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The caudal neurosecretory cells of two species of skate (Raia erinacea and 

IC. ocellata) and of the fluke (Pnralichthys dentatus) were studied by intracellular 

microelectrode techniques. The cells were capable of producing spikes and of being 
synaptically activated. 

The neurosecretory cells of the skate were intermingled with other neurons 
within the spinal cord and could not be penetrated under visual control. However, 

a class of responses was recorded that were readily distinguishable from those of 
motoneurons and myelinated fibers and which very likely came from the much 

larger neurosecretory cells. The spikes were longer in duration and had pronounced 

undershoots. Nearby stimulation on the surface of the cord activated the cell bodies 
direct,ly rather than evoking antidromic spikes. Brief stimuli, intra- or extracellular, 

could produce direct spikes of very long lat,ency, thus indicating a low degree of 

accommodation. The prcsynaptic pathway was slowly conduct,ing and of high 
threshold. 

The neurosecretory cells of the fluke were anatomically isolated from other cell 

bodies, but recordings from axons and somata had to be distinguished electro- 
physiologically. Recordings from cell bodies were characterized by the occurrence 
of postsynaptic potentials, which could be adequate to initiate spikes. The spikes 

were rather long in duration and usually followed by an undershoot. Those in 
response to antidromic stimulation had an inflection on the rising phase caused by 

delay of propagation at the axon hillock. Invasion of t,he soma could be blocked by 

hyperpolarization or refractoriness, leaving the axonal component of the spike. The 
threshold in the initial part of the axon was not significantly lower than in the 

soma. There was little accommodation, as indicated b.v the long latencies of 

responses to brief threshold stimuli. 
The antidromic responses in a cell often had several distinct latencies when 

stimulation was over the urohypophysis. The properties of the longer latency 
responses suggested that they were initiated in the terminals of the axons and that 

the delay resulted from very slow propagation in these structures. Antidromic 
conduction could be blocked in the axon at points some distance from the soma as 

well as at the axon hillock. 
Spikes recorded from the neurosecretory axons were similar in duration to those 

from the cell bodies. They were characterized by the occurrence either of synap- 
tically evoked spikes without recording of p.s.p.‘s adequate to iniate them or of 

direct responses to stimulation on each side of the recording site. Hyperpolarization 
could cause block of propagation along the axon which was associated with block of 

a later component of the recorded spike. 
The presynaptic pathway ran anteriorly to the neurosecretory cells. Its conduc- 

tion velocity suggested that it consisted of small myelinated fibers. The individual 
presynaptic fibers appeared to innervate both rostra1 and caudal cells. Intravenous 

injections of hypotonic solutions could cause sufficient activity in the presynaptic 
fibers to initiate impulses in the neurosecretory cells. 
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INTRODUCTION 

The structures of the caudal IKXUOS’CCI’C- 

tory systems of fish have long been known 
and, indeed, their neurons were the first 
suggested t.o be secretory in function (Spci- 
del, 1919, 1922). However, little attention 
was paid to these interesting systems until 
the recent studies of Enami (1959) whose 
work has resulted in a revival of interest 
in problems both of structure and function. 
The anatomical relations in the various 
groups are reviewed in this journal by 
Bern and Takasugi (1962). 

The present investigations were under- 
taken in the hope that the caudal neuro- 
secretory systems would provide insight 
into the role of electrical activity in neuro- 
secretion. Also, any electrophysiological 
specializations associated with secretory 
function would be of general interest,. With- 
out reviewing these questions in detail it 
may be noted that many workers, starting 
with Speidel (1919)) have anatomically 
demonstrated an electrically induced de- 
pletion of neurosecretory material. More 
recently Harris (1947) and now Cooke 
(1962) found release of hormones into 
blood or perfusion fluid following electrical 
stimulation. Potter and Loewenstein (1955) 
showed propagated action potentials in a 
neurosecretory tract, and Cross and Green 
(1959) recorded activity of presumed neu- 
rosecretory cells on physiological stimula- 
tion. However, in each of these instances 
neurons other than specifically neurosccre- 
tory ones may have been responsible for 
the observed sensitivity to electrical stimu- 
lation or for the recorded electrical ac- 
tivity (cf. Bern, 1962). Probably the first 
definite demonstration of electrical activity 
in ncurosecretory cells was reported by 
Morita et al. (1961) in a note that ap- 
peared while this study was in progress. 
In the caudal neurosecret,ory cells of the 
eel, Angdla japonica, these workers found 
spike responses and synaptic activation 
with very nearly the same properties as 
are reported here for the skate. 

Two criteria may be set up to establish a 
causative role of electrical activity in neu- 
rosecretion. Firstly, the neurosecretory cells 
should become electrically active when the 

animal is stimulated physiologically to tic- 
Crete the neurohormone. Secondly, electri- 
cal activity of the neurosecretory cells 
alone should result in secretion. The data 
presented here amply demonstrate that the 
electrical behavior of the caudal neuro- 
secretory cells is similar to that of the 
motoneurons from which they are pre- 
sumably derived. Although the precise 
nature of the physiological stimulus is 
unclear, it appeared possible to evoke elec- 
trical activity of the cells by essentially 
physiological st,imulation. However, no 
measure was made of actual secretion. 

METHODS 

The fluke, I’nralichthys dentatus, and two 

skates, Raja erinacea and R. ocellata were used. 
Differentiation of the skate species, which ma) 

require counting of rows of teeth. was not always 
made. Howevrr. sperics differenrea were not 
noted betwren definitely identified individuals. 

The animals wrre immobilized by intravenous 
injections of n-tubocurarine (ca. 10 mg/kg). In 

the skates the spinal cord was exposed in the 

region of the dorsal fin from either the dorsal 01 
ventral side, the former approach being rathel 
more sntisfac.tory. -4 small exposure for stimula- 

tion was sometimes made several crntimcters ros- 

trally. In the fluke the urohypophysis and a short 
length of spinal rord were exposed from the left 

side, the nnitnal lying on its right, its normal 
position. 

Glass cqillary microelectrodes filled with 3 M 
KC1 were used for rerording. Rertangular pulse 

stimulation through the recording electrode was 
carried out with a bridge tircuit similar to that 

of Araki and Otani (1955) and Frank and Fuortes 
(1955) Stimulating currents were always moni- 

tored on one osrilloscope trace nlthough for 
simplicity this trare is omitted from most of the 

figures. Superimposed rerords were often made 
at, one or several stitnulus strengths. In all fig- 

ures positivity of the recording electrode is shown 
as an upward deflertion. In the current monitor- 

ing traces, an upward deflection indicates a dc- 
polarizing current. 

The bridge method of stimulation involves un- 
certainty :X to the potential during stimulating 

pulses, since the electrode resistnnre may change 
as a result of the runent flow. However, the cells 

bring of high resistance the rurrents used were 
always small. Where inferences were to be made 
from the absolute potential level, only those 
cases where the bridge was in halance at the he- 
ginning and end of the pulse were considered. 
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Sometimes small hyperpolarizing currents were 

used to prevent spontaneous firing or to enlarge 

a response (cf. Fig. 4E). 
The DC potential of the electrode usually 

showed large negative changes as it was pushed 
through the cord. Many of these potentials were 

not associated with neurons as they were un- 
changed by relatively large movements, and no 

activity could be evoked by stimulation. A con- 
siderable uncertainty was thus introduced into 

the measurement of DC level, and no attempt 
was made accurately to measure neuronal resting 

potentials, although they were undoubtedly in- 
side-negative in the usual range. Paired 125~ 

silver electrodes insulated except at the tips were 

used for bipolar surface stimulation of the cord 
and urohypophysis. 

RESULTS 

THE CAUDAL NEUROSECRETORY SYSTEM 

IN THE SKATE 

The caudal neurosecretory cells in the 
skate lie in the posterior spinal cord, clus- 
tering at the level of the rostra1 margin of 
the dorsal fin and extending caudally to 
near the end of the cord and several fin 
lengths rostrally (Speidel, 1919). They are 
interspersed among the motoneurons and 
interneurons, and have at most short un- 
myelinated axons which descend t.o the 
ventromedial part of the cord. Their cell 
bodies were 50 to 100 ,U in diameter in the 
animals used in this study, considerably 
larger than the adjacent~ neurons, but not 
the extraordinarily large size reported by 
Speidel. They are not visible externally 
owing to the high refractivity of the mye- 
linated fibers in the surrounding nerve tis- 
sue, and identification of recordings from 
them was by inference from electrophysio- 
logical data. Three types of intracellular 
recordings were found. The first was simi- 
lar to that which has been recorded from 
other cell bodies in the vertebrate central 
nervous system and the second to that from 
myelinated fibers (cf. Eccles, 1957; Frank 
and Fuortes, 1955). The third was distinc- 
tively different and presumably came from 
the neurosecretory cells. The first two will 
be described in some detail in order to em- 
phasize their differentiation from the re- 
sponses of the neurosecrctory cells. This 

data is also useful for comparison to that 
from the neurosecretory cells of the fluke 
which for anatomical reasons had a num- 
ber of electrophysiological similarities. 

Responses of Ordinary Neuron Somata. 
The responses in nonneurosccretory cell 
bodies were distinguished from those of 
fibers mainly by the occurrence of postsyn- 
aptic potentials (p.s.p.‘s). Most cell bodies 
encountered were probably of motoneurons, 
but the method of stimulation of the cord 
surface rather than of ventral roots 01 
peripheral nerve did not allow positive 
identification. With respect to a motoneu- 
ron, cord stimulation with caudally placed 
electrodes could produce a mixed volley 
containing both antidromic and synaptic 
components. A rost’ral stimulus could in- 
volve only synaptic activation. 

The mixed stimulating effect of a caud:J 
stimulus on a presumed motoneuron is 
shown in Fig. 1. To weak stimuli the eel1 
showed a graded p.s.p. after a delay of 

A 
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FIG. 1. Responses in a presumed motoneuron. 
Stimulation caudal to the recording site; of one 

polarity and increasing strength in A-C, of op- 

posite polarity and constant strength in D. Sev- 
eral superimposed traces in A, B, and D. A: 

Weak stimulation produced a graded subthresh- 
old p.s.p. B: The p.s.p. became adequate to 

evoke a spike. C: An antidromic spike was 
evoked so that little p.s.p. could be seen. D: Re- 

versed polarity of stimulation at a strength which 
occasionally evoked an antidromic spike. The 
p.s.p. which occurred when the antidromic spike 

did not was inadequate to excite the cell. Note 
the inflection on the rising phases of both synap- 

tic and antidromic spikes denoting delay of 
propagation from initial segment to soma. 



ilbOUt I 111SfdC (Al. On progressively 
stronger stimulation the p.s.1~. became ade- 
quate to evoke a spike, about 2 msec in 
duration, ~vhich then decreased in latency 
(B). Still stronger stimulation produced an 
antidromic spike with a shorter latency 
than the p.s.p. (C). Little contribution 
from the p.s.p. was then seen, presunrably 
because of short circuiting by large con- 
ductance changes involved in spike genera- 
tion (Eccles, 1957; Grundfest, 1959). On 
increasing the strength of stimuli of op- 
posite polarity, the threshold for an anti- 
dromic response was reached before a p.s.p. 
was evoked that was large enough to 
initiate a spike (D). In other experiments 
using both rostra1 and caudal stimulation, 
cells of this type were found to respond 
only synaptically to rostra1 stimulation 
(cf. Fig. 3A). 

The antidromic spikes had marked in- 
flect’ions on their rising phases and by stim- 
ulating in the relative refractory period 
(Fig. 2) or during hyperpolarization ap- 
plied through the recording electrode, the 
spikes could be separated into two com- 
ponents at this point. The first. component 
can be ascribed to activity of the initial 
segment of the axon and the second to that 
of the soma-dendrite membrane (cf. Eccles, 
1957; Fuortes et al.? 1957)) the inflection 

2 msec 
FIG. 2. Failure of antidromic invasion in the 

refractory period. Stimulation just caudal to the 

recording site. Superimposed traces of paired 
stimuli at different intervals. At progressively 

shorter intervals the second spike component 
ascribable to the soma membrane became delayed 
and then failed. The remaining potential, the 
initial segment response, became reduced at still 

shorter intervals. 

and failure of invasion of the .?oma being 
due to a reduction in safety factor for prop- 
agat,ion at the axon hillock region. The re- 
duced safety factor would probably have 
been not only a result of enlargement of 
the membrane, but also of increased 
tl~reel~olcl in the soma. This property is 
indicated since synapt,ically evoked spikes 
also had inflections on their rising phases 
(Fig. 1B). Apparently impulses arose in 
the initial segment region, which would 

thus have to have been of lower threshold, 
and propagated back into the soma as well 
as out the axon. This pattern of impulse 
initiation has been demonstrated in cat 
motoneurons (Fuortes et nl., 1957; Coombe 
et al., 1957) and probably also occurs in 
those of the toad (Araki and Otsni, 1955) 
and of the puffer (Bennett, unpublished). 

Responses in Myelinnted Fibers. Either 
of two properties served to identify t,he re- 
sponses ascribable to myelinated fibers. 
Spikes which were synaptically activated 
as indicated by long and variable latency 
occurred without the recording of a p.s.p. 

adequate to initiate them (cf. Frank and 
Fuortes, 1955). Alternatively, spikes could 
be evoked directly, i.e., with short and con- 
stant lat’ency, by stimulation on either side 
of the recording electrode. The second cri- 
terion might also be satisfied by responses 
in the soma of a bipolar neuron, but cells 
of this kind probably did not, occur in the 
spinal cord. A fiber having the first prop- 
erty is shown in Fig. 3. To cauclal stimula- 

, 2 msec 

FIG. 3. Responses of a presumed motoneuron 
fiber. Several superimposed traces in each record. 
A: Stimulation a few millimeters rostra1 to the 

recording site. The spike had a long and variable 
latency and was therefore due to synaptic activa- 

tion of the neuron. No p s.p.‘s were seen, however. 
B: Short latency and therefore direct responses 
of the axon to threshold stimulation a few milli- 
meters raudal. 
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tion a very short latency response was 
produced (B), but rostra1 stimulation 
elicited only a much longer and variable 
latency response without the recording of 
a postsynaptic potential (A). A fiber hav- 
ing the second property is shown in Fig. 4. 
Both rostra1 and caudal stimulation pro- 
duced responses of constant latency less 
than 0.3 msec. It could be inferred from 
the dist.ance between the stimulation sites 
that the fiber belonged to a spinal tract 
rather than to a motoneuron. 

The time course of fiber responses was 
often distinctive from that of soma re- 
sponses. The spikes were usually briefer 

0.5 msec 

FIG. 4. Responses of a presumed spiwd tract 

fiber. Stimulation 3 mm rostra1 and 2 mm caudal. 

Since the fiber was injured by penetration, a 
small hyperpolarizing current was applied intra- 

cellularly to maintain spike height. A: The re- 
sponse to the rostra1 stimulus left the fiber refrac- 

tory to the caudal stimulus (superimposed traces 

with and without rostra1 stimulus). Both responses 
had an inflection on the rising phase. B: Stimula- 
tion as in A, but with increased hyperpolarization 

sufficient so that the second component of the 

rostra1 response was sometimes blocked. When 
this component failed the fiber was no longer re- 
fractory to the caudal stimulus (superposition of 

traces where second component did and did not 

occur). C: As in A, but reversed order of stimu- 
lation. D: As in B, but reversed order of stimu- 

lation. The response to caudal stimulation showed 
a second inflection near the peak. The response 
to rostra1 stimulation was small, and probably 

involved only it.s first component seen in B, the 
hyperpolarization being greater. E : Superimposed 
traces showing reduction in the response height 

on removal of the hpperpolarizing rurrent. 

although there was some overlap in dura- 
tion. In fibers apparently in good condition 
the rising phase was somewhat faster t.han 
the falling phase and usually had little sign 
of an inflection. Spikes in more deteriorated 
fibers, however, could have marked inflec- 
tions (Fig. 41, and even in the best fibel3 
hyperpolarization or refractoriness might 
produce fractionation into two components 
which could resemble t,hose recorded in cell 
bodies. When hyperpolarization caused the 
second component to fail, propagation 
along the fiber was blocked (Figs. 4B, 4D) _ 
The two components were probably clue to 
successive nodes of Ranvier, as has been 
directly demonstrated in peripheral fibers 
(Tasaki, 1952). An additional inflection 
was sometimes seen in fiber responses as 
near the peak of the spike in Fig. 4D. This 
complication was probably due to activity 
of another node farther along the fiber. 

Respomes of Newosecre tory Cells. The 
spike responses ascribable to the neuro- 
secretory cells were different in a number 
of respects. Most obviously they were 4 to 
10 msec in duration, significantly longer 
than the other responses, and they were 
usually followed by a large and long-lasting 
undershoot of the resting potential (Fig. 
5A). 

Spikes evoked in the neurosecretory cells 
by intracellularly applied depolarizing cur- 
rents were of shorter latency with stronger 
stimuli (Fig. 5B). Following a brief thresh- 
old pulse the latency could be very long 
with the membrane potential hovering more 
or less constant for some time before eit’her 
slowly rising to produce a spike or slowly 
falling back to the resting level (C, DI, 
The magnitude of the undershoot was proh- 
ably partly due to depolarization from in- 
,jury of the cell by the microelectrode. 
since most of the cells were rhythmically 
active when initially penetrated, but often 
ceased this firing with no diminut,ion in the 
height of an evoked spike. 

As well as in spike duration and under- 
shoot the neurosecretory cells were distinct 
in their response to external stimulation. 
Directly evoked spikes could be obtained 
only with nearby stimulation and, more- 
over, appeared to be initiated in the cell 



body rather than in the axon. Typical es- 
tcrnally evoked responses are shown in 
Fig. 6A. Very long latency spikes occurred 
with threshold stimulation, but rather than 
arising from the baseline they were initi- 
ated by a depolarization which was con- 
tinuous with the stimulus artifact. The 
spikes arose from the same level of de- 
polarization as required for intracellular 
stimulation (C). These properties were not 
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FIG. 5. Zntracellular stimulation of a neuro- 

secretory cell. Upper trace, applied current; lower 
trace, intracellular potential. A : Spike response 

to suprathreshold stimulation showing long dura- 

tion and ensuing undershoot of the potential with 
respect to the resting value. B: Superimposed 

responses to stimuli of varying strength, the 

shorter latency responses being evoked by the 
stronger stimuli. C, D: Superimposed responses 
to brief threshold stimuli, recorded at half the 

sweep speed. The responses could have very long 
latencies. 

affected by reversing the polarity of the 
external stimulus (B). Unlike antidromic 
responses there were no inflections on t.he 
rising phase. 

The neurosecretory cells could also be 
activated synaptically as shown in Fig. 7. 
The presynaptic pathway was of high 
threshold and probably also had a low 
conduction velocity since even with rela- 
tively nearby stimulation the p.s.p.‘s had a 
long latency. The recording in B had a 
large component of subthreshold response, 
since a small hyperpolarization greatly re- 
duced the amplitude (C), and the remain- 
ing potential had an early peak. 

The caudal neurosecret.ory cells of the 
fluke lie in the last few seguients of the 
vertebral canal. At least in the more pos- 
terior regions motoneurons are absent, and 
the cell bodies present a pure population. 
Their umnyclinated axons pass posteriorly 
to terminate in a highly vascularized 

A 
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IO msec 
FIG. 6. External stimulation of a ,leurosecretory 

cell. Very long latency responses could be pro- 

duced by brief stimuli applied nearby to the sur- 

face of the spinal cord and with either direction 
of current through the bipolar electrodes (super- 

imposed traces varying the stimulus strength, of 
opposite polarity in A and B). The spikes arose 

from depolarization following the stimulus artifact 
rather than from the baseline. The level at which 

they arose was the same as that with intracel- 

lular stimulation (C, current in upper trace). 

body attached to the ventral side of 
the cord. This body, the urohypophysis, 
occupies a small cavity in the last verte- 
brum (cf. Bern and Takasugi, 1962). In 
the animals used in this study the cell 
bodies were 30 to 50 ,LI in diameter and 
their axons up to 3 ,.L In sectioned prepara- 
tions there was a marked differentiation 
where the axons entered the urohypophysis. 
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In viva the urohypophysis was, except for 
scattered pigment cells, opaque white, pre- 
sumably because of accumulation of neuro- 
secretory product. In the caudal portion the 
spinal cord was relatively transparent, 
rnyelinated fibers being rare, and the neu- 
rosecretory cell bodies could be seen within 
it. However, microelectrode tips were not 
as readily visible and could not be localized 
to within the dimensions of a cell body. As 
discussed with respect to the neurons in the 

B.i 

20 msec 
FIG. 7. Sgnaptie actiuirtion of a zeurosecretory 

cell. Stimulation about 5 mm rostra1 to the re- 
cording site. A: A synaptically evoked spike. B: 
Probably a subthreshold p.s.p. although a spike 
may have occurred after the end of the oscillo- 
scope sweep. C: A response like that in B became 
greatly reduced during a hyperpolarizing pulse 
and had an early peak. These changes indicate 
that the p.s.p. in B had evoked a large sub- 
threshold response. 

skate, electrophysiological properties serve 
to distinguish responses in cell bodies from 
those in axons. 

Neurosecreto~y Tract Responses. When 
stimuli were given through electrodes 
placed over the urohypophysis and the 
spinal cord a few millimeters away was 
penetrated by a microelectrode, an initially 
positive triphasic response was recorded 
throughout the cord (Fig. 8A). A similar 
potential was recorded when stimulation 
was rostra1 to the electrode (Figs. 8B, 8C). 
These responses were localized to the pos- 

terior of the cord and were graded with 
stimulus strength. They represented chiefly 
summation of conducted action potentials 
in axons of the neurosecretory tract. The 
conduction velocity was about 1 m/see in 
this experiment (dotted line in Fig. 8’1 but 
was often somewhat slower. When the 
electrode was inside a cell, the tract re- 
sponse could still be recorded, and the cell’s 
sct,ivity appeared superimposed upon it. 

Respon.ses in the Neurosecretory Cell 

5 msec 

FIG. 8. !l’racf responses of the wuwwuetory 

nzons. A: Triphasic response to stimulation over 
the urohypophysis 2.5 mm caudal to the record- 
ing site. B, C: Responses to stimulation of the 
cord 5.5 and 7.5 mm rostra1 to the recording site. 
The distances between the records A-C are pro- 
portional to the distances of the stimulating 
electrodes from the recording site. The dotted 
line shows on the same scale the latency of an 
activity aonducted at 1 m/see. 

Bodies. Spike responses were recorded from 
cell bodies which on anatomical grounds 
could only have been those of the neuro- 
secretory cells. As with ordinary neurons 
in the skate, cell body responses were iden- 
tified by the occurrence of graded p.s.p.‘s 
which could usually be made adequate to 
initiate a spike (Fig. 9A). The cell bodies 
also gave typical antidromic spikes in re- 
sponse to stimuli caudal to the recording 
site, An antidromic spike was usually pre- 
ceded by a potential due to the neurosecre- 
tory tract response and had an inflection 
on its rising phase I Cl. The inflection pre- 



IO msec 

FIG. 9. Sy~ptic a& ctt&Lromic spikes in the! 
neurosecretory cell body. A, B and C, D: Two 
different cells. Stimulation rostra1 to the record- 

ing site in A, over the urohypophysis in ED. 
The antidromir responses in B-D were preceded 

by a small potential due t.0 the t.ract response. 

A: Graded p.s.p.‘s in response to graded rostra1 
st,imulation showing initiation of a spike at the 

level of the dotted line (superimposed traces). 

B: Constant hyperpolarizing pulses were applied 
intracellularly just adequate to cause occasional 

failure of antidromic: invasion. The hyperpolar- 
izing pulses ended hetwcen the stimulus artifact 

from the caudal electrodes and the beginning of 
the antidromic response. When thr second 01 

soma component failed, the axonal component 
remained (superimposed traces with and without 

invasion). The potential at which the somn com- 

ponent arose was close to that for synaptic acti- 
vation (dotted line). C: The first antidromic 

spike had only a slight inflection. When a second 

antidromic spike was evoked in the refractory 
period of the first at progressively shorter inter- 
vals, the inflection become more pronounced and 

then the soma romponent failed, leaving the 

axonal component (superimposed traces), D: In 
the same cell, demonstration of axonal and soma 
components by hyperpolarization (superimposed 

traces with and without invasion). 

sumably resulted from delayed propagation 
at the axon hillock region. By stimulation 
in the refractory period (Cl or during a 
hyperpolarizing pulse applied through the 
recording electrode (B, Dl, the second or 
soma component could be made to fail, 
leaving only the response due to the initial 
part of the axon. The spikes were about 
5 msec in duration, similar to those of the 
neurosecretory cells in the skate. Generally 

they wcrc~ followed by :I l~rolongcrl tmfic~r- 
shoot, but, as this characteristic was not 
present in all cells, its occurrence may liavcb 
been a result of injury. 

As discussed with respect to the skate, 
the initial segment in inotoneurons appears 
to have a lower threshold than the soma 
membrane (Coombs et rtl. 1957; Fuortcq 
et al., 1957). In the neurosecretory cell of 
the fluke, however, the initial part of the 
axon was little, if any, more excitable than 
the soma. This property may be inferred 
from Figs. 9A and 9B, where the level at 
which a synaptically evoked spike arose 
was very close t.o that at which the soma 
component of the antidromic spike arose 
from the axonal component. If the thrcsh- 
old of the axon had been lower, the syn- 
aptically evoked spike would have started 
from a lower level than the soma rom- 
ponent of the antidromic spike. Thus, the 
delay of antidromic invasion at the axon 
hillock was solely a result of the enlarge- 
ment, as was originally thought true of the 
motoneuron (Eccles, 1957). 

Further details of the excitati,on process 
are seen in Fig. 10 where thq levels. for 
direct and synaptic activation and for anti- 
dromic invasion are compared. With a 
brief threshold depolarizing pulse the la- 
tencies were very long, and two firing 
levels could be defined, the level where the 
rising phase became rapid and the some- 
what. lower level from which the potential 
either rose slowly to fire, or fell slowly 
back to the resting level (A, dotted lines). 
The same course of excitation could be 
seen with synaptic stimulation (Bl, the 
potential continuing to rise slowly before 
the rapid phase began well after the peak 
of t.he p.s.p. (D, arrow). 

When antidromic invasion occurred dur- 
ing a hyperpolarizing pulse, no slow rising 
phase and lit.tle delay could be produced 
with even the most careful adjustment of 
pulse strength. The level where the rapid 
rise began was, however, the same as that 
with synaptic and direct excitation. The 
absence of a slow rising phase and long 
delay were a result of t.he hyperpolarizing 
current continuing beyond the peak of the 
axonal component; the current during this 
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time made the membrane very unstable in dicated by Sntidromic Stimulation. The 
the threshold potential region. When the responses of the neurosecretory cells to 
hyperpolarizing pulse ended before the antidromic stimulation often had the un- 
peak of the axonal component, a consid- usual property that they could have quite 
erably longer delay of ant,idromic invasion variable latencies. While the responses to 
was possible (Fig. 11B). A slow rising strong stimulation had latencies corre- 
phase could then be seen preceding the sponding to the conduction velocity of the 
rapid rise, although here somewhat ob- tract response (Fig. 8), weak stimulation 
scured by the second stimulus artifact. often resulted in latencies 10 or even 20 
The delays were readily made so long that msec longer. The longer latency responses 
an impulse after invading the soma propa- had a number of charact.eristics indicating 

A 

FIG. 10. Excitation of the cell body by different modes. Upper trace, intracellular polarizing cur- 
rent; lower trace, intracellular potential. Several superimposed traces in each record. A: Direct 
stimulation by a brief threshold pulse. The potential could remain at the level at the end of the 
pulse and then rise or fall slowly. The rise became rapid at the level of the upper dotted line. B: 
Synaptic activation, stimulation 4mm rostrally. The rapidly rising part of the spike began at the 
same level as for direct stimulation. The preceding slowly rising phase continued well after the peak 
of the p.s.p. as shown in D (arrow). C: When an antidromic spike was evoked during a hyperpolariz- 
ing pulse, little delay of invasion could be obtained. The potential either rose rapidly or fell from 
the level where the rapid rise began on direct and synaptic activation. D: Increasing hyperpolariza- 
tion delayed, then blocked, the synaptic spike showing the early peak of the p.s.p. (arrow, recorded 
at lower gain). 

gated back out the axon, as seen by its 
block of a second antidromic spike. It was 
less easy, however, to produce delays than 
it was with direct or synaptic stimulation. 
Probably there was active repolarization 
during the falling phase of the axonal com- 
ponent of the spike which tended, like 
hyperpolarization, to make the membrane 
potential of the soma more unstable. 

Properties of the Axon Terminals as In- 

that they were initiated at some sit.e in the 
axon terminals in or near t.he urohypoph- 
ysis and that the delay was due to very 
slow conduction velocity in these struc- 
tures. They could not be evoked by stimu- 
lation rostra1 to the urohypophysis and 
were distinct from the synaptically evoked 
spikes, also of long latency, in that they 
were not associated with postsynaptic po- 
tentials in the cell bodies. 



The antidromic latency in a cell usually 
assumed several more or less discrete val- 
ues between which it jumped in an all-or- 
none fashion, suggesting several different 
sites of impulse initiation. In Fig. 12A are 
shown a cell’s responses to varying the an- 
tidromic stimulus strength near and some- 
what above t.hreshold; the latencies clus- 
tered around two values. In Figs. 12B- 
12D the duration of t,he stimulus was in- 
creased so that’ the height of the stimulus 
artifact could be used as a measure of 
stimulus strength. On a slight increase over 

FIG. 11. Delay of nnticlromic invasion by a pw- 

ceding hyperpolarizing pzrlse. Paired stimuli given 

over the urohypophysis 1.5 mm caudal to the 
recording site. Upper trace, intracellular polar- 

izing current; lower trace, intracellular potential. 
A: With no hyperpolarizing current antidromic 

spikes occurred in response to both stimuli. B: 
Constant hyperpolarizing pulses were given which 
ended on the rising phase of the asonal com- 

ponent of the first antidromic response and which 
occasionally blocked invasion of the soma (four 
superimposed traces). When invasion failed, a 

second antidromic response was obtained (one 
trace). When invasion occurred (three traces), 

the delay was sufficient to allow a second impulse 
to propagate back out the axon as indicated by 
block of the second antidromic response. With 
the longer delays a slow rise preceded the rapid 
rising phase of the soma component. 

threshold (B) , the Iatcncy dccl~c’LLd(‘lI 

slightly and then jumped to a smaller value 
(C). At the strength in C the latency could 
be either long or short. A much greater in- 
crease in the st,imulus produced a further 
gradual shortening of latency and then a 
second but smaller all-or-none jump (D 1. 
Between A and B the cell began to dc- 
teriorate markedly and a constant hypcr- 
polarizing current was applied to maintain 
the spike height. The antidromic latcncie5 
in B and C, however, were identical to 
those in A. As might be expected with cx- 
t.ernal stimulation, rcvcrsal of stimulus po- 
larity usually altered the latencies that the 
antidromic responses could assume. 

The results of paired antidromic stimu- 
lation were also consistent with the hy- 
pothesis of impulse initiation at, several 
dist’inct, sites. The refractory period foi 
initiation of a second antidromic impulse 
was usually shorter than the interval at 
which invasion of the soma failed, but, the 
occurrence of t,he axonal component of the 
spike was adequate to establish that a 
second impulse had been evoked (cf. Fig. 
9C). In a typical experiment the refrac- 
t,ory period was only slightly greater with 
paired weak stimuli of the strength pro- 
ducing long latency responses than it was 
with paired stronger stimuli of strength 
adequate to produce short latency re- 
sponses (Figs. 13B, 13G). Usually there 
was very little increase in latency just be- 
fore the second response failed (G), but 
sometimes the latency to a second strong 
stimulus could have either the short or the 
long value (B, C). When a second weak 
stimulus was given at a somewhat greater 
interval than the refractory period, the 
latency in many cells jumped to the value 
for the stronger stimulus (E, F) indicating 
a supernormal period in the part of the 
axon where the short latency response 
arose. 

The question may be raised as to 
whether the long antidromic latencies were 
due to slow uniform conduct.ion or to de- 
lays at low safety factor regions, such as 
might occur at branch points in the ter- 
minals. This problem was investigated by 
observing the effect of a spike initiated 
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IO msec 
FIG. 12. Effect of stimulus strength on antidromic latency. Stimulation over the urohypophysis 

about 4mm caudal to the recording site. A: Superimposed traces of responses to stimulation at, and 
just above, threshold. The latencies clustered around two values. B-D: The stimulus duration was 

lengthened so that the height of the shock artifact could serve as a monitor of stimulus strength (two 
superimposed traces at nearly constant stimulus strength in each record). Between A and B about 10 

minutes had passed in testing other properties of the cell. Shortly before B the cell began to de- 

teriorate and these changes continued during the determination of the thresholds in C and D. Hy- 
perpolarizing current was applied to maintain the spike height. At the stimulus strength in C the 
response could have either of two latencies; the longer was slightly shorter than the threshold la- 
tency shown in B. At the much greater strength in D, the response could also have two latencies, the 

longer being about the same as the shorter in C. In spite of the elapsed time and deterioration of 
the cell the antidromic latencies in B and C were identical to those in A. 

directly in the soma on a succeeding anti- 

dromic response. The response to an anti- 

dromic stimulus should be blocked follow- 
ing a direct spike for an interval equal to 
the time required for the impulse to reach 
the site of antidromic stimulation plus the 
refractory period at that site. The refrac- 
tory period should be equal to that for 
paired ant,idromic stimulation and sub- 
tracting should give the orthodromic con- 
duction time. If the orthodromic conduc- 
tion t,ime were equal to the antidromic, it 
would be likely that the conduction ve- 
locity were equal and uniform in the two 
directions. In fact, in most instances the 
blocking period of a direct spike on a 
succeeding antidromic response was near 
or slightly less than the sum of the anti- 
dromic conduction time and the refractory 
period for paired antidromic stimulation, 
implying near equality of the conduction 
times (Figs. 13D, 13HJ. Thus, the long 
latency appeared to be mainly due to a 
slow conduction velocity. In the few in- 

stances where the blocking time was sig- 
nificantly shorter than calculated, the anti- 
dromic impulse probably was delayed at 
some point of low safety factor along the 
axon. The existence of such points is dis- 
cussed in the next section. 

While the length of the terminals is un- 
known, the widt.h of the urohypophysis 
(0.5 mm) may be taken as an approxima- 
tion. A conduction time in t.he terminals 
of 10 msec thus indicates a conduction 
velocity of the order of 0.05 m/see. 

Block: of Antidromir Responses Distal 
to the Axon Hillock Region. In the cat 

motoneuron, block of the initial segment 
component of the antidromic spike can be 
achieved either by stimulating in the re- 
fractory period or by hyperpolarizing, 
propagation failing to occur across the 
first internode (Eccles, 19571. Although the 
neurosecretory axons are unmyelinated, 
electrophysiologically they present points 
of reduced safety factor distal to the axon 
hillock region, and hyperpolarization 
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FIG. 13. Refrnctoly periods fol antidromic 

stimulation and blockijlg by a direct spike. Stim- 

.rlation over the urohypophysis 1.5 mm caudal 
to the recording site and through the microelec- 

trode. The minimum interval at which an anti- 
dromic response could invade the soma following 

a previous spike was quite long, and in none of 
the records did antidromic invasion occur during 

a second response, only the axonal component 
being seen. A: Superimposed traces showing the 

two latencies obtained on antidromic stimulation. 

B: The refractory period for a pair of equal 
stimuli, the first of which evoked a short latency 

response (superimposed traces where second re- 
sponse did and did not occur). Before failure the 

second response showed a slight increase in 

latency. C: The same stimuli at the same int.erval 
as in B. Sometimes the second response had the 

long instead of the short latency (superimposed 
traces as in B). D: B spike directly evoked in 

the soma blocked the short latency antidromic 
response at close to the interval, indicated by the 

dott,ed line, equal to the refractory period for the 
paired antidromic stimuli plus the antidromic 

conduction time (superimposed traces where the 
antidromic response was and was not blocked). 

E: The response to a pair of equal stimuli, the 
first giving a long latency response. The response 

to the second stimulus occurred at the short 
latency. F: Bt a slightly shorter interval than in 

E the Iakncy of the second response returned to 
near the long value. G: At a still shorter interval 
than in F the second response failed, but with 

little preceding increase in latency (superimposed 
traces as in B). The refractory period was only 

slightly greater than in B. H: A spike evoked 
directly in the soma blocked the long latency 
antidromic response at. close to the interval, indi- 
cated by the dotted line, equal to the refractory 

period for the paired antidromir stimuli plus the 
antidromic conduction time (superimposed traces 
as in D). 

spread electronically from the xoma rna~ 
block antidromic propagation at thesca 
points. 

A not uncommon response nau like that 
illustrated in Fig. 14A where the large 
spike component that was blocked by hy- 
perpolarization appeared to arise from the 
axonal component. at, a potential below the 
firing level of the cell (Bl, even a little 
below the resting potential. This com- 
ponent, therefore, could not have arisen 

- 

IO,2 msec 

FIG. 14. Block of antid,omic invasion just distal 

to the axon hillock region. Stimulation over the 

urohypophysis. A : Hyperpolarization adequate to 

cause occasional failure of a large spike com- 
ponent. This component appeared to arise from 
the peak of the remaining axonal component at 

a level below the resting potential. It must there- 
fore have arisen distal to the electrode (super- 

imposed responses with and without hyperpolar- 

ization). B: Responses to near threshold direct 
stimulation. The firing level would have been 
slightly below the potential immediately follow- 

ing the stimulus (cf. Fig. 10). C : Superimposed 

records of expanded sweeps with hyperpolariza- 
tion as in 9. There was an inflection on the ris- 

ing phase of the component that failed, presum- 
ably due to delay in the axon hillock region, 

block occurring at a more distal point. 

right at the electrode, but must have been 
initiated a short distance away where the 
depolarization produced by the invading 
impulse was greater. It had an additional 
inflection on its rising phase (Cl, which 
probably resulted from delay at the axon 
hillock, the block occurring at a more distal 
point. This result, is not dissimilar to the 
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finding in some motoneurons of the cat that 
with increasing hyperpolarization or re- 
fractoriness the initial segment may fail to 
be excited by the first node before invasion 
of the soma fails (Fuortes et al., 1957). 

With increase in hyperpolarization be- 
yond t,hat adequate to prevent invasion of 
the cell body, a level was often reached 
where a further slight increase in polariza- 
tion caused a virtually complete block of 
the remaining axonal component. This 
block usually required less hyperpolariza- 
tion with responses of longer latency in 
spite of their being initiated farther from 
the soma, where the hyperpolarizat,ion was 
being applied (Fig. 15). However, the 
block appeared to result not from prevent- 
ing the initiation of the longer latency re- 
sponses, but rather of preventing their 
propagation across some more proximal 

point in the axon. The st.ronger stimuli 
either facilitated conduction across this 
point or initiated impulses still more 
proximally. Evidence for block of a long 
latency response proximal to its site of 
initiation is shown in Fig. 16. Hyperpolari- 
zation did not block the axonal component 
completely ; only a small potential re- 
mained, however, indicating that the block 
was far from the soma (F). A slight short- 
ening of the pulse that in B was adequate 
to block t’he response allowed invasion 

I I 
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FIG. 15. Block of the axonal component of anti- 

dromic responses with different latencies. Stimula- 

tion over the urohypophysis 5 mm caudal to the 

recording site. Superimposed traces in each case 
with and without, hyperpolarization. A1: The 

hyperpolarization was more than adequate to 

block invasion of the soma by the long latency 
response to a weak antidromic stimulus. The 

axonal component remained. A?: A slight increase 
in hyperpolarization blocked or at least greatly 

reduced the axonal component. B,: The shorter 
latency axonal component in response to a 

stronger antidromic stimulus was not blocked by 
a larger hyperpolarization although, since it was 

reduced in height over that in A,, it probably 
did not invade as far. It was also somewhat de- 

layed but the delay had developed in a graded 
fashion suggesting reduced conduction velocity 

due to the hyperpolarization that had electroni- 
cally spread out the axon. B?: A slight increase 
in hyperpolarization again blocked the asonal 

component,. 

FIG. 16. Block of n&lromic propngatio?c alo?q 

the axon distant from the soma. Stimulation over 

the urohypophysis 2 mm caudal to the recording 
site. A: A pair of weak stimuli each producing a 
long latency antidromic response. B: The re- 

sponse to the first stimulus alone was virtually 

completely blocked by a hyperpolarizing pulse. C: 
Slight shortening of the pulse allowed the axonal 

component of the spike to occur, although up to 

a time more than 10 msec following the stimulus 
to the urohypophysis the hyperpolarization was 

unchanged compared with that in B. D: The pair 

of stimuli given in A at a closer interval. The 
second response failed. E : Hyperpolarization ade- 

quate to block the first response did not allow a 
response to occur to the second stimulus, although 

the hyperpolarization did not block the response 
to this stimulus alone (cf. C). F: Increased gain 
and reduced sweep speed with hyperpolarization 

adequate to cause occasional failure of the axonal 
component. 9 small potential remained when the 

large axonal component failed (two superim- 

posed traces). 
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nearer the soma I,CJ , although the hypcr- 
polarization was unchanged at the time of 
antidromic stimulation and for more than 
10 msec afterwards. Block of the response 
did not prevent refractoriness to a second 
stimulus which by itself would have re- 
sulted in at least the axonal component of 
the spike (D; cf. C). 

On several occasions the antidromic re- 
sponses were observed to show a stepwise 
increase in latency when the soma was hy- 
perpolarized. This result was probably due 
to block of the shorter latency response 
near its site of initiation without block of 
conduction of the more distantly initiated 
impulse. The smaller (graded) increases in 
latency that were observed (cf. Fig. 15B,) 
would have been due to reduced conduction 
velocity as a result of the hypcrpolariza- 
tion electronically spread into the axon. 
The hyperpolarization would also have ef- 
fected the gradual reduct,ion in amplitude 
of the axonal response by a grndual de- 
crease in the limit of invasion (cf. Fuortes 
et al., 1957). 

Responses in the :Veurosecretory Cell 
ilxnns. Spikes ascribable to the neurosecre- 
tory axons were rather smaller and more 
diverse in form than those in the cell 
bodies. They were usually about the same 
duration as soma responses but lacked un- 
dershoots. In view of the small axonal 
diameter, they were recorded with surpris- 
ing frequency and injury was no doubt 
common. The responses of fibers were 
characterized in either of two ways as in 
the skate. In the experiment of Figs. 17A- 
17C the spikes that were elicited by rostra1 
stimulation could be identified as synap- 
tically evoked by their long and variable 
lat.ency which contrasted with the shorter 
and constant latency of the tract response 
simultaneously recorded by the same elec- 
trode. No p.s.p.‘s were observed, however. 
In Fig. 18 spikes identified as directly 
evoked by their short or constant latency 
were obtained from bot.11 rostra1 and caudal 
stimulation. 

The neurosecretory axons constitute the 
largest fiber component in the posterior 
cord, and all the more posteriorly recorded 
responses in fibers appeared to he in those 

IO Inset 

FIG. 17. Syt~aptically elwked rind antidronaic 

spikes in a neurosecretory uxon. A-C: Spikes in 
response to increasing stimuli given 7 mm rostra1 

became of much shorter latency and must there- 

fore have been synaptically evoked. No ps.p. 
was recorded, however, indicating that the elec- 

trode was in a fiber. The tract response due to 
direct stimulation of some other neurosecretory 

axons could be seen preceding the spike. This 

earlier potential had a constant latency of about 
10 msec, although it increased somewhat in size 
indicating stimulation of additional axons. D: A 

long latency response to stimulation over the uro- 

hypophysis 1 mm caudal to the recording site. The 
minimum antidromic latency was about 1 msec. 
E: The response to stimulation as in D blocked 

the synaptic spike evoked by stimulation as in C. 

F: The same stimuli as in E, hyperpolarization 
could cause a second component of the first re- 

sponse to fail. When this component failed, the 

synaptic spike reappeared (superimposed t,races 
with and wit,hout the second component). The 

first response must therefore have arisen on the 
opposite side of the recording electrode from the 

synaptically evoked response, and been anti- 
dromic in origin. 

of the neurosecretory cells. As well as being 
of similar duration to t,he soma spikes, they 
had appropriate conduction velocities and 
patterns of response to rostra1 and caudal 
stimulation. Brief, rapidly conducting 
spikes characteristic of myelinated fibers 
could be recorded from ventral roots, but 
were not found in the cord posterior to the 
third vcrtebrum rostrally. 

As in the case of myelinated fibers (cf. 
Fig. 4), conduction along the neurosecre- 
tory axons could be blocked by hyperpo- 
larization, the spike then demonstrating 
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FIG. 18. Directly evoked orthodromic and antidromic spikes in a neurosecretory axon. Stimulation 
6mm rostra1 to the recording site and 2 mm caudal which was over the urohypophysis. A: The 
rostra1 stimulus preceded the caudal. The fiber was refractory to the second stimulus. The response 
to rostra1 stimulation was identified as direct because there was little change in latency with stimulus 
strength, and the latency was short compared to the usual synaptically evoked responses. The la- 
tency was close to that of the tract response to the stimulus which can be seen in C and D (order of 
stimulation reversed). B: Hyperpolarization could cause a second component of the rostra1 response 
to fail. When this component failed, a response to the caudal stimulus occurred indicating that 
propagation across the recording site had been blocked (superimposed traces with and without the 
second component). C and D: As in A and B, but with order of stimulation reversed. The response 
to caudal stimulation must have been direct because of its short latency. 

two components. In Fig. 18 the response 
to each stimulus left the fiber refractory 
to a following stimulus on the other side 
of the recording site (A, C). When hyper- 
polarization was applied adequate to block 
the second component of the earlier re- 
sponse, the ensuing stimulus was able to 
evoke a spike 03, D). 

The block of conduction along a fiber 
could sometimes be used to determine the 
direction in which an impulse was travel- 
ing. In Fig. 17 the synapt.ically evoked 
spike (C) was blocked when preceded (E) 
by a long latency response to stimulation 
over the urohypophysis (D). The response 
to the caudal stimulus could not be deter- 
mined to be antidromic by the site of stim- 
ulation alone (cf. Fig. 20), and its latency 
was consistent with either synaptic or ant,i- 
dromic origin. However, when its propaga- 
tion was prevented by hyperpolarization as 
denoted by failure of its second component 
(F) it no longer blocked the synaptic re- 
sponse. It must therefore have arisen on 
the opposite side of the recording site from 
where the synaptic spike arose, and have 
been antidromic in origin. 

Properties of the Presynaptic Fibers. 
Stimulation of the cord five segments rostra1 
to the urohypophysis, which was well be- 

yond t.he neurosecretory cells, still evoked 
a p.s.p. in them (Fig. 19C), suggesting t.hat 
the presynaptic pathway descended from 
an anterior part of the nervous system. An 
approximate value for the conduction ve- 
locity in the pathway could be obtained by 
stimulating at two sites a measured dis- 
tance apart and determining the difference 
in latency of the p.s.p.‘s. This value, 4.5 
m/set for the experiment of Fig. 19 and 

1 
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FIG. 19. Conduction velocity in the presynap- 

tic pathway. A: Synaptically evoked spike from 
stimulation I1 mm rostra1 to recording site. B: 
Same site of stimulation, recording at higher gain 
to show the latency of the p.s.p. C: Stimulation 
24 mm rostrally which was five segments rostra1 to 
the urohypophysis, recording at the higher gain. 
The latency was increased by an amount corre- 
sponding to a presynaptic conduction velocity of 
4.5 m/set. 



up to 10 ul,/se’c iu other cxl)erilrlerlts, reli- 
rescnte the velocity in the most rapidly 
conducting elements. The irregularities that 
could occur during the p.s.p.‘s (cf. Fig. 9) 
might have been due to contributions from 
later arriving impulses. 

Many, if not all, of the axons which 
ended on the more rostra1 cells ran farther 
caudally, probably also ending on the more 
caudal cells. This aspect of the innerva- 
tion is shown by the interaction of p.s.p.‘s 
which could be evoked bv stimuli both 
caudal and rostra1 to a given cell (Fig. 
20). At short intervals whichever postsyn- 

arrows 1 Tlicsc~ small l’otenti:ils were lnc- 
sumably due to tonic activity in one or :I 
fen piesynaptic fibers. Intravenous injcc- 
tion of distilled water caused a great in- 
crcahc in the synaptic activity, resulting in 
irregular firing (B, 1.5 minutes after injec- 
t,ion of 4 cc distilled water 1. The increase 
in p.s.p.‘s was particularly obvious when 
t,he ccl1 was t~ypcrl~olarized sufficiently to 
prevent firing (D 1. The intervals between 
spikes were quite irregular (B, C, E, F) 
as distinct from the highly uniform dis- 
charge in response to injury. 

The threshold blood dilution for the re- 

lo mrac 

FIG. 20. Ixteractior~ of p.s.p.‘s from lostrul und caztdnl stimulation. A: Response to stimulation 
2.5mm rostra1 to the recording site. Superimposed traces showing a synaptically evoked spike and its 
block by hyperpolarization revealing the early peak of the p.s.p. B-I: In addition t,o the rostra1 
st8imulus, one was given over the urohypophysis 3.5 mm caudal to the recording site. This stimulus re- 
sulted in a p.s.p. which was superimposed on the tract response of the neurosecretory axons. A con- 
stant hyperpolarizing current was passed to block impulse generation. Superimposed traces show 
baseline, first stimulus alone, and first and second stimuli together. In B-F the rostra1 stimulus pre- 
ceded the caudal; in G-I the stimuli were in the opposite order. At the longer stimulus intervals 
the p.s.p.‘s summed. At the shorter intervals the second 1~s.p. was greatly reduced. In F only the 
triphasic tract response appeared to occur in response to the caudal stimulus. 

apOic potential was second was greatly re- 
duced (F, G). However, when the interval 
between stimuli was greater than about 
5 msec the p.s.p.‘s summed without signifi- 
cant reduction in amplitude of the second 
(B, C, I; note the triphasic tract response 
superimposed on the p.s.p. due to caudal 
stimulation). 

The physiological role of the caudal 
neurosecretory cells remains somewhat ob- 
scure, but is apparently involved in osmo- 
regulation (Enami, 1959 ; Bern and Taka- 
sugi, 1962). In many cells there were seen 
at high gain small potentials close to the 
noise level, but nevertheless in duration of 
the same order as the p.s.p.‘s (Fig. 21, 

sponse has not as yet been determined. 
Assuming 57% blood volume, the average 
dilution in the experiment of Fig. 21 was 
about lo%, but the rate of mixing with the 
blood and with other body fluids is prob-, 
lematical. Injections of hypertonic NaCl: 
solutions had no effect, at least on quies- 
cent cells. 

DISCUSSION 

The caudal neurosecretory cells in the 
fluke have definitely been found capable 
of producing action potentials and of being 
synaptically activated. With somewhat less 
reliability because of their anatomical sit- 
uation the caudal neurosecrctory cells of 
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the skate can be said to have similar prop- 
erties. In the fluke impulses were initiated 
by the injection of hypotonic solutions, ap- 
parently physiologically through increased 
activity of the presynaptic fibers. The im- 
pulses would have been propagated to the 
region of the terminals, but direct evidence 
that the cells’ electrical activity resulted 
in secretion of neurohormone was not 
obtained. 

The origin of the presynaptic fibers is 
unknown, but since they lie anteriorly in 
both fluke and eel (Morita et al., 1961), an 

0.1 set 

FIG. 21. Activation by hypotonic solutions. A: 
Spontaneous activity (arrows), presumably p.s.p.‘s 

resulting from activity in one or a few presynap- 
tic fibers. Following this recording 4 cc of distilled 

water was injected into the vein ventral to the 

spinal column about 8 cm rostra1 to the urohy- 
pophysis. B, C: 1.5 minutes later there was a great 

increase in synaptic activity, and the cell began 
to fire. D: The increased frequency of synaptic 

activity was clearly apparent when the cell was 

hyperpolariaed sufficiently to block firing. E, F: 
Recorded at lower gain and sweep speed to show 

the irregular frequency of firing. 

encephalic center might be expected. This 
center would be activated by enterorecep- 
tars for the physiological stimulus and, 
indeed, might contain or consist. of them. 
The quest,ion of interneurons in the de- 
scending pathway is also not resolved. The 
presynaptic conduction velocity in the 
Ruke was sufficiently rapid to suggest small 
myelinated fibers, and the results shown in 
Fig. 20 are consistent with monosynaptic 
activation of the neurosecretory cells. No 
intracellular recordings were obtained in 

the posterior cord that could be ascribed 
to the presynaptic fibers. 

A number of obvious controls on the pre- 
sumed physiological activation by hypo- 
tonic solutions have yet to be performed. 
If there is an encephalic control center a 
rostra1 spinal section should block the re- 
sponse, and sensitivity to locally applied 
solutions should be absent. Generalized 
neuronal activation should also not occur. 
It is already clear from the great. increase 
in synapt,ic activity that the response was 
at least primarily mediated by presynaptic 
fibers rather than by direct sensitivity of 
the neurosecretory cells themselves (Fig. 
21). In addition the absence of antidromic 
firing (Fig. 21D) demonstrates that, the 
neurosecretory axons were not particularly 
sensitive to the hypotonic stimulus. 

The precise nature of the stimulus has 
also to be determined. It is not clear 
whether activation resulted from reduction 
in osmotic pressure or in the concentration 
of any specific blood constituent. Activa- 
tion by hypotonic solutions is the opposite 
from that which would be predicted from 
the results of Bern and Takasugi (1962). 
These workers compared normal and uro- 
hypophysectomized individuals of a fresh 
water species on immersion in hypertonic 
solutions. The operated animals showed 
greater mort,ality, weight loss, and increase 
in blood chloride concentration. Ap- 
parently in this form t,he hormone tends to 
maintain or decrease blood concentration 
against an abnormal inward concentration 
gradient.. A decrease in permeability or 
increase in active transport, would be 
required. In the fluke the hormone pre- 
sumably tends to increase blood concentra- 
tion in the normal, marine environment, 
which is down a concentrat,ion gradient. 
This effect could result simply from in- 
creased permeability leading to increased 
passive movement. 

The clectrophysiological properties of 
the neurosecretory cells are well adapted to 
tonic activation which is probably the nor- 
mal mode. There is very little accommoda- 
tion as indicated by the long latencies to 
brief stimuli (Figs. 5, lo), and by the pro- 
longed low frequency injury discharges 



that. were often observed. One spccializa- 
tion that, occurs in motoneurons, that of 
having a low threshold init’ial segment rc- 
gion, was not found in the neurosecretory 
cells, at least those of the fluke (Figs. 9, 
10). The proposed function in motoneurons 
of this property, to assure averaging of 
somatic and dendritic p.s.p.‘s (Coombs et 
nl., 19571, would not be important, how- 
ever, since the dendrites of the ncurosecre- 
tory cells are quite short and the synapt,ic 
input probably all of one type. The failure 
to observe antidromic spikes in the skate 
neurosecretory cells may have been a re- 
sult of the shortness of t,he axons as well as 
of there being no great difference in cxcita- 
hility between axon and soma. 

of tlic low firing frequency of the cells 
(Fig. 21 ; cf. Eccles, 1957‘1. Even at the 
estinlatcd conduction velocity in the tcr- 
minals, impulses could propagate the entire 
length of the animal in a matt,er of sec- 
onds so that the slowness would not intro- 
duce delays significant for an osmoregula- 
tory fun&on. The elect.rical activity of the 
terminals certainly requires further study. 
Thus far in the fluke, no more than very 
small externally recorded spikes have been 
obtained from the urohypophysis itself. It 
might be more practical to obtain intracel- 
lular recording from t,he terminals in a 
species where they are relatively large (cf. 
Bern and Takasugi, 19621. 

The low safety factor points for anti- 
dromic propagation along the axon do not 
have an obvious anatomical basis. One such 
point might have occurred at the junction 
between urohypophysis and spinal cord 
where there is a marked cytological and, 
perhaps, electrophysiological diffcrentia- 
tion. However, little hyperpolarization 
could have reached this point from the cell 
bodies of the more rostra1 cells in which 
the axonal block of propagation was ob- 
tained (cf. Fig. 151. The safety factor 
along the axon could be reduced, like at 
the axon hillock, by an enlargement of t.he 
membrane such as clue to branching or an 
accumulation of secretory product. On the 
ot,her hand, the secretory product might 
increase the axoplasmic resistance. An ac- 
cumulation could then hinder local circuit 
propagat,ion by reducing the intracellular 
longitudinal action current. This result 
would be analogous to the slowing or block 
of propagation in a nerve fiber that can be 
produced by increasing the resistance for 
flow of external current (Hodgkin, 1939; 
Tasaki and Frank, 19551. 
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