City, Oklahoma 

Historical background. The quest for the origin of the U 
wave, like that for the source of the Nile, has been long and 
frustrating. The original postulate of Einthoven (1), who 
identified and labeled the U wave in the early years of this 
century, was that the U wave represents currents generated by 
a late repolarizing region of ventricular myocardium. However, 
despite several false sightings, including the ventricular septum 
and the papillary muscles (2,3), the identification of a region of 
myocardium with distinctly prolonged repolarization compared 
with the remainder of the ventricular myocardium, prolonged 
enough to account for the U wave, escaped detection until very 
recently. Mapping of refractory periods throughout the heart, 
recording of local T waves and recording of intracellular poten- 
tials disclosed heterogeneity of durations of repolarization 
throughout the myocardium with a distribution that explained the 
general vectors of the T wave (4) but not the U wave. 

The large diameter and poor contractility of the fibers in the 
subendocardial Purkinje network made these fibers the prin- 
cipal objects of study in the beginning of the microelectrode 
era of cardiac electrophysiology. It was observed (5,6) that 
Purkinje cells in the free strands, the "false tendons," gener- 
ated action potentials with a repolarization considerably 
longer than that of the ordinary myocardial cells. This obser- 
vation led Hoffman and Cranefield (7) to propose, as a variant 
of the Einthoven hypothesis, the subendocardial Purkinje 
network as the source of the U wave. This hypothesis was 
supported indirectly by observations by Watanabe (8) and 
others. However, skeptics were concerned that the repolariz- 
ins current produced by the small mass of the Purkinje sys- 
tem would be too faint to produce the U wave at the body 
surface, especially in light of the finding that only discrete 
sites in the free strands had a very' prolonged repolarization, 
whereas in much of the subendocardial network, the duration 
of repolarization was only modestly longer than that of myo- 
cardium (9). 

A competing and mechanistically different hypothesis was 
offered after the discovery that afterdepolarizations, initially 
described in neural tissue (10), could be generated by myocar- 
dial cells under certain conditions in vitro (11). Nahum and 
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Hoff (12) suggested that afterdepolarizations might be gener- 
ated by normal myocardium in vivo and be responsible, not 
only for the U wave, but also for premature beats, common- 
place phenomena in normal as well as abnormal hearts and, 
like the U wave, unexplained. This hypothesis, relentlessly 
championed by Lepeschkin (13) was abandoned with the 
advent of intracellular recording because, in general, normal 
cardiac cells did not generate afterdepolarizations. The hy- 
pothesis received a boost recently when it was observed that 
normal myocardial cells can generate delayed afterdepolariza- 
tions with adrenergic stimulation (4). A related concept, that of 
electrical potentials related to mechanical events (i.e., stretch- 
ing of fibers in early diastole) has had a contemporary revival 
(14,15). 

M cells. The discovery of M cells by Sicouri and Antzele- 
vitch (16) has again kindled interest in the venerable 
Einthoven hypothesis. The properties of M cells in the dog 
fulfill fundamental requirements: 1) The action potentials of M 
cells are distinctly longer than those of other myocardial cells; 
2) the duration of repolarization is long enough, at least at slow 
rates, to match the timing of the U wave in the cardiac cycle; 
3) the mass of M cells appears to be substantial, occupying up 
to 40% of the left ventricular wall in dogs (17). M cells have 
other characteristics that fit the features of the U wave. The 
durations of the action potentials of M cells prolong dispro- 
portionately at slow rates in concordance with the long ob- 
served prominence of U waves at slower rates. The M cells are 
prone to develop afterdepolarizations, especially early afterde- 
polarizations, a property that fits the old observation that 
premature ventricular beats are most prevalent during the 
period coinciding with the U waves (13). 

The report by Drouin et al. (18) in this issue of the Journal, 
demonstrating M cells in ventricular slices from explanted 
hearts, is a quantum leap toward acceptance of the Einthoven 
M cell hypothesis. The basic properties of the human M cells 
correspond to those of their more extensively characterized 
canine counterparts. A plausible temporal correspondence of 
repolarization of M cells and the U wave at slow rates was 
demonstrated. Their lovely illustration, albeit contrived, of the 
concordant rate dependence of M cell repolarization and U 
waves, with a premature atrial beat during sinus bradycardia, is 
especially compelling. The human M cells, like those of the 
dog, occupy a substantial volume of the ventricular wall 
(estimated at 30%) so that it is credible that their repolarizing 
currents could generate a discernable deflection on the elec- 
trocardiogram (ECG). 

Discordant observations. Certain dissonances remain. The 
differences in repolarization of M cells and other myocardial 
cells are pronounced only at unphysiologically slow rates. To 
illustrate the apparent coincidence of the U wave in vivo and 
the repolarization of M cells in a preparation ex vivo, Drouin 
et al. selected an ECG from a patient with pathologic sinus 
bradycardia and a heart rate of 30 beats/min. At physiologic 
rates, the differences in action potential durations are modest 
and ostensibly insufficient to account for the separation of the 
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U wave from the T wave and for its timing. The mean duration 
of repolarization of the human M cells was 439 ms at a rate of 
60 beats/min, only slightly longer than the normal QT interval 
and only -90 ms longer than the duration of repolarization of 
subendocardial myocardial cells. Studies in dog ventricles 
indicate that the M cell layers are widespread in the free walls 
and septum. If there is free electrical communication between 
these layers and adjacent regions (i.e., junctional resistance is 
low), a relatively gradual transition of the duration of repolar- 
ization across the ventricular wall would be expected. Such a 
distribution of repolarization should produce a prolonged T 
wave rather than a separate and distinct U wave. A separate U 
wave implies a relative electrical isolation of the late repolar- 
izing region of myocardium (19). Drouin et al. (18) describe a 
sharp transition of action potential duration at the epicardial 
aspect of the M cell layer, suggesting poor electrical coupling, 
but a "much more gradual" transition in the endocardial 
direction. However, they concede that these observations are 
sparse. 

Functions of M ceils. The physiologic relevance of the M 
cells is not entirely clear. What functions could this thick layer 
of myocardium situated relatively close to the epicardium and 
widespread through the ventricles and septum serve with its 
properties of prolonged repolarization and presumably con- 
traction, especially at very slow rates? Antzelevitch and Sicouri 
(17) have suggested that these cells could play a pathophysio- 
logic roles in arrhythmia generation (17). Their prolonged action 
potentials render them prone to the generation of afterdepolar- 
izations, both early and delayed, and to triggered firing. It is 
suggested that the triggering of ventricular tachycardias, torsade 
de pointes, in the long QT syndromes may begin in these layers. 
Also, their disproportionately prolonged action potentials in- 
crease heterogeneity of repolarization and would be expected 
to promote reentry. Their role in the generation of arrhythmias 
is speculative, but it is certain that these newly identified 
myocardial cells with their distinctive properties have gener- 
ated interest and will generate research in the future. 

References 

1. Einthoven W. Uber die Deutung des Electrokardiogramms. Pflugers Arch 
1912;194:65-86. 

2. Zuckerman R, Cabrera-Cosio E. La ondu U. Arch Inst Cardiol Mex 
1947;17:521-32. 

3. Furbena D, Bufalari A, Santucci F, et al. Abnormality of the U wave and of 
the T-U segment of the electrocardiogram: the syndrome of the papillary 
muscles. Circulation 1956;14:1129-37. 

4. Jackman WM, Friday K J, Anderson JL, et al. The long QT syndromes: a 
critical review, new clinical observations and a unifying hypothesis. Prog 
Cardiovas Dis 1988;31:115-72. 

5. Coraboeuf E, Distel R, Boistel J. Potentiels cellulaires des tissus conducteur 
et musculaire du coeur de Mammifere. C R Soc Biol (Paris) 1953;147:1757- 
68. 

6. Myerburg RJ, Stewart JW, Hoffman BF. Electrophysiologic properties of the 
canine peripheral AV conducting system. Circ Res 1970;26:361-78. 

7. Hoffman BF, Cranefield P. Electrophysiology of the Heart. New York: 
McGraw-Hill, 1960:202. 

8. Watanabe Y. Purkinje repolarization as a possible cause of the Uwave in the 
electrocardiogram. Circulation I975;51:1030-7. 

9. Lazzara R, EI-Sherif N, Befeler B, et al. Regional refractoriness within the 
ventricular conduction system: an evaluation of the "gate" hypothesis. Circ 
Res 1976;39:254-62. 

10. Erlanger J, Gasser JS. Electrical Signs of Nervous Activity. Philadelphia: 
Pennsylvania Univ Press, 1937:242. 

11. Segers M. Le role des potentiels tardifs du coeur. Mem Acac R Med Belg 
1941;t(ser II):1-30. 

12. Nahum LH, Hoff HE. The interpretation of the U wave of the electrocar- 
diogram. Am Heart J 1939;17:585-98. 

13. Lepeschkin E. Genesis of the U wave. Circulation 1957;15:77-81. 
14. Schaefer H. Elektrophysiologie, vol 2. Vienna: F. Deuticke, 1942. 
15. Lab MJ. Contraction-excitation feedback in myoeardium: physiologic basis 

and clinical relevance. Circ Res 1982;50:757-66. 
16. Sicouri S, Antzelevitch C. A subpopulation of cells with unique electrophysi- 

ological properties in the deep subepicardium of the canine ventricle. The M 
cell. Circ Res 1991;68:1729-41. 

17. Antzelevitch C, Sicouri S. Clinical relevance of cardiac arrhythmias gener- 
ated by afterdepolarizations: role of M cells in the generation of U waves, 
triggered activity and torsade de pointes. J Am Coll Cardiol 1994;23:259-77. 

18. Drouin E, Charpentier F, Gauthier C, et al. Electrophysiological character- 
istics of cells spanning the left ventricular wall of the human heart: evidence 
tbr the presence of M cells. J Am Coll Cardiol 1995;26:183-90. 

19. Nesterenko VV, Antzelevitch C. Simulation of the electrocardiographic U 
wave in teterogeneous myocardium: effect of local junctional resistance. In: 
Proceedings of Computers in Cardiolo~'. Los Alamitos (CA): IEEE Com- 
puter Society. Press, 1992:43-6. 




