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Summary. Field and intracellular potentials were recorded in the vestibular 
nuclei of the lizard following stimulation of the ipsi- and contralateral vestibular 
nerves. The field potentials induced by ipsilateral VIII th  nerve stimulation con- 
sisted of an early negative or positive-negative wave (presynaptic component) 
followed by a slow negativity (transsynaptic component). The spatial distribution 
of the field potential complex closely paralleled the extension of the vestibular 
nuclei. Mono- and polysynaptic EPSPs were recorded from vestibular neurons after 
ipsilateral u  nerve stimulation. In some neurons early depolarizations preceded 
the EPSPs. These potentials may be elicited by electrical transmission. Often spike- 
like partial responses were superimposed on the EPSPs. I t  is assumed that  these 
potentials represent dendritic spikes. 

Contralateral VIII th  nerve stimulation generated disynaptic and polysynaptic 
IPSPs in some neurons and EPSPs in others. The possible role of commissural 
inhibition in phylogeny is discussed. 

In a group of vestibular neurons stimulation of the ipsilateral VIII th  nerve 
evoked full action potentials with latencies ranging from 0.25--1.1 msec. These 
potentials are caused by antidromie activation of neurons which send their axons to 
the labyrinth. 

Key words: Reptile Vestibular Neurons -- Vestibular Efferents --  Commissural 
Inhibition. 

Prev ious  s tudies  of  the  func t iona l  o rgan iza t ion  of  the  ves t ibu la r  i n p u t  
in to  the  ves t ibu la r  nuclei  in lower (Precht  et al., 1974; Ozawa et al., 
1974) and  higher  v e r t e b r a t e s  (Shimazu and  Precht ,  1965, 1966; P rech t  
and  Shimazu,  1965; Mano et al., 1968 ; I t o  et al., 1969 ; K a w a i  et al., 1969) 
have  shown t h a t  the  phylogene t ic  differences in neurona l  c i rcu i t ry  of  the  
ves t ibu la r  sys t em are  much  grea te r  t h a n  is Usually assumed.  Thus,  the  
commissura l  inh ib i t ion  p resen t  in h igher  v e r t e b r a t e s  is missing in amphi -  
bia.  A m p h i b i a n  ves t ibu la r  neurons  unl ike  the i r  m a m m a l i a n  counter  
pa r t s  p a r t i c i p a t e  in the  efferent sys tem pro jec t ing  to  the  sensory  ha i r  
cells. These  were charac te r ized  b y  the i r  ab i l i t y  to  genera te  dendr i t ic  
spikes  in response  to  var ious  inputs ,  as well as b y  the  f r equen t  occurrence 
of  e lee t ro tonic  coupl ing (Preeht  et al., 1974; Ozawa et al., 1974). 
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The p re sen t  s t u d y  of  the  ves t ibu la r  sys tem of  a r e p t i l e - - t h e  l izard  
- - w a s  u n d e r t a k e n  to  fu r the r  e luc ida te  the  c o m p a r a t i v e  phys io logy  of  t he  
ves t ibu la r  nuclei.  A l though  some ana tomica l  s tudies  of  the  ves t ibu la r  
nuclei  of  rep t i l es  (Weston ,  1936; Larsel l ,  1967; Mehler, 1972), a re  avai l-  
able  no th ing  is k n o w n  a b o u t  the i r  func t iona l  organiza t ion .  A l though  
m a n y  s imilar i t ies  be tween  rep t i l e  and  a m p h i b i a n  ves t ibu la r  sys tems  
were observed,  t he  presence,  however ,  of  the  commissura l  inh ib i t ion  in 
rept i les  ind ica tes  a h igher  d i f fe rent ia t ion  of  ves t ibu la r  c i rcu i t ry  in rep-  
t i les  as c o m p a r e d  to  a m p h i b i a  which have  no crossed inh ib i t ion  (Ozawa 
et al., 1974). 

Methods 
The experiments were performed on lizards (lacerta viridis) weighing 15--40 g 

and anesthetized with pcntobarbital sodium (35--50 {zg/g i.p.). The region of the 
vestibular nuclei on both sides of the brain stem was exposed by a craniotomy. The 
bilateral labyrinthine cavities were opened by a dorsal approach to allow extra- 
cranial dissection of the vestibular nerves. A pair of stainless steel wires (40 ~ in 
diameter) insulated except for the cut ends were used for stimulation of the u  
nerve. The stimulating electrodes were gently placed on the surface of the VIII th  
nerves on both sides. 

The field potentials and extraeellular unitary potentials induced by electrical 
stimulation of the ipsilateral VIII th  nerve were recorded with the aid of micro- 
pipettes filled with 2 M NaCl saturated with fast green. Their resistances were 
5--10 1V[zP. Recording sites were confirmed by electrophoretic application of fast 
green (20 p.A, 10 rain) (Thomas and Wilson, 1965). For intracellular recording, the 
micropipettes were filled with 3 M KC1 or 2 iV[ K-citrate solution resulting in re- 
sistances of 15--30 MD. A conventional bridge circuit was used for recording and 
passing current through the microelectrode. All records were taken at low gain DC 
and high gain AC (300 msec time constant). A FabriTek computer of average 
transients was also used for clearer presentation of both extra- and intracellular 
recordings. The brains were fixed with 10~ formalin and serial sections, 30 tz 
thick, of the brain stem were obtained with a freezing microtome and stained with 
the Nissl method. 

Results 

.Field Potentials Recorded in the Vestibular Nuclei 
and Evoked by Stimulation o/the VI I I th  Nerve 

I n  al l  expe r imen t s  the  ips i la te ra l  V I I I t h  nerve  was s t i m u l a t e d  elec- 
t r i ca l ly  to  ob t a in  the  spa t i a l  d i s t r i bu t ion  of  the  v e s t i b u l a r - e v o k e d  field 
po ten t i a l s  in the  b ra in  s tem which r ep re sen t ed  an  a p p r o x i m a t e  ana logon  
of  the  ac tua l  d imensions  of  t he  ves t ibu la r  nuc lear  complex  in each animal .  
As shown in Fig.  1A the  field po ten t i a l s  cons is ted  of  an  ea r ly  sharp  
nega t ive  or pos i t ive -nega t ive  def lect ion ( l a tency  ca. 0 . 2 - -0 .3msec ) ,  
fol lowed b y  a slower nega t ive  wave  ( la tency  ca. 1 .2--  1.3 msec). The  ea r ly  
po ten t i a l  fol lowed double  shock ac t i va t i on  a t  shor t  in te rva l s  and  was 
r e s i s t an t  to  anes thes ia .  Conversely,  t he  slower nega t ive  po t en t i a l  which 
fai led to  follow closely spaced  double  shocks was sensi t ive to  ba rb i tu ra t e s .  
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Fig. 1A--D. Field potentials recorded in the vestibular nuclei after stimulation of 
the ipsilateral VIIIth nerve. (A) Field potentials recorded at different depths (tz) 
from the surface of the brain stem. Calibration signal: 1 msee, 1 mY. (B) Line 
drawing of histological section of the brain stem partially shown in (C). Arrow in (C) 
indicates site of fast green mark 600 F from surface). (D) Diagram showing relative 

amplitudes of the second negativity of field potentials shown in (A) 

Fig. l A  depicts the field potentials  t ha t  were evoked at different 
depths  (200--800 F) along a dorsoventral  t rack through the  vestibular  
nuclei (Fig. 1B) after s t imulat ion of  the ipsilateral V I I I t h  nerve. The early 
negat iv i ty  was prominent  in dorsal regions, whereas the second 
potent ial  wave was more prominent  in deeper recording positions 
(Fig. 1A,D). I t  is this region tha t  corresponds to  the vestibular  nuclei 
(see Fig.IB,C).  A fast  green mark  was placed at  the site at  which the 
max imum slow negat iv i ty  was recorded. As shown in Fig. 1C its location 
is within the borders of  the  vestibular  nuclei. A similar distr ibution of  
the  field potentials  was found in more rostral,  caudal  or lateral tracks.  

Intracellular Potentials Recorded/tom Vestibular Neuron8 in Response 
to I~si- and Contralateral VIIIth Nerve Stimulation 

Ipsilateral Stimulation. As described above, the arrival of  the micro- 
electrode t ip in the vestibular  nuclei was signalled by  the appearance of  
the typical  field potent ia l  complex evoked by  V I I I t h  nerve stimulation. 
Stable intracellular recordings from more than  100 vestibular neurons 
were obtained during the course of  these experiments.  The resting mem- 
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Fig. 2A--O. Synaptic potentials in vestibular neurons evoked by ipsilateral u  
nerve stimulation. (A--B) EPSPs evoked in a vestibular neuron with increasing stimu- 
lus strengths. (C) Superposition of intra- and extraoellular traces of the same neuron 
averaged by computer (16 averaged traces). (D--F) Same for other neuron but 
showing early depolarizations and EPSPs. (G--J) EPSPs, partial and full spikes 
evoked in vestibular neuron with increasing stimulus strengths. Low gain, DC re- 
cording in (J). (K, L) Early depolarization and partial responses evoked by VII I th  
nerve stimulation, and the effects of hyperpolarizing pulses of different strengths. 
(M) All-or-none early depolarization evoked with low intensity of stimulation. 
(N) Early depolarization plus EPSP after strong stimulation recorded in the same 
neuron. (0) Computer averaged intra- and extracellular traces of (N). Calibration 
pulses: 1 mY, 1 msee. Lower trace in J (40 mV) and K (50 mV) ; L and upper trace 
in K 2 mY. Histogram shows frequency distribution of early depolarization (dashed 

line) and EPSPs (solid line) 

b rahe  po ten t i a l s  of  the  neurons  se lec ted  for fu r the r  m e a s u r e m e n t s  were 
4 0 - - 6 0  mV (74 neurons) .  Fo l lowing  ips i la te ra l  V I I I t h  nerve  s t i m u l a t i o n  
e x c i t a t o r y  p o s t s y n a p t i c  po ten t i a l s  were r ecorded  f rom 54 neurons.  The  
e x a c t  ]a tencies  of  these  E P S P s  were d e t e r m i n e d  b y  super impos ing  t h e m  
on the  ex t raee l lu l a r  t races  o b t a i n e d  a f te r  w i thd rawa l  of  the  microelec-  
t r o d e  f rom the  cell (Fig.2C, F,  0) .  Since the  la tencies  va r i ed  wi th  s t im-  
ulus s t r eng th  and  s t rong  s t i m u l a t i o n  m a y  cause cu r r en t  sp read  to  the  
b ra in  s tem nuclei,  measu remen t s  were pe r fo rmed  wi th  weak  s t imu la t ion  
(less t h a n  2 • t h re sho ld  for the  field po ten t i a l ) .  The  la tencies  of  the  
E P S P s  r a n g e d  f rom 1.25--2 .2  msec (see h i s t og ram Fig .2) .  Occas iona l ly  
E P S P s  wi th  longer  la tencies  were also encoun te red .  

I n  12 neurons  t he  E P S P s  were p receded  b y  ea r ly  depo la r iz ing  po- 
t en t i a l s  even  when  the  s t imulus  i n t e n s i t y  was v e r y  low. Thei r  la tencies  
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ranged from 0.3 to 1.1 msec (see histogram of Fig.2). These early de- 
polarizing potentials could be i) graded and combined with a later EPSP 
at  all stimulus intensities (Fig.2D--F)  or i i )predominantly all-or-none 
in nature with low intensity (Fig. 2M) and combined with a later EPSP 
with increasing stimulus strength (Fig.2N, 0). The effects of hyper- 
polarizing currents on these early depolarizing potentials were examined. 
Occasionally early all-or-none partial spikes and graded components 
were masked by action potentials occurring with similar latencies and 
were revealed only when the spike potentials were blocked by hyper- 
polarizing currents (Fig. 2K). As indicated by their different latencies, 
shapes and amplitudes these potentials can not be m-spikes only. In- 
creasing the hyperpolarizing current across the membrane did not block 
these early depolarizing potentials (Fig. 2 L). Similarly the graded early 
potentials were unaffected by intraeellular application of current through 
the recording electrode. 

Following VII I th  nerve stimulation spike-like partial responses of 
different amplitudes were additionally superimposed on the EPSPs in 
vestibular neurons (Fig. 2 H- - J ) .  When the intensity of vestibular nerve 
stimulation was increased, full action potentials were evoked in most cells 
(Fig. 2 J). They appeared to be generated from partial spikes of different 
amplitudes. As with the partial spikes responses evoked in synchrony 
with the early depolarizations (Fig.2K, L), the all-or-none responses 
superimposed on the EPSPs were generally not affected by hyperpolariz- 
ing currents applied across the cell membrane by means of the recording 
electrode. 

Contralateral Stimulation. Following stimulation of the contralateral 
VII I th  nerve EPSPs were evoked in one group of neurons, while in other 
cells only IPSPs were produced. I t  was noted that  it was more difficult to 
maintain good intraeellular recordings in those neurons which showed 
IPSPs than in those with EPSPs. EPSPs evoked by contralateral stim- 
ulation (Fig.3A, B) had lateneies ranging from 3.0--6.2msec. Their 
times to peak were much greater than with ipsilaterally evoked EPSPs 
(Fig.3C, D). Action potentials were never superimposed on eontra- 
lateral EPSPs even on supramaximal or double shock stimulation. 

Examples of eontralaterally evoked IPSPs are shown in Fig. 3E, G, 
H, J. Intracellular injection of chloride ions into the neuron resulted in a 
reversal of the hyperpolarizing into a depolarizing PSP (Fig. 3 J). The la- 
teneies of the IPSPs fell into 2 groups: one with a range of 2.2--4.4 msec 
and the other with a range of 7.3--11 msee. In most neurons i~ which 
eontralateral stimulation generated IPSPs, ipsilateral stimulation pro- 
duced EPSPs. 

Antidromic Activation by I19silateral VIIIth Nerve Stimulation. The 
VII I th  nerve stimulation of 16 vestibular neurons induced action po- 
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Fig.3A--J. Synaptic potentials in vestibular neurons evoked by contralateral 
VIII th nerve stimulation. (A) and (C) Intracellular recordings of EPSPs in vesti- 
bular neuron after eontra- and ipsilateral VIII th  nerve stimulation, respectively. 
(B) and (D) Superposition of intra- and extracellular computer-averaged ~races of 
(A) and (C). (E--H) Intraeellul~r recordings of IPSPs and their extracellular 
counterparts. (I, J) Original recording and chloride-reversed counterparts of IPSPs 

tentials with very  short  latencies (0.25--1.1 msec). At  the threshold 
st imulus in tensi ty  the act ion potentials  arose abrup t ly  from the base- 
line with no prepotent ia l  (Fig. 4 A). As the st imulus in tens i ty  was slightly 
increased, an ear ly  act ion potent ia l  occurred in each trial and a later  syn- 
apt ic  ac t ivat ion was also observed (Fig.4B).  The occurrence of  synapt ic  
ac t ivat ion as well as the  occasional presence of  clear I S - - S D  inflexions 
indicated t h a t  the  recordings were obta ined f rom second order  vestib- 
ular neurons and  no t  f rom pr imary  fibers. I n  some neurons the threshold 
in tens i ty  for ant idromie ac t ivat ion was lower than  t h a t  for synapt ic  
act ivat ion,  while in others the  opposite was observed. Since the distance 
between the recording site in the vestibular  nucleus and the s t imulat ing 
site in the nerve was approximate ly  3 - - 4  ram, the possibility of  direct  
exci tat ion of  vest ibular  neurons by  spread of  s t imulat ing current  should 
carefully be ruled out.  The following findings s t rongly suggest anti- 
dromic ac t ivat ion of  efferent neurons :  i ) t he  excitat ion was obtained 
with st imulus intensities close to  the threshold for the field potent ial  
which was confined to  the  vest ibular  nucleus;  ii) ac t ivat ion included a 
distinct latency,  and  iii) after  crushing or coagulat ing the V I I I t h  nerve 
at  the site proximal  to  the s t imulat ing electrode, the st imulus in tensi ty  
necessary for direct  ac t iva t ion  of  vest ibular  neurons was increased up to 
10 t imes the threshold of  the  in tac t  nerve. 
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Fig. 4A-- C. Antidromie activation of vestibular neuron after ipsilateral VIIIth nerve 
stimulation. Intraeellular records taken at threshold straddling intensity of the axon 
ofthe impaled neuron. (B) Same but with higher stimulus strength. No~e additional 
synaptie activation. (C) Histogram showing latency distribution of antidromieally 
activated action po~entials recorded from vestibular neurons. Calibration pulses: 
1 mY, 1 msee; vertical bar in (B) (50 mY) indicates gain for lower traces in (A) and (B) 

Discussion 

Field Potentials 

The prominent field potential complex that  was recorded in the 
vestibular region of the brain stem following V I I I t h  nerve stimulation 
may be divided into an early and late negativity which represent the 
pre- and postsynaptie components of the field potential. This statement 
is based on the finding that  axonal spikes frequently occurred on the 
early negativity and that  these spikes followed double shock stimulation 
at close intervals and were resistant to anesthesia. In  addition the early 
negativity is composed of the action currents of efferent neurons ex- 
cited antidromieally. The transsynaptic nature of the second field 
component is revealed in the finding that  it is sensitive to double shock 
stimulation and anesthesia and that  the lateneies of the EPSPs and 
action potentials paralleled the time course of the slow negativity. 
Anatomical studies of the reptile's brain stem show that  the V I I I t h  
nerve passes dorso-ventrally through the brain stem to reach the ves- 
tibular portion of the statoacoustic complex which can be clearly dis- 
tinguished from the more superficially located acoustic region (Fig. 1 C). 
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The spatial distribution of the vestibular-evoked field potentials re- 
flected these morphological features in tha t  the amplitude of the early 
negativity was large in the dorsal region and decreased as the electrode 
approached the vestibular nucleus, and also in tha t  the second negativity 
displayed the opposite amplitude distribution. Furthermore this field 
potential profile indicated that  in the present experiments the electrical 
stimulation excited primarily vestibular fibers and that  coexcitation of 
acoustic fibers was negligible. 

E P S P s  and Early Depolarizations 

The time of arrival of vestibular impulses at the vestibular nucleus 
may be indicated by the latency of the peak of the positivity of the early 
positive-negative wave which occurred 0.2--0.3 msec after the stimulus. 
Given that  in cold blooded animals the synaptic delay is in the order of 
1 msee (Brookhart and Fadiga, 1960) the earliest EPSPs which occurred 
1.2 msee after the stimulus may be monosynaptic. Later EPSPs, how- 
ever, are polysynaptic in origin. Similar mono- and polysynaptic ac- 
t ivation of vestibular neurons was reported in the cat (Precht and Shimazu, 
1965; I to  et al., 1969; Kawai et al., 1969) and frog (Precht et al., 1974). 

In contrast, the early depolarizing potentials may not be mediated by 
chemical synaptie transmission, since their shortest latencies (0.3--1 msec, 
are well within the range of the latency of the afferent volley. It is sug- 
gested that early potentials are generated by electrical transmission 
which may occur between primary afferents and vestibular neurons 
and/or via eleetrotonie coupling between vestibular neurons and ef- 
ferent neurons. Since the presumed coupling potentials were small and 
since occasionally only all-or-none potentials of similar latencies were 
seen the electrical transmission probably occurred at a distance from the 
soma, and the partial spikes were probably generated by coupling po- 
tentials occurring at dendritic sites. Similar results have been obtained in 
the vestibular neurons of the frog (Precht et al., 1974) and the pigeon 
(Wilson and Wylie, 1970). In the cat, however, no such early potentials 
following VIIIth nerve stimulation have been noted. 

As in the frog (Precht et al., 1974) the vestibular neurons of the lizard 
exhibited spike-like partial responses which occurred spontaneously as 
well as in response to VIIIth nerve stimulation at various levels of the 
postsynaptic depolarization. Hyperpol~rizing currents applied across the 
membrane through the recording microelectrode generally failed to 
abolish these responses, and depolarizing currents failed to evoke any 
response. These findings suggest that the sites of origin of these spike- 
like partial responses are located at some distance away from the soma, 
presumably in the dendrites. Partial  responses similar to those described 
here were recorded in central neurons of different vertebrates (Eccles 
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etal., 1958 ; Spencer and Kandel, 1961 ; Kuno and Llin~s, 1970 ; Llins and 
Nieholson, 1971 ; ef. Purpura,  1967). In  all these cases it may  be assumed 
tha t  some areas of the dendrites are electrically excitable. As a result 
dendritic spike generation would increase the efficacy of synaptic exci- 
dation occurring at  distal parts  of the neurons. 

Crossed E]/ects 
Contrary to the frog in which only crossed excitation was found 

(Ozawa et aK, 1974) stimulation of the contralateral VIIlth nerve of the 
lizard produced EPSPs in one group of neurons and IPSPs in another. 
The finding of crossed inhibition in the lizard is similar to the cat in 
which second order neurons of the semicircular canals receive precisely 
organized inhibitory projections from the contralateral labyrinth via the 
commissural pathway (Shimazu and Precht, 1966; Mano et al., 1968). As in 
the cat (Mano et al., 1968) the short latencies of some of the IPSPs of the 
first group of lizard vestibular neurons (2.2--4.4 msec) may indicate 
that there exists a disynaptie inhibitory pathway across the midline 
which is supplemented by additional polysynaptic inhibitory paths. In 
the cat it has been shown that commissural inhibition will enhance the 
sensitivity of second order canal neurons to rotatory stimulation (Shi- 
mazu and Precht, 1966) and may play a role in the regulation of the vesti- 
bnlo-ocular reflex. Since in contrast to the frog reptiles have rather highly 
developed eye movements  including vestibular nystagmus the occur- 
rence of commissural inhibition in reptiles may  be a step toward the 
functional differentiation of the vestibular system as it develops from low- 
er to higher forms or as it is required to perform more complex functions. 

Crossed excitation which has been described in the frog (Ozawa et al., 
1974) and cat (Shimazuand Precht,1966 ; Shimazu andSmith,1971) was also 
found in a group of vestibular neurons in the lizard. Whereas contralateral 
excitation in the cat mainly affects the central otolith neurons (Shimazu 
and Smith, 1971) the canal neurons in the frog are likewise affected (Ozawa 
eta[., 1974). Studies employing natural  labyrinthine stimuli are required 
to clarify which mode characterizes contralateralorganization in the lizard. 

EHerent Vestibular System 
As was previously demonstrated in the frog (Precht et al., 1974) the 

present experiments in lizard demonstrate  tha t  neurons located in the 
vestibular nuclei participate in the efferent innervation of the sensory 
epithelium. Efferent neurons also showed synaptic excitation after V I I I t h  
nerve stimulation. This finding implies the existence of a feedback loop 
between labyrinth and vestibular neurons on the same side. Recent 
anatomicalwork by  Gacek and Lyon (1974) has shown tha t  in the cat unlike 
frog and the lizard efferent neurons are located outside but  in close 
proximity  to the vestibular nuclear complex. 
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