
Exp. Brain l~es. 18, 512--530 (1973) 
�9 by Springer-Verlag 1973 

Cervical Effects on Abducens Motoneurons and Their Interaction 
with Vestibule-Ocular Reflex 

O. I{IKOSAKA and M. MAEDA* 
Department of Neurophysiology, Institute of Brain Research, School of Medicine, Uni- 

versity of Tokyo, Hongo Tokyo (Japan) 

Received February 16, 1973 

Summary. The effect of neck afferents on abducens motoneurons and their 
interaction with the vestibulo-abducens reflex were examined in ehloralose- 
anesthetized or unanesthetized, decerebrate cats. The test reflex elicited in the 
abdueens nerve by stimulation of the eontralateral vestibular nerve was inhibited 
by eontralateral and facilitated by ipsilatcral cervical dorsal root or neck joint 
stimulation. These reciprocal effects were obtained by stimulation at the level 
of C2 and C3, but not from C5 or lower. Contralateral and ipsilateral cervical 
stimulation induced IPSPs and EPSPs, respectively, in abducens motoneurons. 
The latencies were 2.8--6.0 msec for the IPSP and 2.8--5.3 msec for the EPSP 
after stimulation of the dorsal root. 

The labyrinthine-induced disynaptie IPSP or EPSP was facilitated by con- 
ditioning stimulation of the contralateral and ipsilateral cervical dorsal root, 
respectively. I t  is thus postulated that  the cervieo-abducens and vestibulo- 
abdueens reflex pathways converge ripen common inhibitory or excitatory 
interneurons in the vestibular nnclie. Labyrinthine- and cervical-induced responses 
of the presumed interneurons in the vestibular nuclei or those of their axons 
recorded in the abducens nuelie were consistent with the above view. 

Lesion experiments in the brain stem indicated that  afferent volleys from the 
neck joint ascend ipsilaterally in the spinal cord, cross to the contralateral side 
in the brain stem, and eventually project to the vestibular nuclei, thus interacting 
with the vestibule-ocular reflex activity. 

A possible functional role of the cervical effects on the ocular motoneuron was 
briefly discussed. 
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Introduction 

Since the experiments of Magnus and his collaborators (Magnus and de 
Kleijn, 1913; Magnus and Storm van Leeuwen, 1914; Magnus, 1924), there have 
been several investigations on the role of neck proprioceptive mechanisms in 
postural adjustment (Cohen, 1961; Abrahams and Falchetto, 1969) and their 
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close relat ion to vest ibular  funct ion (Frenzel, 1928; Fredriekson et al., 1966). 
Besides the body or ienta t ion reflex, the neck proprioeeptors p lay  an  impor t an t  

role in control of eye posit ion (Magnus, 1924). Ext raoeular  muscle tens ion is 
influenced by  spinal nerve s t imula t ion  in  the rabb i t  (Suzuki and  Takemori ,  1971). 
Twist ing of the neck and  body induces eye devia t ion in the r abb i t  as well as in 
man  (Takemori and  Suzuki, 1969). Frenzel  (1928) studied the influence of neck 
torsion on nys tagmus  in man  and  reported a shift of the beat ing field of nys tagmus.  
There have been few studies, however, on the neuronal  organizat ion between 
cervical afferents and  ocular motoneurons.  

The purpose of the present  exper iment  is to elucidate the effects of neck 
afferents upon  abducens motoneurons  and their  in teract ion with the vestibulo- 
ocular reflex. The e lementary  vestibulo-oeular reflex are has been analyzed by 
anatomical  and  physiological studies (Lorente de Nd, 1933; Szents 1950; 
MeMaster et al., 1966; Tarlov, 1970). I t  has been revealed t ha t  the reflex are is 
composed of exci ta tory and  inhib i tory  pathways,  which act on the abdueens 
motoneurons  disynapt iea l ly  from the p r imary  vest ibular  nerve (Baker et al., 
1969). Similar organizat ion has been found for troehlear (Preehb and Baker, 1972) 
and  oeulomotor neurons (Highstein et al., 1971). I t  will be shown here t ha t  neck 
afferents act on the abdueens motoneurons  through the vest ibular  nuclei and  
tha t  both  the cervieo-abdueens and  vest ibulo-abdueens reflex pa thways  have 
common exci ta tory or inh ib i tory  in terneurons  in the vest ibular  nuclei. 

Methods 

Preparation 
The present results were obtained with 58 adult cats. Surgical procedures were completed 

under ether anesthesia. Stimulating electrodes (a fine Ag-AgC1 wire) were placed on the 
vestibular nerve (Shimazu and Precht, 1965) and also, in some experiments, on the region 
of the upper neck joints (see Fig. 1G) after removal of dorsal neck muscles. In other experi- 
ments the cervical dorsal roots were stimulated, and for this a laminectomy was performed. 
The abducens nerve was detached from the lateral rectus muscle on each side, and a fine 
Ag-AgC1 electrode was placed on the nerve for either stimulation or recording. 

The medial part of the cerebellum was aspirated in order to expose the floor of the fourth 
ventricle. During this procedure the anterior lobe and fastigial nuclei of the cerebellum were 
removed. In 37 preparations chloralose was administered intravenously (50 mg/kg) and ether 
was discontinued. In the remaining 21 experiments the animals were @cerebrated at the 
intercollicular level and were maintained without anesthesia. The animals were immobilized 
with intermittent i. v. injection of gallamine triethiodide (Flaxedil, Teikoku-kagaku) under 
continued artificial respiration with room air. A pneumothorax was made bilaterally in order 
to reduce movements of the brain tissue. The systolic blood pressure was maintained at 
110--130 mm Hg by intravenous injection of pressor agents, if necessary, and the rectal 
temperature was kept at 36--37.5 ~ C by a heating pad throughout the experiment. 

For the purpose of histological studies, the animal was sacrificed after each experiment 
by i. v. administration of a large dose of pentobarbital sodium. The brain tissue was removed 
after injecting 10~ formalin solution into the carotid artery. 

Stimulation 
The vestibular and abdueens nerves were stimulated with rectangular pulses of 0.1 msec 

duration. Single shocks or pulse trains (2.5 msec intervals) were applied to the cervical dorsal 
roots (tess than 2--3 volts) and neck joints (less than 10 volts) once every 2 to 3 seconds. 
The total number of pulses in a train varied up to 20. Adequate stimulation of the end organ 
in the horizontal semicircular canal was applied by horizontal rotation of the turn-table. 

35 Exp. Brain l~es. Vol. 18 
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Fig. 1. Conditioning effects ol cervical afferent volleys on vestibulo-abducens reflex. A and D: 
test responses in left abducens nerve to double shocks to right vestibular nerve (average over 
5 sweeps). Control for B--C and E - - F ,  respectively. B and C: conditioning single shocks 
(not shown on trace) were applied to right (contralateral) (B) and left (ipsilateral) (C) dorsal 
root at C2. Interval between conditioning shock and second test shock was 8 msec. E and F:  
conditioning triple shocks were applied to right (E) and left (F) neck joint at C2--C3. Interval 
between 3rd conditioning shock and 2nd test shock was 7 msec. G: hatched area represents 
the region of upper neck joint where stimulating electrodes were placed. Time constant of the 

recording system was 100 msee 

Recording 
Glass micropipettes containing 3 M KCl or 2 3I K-citrate were used for intracellular 

recording from abducens motoneurons and for recording from axons of the vestibular neurons 
within the abducens nuclei. The electrode resistance was 15--30 Mr2. A conventional input 
stage was used for recording and for passing current through the microelectrode. For extra- 
cellular recording of the spikes of the vestibular neurons, glass mieropipettes filled with 
Ringer solution, with d.c. resistances of 5--8 MQ were inserted in the dorsoventral direction 
into the vestibular nuclei. The potentials were fed into a dual-beam oscilloscope (Tektronix, 
type 565) after d. e. amplification. 

The action potential of the abdueens nerve was averaged over 5--10 sweeps using an 
electronic computer (ATAC 501, Nihon Kohden). The frequency of occurrence of vestibular 
unit spikes before and after cervical stimulation was counted with the computer over 200- 
400 sweeps in order to yield the histogram of spike distribution (Kasahara et al., i968). 

R e s u l t s  

I. Influence o/ Cervical Somatic Agerent Volleys Upon Vestibulo-Abducens Reflex 

Egects o[ Dorsal Root Stimulation 

A c t i o n  po t en t i a l s  were  i nduced  in t h e  a b d u c e n s  n e r v e  w h e n  a single shock  was  

app l i ed  to  t h e  c o n t r a l a t e r a l  v e s t i b u l a r  ne rve .  A m p l i t u d e s  o f  t h e  ref lex response ,  

w h i c h  will  be  cal led t h e  t e s t  ref lex,  o f t en  f l u c t u a t e d  a p p r e c i a b l y  in success ive  
t r ia ls .  I n  t he se  cases doub le  shocks  ( the i n t e n s i t y  of  t h e  first  shock  be ing  so 
a d j u s t e d  as to  be  s u b t h r e s h o l d  for  t h e  ref lex  response)  were  app l i ed  to  t h e  ves t i -  

bu l a r  n e r v e  to  m a k e  t h e  a m p l i t u d e  of  t h e  t e s t  response  m o r e  cons t an t .  The  tes t  
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reflex was averaged over 5--10 sweeps in order to increase even further the relia- 
bility of measurement of the amplitudes of the test reflex as an indicator of the 
conditioning effects. 

Figure 1A shows the control test  response in the left abducens nerve. Prior to 
the test  shocks the right dorsal root at the level of C2 or C3 segment was stimu- 
lated by  a single shock, which will be called "contralateral conditioning" shock. 
The amplitude of the test response was thereby markedly reduced (Fig. 1B), 
and this inhibitory effect was evident throughout a wide range of test response 
amplitude. On the other hand, it was remarkably increased by conditioning 
stimulation of the left (ipsilateral) C2 or C3 dorsal root (Fig. 1C). No appreciable 
discharges were evoked by  the conditioning shock alone, though they were occa- 
sionally induced when strong stimulation of more than 10 pulses was applied. 

Conditioning shocks at the level of C2 or C3 segment were most effective for 
provoking these effects, whereas those applied to the dorsal roots caudal to the 
fifth segment induced neither facilitation nor inhibition. 

Egect o/Cervical Deep Somatic Stimulation 

Stimulation was applied to the nerve innervating mainly the ipsi- or contra- 
lateral biventer cervicis and complexus muscles. This did not evoke any suppres- 
sion or facilitation of the test  reflex with the exception of slight bilaterally induced 
facilitation in a few cases, even though the stimulus strength was increased up to 
ten times the threshold for the nerve potential. 

After removal of the dorsal neck muscles, stimulating electrodes were placed 
on the region of upper neck joints (Fig. 1G). Electric currents applied through 
the electrodes may  excite afferents from the ligaments, capsules and periostea 
around the intervertebral joints. Figure 1D- -F  represent results in an experiment 
in which the test  reflex was conditioned by volleys arising from the neck joints 
at the level of C2--C3. Contralateral conditioning shocks inhibited the test 
reflex (compare Fig. 1D and E), whereas ipsilateral conditioning shocks facilitated 
it (Fig. 1F). I t  was noted that  the first test  volleys alone, which did not produce 
any response in the control record (Fig. 1D), induced a clear response (Fig. IF, 
arrow) after ipsilateral conditioning shocks to the neck joints. The effects induced 
by a conditioning shock to the contralateral or ipsilateral neck joint were similar 
to those produced by dorsal root stimulation described above. Double or multiple 
shocks lowered the threshold intensity for the conditioning effect. The lowering 
of the threshold for the inhibition or the facilitation with multiple volleys may  
indicate the importance of temporal summation along the pathways from the 
neck joint to the abdueens nuclei. 

Figure 2 represents effects of 1~o procaine locally applied to the neck joint 
region where the stimulating electrodes were placed. The control effects of the 
conditioning stimulation (compare Fig. 2B with A) was slightly reduced 5 rain 
after the application (Fig. 2C) and completely abolished 15 min later (Fig. 2D). 
Ten minutes after washing out procaine by Ringer solution the effect began to 
reappear (Fig. 2E), and then returned to the original value (Fig. 2F) 15 rain later. 
This finding excludes the possibility that  the conditioning effects were induced by 
a spread of stimulating currents to the dorsal roots or directly to the spinal cord, 

35* 
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Fig. 2. E~ect o~ local application o/procaine around neck joint region where stimulating electrodes 
were placed. A: control test response in left abducens nerve. B: inhibition of the test response 
induced by stimulation of right neck joint (conditioning artifact not shown). C: record taken 
5 min after procaine application around stimulating electrodes, indicating slight reduction 
of inhibition. D: complete abolition of inhibitory effect 15 rain later. E:  record taken 10 min 
after washing procaine by Ringer solution. F:  15 rain later. Inhibition recovered to the original 

level. Each trace was obtained by averaging over 10 sweeps 
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Fig. 3. Time course o/ /acilitation (A)  and inhibition (B) o~ the test reflex by conditioning 
shocks to cervical dorsal root or neck joint. The effect of conditioning on the test reflex is ex- 
pressed on the ordinate as per cent of control amplitude. Abscissa represents time interval 
between conditioning and test shocks. When multiple pulses were used for conditioning or 
test stimulation, the interval between the effective shocks of each stimulation was plotted. 
Filled circle and square were obtained in one preparation with ipsi- and contralateral dorsal 
root stimulation, respectively. Open circle and square were from four preparations with ipsi- 

and contralateral neck joint stimulation, respectively 

a n d  ind ica tes  t h a t  t h e  i n h i b i t o r y  effects  o r ig ina te  f r o m  t h e  n e c k  j o in t  region.  

The  f a c i l i t a t o r y  inf luence  f r o m  t h e  ips i l a te ra l  n e c k  j o in t  was  also b locked  by  

p roca ine  app l i ca t i on  to  t h e  s t i m u l a t e d  region.  
The  reeil0roeal effect  on  a b d n e e n s  ac t i v i t y ,  t h a t  is, f ac i l i t a t i on  f r o m  t h e  ipsi- 

l a t e ra l  a n d  i n h i b i t i o n  f r o m  t h e  c o n t r a l a t e r a l  dorsa l  roo t  or  n e c k  jo in t ,  was ob- 
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rained in all of the 37 preparations anesthetized with ehloralose. Among 21 deeere- 
brate, unanesthetized animals, the above reciprocal effect was obtained in 11 prep- 
arations, whereas the test  reflex was facilitated in 8 animals and was inhibited 
in 2 animals by  both ipsilateral and eontralateral cervical stimulation. The differ- 
enee of the results between anesthetized and unanesthetized animals might be 
related to different sensitivities of reciprocal and non-reciprocal (diffuse) pathways 
to anesthetic agents (Shimazu et al., 1962). The present paper deals with an analysis 
of neural mechanisms mediaging the reciprocal effects. 

Time Course o/Inhibition and Facilitation 

To determine the time course of the effects of conditioning cervical stimulation 
on the test  response, the test stimulus strength was adjusted so as to give about 
one-third of the maximal response. 

In  Fig. 3 amplitudes of ~he test  response expressed as per cent of the control 
value were plotted against the time interval between conditioning and test  
volleys. As the interval between the conditioning and the test shocks was pro- 
gressively increased, inhibition from the eontra]ateral (Fig. 3B) as well as facil- 
itation from the ipsilateral cervical afferents (Fig. 3A) was first detected at 
approximately 3 msec, attained its maximum at  8--10 msec, and then regressed 
slowly over up to 30--50 msee. The latency of inhibition could not be accurately 
determined because of small but inevitable fluctuations of the test  response 
amplitudes. 

When long train pulses such as 10--20 shocks were applied as the conditioning 
stimulation, the t ime course of inhibition and facilitation were considerably 
prolonged. The former lasted over about 80 msee and the latter more than 
150 msec. 

I I .  Postsynaptic Potentials Evolced in A bducens Motoneurons by Cervical Stimulation 

The abducens motoneurons impaled were identified by their antidromie 
responses to stimulation of the ipsilateral abdueens nerve (Fig. 4A). The data were 
sampled from the intraeellular records of 76 abdueens motoneurons in which 
the membrane potential ranged from -40 to -70 inV. 

Stimulation o/Contralateral Dorsal Root and Neck Joint Region at C2--C3 

Contralateral dorsal root stimulation produced a hyperpolarizing potential in 
the abducens motoneurons. With increased stimulus intensity, or increased 
number of pulses, the hyperpolarization became larger in amplitude and longer 
in duration (Fig. 4D--F) .  The amplitude attained 5 mV and the duration 20-  
40 msec with single to triple shocks. The duration was approximately consistent 
with tha t  of the inhibition curve described above (Fig. 3B). In  order to clarify 
the nature of synoptic events in the abdueens motoneurons underlying the hyper- 
polarizing potential, C1- ions were eleetrophoretically injected into the cell by 
passing hyperpolarizing currents through the recording micro-electrode. Under 
this condition, the hyperpolarization induced from the eontralateral dorsal root 
was inverted into a depolarizing potential (Fig. 4G-- I ) .  The reversal of the hyper- 
polarization to a depolarization was obtained during intracellular passage of 
hyperpolarizing current as well. Thus the hyperpolarization should represent an 
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Fig. 4. Intracellular records /tom abdueens motoneurons in response to contralateral cervical 
stimulation. Records A-- I  were obtained from one motoneuron and records J - - K  were from 
another. A: antidromic response to stimulation of left abducens nerve. B: IPSPs induced by 
single shocks to left vestibular nerve. C: same as in B but after CI- injection into the cell. 
D F: IPSPs induced by right dorsal root stimulation at C2 with increased number (single to 
triple) of stimulus pulses. Lower traces in each record represent extracellular field potentials. 
G--I :  same as in D--F but records obtained during the same period when reversal of the 
vestibular-induced IPSP (C) occurred due to C1 injection. J and K: IPSPs in response to 
single shocks to right neck joint at C2--C3 (J) and those recorded after CI- injection (K). 
Voltage calibration for B also applies to C--K. Time scale for A also applies to B and C, and 

that for D to E - -K  

inhib i tory  postsynapt ic  potent ia l  (IPSP) (Coombs et al., 1955; Eccles, 1964). 
Similar IPSPs  were produced by  s t imula t ion  of the contralaterM neck joint  
(Fig. 4J  and K). The reversal of polari ty of the I P S P  induced by  cervical st imu- 
la t ion and tha t  of the I P S P  produced by  ipsilateral vest ibular  nerve s t imula t ion  
(Baker et al., 1969) (Fig. 4B and C) always occurred concurrent ly  with CI- injec- 
tion, a dissociation of polar i ty  of the two I P S P s  induced from the different 
sources never  being observed. 

LateneJes of the IPSPs  induced from the contralaterM dorsal root and  the 
neck joint  were determined by  superimposing the original IPSPs  either on those 
inver ted  by  C1- inject ion or on the extracellular field potential .  W h e n  a single 
shock did not  produce any  detectable IPSP,  double or briple shocks were applied. 
I n  these eases its la tency was measured from the effective shock. The latencies 
ranged from 2.8 to 6.0 msee (n = 24, mean  4.1, S.D. 0.9) from the dorsal root 
and  3.0 to 7.5 msec (n = 28, mean  4.6, S.D. 1.1) from ~he neck joint.  Figure 5 
represents histrogams of latencies of the IPSP s  induced by  s t imula t ion  of the 
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Fig, 5. Histogram8 o/ latencies o / I P S P s  and EPSPs evoked in abducens motoneurons by stimu- 
lation o/cervical dorsal roots ( A ) and neck ]oint ( B ). Leit  histograms: distribution of latencies 
of IPSPs  induced by contralateral stimulation. Right  histograms: tha t  of EPSPs  induced by 

ipsilateral s t imulation 
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Fig. 6. Intraeellular records/rom abducens motoneurons in response to ipsilateral cervical stimu- 
lation. Records A - - G  were obtained from one motoneuron and records H - - I  were from another. 
A- -C:  EPSPs  induced hy  ipsilateral dorsal root s t imulat ion a t  C2 with single to triple shocks. 
Lower traces in each record indicate extracellular field potentials. D - - F :  same as in A--C but  
after C1- injection t h a t  was sufficient to reverse the  vestibular-induced IPSP  to depolarization. 
G: sam~ as in C bu t  recorded with slower sweep speed. H and h EPSPs  induced by single and 
double shocks to ipsilateral neck joint  a t  C2--C3. Calibration for A applies to other traces, 

Time scale for A applies to other traces except for G 
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eontralateral dorsal root (Fig. 5A, left) and the neck joint (Fig. 5B, left). The 
histograms reveal a tendency for the IPSPs produced from the dorsal root to 
start slightly earlier than neck joint-induced IPSPs. The latency difference, 
0.5 msec on the average, was statistically significant at the level of P <  0.1 
(t-test). I t  may be attributed to the time required for the impulse propagation 
along the distance from the stimulated spots at the neck joint to the dorsal root. 

Stimulation o] IpsiIateraI Dorsal Root and Neclc Joint Region at C2--C3 

A depolarizing potential was induced in abducens motoneurons by ipsilateral 
dorsal root stimulation. The depolarization became larger in amplitude and longer 
in duration with increased intensity and pulse number of the stimulation (Fig. 
6A---C). The depolarizing potential was not appreciably changed after CI- injection 
into the motoneuron (Fig. 6D--F),  thus indica%ing that  the depolarization was 
mainly due to the excitatory postsyn~ptie potential (EPSP). Similar EPSPs 
were produced afger ipsilateral neck joint stimulation (Fig. 6It and I). The 
latencies of the EPSPs induced from the ipsilateral dorsal root and the neck 
joint were determined by superimposing the EPSPs on the extraeellular field 
potentials. The latencies ranged from 2.8 to 5.3 msec (n = 23, mean 3.9, S.D. 0.6) 
from the dorsal root and 3.2 to 7.3 msec (n = 18, mean 4:.9, S.D. 1.2) from the 
neck joint. The difference between latencies of EPSPs induced from the two 
different sources was statistically significant (t-test, P <  0.001). Figure 5 depicts 
latency histograms of the EPSPs produced by stimulation of the ipsilateral dorsal 
root (Fig. 5A, right) and neck joint (Fig. 513, right). Inspection of the histograms 
in Fig. 5 reveals that  the Iatencies of the EPSPs and IPSPs distribute within 
approximately the same range (compare left with right histogram in A and 13, 
respectively), suggesting that  the pathways mediating the excitation and the 
inhibition from the cervical afferents are not very different in complexity. 

Durations of EPSPs in abducens motoneurons produced by single to triple 
shocks to the ipsilateral dorsal root or neck joint were about 20--40 msec (Fig. 6G), 
which were similar to that  of the facilitation of the test reflex (Fig. 3A). 

Interaction o/ Vestibular and Cervical E#ects Upon Abducens Motoneurons 
Stimulation of the ipsilateral and contrMateral vestibular nerve produces an 

IPSP and EPSP, respectively, in the abducens motoneurons and these PSPs are 
disynaptically evoked t~om the nerve, the interneurons in the reflex pathway 
being located mainly in the rostral part of the medial vestibular nucleus (13aker 
et al., 1969). An examination was made to detect whether there is any interaction 
between labyrinthine and eervieal volleys at the internuneiM level in the vesti- 
bular nuclei. Figure 7A shows a control disynaptic IPSP (reversed in polarity 
after CI- injection) in an abdueens motoneuron evoked by ipsilateral vestibular 
nerve stimulation. When conditioned by eon~ralateral cervical stimulation that  
was so adjusted as to produce only a small IPSP (Fig. 7C), the same test vestibular 
volley induced a larger disynaptic IPSP (Fig. 7B) than the Mgebraical summation 
of the control response and the response to the conditioning volley alone (Fig. 7t3, 
dotted line). This finding indicates that  the con~ralateral cervical volleys converge 
on and facilitate intemeurons that  mediate disynaptic inhibition from the ipsi- 
1o, teral vestibular nerve, 
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F i g .  7. Facilitation o! the vestibular-induced disynaptic IPSPs and EPSPs by cervical stimu- 
lation. A--C: intracellular records from a ieft abducens motoneuron. A: disynaptic IPSPs 
(reversed in polarity after C1- injection) evoked by left vestibular nerve stimulation. B: the 
same test stimulation as in A was conditioned by triple shocks to the right dorsal root. Dotted 
line indicates an algebraieal summation of record A and C. C: response to dorsal root stimula- 
tion alone. D- -F :  Intracellular records from another left abducens motoneuron. D: disy- 
naptic EPSPs evoked by right vestibular nerve stimulation. E: the same test stimulation as 
in D was conditioned by 4 shocks to the left dorsal root. Dotted line indicates an algebraical 
summation of record D and F. F : response to dorsal root stimulation alone. Upward arrows in 

A, B or D, E indicate left or right vestibular nerve stimulation, respectively 

F igure  7 D - - F  shows a fac i l i t a to ry  convergence in the  exc i t a to ry  p a t h w a y  to 
an  abducens  motoneuron  from the  l a b y r i n t h  and  f rom the  neck. A control  di- 
synap t i c  E P S P  was evoked  in the  abducens  motoneuron  by  con t ra la te ra l  vesti-  
bu la r  nerve s t imula t ion  (Fig. 7D). W h e n  the  ves t ibu lar  nerve  s t imula t ion  was 
condi t ioned b y  shocks to  the  ips i la tera l  dorsal  root  which themselves  p roduced  a 
ba re ly  de tec tab le  E P S P  (Fig. 7F), i t  induced  a larger  d i synap t i c  E P S P  (Fig. 7E). 
These resul ts  indica te  t h a t  t he  fae i l i t a to ry  in te rac t ion  occurred a t  the  level of the  
exc i t a to ry  in te rneurons  in the  ves t ibu la r  nuclei. 

I f  the  sites of l aby r in th ine  and  cervical  in te rac t ion  are wi th in  the  ves t ibu lar  
nuclei  for bo th  the  fac i l i t a to ry  and  inh ib i to ry  influences on abducens  motoneurons ,  
then  the  ves t ibu la r  nuclei  neurons pro jec t ing  to  the  abdueens  nuclei should 
exh ib i t  responses to  neck s t imula t ion  as expec ted  f rom the  above  considerat ions.  
The resul ts  will be descr ibed in the  following section. 

I I I .  Activity o/Secondary Vestibular Neurons in Response to Cervical Volley.s 

Axonal Spi]ces of Vestibular Neurons Recorded within the Abducens Nucleus 

Impu l se  a c t i v i t y  was recorded wi th in  the  abducens  nucleus from axons t h a t  
are p re sumed  to have  the i r  origin in the  ves t ibu la r  nuclei. Iden t i f i ca t ion  o{ these 
un i t  spikes followed the  cr i ter ia  descr ibed prev ious ly  (Maeda et al., 1971 ). 

F igure  8C exemplifies a uni t  t h a t  was ac t i va t ed  monosynap t i ca l l y  from the  
ips i la tera l  ves t ibu la r  nerve. Cervical effects were found  in 28 units .  Of these,  
25 uni ts  were exc i ted  b y  contralateral dorsal  root  or neck jo int  s t imulat iol)  (Fig. 8D). 
bu t  no t  b y  ips i la tera l  cervical  s t imula t ion  (Fig. BE). W h e n  these  uni ts  were 
spon taneous ly  act ive,  t h e y  were even inh ib i ted  b y  the  l a t t e r  s t imula t ion .  The 
remain ing  3 uni ts  were ac t i va t ed  b y  cervical  s t imula t ion  on bo th  sides. The 
latencies of the  evoked  spikes ranged  f rom 2.0 to  3.9 msec (n = 22, mean  2.9, 
S.D. 0.6) f rom the  con t ra la te ra l  dorsa l  root  (Fig. 8F) and 2.1 to  4.3 msec (n = 23, 
mean  3.3, S.D. 0.6) f rom the  neck jo in t  (Fig. 8G). The  mean  l a t ency  was signifi- 
can t ly  shor ter  f rom the  dorsal  roo t  t h a n  from the  neck jo in t  ( t- test ,  P <  0.001). 
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Fig. 8. Activity o/secondary vestibular neurons in response to cervical volleys. A--E: responses 
of an axon of secondary vestibular neuron recorded within right abducens nucleus. A: supra- 
maximal antidromic stimulation of the abducens nerve did not evoke spikes but only field 
potentials. B: single shocks to left vestibular nerve induced only negative field potentials. 
C: single shocks to right vestibular nerve induced spikes with monosynaptic latencies. D: 
spikes were also induced by left dorsal root stimulation at C2. E: no responses to right dorsal 
root stimulation. F and G: histograms of the latencics of axonal spikes after shocks to the 
eontralateral dorsal root (F) and neck joint (G). All of these neurons were activated mono- 
synaptieally by ipsilateral vestibular nerve stimulation. H: spike distribution for a typed 
neuron constructed from 300 sweeps, indicating facilitation by single shocks (arrow) to 
contralateral neck joint. I: that for another type 1 neuron (400 sweeps), indicating inhibition 
by ten shocks (400/scc) to ipsilateral neck joint. Upward and downward arrows indicate onset 
and cessation of stimulation, respectively. Ordinate: number of spikes counted at each interval 

of 0.4 reset. Abscissa: time after stimulation 

The uni ts  ac t ivated  by  eontralateral  vest ibular  nerve s t imula t ion  were also 
influenced by  eervicai s t imulat ion.  The effects examined in 4 uni ts  were consistent- 
ly an  act ivat ion from the ipsilateral dorsal root or neck joint  with a la tency range 
similar to tha t  described above. 

Vestibular Type-1 Neuron8 Identified by Horizontal Rotation 

Neurons in  the vest ibular  nuclei were identified by  horizontal  angular  accel- 
erat ion and  deceleration. The present  exper iments  deal with t y p e d  neurons as 
defined by  their f requency responses to horizontal  ro ta t ion  in parallel with receptor 
activities in  the ipsilateral horizontal  canal (Gernandt ,  1949; Duensing and  
Schaefer, 1958). 

The type-1 neuron  was dis t inct ly  facili tated by  single shocks to the contra- 
lateral  neck jo in t  (Fig. 8H). I n  Fig. 8I, on the other hand,  long train shocks to 
the ipsilateral neck joint  produced an  inhibi t ion  of spontaneous discharges of the 
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Fig. 9. E~ect o/interruption o/connections between the vestibular and abducens nuclei. A: test 
response in left abducens nerve to right vestibular nerve stimulation. Control Ior B. B: 5 msee 
prior to test shock, conditioning triple shocks (not shown) were applied to right neck joint. 
C and D : same as in A and B, respectively, but records made after longitudinal incision in the 
brain stem (downward arrow in G) from level of the inferior colliculus to 1 mm caudal to the 
abducens nucleus with approximately 4 mm in depth. E: response in right abducens nerve 
to direct stimulation of the brain stem in the vicinity of left MLF. Control for F. :F: the test 
response was inhibited by conditioning stimulation of left neck joint. Each trace was obtained 
with average over 10 sweeps. Time scale and calibration for A, C and E apply to B, D and F, 
respectively. G: drawing of the brain stem at the level of the abducens nuclei, showing longi- 

tudinal incision (arrow) between the left vestibular and abducens nuclei 

t y p e d  neurons,  t hough  single to  t r ip le  shocks were no t  effective. Of 16 type-1  
neurons  tes ted ,  8 neurons  exh ib i t ed  similar  responses to  those in Fig.  8 H and I ,  
3 neurons  were ac t i va t ed  b i la tera l ly ,  one neuron  was inh ib i ted  b i la te ra l ly  and  the  
remain ing  4 neurons received no effects. 

IV .  EOects o] Brain Stem Lesions on the Pathway o] Cervico-Abducens Reflex 

According to  ana tomica l  inves t iga t ions  in the  eat,  fibers from the  ros t ra l  por-  
t ion  of  the  media l  ves t ibu la r  nucleus pass media l ly  in to  the  ips i la tera l  and  the  
eont rMatera l  abdueens  nuclei  (Tarlov, 1970). This finding is consis tent  wi th  
physiological  s tudies  in the  eat  showing t h a t  bo th  exc i t a to ry  and  inh ib i to ry  
neurons  are  loca ted  in the  ros t ra l  pa r t  of the  media l  ves t ibu la r  nucleus and t h a t  
t h e y  pro jec t  to the  con t ra la te ra l  and  ips i la tera l  abdncens  motonenrons ,  respec- 
t ive ly  (Baker et al., 1969). 

I n  conformi ty  wi th  these da ta ,  a longi tud ina l  incision of the  dorsa l  b ra in  s tem 
was made  in four  cats be tween  the  left  ves t iba l a r  nuclei  and  the  left  abdueens  
nucleus,  f rom the  level of the  inferior  eolliculus to  1 m m  caudal  to  the  abdueens  
nucleus,  in order  to  i n t e r rup t  the  connect ions be tween t h e m  (Fig. 9G). The  ex ten t  
and  d e p t h  of the  incision were ad jus t ed  by  moni tor ing  the  d i sappearance  of 
inh ib i t ion  of t es t  abdueens  a c t i v i t y  caused b y  s t imula t ion  of the  left  ves t ibu lar  
nerve and  were confirmed b y  his tological  examina t ion  af ter  the  exper iment .  Af te r  
the  incision was made,  inhib i t ion  of the  t es t  response in the  left abdueens  nerve 
b y  condi t ioning s t imula t ion  of  the  r ight  neck jo in t  (compare Fig.  9B wi th  A) was 
comple te ly  abol ished (compare  Fig.  9D wi th  C). Note  t h a t  the  t es t  abdueens  
response was r e m a r k a b l y  augmen ted  af ter  the  incision (see different  ca l ibra t ion  



524 O. ttikosaka and M. Maeda 

4 ensec 
0.2rnV 

~.: 

B 

l: '7 : (-/: 

Fig. 10. E#ect o~ brain stem lesion. A: test response in right abducens nerve induced by left 
vestibular nerve stimulation. Records were taken after transverse hemisection (right half) of 
the spinal cord at the level of its rostral end (obex). B: same test response as in A was still 
inhibited by triple shocks to left neck joint. C: test response recorded after an additional 
midline incision from the obex to the level of rostral end of the inferior olive nucleus. Note 
that amplitude of the test response was not changed (compare C with A). D: conditioning triple 
shocks were applied to left neck joint. Inhibitory effect was completely abolished (compare D 
with C). Each trace was obtained with average over 10 sweeps. E: drawing of the brain stem 

at a level 400 micra caudal to the rostral end of the midline incision 

scales), p robably  because of a decrease of tonic inhibition coining from the left 
vestibular nuclei. Abolition of  the neck-induced inhibition after the incision cannot 
be ascribed to general depression of  brain stem aet ivi ty  due to the surgical proce- 
dures, because right abducens nerve discharges induced by  st imulation t.hrough 
electrodes located medially to the incision were still clearly inhibited by left neck 
jnoit st imulation (compare Fig. 9F with E). These findings support  the view tha t  
the inhibi tory effects on abducens motoneurons from the neck joint are mediated 
th rough  the ipsilateral vestibular nuclei. These considerations hold for the neck- 
induced facilitation, because the faeili tatory effects were also remarkably  de- 
creased after interrupt ing the vestibulo-abducens exci ta tory  pa thway.  

Since prolonged supression or facilitation produced by  long train shocks (such 
as 20 pulses) to the neck joint did not  change clearly after the incision, other 
structures than  the vestibular nuclei m a y  mediate the prolonged effect. Involve-  
ment  of  the forebrain in the pabhway was excluded by  the present experimental  
condition (deeerebration). 

Transverse hemisection of  the spinal cord was performed in three eats at  the 
level of its rostral end. After the hemisection the ipsilateral faeil i tatory effect on 
the  test  reflex by  neck-joint  st imulation was abolished on the side of hemisection, 
while the inhibi tory effect f rom the eontralateral  neck joint was still as apparent  
as before injury (compare Fig. 10B with A). When  a longitudinal midline incision 
of  the brain stem was addit ionally made from the obex to  the level of  the rostral 
end of the inferior olive nucleus (Fig. 10E), the inhibition of  the test reflex from 
the eontralaterM neck joint was completely abolished (compare t~ig. 10D with C). 

Discussion 

Origin o/ Cervical E#ects 

With  respect to the receptive area responsible for neck-induced motor  activi- 
ties, Magnus and de Kleijn (1913) limited the receptive field for ~he tonic neck 
reflex to the distribution of the first three cervical nerves. According to MeCouch 
et al. (1951) it was located in the region of  the upper  neck joints, especially at  the 
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atlanto-axial and atlanto-occipital joints. Biemond and De Jong (1969) reported 
that  positional nystagmns in rabbits was caused by interruption of cervical 
sensory fibers and suggested that  the main receptors of their origin were in the 
intervertebral joints and ligaments. 

The present experiments have shown that  abducens motoneurons receive 
inhibition from the contralateral and excitation from the ipsilateral cervical dorsal 
roots or neck joints. The effects were obtained from the level of C2 and C3, but not 
from the level below C5. The possibility of direct spread of stimulating current 
to the spinal cord was carefully examined and ruled out. Local application of 
procaine to the stimulated area in the upper neck joint abolished both the inhibi- 
tory and the facilitatory effects on the vestibulo-abducens reflex. Furthermore, 
latencies both of the PSPs in the abducens motoneurons and of presumed pre- 
synaptic axonal spikes were slightly but significantly longer after stimulation of 
the neck joint than after dorsal root stimulation. This is expected if the impulses 
originate from the neck joint and conduct to the dorsal roots. Thus, in agreement 
with the previous studies the effective volleys may be attributed to those from 
the upper neck joint, probably intervertebral mechanoreceptors, though some 
contribution of muscle or fascial afferents cannot completely be excluded. 

Cervical and Labyrinthine Convergence 

Several workers have suggested that  there is an interaction between laby- 
rinthine and cervical influences on motor performance. Magnus and Storm van 
Leeuwen (1914) stated that  the deficits in cats caused by cutting the dorsal roots 
from C1 to C3 resemble those produced by a bilateral labyrintheetomy. Cohen 
(1961) noted even more marked labyrinthine deficit-like disturbances in monkeys 
following section or local anesthesia of the C1 to C3 dorsal roots. With respect to 
cervical influences on the vestibular neurons, anatomical studies have shown that  
cervical afferents project to the vestibular nuclei (Corbin et al., 1935; Brodal et al., 
1962). Projection of spinal ascending route to the Deiters neurons has been 
demonstrated physiologically (Ire et al., 1964; Wilson et al., 1966; Allen et al., 
1972a, b). Fredrickson et al. (1966) have shown convergence of cervical and laby- 
rinthine influences on single units in the vestibular nuclei, as will be discussed below. 

Figure 11 illustrates a schematic representation of cervieo-vestibular inter- 
action for explanation and interpretation of the present results. I t  has been shown 
above that  stimulation of the neck joint facilitates the labyrinthine-induced 
disynaptic IPSP and EPSP in the abducens motoneurons (Fig. 7). Facilitation of 
the IPSP was induced from the neck joint contral~terat to the abducens mote- 
neurons recorded from, while facilitation of the EPSP was from the ipsilateral 
neck joint. According to Baker et al. (1969), inhibitory interneurons located in 
the vestibular nuclei project to the ipsilateral abducens motoneurons and excita- 
tory interneurons to the eontralateral abducens motoneurons. Thus, it is most 
likely that  the inhibitory pathway to the abducens motoneurons from the contra- 
lateral neck joint and that  from the ipsilateral labyrinth converge on common 
inhibitory interneurons in the vestibular nuclei. Likewise, the excitatory pathway 
to the abducens motoneurons from the ipsilateral neck joint and contralateral 
labyrinth converge on common excitatory interncurons in the contralateral vesti- 
bular nuclei. 
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Fig. 11. Schematic drawing o] simplified pathways ]tom neck joints to abducens motoneurons and 
their interaction with the vestibulo-abducens reflex arc. Thick broken lines indicate cervical 
afferent pathways which converge on secondary vestibular neurons and facilitate them. ABN: 
abducens nucleus. VN: vestibular nucleus. Inhibitory neurons are filled in black and excita- 
tory neurons open. To simplify the drawing commissural inhibitory pathways between right 

and left vestibular nuclei are not shown 

Responses of vestibular neurons to cervical st imulation were also consistent 
with the inference derived from the scheme in Fig. 11. The axonal spikes recorded 
within the abdueens nuclei and induced monosynaptieal ly  by  ipsilateral vestibular 
nerve st imulation were postulated to be inhibi tory and those act ivated from the 
contralateral  vestibular nerve to be exci ta tory  for abdueens motoneurons,  by  
comparing their firing phase with motoneurona]  activities (Maeda et al., 1971). 
I n  the present experiments, as would be expected, presumed inhibi tory and 
exci ta tory presynaptie  fibers in the abduccns nuclei were act ivated by  contra- 
lateral and ipsilateral cervical stimulation, respectively. Latencies of the act ivat ion 
were slightly shorter than  those of the neck-induced PSPs  in the abducens mote-  
neuron;  thus,  it is not  unreasonalbe to assurae tha t  these fibers are candidates 
responsible for product ion of the PSPs  in the motoneuron.  I n  the above experiment,  
however, vestibular neurone which send axons to the abducens nuclei were not  
identified with respect to their receptor origin in the labyrinth.  I n  some other 
cases, however, functional identification of vestibular neurons was performed 
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with horizontal rotation of the turn-table. Since the abducens motoneurons are 
activated or suppressed by  horizontal canal activites and these influences are 
presumably mediated through type- I  neurons in the vestibular nuclei (Precht 
et al., 1967 ; Richter and Precht, 1968), at  least some o f type - I  neurons are expected 
to be activated from the contralaterul neck joint. In  fact such activation was 
obtained in half of the type- I  neurons recorded. These results on yes ~ibular neuron 
responses provide further support for the view tha t  the facilitatory interaction 
between the vestibulo-abducens and eervico-abdncens reflexes occurs in the vesti- 
bular nuclei. 

Some comments may  be required on the finding that  spontaneous discharges 
of vestibular type- I  neurons were inhibited by  long train shocks to the ipsilateral 
neck joint. A possible explanation for this inhibition would be that  the ascending 
volleys from the cervical cord cross the midline and activate the contralateral 
vestibular type- I  neurons which in turn inhibit the ipsilateral type-I  neurons 
through the commissural inhibitory pathway (Shimazu and Precht, 1966). Thus, 
with reference to Fig. 11, we would like to suggest tha t  tonic inhibitory influences 
on the right abducens motoneurons from the right vestibular nuclei will be de- 
creased (disinhibition) by long trains of shocks to the right neck joint that  also 
cause increased excitatory effects on the motoneuron from the left vestibular 
nuclei. In  Fig. 6 the disinhibition was actually not evident, probably because 
single or triple shocks were not effective in inhibiting the ipsilateral vestibular 
type- I  neurons as described above. Likewise, when recording from the right 
abducens motoneurons after long trains of shocks to the left neck joint, the hyper- 
polarizing response would consist not only of an IPSP,  but also of disfacili~ation. 

Pathway 

On the basis of the convergence experiment of vestibular and cervical input 
in the vestibular nuclei (Fig. 7), there are evidently crossed excitatory effects on 
vestibular neurons from the neck joint (Fig. 11). The lesion experiment in the 
brain stem (Figs. 9 and 10) indicates that  afferent volleys from the neck joint 
ascend ipsilaterally in the spinal cord, cross to the contralateral side in the brain 
stem at a level or levels caudal to the rostral end of the inferior olive, and even- 
tually project to the vestibular nuclei, thus interacting with the vestibulo-ocular 
reflex activity. Although the precise t ract  and the location of synapses along the 
pa thway from the spinal cord to the vestibular nuclei remain to be studied, 
it may  not be a multisynaptic, but a fairly direct route, considering tha t  the 
shortest latency of evoked spikes of vestibular neurons projecting to the abducens 
nuclei was 2.0 msec and tha t  of the IPSP  in the motoneuron was 2.8 msee after 
stimulafiou of the contralateral dorsal root. The pa thway concerned may  be 
different from the spinal ascending route projecting to the Deiters nucleus so fur 
studied. According to I to  et al. (1964), short latency, presumably monosynaptic, 
EPSPs were produced in Deiters neurons after spinal cord (C3) stimulation on the 
ipsilateral, instead of the contralateral, side, whereas the contralaterally induced 
PSPs had a fairly long latency such as 8 msec. Spinal ascending effects on Deiters 
neurons found by Wilson et al. (1966) were bilateral excitation and may  provide 
these neurons with a generalized facilitatory background. 
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For  the late effects produced by long train shocks to the neck joint, other 
pa thways  than  those illustrated in Fig. 11 m a y  be involved, since the inter- 
rupt ion of  vestibulo-abdueens connections did not  affect them appreciably. 

Functional Significance 

According to the pioneer work of Magnus (1924), turning the body from side 
to side with the fixed head position induces eye deviation in the direction contra- 
lateral to  body  turning. Bizzi et al. (1971) investigated eye-head coordination by 
recording from the neck and eye muscles in monkeys.  They  concluded tha t  the 
head movement  provides by  way  of vestibular and neck proprioceptors the 
reflex excitation necessary for the compensatory  eye movement ,  i.e. the eye 
movement  which is counter to the head rota t ion and compensates fol it. The 
direction of the compensatory  eye movemen~ is consistent with the finding of 
Magmls. Fredrickson et al. (1966) found tha t  firing rates of vestibular neurons, 
which were act ivated by  ipsilateral labyrinthine cathodal polarization, were 
increased by  turning (from side to side) the body  in the direction ipsilateral to  
the vestibular nuclei recorded from and were decreased by  contralateral  body  
turning. They  suggested tha t  these vestibular neuron responses m a y  lead the 
compensatory  eye movement .  Since electric st imulation of the neck joint acti- 
vates the contralateral  vestibular neurons intercalated in the vestibulo-abducens 
reflex pa thway,  it m a y  be reasonably assumed tha t  turning the body to the r ight 
side activates receptors of  the left neck joint presumably due to stretching the 
joint l igaments and thereby excites the  left abducens motoneurons as well as the 
right vestibular neurons. On the basis of this assumption, the cervico-oeular 
reflex pa thway  analyzed here m a y  fnnction conjointly with the vestibulo-ocular 
reflex to c a n y  the compensatory  eye movement .  
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