
Table 2. Kinetic parameters for water pool in 
cattle. For the cow used in trial 1, the body 
water pool was 73.4 percent of body weight; for 
that used in trial 2, it was 72.4 percent. 

T r ia Half-life Water turnover 
(days) (pool fraction/day) 

Group I 
1 3.3 0.21 
2 3.4 0.204 
3 3.5 0.198 
4 3.8 0.082 
5 3.7 0.187 
6 3.0 0.231 
7 3.9 0.178 
8 3.7 0.187 

Mean 3.54 = 0.105 

Group II 
9 3.4 0.204 

10 4.1 0.169 
11 2.8 0.247 
12 3.8 0.182 
13 3.6 0.192 
14 2.9 0.239 
15 3.2 0.217 

Mean 3.4 =: 0.179 

Group III 
16 2.8 0.247 
17 3.5 0.198 
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conditions do not effect the half-life 
of body water. Rather, it appears that 
their effect was very small and, with 
our limited data, cannot be determined. 
More extensive investigations are in 
progress to evaluate the individual ef- 
fects of these factors on water turnover. 

The data collected in trial 1 (or 2) 
can be used to calculate the daily water 
flux through the cow. For example, in 
trial 1, the body water pool for cow 
1186 was 73.4 percent of 763 kg, or 
560 kg of water, and her turnover was 
0.21 of the pool per day. The water 
flux, based on these figures, would be 
118 kg/day (560 kg X 0.21). This 
cow was producing 23 kg of milk per 
day, which would contain 19.8 kg of 
water, or about 17 percent of the 
total flux. Although water losses via 
feces and urine were not measured in 
these trials, data reported by Adolph 
(4) can be used to estimate that daily 
losses of 24 kg occurred (0.04 and 0.09 
percent of body weight per hour for 
urine and feces, respectively). If this 
cow stopped lactating, so that her water 
flux decreased to 98 kg/day while her 
water pool remained 560 kg, her water 
turnover would become 0.18 of the 
pool per day and the half-life would 
increase to 4.0 days. This value for 
half-life is on the high side of those 
obtained with nonlactating cattle but 
still falls within the maximum observed 
with a steer (4.1 days). Since the 
average half-life for nonlactating cattle 
was not significantly different from that 
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for cows with various lactation levels 
(9 to 24 kg of milk per day) it seems 
likely that other adjustments generally 
occur which minimize the change in 
half-life with changes in water flux. 
One possibility would be a compen- 
satory decrease in water loss via urine 
and feces as the lactation level rises; 
however, this would be of limited mag- 
nitude, since, of the total amount of 
water lost in this way, most is needed 
for removal of undigested and non- 
metabolized waste from the body. An- 
other, and perhaps more reasonable, 
adjustment would be a parallel change 
in total pool size-the pool increasing 
as the water flux increases with higher 
levels of lactation. A parallel change 
of pool size and water flux would mini- 
mize any change in half-life. The 
greater percentage of body water in 
dairy cattle compared to beef cattle (3) 
would support this explanation. Also, 
the fact that the half-life of body water 
was nearly the same during ketosis 
(trial 4) when the cow was undergoing 
marked decrease in body content (22 
percent weight loss in 3 weeks), as 
when the cow had recovered and was 
slowly gaining weight (trial 5), indi- 
cates that adjustments involving pool 
size and turnover must occur rather 
rapidly. 

An increase in pool size associated 
with greater water flux could have im- 
portant physiological significance. In 
lactating animals it would provide a 
greater reservoir of soluble metabolites 
for biosynthesis of milk. It would also 
provide greater water reserve for hot 
weather conditions when losses due to 
respiration and body cooling increase. 
The larger pools with their greater ca- 
pacities would resist, for a longer time 
than smaller pools, the adverse physi- 
ological effects of depletion associated 
with high fluxes through these pools. 
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"Electrical Transmission" at an 
Excitatory Synapse in a 
Vertebrate Brain 

Abstract. A type of excitatory synap- 
tic transmission which is novel for the 
vertebrate brain has been found in the 
medulla of the goldfish. Certain synap- 
tic terminals (the club endings of Bar- 
telmez) appear to stimulate the Mauth- 
ner neuron (M-cell) by means of the 
passive spread of their action currents 
across the synaptic membrane. After 
stimulating the ipsilateral eighth crani- 
al nerve, an excitatory postsynaptic po- 
tential (EPSP) appears in the M-cell 
with a latency which is very brief 
(about 0.1 msec) and which probarbly 
represents a negligible synaptic delay. 
This response is attributed to the club 
endings: there were steep gradients of 
potential along the lateral dendrite of 
the M-cell during activity and the early 
EPSP was maximal in the distal part 
of the dendrite where the club endings 
predominate. Potential changes in the 
M-cell spread (passively) backwards 
into certain eighth-nerve fibers (prob- 
ably club endings) indicating the pres- 
ence of special low-resistance connec- 
tions between them and the M-cell. 

The Mauthner cells (M-cells) are a 
pair of giant neurons found in the 
medulla of most fish. They are large 
enough to permit intracellular record- 
ings to be obtained from their axons, 
cell bodies, and dendrites; their rich 
synaptic input is morphologically spe- 
cialized, certain distinctive groups of 
nerve endings being localized to par- 
ticular regions of the cell (Fig. 1). 

In previous studies of goldfish M- 
cells (2) very early intracellular 
changes in potentials were sometimes 
observed after a stimulus was applied 
to the ipsilateral eighth cranial nerve. 
The study reported herein was under- 
taken to examine these short-latency re- 
sponses more closely. 

The experimental methods were simi- 
lar to those previously described (2), 
but a more radical dissection was made 
which exposed the utricle and parts of 
the eighth nerve. The fine silver wires 
used for stimulating were insulated ex- 
cept at the tips and could be manipu- 
lated independently. Intracellular re- 
cordings were made with glass micropi- 
pettes filled with either 0.6M K2SO4 or 
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stimulating cathode was placed near 
the entry into the medulla of the pos- 
terior branch of the eighth nerve 
(which innervates the sacculus and la- 
gena). These responses were present in 
intracellular recordings from the M- 
cell lateral dendrite, cell body, and 
axon (Fig. 2). Their amplitude was 
finely graded according to the intensity 
of the stimulus, indicating that many 
eighth-nerve axons participated in their 
production. At a certain intensity of 
the stimulus these responses exceeded 
threshold and evoked a conducted im- 
pulse in the M-cell (Fig. 2, c, d). They 
were very effectively diminished by in- 
hibitory inputs to the M-cell. In short, 
they had the characteristics of conven- 
tional excitatory postsynaptic poten- 
tials (EPSP's) remarkable only for 
their time scale. The latency from the 
beginning of the eighth-nerve stimulus 
to the start of the EPSP was very 
brief (usually 0.10 to 0.15 msec). 
Their overall duration was only 1.5 to 
2 msec, the rising phase being com- 
plete in 0.2 to 0.3 msec. Other ex- 
amples of rapid EPSP's of very short 
latency are known (3) and these oc- 
cur at certain "electrical" synapses 
which can be distinguished from "chem- 
ical" synapses 'by the presence of spe- 
cialized low-resistance connections 

Lateral Dendrite 

lOOp 

Dendrite 

Fig. 1. A reconstruction of a Mauthner 
cell; taken from Bodian (1). Note the 
myelinated club endings on the distal 
part of the lateral dendrite; although not 
shown in the figure, some small boutons 
are also present in this region and a few 
club endings are found on other parts of 
the cell, as well. The scale, which is only 
approximate, is not that given with the 
original drawing (1) but is more appro- 
priate to the larger cells used in the pres- 
ent experiments. 
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which provide effective electrical cou- 
pling between the pre- and postsynaptic 
cells. These preliminary observations 
thus raised the possibility of "electri- 
cally" transmitting excitatory synapses 
on the M-cell. At "electrical" synapses 
the presynaptic structure must be large 
enough to supply the required current 
to the postsynaptic cell. In the M-cell, 
the myelinated club endings seemed 
the most likely candidates for mediat- 
ing this type of transmission, because 
of their large size. At about this time 
Robertson et al. (4) were independ- 
ently studying the M-cell with the elec- 
tron microscope and observed a pecu- 
liarity at the club-ending synapses which 
pointed to the same hypothesis. How- 
ever, before the anatomical and physi- 
ological observations could be said to 
support one another it was necessary 
to determine whether the early EPSP 
does, in fact, arise at the club-ending 
synapses. 

Intracellular recordings were made at 
a number of positions along the M- 
cell in order to discover if the ampli- 
tude of the early EPSP was maximal 
at the region of the club-endings. The 
results were definite. Whenever a suc- 
cessful entry was made in the distal 
half of the lateral dendrite (more than 
about 300 /A lateral to the axon hil- 
lock) very large early EPSP's could 
be recorded (up to 50 mv); more 
proximally in the dendrite or in the 
cell body the early response to the same 
stimulus was always smaller. This is 
illustrated in the upper row of Fig. 3 
which shows early EPSP's recorded 
from three different sites in the same 
M-cell. The zero position corresponds 
to the axon-hillock region, the other 
two recordings were from the lateral 
dendrite 175 / and 350 ,u from 
the first. The stimulus applied to the 
eighth nerve was submaximal and was 
kept constant. The early EPSP was 
largest at the most lateral recording 
site. The lower row of records in Fig. 3 
were made at the same three positions 
and show the analogous but converse 
phenomenon for the antidromic action 
potential. The latter does not actively 
propagate along the dendrite (2) but 
is generated at the axon and axon hil- 
lock (position 0). In accordance with 
this different site of origin, the action 
potential decreases in height along the 
dendrite in the direction opposite to 
that in which the EPSP decreases. Ex- 
periments of this type show that the 
early EPSP's originate in that part of 
the M-cell where the club endings pre- 

Fig. 2. Intracellular recordings from the 
M-cell showing the short-latency responses 
to stimulation of the ipsilateral eighth- 
nerve. Each record shows a multiple ex- 
posure; between successive traces the 
stimulus intensity was increased. Each set 
of records is taken from a different experi- 
ment. The microelectrodes were inserted 
at the following sites: (a), in the lateral 
dendrite, 450 u from the axon hillock; (b), 
lateral dendrite 250 A from the axon hil- 
lock; (c), in the perikaryon about 75 IA 

from the axon hillock; and (d), in the 
myelinated axon about 300 A posterior to 
the axon hillock. The two sets of traces 
in (d) show the same responses at different 
amplifications. 

dominate. Although some very small 
boutons are also present there, it seems 
unlikely that the latter give rise to the 
very large early EPSP's and the obser- 
vations thus strongly suggest that these 
responses are generated by the club end- 
ings. 

Evidence has also been obtained for 
the presence of low-resistance connec- 
tions between the M-cell and certain 
axons of the eighth nerve, presumably 
club endings. Attempts were made to 
record intracellularly from eighth-nerve 
fibers in the general vicinity of the M- 
cell dendrite and cell body. There was 
wide variation in the success of pene- 
tration (resting potentials, about 20 to 
60 mv; action potentials, 10 to 50 mv); 
nevertheless, a consistent set of obser- 
vations emerged. Twenty-two units were 
identified as eighth-nerve axons ,by their 
short-latency (0.1 to 0.4 msec) and fa- 
tigue-resistant (followed 100 stimuli per 
second for many minutes) action po- 
tentials evoked by stimulating the eighth 
nerve. They fall into two distinct 
groups. In fourteen of the units (group 
1 ) the delay from the beginning of the 
shock to the start of the impulse was 
in the range 0.08 to 0.12 msec (for ex- 
ample, Fig. 4ai), whereas in the re- 
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Fig. 3. Intracellular recordings from three 
sites on the same M-cell. Zero position is 
the axon hillock; the other two sites were 
in the lateral dendrite at the distances in- 
dicated. At each site the response was 
recorded to a given ipsilateral eighth-nerve 
stimulus (upper traces) and to a spinal- 
cord stimulus which gave rise to an anti- 
dromic action potential propagating up 
the M-axon to the axon hillock (lower 
traces). Note that the two responses both 
decayed along the dendrite, but in op- 
posite directions corresponding to the dif- 
ferent sites at which they are generated. 

maining eight (group 2), the values 
were 0.2 to 0.4 msec (Fig. 4b,). There 
were no consistent differences in the 
recorded amplitudes of resting and ac- 
tion potentials between the two groups 
but the rise time and duration of the 

[5mV 

0.5msec 

Fig. 4. Intracellular recordings from eighth- 
nerve fibers. (a), A fiber of group 1; (b), 
a group 2 fiber. (as, bi) Stimulation of 
the eighth nerve gave rise to action po- 
tentials. (a2, b2) Stimulation of the spinal 
cord set up antidromic action potentials in 
the M-cell; some of the potential spread 
into the group 1 fiber (a2) but not into 
the group 2 fiber (b2). (c) Simultaneous 
recordings from a group 1 axon (upper 
trace) and the soma of the ipsilateral M- 
cell (lower trace), following a shock to 
the M-axon in the spinal cord. Both po- 
tential changes had the same threshold. 
The sloping deflections at the ends of the 
traces in c are monitoring pulses. 
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action potentials were consistently short- 
er in group 1. The most interesting 
difference, however, was seen when an 
action potential was set up in the M- 
cell by antidromic stimulation. A con- 
comitant positive-going potential change 
(range 1.7 to 4.3 mv) was recorded 
in each of the fourteen units of group 1 
(Fig. 4a2; c, upper trace), but was ab- 
sent in the eight units of group 2 (Fig. 
4b2). The potential change disap- 
peared along with the resting and ac- 
tion potentials as the electrode was 
withdrawn from the fiber. It had the 
same latency and threshold as the M- 
cell action potential (lower trace, Fig. 
4c). This transmission of a potential 
change from M-cell to eighth-nerve fi- 
bers, without delay and in the opposite 
direction from normal, indicates that 
the spread is passive and takes place 
across low-resistance connections be- 
tween the two structures. The short de- 
lay, between the eighth-nerve stimulus 
and the action potential recorded in 
the group 1 fibers, suggests a high con- 
duction velocity and thus a large di- 
ameter; this again points to the club 
endings which are terminations of the 
largest myelinated axons in the eighth 
nerve. However, direct demonstration of 
this by marking the position of record- 
ing electrodes in group 1 fibers, has yet 
to be made. The identity of the group 
2 fibers is not known, nor is there 
reason to suppose that they are a homo- 
geneous group. 

Much evidence has recently accumu- 
lated for a morphological correlate of 
electrical coupling between cells. In 
eight situations in which physiological 
evidence has indicated the presence of 
low-resistance intercellular connections 
(3, 5-7), electron microscope studies 
(6, 8) have demonstrated a special re- 
lationship between the surface mem- 
branes of the electrically coupled cells. 
Regions are seen in which the extracel- 
lular cleft between the cells is greatly 
reduced or, more frequently, obliterat- 
ed. Various terms have been used to 
refer to these special regions, such as 
zonula occludens, tight junction, exter- 
nal compound membrane, and nexus. 
The list includes several different tis- 
sues: nervous system, smooth muscle, 
cardiac muscle, and epithelium; how- 
ever, the connections are in each in- 
stance between cells of the same type. 

The appearance of the regions of 
membrane contiguity is not identical in 
all the cases studied, although differ- 
ences in technique almost certainly ac- 

count for some of the variability. Fur- 
thermore, "tight junctions" may have 
additional or even different functions 
in some cells, for example, that of 
forming a barrier between different ex- 
tracellular spaces (9) or possibly al- 
lowing for intercellular transfer of me- 
tabolites (7). Nevertheless, the corre- 
lation between low-resistance intercel- 
lular connections and the presence of 
"tight junctions" is very striking. At 
the very least, the presence of such 
structures should be considered to raise 
the possibility of electrical coupling. 
"Tight junctions" in the M-cell have 
been clearly demonstrated (4) and 
these are confined to the club-ending 
synapses. Thus, the physiological evi- 
dence, together with the anatomical ob- 
servations, provide a very strong case 
for "electrical transmission" at these 
synapses. We can now recognize at least 
four and very probably five different 
synaptic mechanisms in the M-cell: 
(i) "electrical" inhibition (10); (ii) 
"chemical" inhibition (10); (iii) pre- 
synaptic inhibition (71); (iv) "electri- 
cal" excitation; and (v) "chemical" 
excitation (not yet conclusively demon- 
strated). The functional significance of 
these different mechanisms will be dis- 
cussed in a longer report to be pub- 
lished elsewhere. 
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