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carefully determined but appears to be variable and of the order of 3-15 
ma., i.e., there is time for one or several synapses and probably temporal 
summation is involved at least sometimes. 

Efect of nicotine. In three experiments nicotine was applied to the exposed 
nerve cord with the idea of finding out whether the supposed synapses in the 
giant fibers possess the property characteristic of vertebrate synapses of spe- 
cific susceptibility to this drug. Fresh solutions of nicotine in water, diluted 

FIG. 9. Electrical versus me- 
chanical stimulation. Two ex- 
periments. Upper row in each 
case, electrical stimulation; low- 
er row, mechanical stimulation. 
Left column, stimulus applied 
near anterior end; right column, 
stimulus applied near posterior 
end. Time signal, 1000 c.p.s., 
applied to first experiment only. 
In both note that electrical 
stimuli elicit responses from 
both median and lateral giants, 
whereas mechanical stimuli only 
excite the median (small, fast 
spike) from anterior stimula- 
tion or the laterals (large, slow 
spike) from posterior stimula- 
tion. Not sho&n is the fact that 
whichever snike is elicited. the 
same one is iecorded at all levels 
of the cord. The lower experi- 
ment also shows (i) the indirect 
response, of one of the giants 
only, to electrical stimuli deliv- 
ered to the skin (third spike). It 
is the same fiber as that excited 
by mechanical stimuli to the 
same region and is presumably 
mediated through sensory neu- 
rons. (ii) A normal burst of im- 
pulses to a natural stimulus of . .__ ._ 
moderate intensity is shown in the lower right; the lateral giants typically fire more easily 
and vigorously to mechanical stimuli than the median fiber (cf. lower left). 

1: 10 with earthworm coelomic fluid, to concentrations of 1 :lOO,OOO and 
1: 10,000 were dropped on the cord and transmission of giant spikes across 
the area observed. No effect was noted even with the stronger solution acting 
for periods of thirty minutes. Spikes were conducted in a normal fashion 
throughout this period. The septal junctions of the giant fibers in Lumbricus 
do not appear to be nicotine sensitive. 

DISCUSSION 

The experiments described provide an example of the analysis of func- 
tional and anatomical organization of the nervous system by tracing action 
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66 THEODORE HOLMES BULLOCK 

currents as signs of the course of nerve fibers. Independently of histological 
evidence it can be shown by this means that two giant fibers, with defined 
functional properties, exist and conduct through defined regions of the cen- 
tral nervous system. Furthermore, their connections with sensory and (not 
yet analyzed) with motor neurons can be described. We may now explain 
the apparent polarization of the giant fibers found by Stough (19). The fibers 
are not polarized ‘but the median giant is only excited by anterior stimulation 
and thus mediates the reflex response of the tail to stimulation of the head 
while the laterals are excited by posterior stimulation and thus mediate the 
response of the head to tail stimulation. But with the methods used at that 
time it was not noted that the median fiber mediates the posteroanterior 
reflex response of the head to stimulation in the region of the clitellum and 
that the lateral giants mediate the anteroposterior reflex response of the tail 
to stimulation in the mid-region of the body, about segment 50. 

Stough (19) and others recognized that the whole worm reacts to stimu- 
lation of the middle region and believed that this meant impulses are con- 
ducted pusteriorly in the median fiber and anteriorly in the lateral fibers from 
the point of stimulation. This reasonable expectation leads to a functional 
conception and predicates anatomical connections (11) with sensory and 
motor cells quite different from those arrived at in this paper. But the evi- 
dence from direct tracing of action potentials clearly eliminates this possi- 
bility. 

From the physiological evidence we can anticipate that critical histologi- 
cal analysis will reveal differences in the connections of the giant fibers in 
front of and behind a line approximately through segment 40. Anterior to 
this point the median fiber will probably have connections with sensory neu- 
rons as well as motor, the lateral giants only with motor cells-probably 
different motor cells; posterior to the boundary the laterals should have con- 
nections with sensory and with motor neurons, the median giant with other 
motor cells and not with sensory cells. The physiological data confirm the 
reality of the anastomoses between the lateral giants described by Stough 
(18) and do not confirm the general occurrence of anastomoses between the 
lateral and median fibers, described by others (18). They suggest that there 
is some significant and general relation between the diameters and the area 
of cross section of the fibers that distinguishes them from most other nerve 
fibers and accounts for the unusual relation of spike amplitude and speed of 
conduction. The high speed of conduction in a fiber smaller than, for exam- 
ple, many giant fibers in the squid suggests the importance of the thick 
sheath. 

The present evidence confirms previous ideas of the general function of 
the giant system. It does not apparently fire “spontaneously,” but must be 
set off by a certain pattern of activity of sensory neurons. It is admirably 
adapted * to mediate a rapid, unsustained, synchronous, nondiscriminatory 
response of a large musculature to stimuli of a particular sort-suddenly ap- 
plied, considerable or even slight mechanical disturbance of the body wall 
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or substratum, thus local or general. The response is quickly adapting and 
quickly recovering, i.e., sustained stimulation causes a brief response of this 
system but another stimulus may be effective a short time later. These char- 
acteristics fit particularly an avoidance reflex to “startle stimuli,” a function 
shared by many other widely different and independently evolved giant sys- 
tems in other animal groups. 

The question arises: if the giant fibers in the earthworm are unpolarized 
and each fiber always conducts to all parts of the worm, what difference in 

FIG. 10. Photomicrograph of nerve 
cord, cross section, protargol stain, x300. 
The sections pass in each case through 
one of the oblique septa of the lateral 
giant fiber on the left. The septum is un- 
stained but the neurofibrils fray out near 
it and do not cross it. In the upper picture 
the two sets of fibrils are shown, like 
chromosomes in metaphase; in the lower 
picture one set of fibrils has frayed out 
but the other, ventromedial to the sep- 
tum, is still a compact bundle. 

function may there be between the lateral and the median fibers? It would 
seem probable that they bring about different muscular responses, one ap- 
propriate to anterior stimulation, the other appropriate to posterior stimula- 
tion, i.e., that they are anatomically connected with different efferent neu- 
rons. This may be demonstrable by a continuation of the present technic as 
well as by histological means. It may be as suggested by von Holst’s work 
(10) that the same giant brings about different responses at different times, 
depending on the state of contraction existing in the longitudinal and circular 
muscles. 

The presence of histologically demonstrated septa across the giant fibers 
is of especial interest in view of the physiologically demonstrated properties 
of these fibers. The septa are conspicuous, low power, von Rath-staining 
structures, well documented by photomicrogaphs (18). They have been seen 
in the fresh state under polarized light and it has been shown that ” . . . The 
optical properties of the transverse segmental partitions of the giant fibers 
are similar to those of the myelinated axon sheath, indicating similarity in 
their composition and ultra structure . . . ,” i.e., they contain oriented 
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lipid and protein molecules (20). Long before the septa were known Boule 
(1) showed apparent discontinuities in the neurofibrils by silver impregna- 
tion. The same thing was seen by Smallwood and Holmes (17). I have exam- 
ined Bodian preparations which show the neurofibrils beautifully, noted these 
periodic interruptions in the neurofibrils and searched carefully, but in vain, 
for clear cut fibrillar continuity across these regions. I am unwilling to deny 
categorically the occurrence of such exchange but in general it is conspicuous 
by the difficulty of demonstrating it (see Fig. 10). The septa then seem real 
enough and, although on a vastly different scale of size, these junctions have 
histologically the essential character of synapses. 

If these junctions are as real as they seem and are to be regarded as a 
peculiar form of synapse, then their properties become of primary interest 
as indications of what is fundamental and universal and what on the other 
hand is derived and secondary in the evolution of the synapse. This is the 
more tru.e because of recent speculation that many of the apparently funda- 
mental physiological properties of synapses, properties commonly used in the 
definition of this entity, are really not inherent in the nature of the junction 
but are the result of the anatomical arrangement usual in vertebrates (14). 
According to this idea polarization is the result of the asymmetrical, many- 
to-one relation of axonic telodendria and the post-synaptic cell, and synaptic 
delay is chiefly the conduction time along the very fine telodendria. Lloyd 
(13) has come to the conclusion that ” . . . once a full accounting is made for 
all the factors contributing to the so-called minimum synaptic delay it 
seems possible that synaptic time in the strictest sense will prove vanishingly 
small.” It might be anticipated on the basis of these ideas that a synapse 
which exhibits a one-to-one symmetrical anatomical relation and no great 
reduction in diameter of the terminal fiber, would be unpolarized and with- 
out apparent synaptic delay. The earthworm giant fibers are perhaps just 
such a case. The physiological evidence is quite definite that these fibers, 
which appear to be chains of compound axons separated by macrosynapses, 
are unpolarized, not only experimentally but in normal functioning. Further- 
more, there must be no significant synaptic delay since there is about 
five milliseconds total latency to provide for conduction over some ten or 
twenty centimeters of minimum path and 50-100 of the supposed macro- 
synapses (one in each segment in each fiber). 

To pursue this idea, if it is true that synapses under appropriate anatomi- 
cal arrangements may be unpolarized and without delay, then few properties 
are left by which the synapse, as a general entity in comparative neurology, 
may be defined. Essentially it is simply an anatomical discontinuity in a 
normal nervous pathway, a potential barrier to conduction. Thus conceived 
it may have no necessary or universal special physiological properties but its 
importance is still great as a site for the development of special properties in 
particular cases: facilitation, summation, polarization, integration and selec- 
tive transmission of impulses from different sources, for example. Many of 
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GIANT FIBER SYSTEM OF LUMBRICUS 69 

these properties probably depend on particular anatomical arrangements 
not on unique inherent physiological properties of the membranes in each 
case. 

The notion that the primitive synapse is unpolarized is in accord with 
the probabilities created by modern studies of the nerve net. Here, as in the 
earthworm, the positive physiological evidence is that conduction takes 
place in both directions and the inconclusive histological evidence is in favor 
of the existence of real neuronal discontinuities (see 9, 4, 22, 5, 6). 

SUMMARY 

1. The giant fiber system of the earthworm is a favorable object for the 
study of functional organization by means of action potential recording 

since its potential spikes are large and simple, few in number, detectable from 
the surface of the intact animal or from the exposed, intact nerve cord, read- 
ily and dependably excitable by electrical stimulation of the surface of the 
intact animal and by normal mechanical means. 

2. A consistent and characteristic pattern of two spikes is elicited by 
direct electrical stimulation of the cord. The two spikes are of different 
threshold, conduction rate, height and form, the faster one typically having 
the lower threshold and the lower amplitude. Each occurs in an all-or-none 
fashion and stimulus strength has no effect above threshold. They behave as 
single fiber action currents, and are shown to represent the activity of the 
giant fibers, the smaller, faster spike belonging to the larger, median fiber. 

3. The overall, effective speed of conduction (not counting any utiliza- 
tion time or synaptic delays at the segmental septa) is very high-up to 45 
meters or more per second (24”C.)-probably the fastest conducting fibers 
yet recorded among invertebrates, although they are far from the largest. 
The time for conduction from head to tail increases as the worm is stretched, 
but not proportionately, so that the rate also increases. This is a normal, re- 
versible phenomenon. 

4. The pattern of two spikes is the same, when elicited by direct electri- 
cal stimulation of the fibers, regardless of the site of stimulation, site of re- 
cording electrodes or direction of conduction. Evidence is presented that this 
is because the giant fibers are unpolarized. 

5. The pattern of response of the giant fibers to normal mechanical stimu- 
lation, as it probably occurs in nature, is described. They are apparently on 
the efferent side of the reflex arc but are not probably the final common path. 
A normal response may consist of a single spike or a dozen or two at a fre- 
quency of 50-200 per second. Only a single spike form, i.e., a single fiber is 
activated by any one stimulus. The median fiber fires as a result of stimula- 
tion anterior to about the fortieth segment, the laterals fire to stimuli pas- 

terior to this point. But in either case the spikes are conducted in both direc- 
tions, to all parts of the worm. The apparent polarization of the system 
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70 THEODORE HOLMES BULLOCK 

noted by earlier workers is due to regional localization of sensory connections 
capable of firing the giant fibers. 

6. Nicotine in concentrations as high as 1: 10,000 did not abolish conduc- 
tion over the giant fibers within 30 minutes. 

7. From the physiological evidence certain predictions of histological 
findings are made. The typical anastomoses described by Stough are con- 
firmed and those of Haller and others are denied on this basis. 

8. The high speed of conduction and its unpolarized character are sig- 
nificant in view of the apparently synaptic nature of the system as demon- 
strated ‘histologically. These properties are compatible with and perhaps 
constitute a demonstration of recent theories which suppose that the syn- 
apse is not inherently polarized nor delaying but is only so as a result of the 
particular anatomical relations prevalent in vertebrates and that these 
properties should not be a part of the definition of the synapse. This inter- 
pretation is in harmony also with recent opinions to the effect that the nerve 
net of lower invertebrates exhibits unpolarized svnapses. 

5. 

6. 

7, 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

.a. J J. 
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