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Summary. 1. The lateral line organ of Necturus maculosus was stimulated with 
extracellular sine wave current, and the effect on the afferent activity was compared to 
the effect of mechanical vibration. Both mechanical and electrical stimulation caused 
phase locking between stimulus and afferent spikes (Figs. 2, 3). 

2. Intracellular recordings were made from the three main cell types of the neuro- 
mast: hair cells, supporting cells and afferent nerve terminals. Mechanical stimulation 
evoked receptor potentials of less than 1 mV in the hair ceils. These potentials were 
synchronized with the stimulus (Fig. 6E), and mechanical stimulation caused a corresponding 
synchronization cf action potentials in the afferent nerve terminals (Fig. 6A). The sup- 
porting cells were insensitive to vibrations (Fig. 6C). 

3. Intracellular injection of sine wave electrical current into hair cells caused syn- 
chrony between stimulus and afferent spikes (Fig. 6F), whereas even ten times more in- 
tense current was insufficient to cause such synchrony if the afferent nerve terminals were 
injected directly (Fig. 6B). Supporting cells were insensitive to electrical current stimulation 
(Fig. 6D). 

4. The effective intracellular current injections in the hair cells caused membrane 
potential changes which overlapped in magnitude with the naturally occurring receptor 
potentials. The conclusion is therefore that the mechanically evoked receptor potentials 
in hair ceils have a direct effect on the transmitter release, and the potentials are not 
an epiphenomenon caused by the secretory activity of the hair cells. 

Introduction 

The aeoust icola tera l  organs in ve r t eb ra t e s  have  a common embryologica l  origin, 
and  the  mechanorecep t ive  ha i r  cells of these  organs  are morpholog ica l ly  s imilar .  
The adequa te  s t imulus  for  the  ha i r  cells in al l  organs  is shear  movemen t s  of 
the  sensory  hairs,  a l though s t ruc tu ra l  d i f fe ren t ia t ion  ref lect ing func t iona l  specia- 
l iza t ion among  ha i r  cells does exis t  (Flock, 1971). The mos t  sensi t ive l a te ra l  
l ine organs can de tec t  v i b r a t o r y  mot ions  of suba tomic  magn i tude ,  and  to under-  
s t and  the  mechan i sm of sensory  t r ansduc t ion  in ha i r  cells represents  an  
in t r igu ing  problem.  

Wever  and  Bray  (1930) were the  f i rs t  to  d i scover  cochlear  microphonic  po- 
tent ia ls ,  and  s imi lar  a l t e rna t ing  po ten t i a l  changes synchron ized  wi th  the  
s t imulus  have  lsoter been r epor t ed  for  mos t  t ypes  of v ib ra t ion  sensi t ive acoust i-  
cola tera l  organs.  The si te of origin of these  po ten t i a l s  has  been much  deba t ed .  
Von B6kdsy (1960) showed t h a t  the  e lectr ical  ene rgy  of the  cochlear  micro- 
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phonic potentials is considerably larger than the mechanical energy input, 
thus the microphonic potentials can not be due to capacitive or piezoelectric 
properties of the vibrating tissues. The mechanical energy triggers instead a 
transducer with the property of energy amplification. The microphonic po- 
tentials reverse sign when the recording electrode crosses the sensory epi- 
thelium (Jielof et al., 1952; Tasaki, Davis and Eldredge, 1954; Trincker, 1957), 
and the potentials disappear when the hair cells are selectively destroyed by oto- 
toxic antibiotics (Butler and Honrubia, 1963). The conclusion now generally 
accepted is that  the summed receptor potentials from numerous hair cells con- 
tribute to the extracellularly recorded microphonic potentials. 

Grundfest (1959) suggested that  the synapse between the hair cells and the 
afferent nerve endings is chemical, and electron microscopic studies of the ultra- 
structure of these synapses support this idea (Flock, 1965). Hagiwara et at. 
(1962) provided indirect evidence for the existence of chemical synapses between 
electro-receptive hair cells and their afferent neurons. More recently Yurukawa 
and Ishii (1967) succeeded in recording intracellularly from the primary afferent 
fibers of the saccular nerve in goldfish (Carassius auratus). They observed potential 
changes which showed characteristics of excitatory postsynaptic potentials in 
every respect, thus providing crucial evidence for the existence of a chemical 
synapse between hair cell and their afferent neurons. 

However, the nature of the microphonic potentials is still a controversial 
question. Davis (1965) is in favour of a causative relationship between these 
potentials and the transmitter release from the presynaptic hair cell membrane. 
Depolarization of this membrane will then induce increased transmitter release, 
whereas hyperpolarization has the opposite effect. Grundfest (1965), on the other 
hand, has suggested that  the receptor potentials may be an epiphenomenon in- 
duced by the transmitter release, and they are thus not necessarily imperative 
for this release. 

Harris et al. (1969, 1970), recording from the lateral line organ of the mud- 
puppy (Necturus maculosus), were the first to observe intraeellular receptor po- 
tentials in hair cells. In response to vibrational stimuli of intensities approaching 
the upper physiological range, they recorded intracellular sinusoidal potential 
changes of less than 800 fzV peak-to-peak. These receptor potentials had the 
same frequency as the stimulus. The cells were identified by staining techniques, 
and whereas all cells producing receptor potentials proved to be hair cells, sup- 
porting cells were always silent. Recently, Flock et al. (1973) have recorded 
receptor potentials intracellularly from hair cells in the lateral line organ of 
the burbot (Lota lota), while Weiss et al. (1974) have obtained intracellular 
receptor potentials from hair cells in ,the basilar papilla of the inner ear of the 
alligator lizard (Gerrhonotus multicarinatus). With intense stimulation these po- 
tentials were less than 3 mV peak-to-peak. 

Even if the recordings of intracellular receptor potentials in hair cells con- 
firm the supposed origin of the extracellularly recorded microphonic potentials, the 
controversy regarding the nature of the potentials is still not settled. The 
receptor potentials in hair cells are very small, and at threshold stimulation the 
potentials may be less than 1 tzV. However, this does not necessarily indicate 
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Fig. 1. (A) Sketch of mudpuppy indicating the distribution of stitches. (B) Sehematical sec- 
tion through a stitch containing three neuromasts, each composed of hair cells (h) and 
supporting cells (s), and surrounded by epithelial cells (e). Two afferent fibers (a) innervates 
each organ. The cupulae (c) were vibrated through water movements induced by a vibrating 
sphere (v), Afferent spikes were picked up by a suction electrode (se) enclosing one organ, 
whereas a microelectrode (m) was used for intracellular recording and electrical current sti- 
mulation. Redrawn from Kingsbury (1895) and Harris st al. (1970). (0) Afferent spike re- 

corded by suction electrode. Preamplifier time constant was 1 s 

t ha t  the  recep tor  po ten t ia l s  are ep iphenomena .  The e lec t ro- recept ive  cells in 
several  groups of fish are closely re la ted  to  ha i r  ceils, and  the  th resho ld  for 
e lectr ical  po ten t i a l  de tec t ion  m a y  be less t han  0.1 ~V/cm (Lissmann and  Machin,  
1958). 

No d i rec t  evidence exists  so far  which proves  the  ha i r  cell r ecep to r  po- 
ten t ia l s  to  have  a causa t ive  role in t r a n s m i t t e r  release,  and  the  purpose  of the  
p resen t  inves t iga t ion  was to  p rov ide  such evidence.  We have  approached  this  pro- 
b lem b y  app ly ing  electr ical  cur ren t  d i rec t ly ,  e i ther  in t ra-  or  extracel lu lar ly .  Our 
p r epa ra t i on  was the  l a te ra l  l ine organ of the  m u d p u p p y ,  which was chosen 
because  of the  s impl ic i ty  of the  organ and  the  large size of the  ha i r  cells. 
The  effect of our  cur ren t  s t imula t ion  was mon i to r ed  b y  record ing  the  ac t i v i t y  of 
the  afferent  neurons,  and  then  compared  wi th  the  effect of mechanica l  s t imula t ion .  

Materials  and Methods 

Preparation 

The mudpuppy (Necturus maculosus) is an aquatic salamander with free standing 
lateral line organs in large numbers on the head, trunk and tail (Fig. 1A, B). The 
anatomy of these organs in Necturus has been described by Frishkopf and Harris (1969) 
and Harris et al. (1970). The neuromasts on the tail are grouped in so called stitches 
with 2-6 neuromasts in linear rostrocaudally arrangements. A single neuromast contains 
8-10 hair cells separated and surrounded by a large number of supporting cells. From 



16 O. Sand et al. 

the surface of the organ a transparant cupula about 40 ~zm in diameter is extending 
200-800 am into the surrounding water. The cupula is secreted by the supporting cells and 
has a growth rate of 15-30 ~m per hour (Frishkopf et al., 1973). The hair cells of 
Necturu8 are extremely large, about 80 ~zm long and 15 am in diameter at the level 
of the nucleus, compared to 40 and 5 ,~m, respectively, for a typical mammalian hair cell. 
The cells are narrowing towards the apical end, which is about 2 .~m wide. From this 
end a bundle of short stereocilia and a single asymmetrically placed kinocilium project into 
the cupula. The direction for maximal sensitivity is parallel to the stitch, and the hair 
cells of individual neuromasts are divided in two populations with sensitivity axis shifted 
180 ~ Each stitch is innervated by two large myelinated afferent nerve fibres which branch 
off to every neuromast within the stitch. Afferent endings terminate at the base of all 
the hair cells, and each fibre innervates selectively hair cells of only one particular direc- 
tional population. 

Our animals were obtained from a commercial dealer and kept in artificial pond 
water (Kishimoto, 1966). During an experiment the mudpuppy was immobilized by Flaxedil 
(Davis and Geck) injection of 1 mg per 100 g body weight. The tip of the tail is translucent 
and can be illuminated from below, and stitches in this region were seleeted. The con- 
dition of the animal could be followed by monitoring the eapillary blood flow near the tail 
tip. This preparation has previously been used by several investigators (Harris et al., 1969, 
1970; Frishkopf and Oman, 1972; ~Frishkopf et al., 1972; Liff and Shamres, 1972; Oman, 
1972; Oman and Frishkopf, 1973; Yanagisawa et al., 1974). 

Recording and S t imula t ion  

Action potentials evoked by stimulation of one particular neuromast will follow the 
afferent branches and enter all the other neuromasts within the same stitch. Thus, the 
neural activity of the whole stitch may be monitored by an extracellular microelectrode inserted 
into any of the neuromasts (Harris et aL, 1960, 1970), and this technique provides a signal 
to noise ratio of 4:1 for optimal conditions with the electrode tip close to the nerve 
terminals (Harris et aI., 1970; Oman and Frishkopf, 1973; Murray and Capranica, 1973). 
However, in the present experiments we used a different method to record spikes from the 
afferent nerves, and this made the recordings easier and more stable. The recording 
pipette was made from a glass capillary as an ordinary suction electrode filled with 
artificial pond water. The tip diameter was 250 ~m and the edge was made smooth to 
secure a tight fit to the skin. The cupula and apical surface of a neuromast were enclosed 
by the suction electrode (Fig. 1B), and slight vacuum was sometimes applied to the 
electrode in order to improve the fit between the tip and the skin. The electrode was connec- 
ted to a conventional a.c. amplifier (Tektronix, 122), with time constant 2 ms, and standard 
recording equipment. The signal to noise ratio was improved by this method, and was 
frequently more than 10:1. 

10 Hz sine waves of either electrical current or mechanical vibration were employed as 
stimuli, and the response was measured as the degree of synchrony between the stimulus 
and recorded spikes of the afferent neurons. The afferent activity was recorded from a neu- 
romast separated from those being stimulated. Each spike triggered a square pulse of 10ms 
duration, and these pulses were averaged by a signal analyzer (HP, 5480A). The averager 
was triggered by the sine wave generator controlling the stimuli, and the averaged value 
for a certain stimulus phase thus gives the probability for an action potential to occur 
within =t= 36 ~ of this phase, the height of the original square pulse representing a probability 
of 1. The difference between the highest and lowest probability for the occurrence of an ac- 
tion potential during a stimulus cycle will hereafter be called the "synchronization index",  
and this value is used as a measure of the degree of synchrony between the stimulus 
and the afferent activty. I t  is necessary to stress that  the synchronization index so defined 
will have a positive value even without stimulation. The index depended in such eases upon 
the number of sweeps being averaged, approaching 0 for an infinite number. However, to 
save time only 64 sweeps were usually averaged, and the typical values for the index in the 
absence of stimulus was then 0.15-0.25. 
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Our electrodes for intraeellular penetrations were filled with 3 M KC1 h'om behind by 
capillary action (Tasaki et al., 1968), and the tip was thereafter beveled to obtain maximum 
sharpness (Brown and Flaming, 1974, 1975). The electrode resistances were 30-80 megohm. 
The electrodes were advanced by means of a manual micromanipulator, and connected to a 
high input impedance d.c. amplifier with an additional arrangement for current passing 
through the electrode (WPI, M4A). Wheras sine wave currents were used for electrical 
stimulation, square pulses were applied for impedance measurements of the cells using a 
bridge circuit. 

Intracellular recordings were also performed during mechanical stimulation, and averaging 
techniques were then usually employed to improve the signal to noise ratio. The mechanical 
stimuli were provided by a sphere about 500 ~,m in diameter, vibrated parallel to the 
stitch by a coil vibrator (Harris and van Bergeijk, 1962). The distance from the sphere 
to the stitch was usually several diameters, and all the organs within the stitch were 
stimulated simultaneously. The stimulation intensity was adjusted to give a synchronization 
index close to 1, and further experimentation would only proceed if the stitch displayed a 
reasonable sensitivity. 

Results 

Origin o] the Recorded Spike Activity 

Two distinct unit activities were picked up by the suction electrode, as 
judged from the differences in spike height (Fig. 2A). Fig. 1 C gives an example 
of the recorded spikes (the preamplifier time constant was 1 s in this particular 
case), which had amplitudes ranging from 50 to 500 ~V for different recording 
conditions. The spike duration was about 2.5 ms, and the shape was slightly 
biphasic, with a large positive component followed by a much smaller negative 
part, Simultaneous recordings from any pair of neuromasts within the same 
stitch were performed by using two electrodes, and the firing patterns ob- 
tained from the two neuromasts were always the same. The origin of these po- 
tentials was confirmed by intraeelhilar recordings from the afferent nerve 
terminals. The intracellular action potentials did in these cases always correspond 
to one of the units recorded by the suction electrode (Fig. 5), and we con- 
clude that the extracellularly recorded spikes display the activity of the two 
afferent neurons innervating each stitch. 

I t  may seem surprising that  it is possible to record unit activity in this 
way with very coarse electrodes outside the animal. A likely explanation is that  
the neuromasts represent low resistance pathways for the action currents across 
the skin. If  a tight fit between the electrode tip and the skin is obtained, it 
will then be possible to record the major fraction of the I R  drop of the action 
current due to ma, rkedly reduced shunting effect of the external water. 

A[/erent Response to Mechanical Stimulation 

Fig. 2A shows a recording of afferent spikes in the absence of mechanical 
stimulation. The fibres were spontaneously active, with a resting firing rate 
of 3-15 impulses per s. Our recording technique was not suited for detecting 
a possible pattern of the afferent activity in such cases, but the probability for an 
action potential to occur was of course independent of the future stimulus 
phase (Fig. 2B). However, as the intensity of the mechanical stimulus was 
increased, the occurrence of spikes became phase locked to the 10 Hz stimulus, 
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Fig. 2. (A) Recording of afferent spikes in the absence of stimulation. Note the existence 
of two distinct units. (B) Probability for the occurrence of spikes relative to the future 
stimulus phase. (C) Recording of afferent spikes during mechanical stimulation. Note that 
the two units are 180 ~ out of phase. (D) Probability for the occurrence of spikes 
relative to the stimulus phase during mechanical stimulation. The 10 Hz stimulus is monitored 

on the lower trace of each recording 

the two types of spikes being 180 ~ out of phase (Fig. 2C). This fact is reflected 
by the corresponding probability plot (Fig. 2 D), which shows probabili ty maxima 
approximately 180 ~ apart  for the occurrence of spikes. These maxima approached 
1 at  high intensities, whereas the probabilities in between the peaks decreased 
towards 0 for increasing intensity. 

A//erent Response to Extraeellular Electrical Current Stimulation 

Synchrony between stimulus and afferent spikes was also obtained during 
10 Hz electrical current application through extracellular microeleetrodes close to 
or within the neuromasts. The two afferent units were both excited at the po- 
sitive current phase (Fig. 3A), and the probabili ty maxima for the occurrence of 
spikes were titus separated 360 ~ (Fig. 3B). The phase dependence of this response 
therefore differed from the response to mechanical stimulation. 

I t  is important  to determine whether the current excites the afferent nerve 
terminals directly, or if its effect is through the hair cells. An implication of 
the first assumption is tha t  the effect of current stimulation should increase by 
decreasing distance between the electrode and the nerve terminals. Fig. 4 presents 
data  from an experiment in which response/stimulus strength curves were obtained 
for several electrode positions within a single neuromast. The maximum prob- 
ability difference in the absence of stimulus was in this case about 0.2, 
but the synchronization index increased to about 0.7 when current stimulation 
of 10 -7 A was applied at the apical surface of the organ. However, advance- 
ment  of the electrode tip deeper into the neuromast caused the degree of 
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Fig. 3. (A) Recording of afferent spikes during electrical stimulation. Note that the two 
different units are in phase. The spikes are distorted by band pass filtering. (B) Prob- 
ability for the occurrence of spikes relative to the stimulus phase daring electrical stimula- 
tion. The current was applied close to the apical surface of the organ, and the intensity was 
5 • l0 -~ A peak-to-peak. The 10 ttz stimulus is monitored on the lower traces. Positive 

current corresponds to upward deflection 
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Fig.  4. Synch ron iza t i on  index  as  a f unc t i on  of cu r r en t  i n t e n s i t y  for electrical s t i m u l a t i o n  of 
a ncuromas~. Current was applied with the electrode in three different positions, Note ~hat 
the phase locking effect of the current on the afferent ativity decreased when the electrode 

approached the nerve terminals 

synchron iza t ion  to  decrease.  I t  was possible to  p ick  up  ex t race l lu la r  spikes f rom 
the  afferent  f ibers wi th  the  microelee t rode ,  bu t  such spikes were on ly  seen if 
the  t i p  was close to  the  nerve  t e rmina l s  (Murray  and  Capranica,  1973). I n  
th is  pa r t i cu l a r  expe r imen t  cur ren t  s t imula t ion  was pe r fo rmed  dur ing  the  oc- 
currence of 700 ~xV ext race l lu la r  spikes,  which ind ica tes  t h a t  the  e lec t rode  t ip  
was v e r y  close to the  nerve  terminMs,  bu t  an  i n t ens i t y  of 10 -~ A ba re ly  induced  
synchron iza t ion  above  the  background  level.  As will be d iscussed la ter ,  we in- 
t e rp re t  th is  as  s t rong  ind i ca t i on  for  the  cur ren t  hav ing  i ts  effect on the  ha i r  
cells. 

I f  th is  is the  case, the  effect of cur ren t  s t imula t ion  on the afferent  ac t i v i t y  
should  be m a r k e d l y  decreased  if the  synap t i c  t r ansmiss ion  be tween  the  ha i r  



20 O. Sand et al. 

_,_ iI_L LL_ 
-"r  -Fl 

._1 
. . . . .  

5ores 

Fig. 5. Intracellular recording from an afferent nerve terminal (upper trace) compared 
to extracellular recording from a neighbouring neuromast within the same stitch (lower trace). 
Note both the existence of EPSPs in the terminal and the close correspondence between the 
action potentials and one of the two extracellularly recorded units. Resting potential for the 

terminal was --60 inV. Time constant was 100 ms due to a-e recording 

cells and the afferent neurons was blocked. I t  has been suggested that  the 
t ransmit ter  of this synapse is GABA (Flock and Lam, 1974), and we therefore 
applied intramuscular injections of picrotoxin (Sigma) or bieuculline (ICN) in 
concentrations of up to 100 mg/kg or 2 mg/kg body weight, respectively. In  
a variety of animals these drugs are known to block selectively synapses 
where GABA is the t ransmit ter  substance, and the necessary concentrations to 
obtain blocking have been less than 30 mg pierotoxin/kg and less then 0.2 mg 
bicueulline/kg body weight (Takeuchi and Takeuchi, 1969; Curtis et al., 1970; 
Obata et al., 1970). However, t reatment  of the mudpuppies with the drugs had 
no effect neither on the spontaneous resting firing rate, nor on the sensitivity 
to mechanical or electrical stimulation. Our a t tempt  to block the afferent synapses 
by  applying pierotoxin or bieueulline was thus unsuccessful. The drugs used were 
tested on other tissues, and the expected blocking effects were then observed. 

Intracellular Recording and Current Stimulation 

Neuromasts from 13 animals were penetrated, and intraeellular recordings 
were made from 156 cells with resting potentials from --20 to --70 inV. The 
cells could be divided in three different groups, based on their response to mecha- 
nical stimulation together with the afferent response to intracellular current 
stimulation. However, frequently only one of these responses was tested, due 
to the short duration of the intracellular recordings. 

a) Afferent Nerve Terminals 

When the electrode t ip was advanced through the deeper part  of the 
neuromasts, afferent nerve terminals were penetrated in 5 cases. These cells 
had negative resting potentials of 40-70 mV, and were identified by the 
existence of spontaneous excitatory postsynaptic potentials (EPSPs) in addition 
to action potentials (Fig. 5). The action potentials closely corresponded to the 
extracellular spikes from one of the two units recorded from a neighbouring neuro- 
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mast. Frequen'~ly the action potentials seemed to be caused by a preceding 
EPSP  reaching a certain threshold value, but the action potentials could also 
rise abruptly from the baseline without any preceding EPSP. We assume that  
the action potentials lacking a prepotential were generated in neighbouring 
nerve branches, since it is known that  action potentials in afferent lateral 
line fibers in amphibians have several separated initiation points (Murray 
an(]. Capranica, 1973). 

When the stitch was stimulated mechanically, the nerve terminals dis- 
played action potentials in synchrony with the stimulus (Fig. 6A). Since the 
activity of only one unit was recorded in these cases, the phase separation of 
the action potentials was 360 ~ . On the other hand, the nerve terminals were 
relatively insensitive to intracellular current injection. Even current stimulation 
up to 10-SA peak-to-peak was insufficient in causing phase locking of the afferent 
activity (Fig. 6B). 

b) Supporting Cells 

Supporting cells are the most abundant cell type within the neuromast of 
Necturus (Harris et al., 1970), and approximately 80% of our penetrated cells 
were tentatively judged to be supporting cells. These cells did not show any 
spontaneous electrical activity, and even strong mechanical stimulation was in- 
efficient in causing alternating membrane potential changes (Fig. 6C). The resting 
membrane potentials varied between --20 and - -60  mV, the mean value being 
31 m V •  15 mV (s.d.). Our assumption that  these cells were supporting cells 
is based on the work by Harris et al. (1970), who histologically identified 
mechanically unresponding cells within the neuromast to be of this type by using 
intracelhilar dye injection. However, the resting potentials of our penetrated cells 
were frequently less than --30 mV, thus indicating cell injury (Flock et al., 
1973). I t  is therefore likely that  some of the unresponding cells were injured 
hair cells, rather than supporting cells. To eliminate this possible error, only 
supporting cells with a resting potential more negative than --40 mV were chosen 
for the current injection experiments. Intracellular current injection was applied to 
mechanically insensitive cells in 12 cases, and current stimulation up to 10 -s A 
failed to induce phase locking of the afferent activity (Fig. 6D). Cells which 
both lacked spontaneous electrical activity and sensitivity to current stimula- 
tion were therefore classified as supporting cells, even if the recording was too 
short lasting to allow testing of the mechanical sensitivity. This assumption is 
valid since hair cells turned out to have a different response to current sti- 
mulation. 

c) Hair Cells 

The remaining 31 penetrated cells were assumed to be hair cells, due to 
their unique responses to both mechanical and electrical stimulation. These 
cells had no spontaneous electrical activity, and the resting membrane poten- 
tials ranged between --20 and --60 mV, the mean value being 33 mVq-13 mV 
(s.d.). However, an a-c  component of 100-500 [zV peak-to-peak became evident 
by averaging the potentials during mechanical stimulation of the stitch (Fig. 6E). 
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Fig. 6A--I-L Intracellular potential recordings during mechanical stimulation (A, C, E) and 
probabilities for occurrence of afferent spikes during intracellular current injection (B, D, F). 
Three different cell types are presented. Nerve terminals (A, ]3) exhibit action potentials 
phase locked to the mechanical stimulus, wheras they arc relatively insensitive to current 
injection. Supporting cells are neither sensitive to mechanical nor electrical stimulation 
(C, D). Hair cells show receptor potentials of the same frequency as the mechanical stimulus, 
and current injection into these cells causes synchrony between stimulus and afferent spikes 
(E, F). G and H are recordings during mechanical and electrical stimulation just after the 
electrode had been advanced through the hair cell. Each pair of recordings is from the same 
cell. Resting potentials were -- 50 mV for hair and supporting cells, and --70 mV for the nerve 
terminal. The stimuli are monitored on the lower trace of each recording. The current in- 
tensities are indicated on the figure. Positive current corresponds to upward deflection; 
stimulation frequency was 10 Hz for all recordings except A, where it was 20 Hz. 

Time constant for this recording was 100 ms 

The f requency  of the  po ten t i a l  changes was the  same as the  f requency  of the  
mechanica l  s t imulus.  These recep tor  po ten t ia l s  were on ly  recorded  wi th  the  
e lec t rode  in  an  in t raee l lu la r  pos i t ion  (Fig. 6 G), and  were thus  no t  an  a r t i fac t  
due to  v ib r a t i on  of the  e lectrode.  Har r i s  et al. (1970), b y  app ly ing  in t ra -  
cellular s ta in ing  techniques ,  found  this  response  to  belong exclus ive ly  to ha i r  
cells. 

Our ma in  purpose  of the  p resen t  inves t iga t ion  was to  t e s t  if these  smal l  re- 
cep tor  po ten t ia l s  have  effect on the  synap t i c  t r a n s m i t t e r  release f rom the  ha i r  
cells. In t r ace l lu l a r  cur ren t  s t imula t ion  migh t  in  t h a t  case cause phase  locking 
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of the afferent activity in the absence of a mechanical stimulus by mimicking 
the receptor potentiMs. Fig. 6F  shows the effect on the afferent activity of 
10 .9 A peak-to-peak intraeellular current stimulation of a hair cell. The pro- 
bability for the occurrence of spikes was markedly increased during the out- 
ward current phase, hence confirming the hypothesis being tested. A ten fold 
increase in current intensity was insufficient in causing similar phase locking after 
the electrode had been advanced through the cell (Fig. 6H). Intracellular current 
injection of less than 3 • 10 .9 A peak-to-peak intensity was in 9 cases applied 
to cells showing receptor potentials evoked by mechanical stimulation, and a cer- 
tain degree of synchronization between current stimulus and the afferent spikes 
was always observed. Cells which displayed similar sensitivity to intracellular 
current stimulation were therefore judged to be hair cells, even if recordings of 
mechanically induced receptor potentials were not obtained due to short lasting 
penetrations. 21 cells showed sensitivity to intracellular current stimulation of 
intensities between 0.5 • 10 -9 A and 3 X 10 -~ A. 

I t  is important  to know the input impedance of the hair cells, to be able 
to compare the membrane potential changes induced by current stimulation 
with the naturally occurring receptor potentials. Unfortunately, the input im- 
pedance of the cells proved to be only a small fraction of the electrode resistance, 
and the measurements obtained by  using the bridge circuit were therefore rather 
unreliable. However, in the five cases where the electrode resistances were most 
stable, we estimated the impedances of the hair cells to range between 1 
and 3 megohms. This implies tha t  the peak-to-peak membrane potential changes 
during current stimulation varied from slightly less than  1 mV up to about 9 inV. 

Discussion 

E xtracellular Current Stimulation 

Several investigators have stimulated acousticolateral end organs by electrical 
current (Katsuki and u t952; Tasaki and Ferns 1952; Lowenstein, 
1954; Murray, t956; Dodson et al., 1974; Strelioff and Honrubia, 1974), and 
clear effects of the afferent activity were unanimously obtained. On the other 
hand, few at tempts  have been made to pin-point the action site of the current 
stimulation. Murray (1956) concluded tha t  electrical currents applied to the end 
organ effected the nerve terminals directly, and he suggested that  the micro- 
phonic potentials evoked by mechanicM stimulation of the organ were sufficient 
to have a similar effect on the afferent fibers. The function of the hair cells 
were then to act as mechano/electrical transducers and generate an external field 
which modified the afferent activity. However, Murray's experimental data  do not 
conflict with the assumption that  current stimulation has its effect on the 
afferent activity by changing the rate of t ransmit ter  release from the hair cells. 

Dodson et al. (1974) and Strelioff and Honrubia (1974) have recently studied 
in detail the effect of extracellular current stimulation on lateral line organs in 
Xenopus  taevis. TransepitheIiM application of electrical current could produce 
most of the effects obtained by  mechanical stimulation of the same organ, and 
the afferent response to both stimuli showed a similar decline under anoxic 



24 O. Sand et al. 

conditions. They suggested that  the electrical stimuli effected the hair cells 
rather than the afferent nerve terminals. 

This interpretation fits well with the present experiments involving extra- 
cellular current application to the neuromasts. The cells within the neuromasts 
are elongated and orientated normal to the skin, which might cause the neuro- 
masts to represent tow resistance paths across the skin. However, the cells are 
very densely packed at the apical surface of the organ (Jorgensen and Flock, 
1973), and a relatively large par t  of the current applied extracellularly in this 
area will enter the neuromast cells. The cells are less densely packed in the 
deeper parts of the nenromasts, and the extracellular space may  therefore 
have a larger shunting effect on the current from an electrode in this deep 
position. Less current will therefore enter supporting cells and hair cells, while 
the amount of current entering the nerve terminals in this area even may 
increase. Since we found the current stimulation to be most efficient with 
the electrode in an apical position (Fig. 4), we conclude tha t  the current in- 
tensities employed effected the hair cells and not the afferent nerve terminals 
directly. 

Evidence/or a Causative Relationship between Hair Cell Receptor 
Potentials and Transmitter Release 

Only hair cells proved sensitive to our intracellular current stimulation. 
The depolarizing current phase then caused excitation of one of the afferent 
fibres innervating the organ, while even ten times more intense current in- 
jection directly into the afferent nerve terminals or supporting cells had no 
effect on the afferent activity (Fig. 6). I t  is therefore likely tha t  current 
stimulation of the hair cells affected the afferent neurons by modifying the 
t ransmit ter  release from the hair cells, which suggests that  the receptor po- 
tentials induced by mechanical stimulation have a similar effect. A possible 
existence of electrical synapses between hair cells and the afferent nerves is 
disproved by the fact tha t  afferent action potentials were more easily evoked 
by  current injection in the hair cells than in the nerve terminals directly. 

We never recorded hair cell receptor potentials larger than 500 ~V, whereas 
our effective intracellular current stimulation might cause potential changes of 
about 1-9 mV peak-to-peak given tha t  the input impedances of the cells were 
in the range of 1-3 megohms. However, these potentials are not directly 
comparable. During mechanical stimulation all the hair cells within the stitch 
were stimulated simultaneously, whereas only one cell was stimulated by intra- 
cellular current injection. I t  is therefore reasonable to assume that  a larger 
potential change is required in the last case to obtain a certain degree of 
synchronization between stimulus and afferent activity. Furthermore, receptor 
potentials of up to 3 mV peak-to-peak have been recorded from hair cells in 
the lizard ear (Weiss et al., 1974), and the receptor potentials measured by 
our electrodes might be too small due to cell injury. 

The conclusion is that  the effective intracellular current injections in 
mudpuppy hair cells might have caused membrane potential  changes which 
overlapped in magmtude with the naturally occurring receptor potentials. We 
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in t e rp re t  this  as s t rong suppor t  for  the  a s sumpt ion  t h a t  mechan ica l ly  evoked 
receptor  po ten t ia l s  in hair  cells have  a d i rec t  effect on the  t r a n s m i t t e r  release,  
and  these  poten t ia l s  are thus  no t  an  ep iphenomenon  caused b y  the  secre tory  
ac t i v i t y  of the  ha i r  cells. 

We are indebted to Dr. A Grinnell, Dr. V. Honrubia and Dr. D. Strelioff for their 
critical comments on the manuscript. The study was supported by a United States Public 
Health Service Grant, NS 09012, to Dr. Hagiwara and a Royal Norwegian Fellowship to 
Dr. Sand. 
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