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Stelling en 

De functionele ontwikkeling van het evenwichtssysteem duurt een lange 
periode en eindigt pas tijdens de adolescentie. 

2 Stabilisatie van de romp is een belangrijke factor voor de ontwikkeling van 
de verschillende bewegingspatronen v� de rat, zoals )open, staan op de 
achterpoten en zichzelf was sen. 

3 Een nonnaal functionerend evenwichtssysteem is essentieel voor de 
houdingsontwikkeling van de rat gedurende de eerste drie weken na de 
geboorte. Het zich ontwikkelende zenuwstelsel is niet in staat een stoomis in 
het evenwichtsorgaan op deze vroege leeftijd te compenseren. 

4 Falling is actually an important part of learning to stand (,because through 
falling one discovers the limits of ones equilibrium). 

E.S. Reed 

5 Not all inventions are wrought by necessity. Sometimes serendipity plays a 
part. The trick is recognition. 

Jean M. Auel »The Valley of Horses<< 

6 Wann immer man glaubt, einen Sachverhalt verstanden zu haben, offnet sich 
eine neue Welt geheimnisvoller Ratsel. 

7 Der Wissenschaftler ist der Mensch, dem sein Bemf erl�mbt, die kindliche 
Neugier bis ins hohe Alter zum Motiv seines Handelns zu machen. 

Carl Friedrich von Weizsacker »Der Mensch in seiner Geschichte« 

8 De wetenschap weerspiegelt de maatschappij. 
We Ieven in een wegwerp-maatschappij. 

9 Het grate risico van cmrummicatie is een foute interpretatie. 

1 0 Die Berge, die du nicht versetzen karmst, muBt du miU1evoll ersteigen. 

1 1  Doktorvater sind wie Vater, sie lassen tms nur tmgem wieder gehen. 



12 Een gelnteresseerde student vindt zijn plek in ieder curricuhun. 

13 De kunst van bet Ieven is uit ieder ogenblik een mooi ogenblik te maken. 
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Meinen Eltem 



Der Weg zum Verstiindnis des Mens chen .fiihrt genauso 
uber das Verstiindnis des Tieres, wie ohne allen 
Zweifel der Weg zur Entstehung des Menschen ilber 
das Tier ge.filhrt hat. 

Konrad Lorenz, Das >>Russische Manuskript<< 
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1 
General introduction 

Scope of this thesis 

Vestibular deficits in children are often part of congenital disorders, but they 
may also occur after head injuries [ 161] after infections [26] or iatrogenically 
after the application of ototoxic dmgs [77]. Also metabolic disorders or 
neoplasias can cause vestibular deficits [ 161]. Disorders, with obvious vestibular 
symptoms like vertigo or equilibriutn disturbances will easily be recognized as 
vestibular dysfunctions. However, vestibular dysfunction has also been implicated 
in developmental and behavioural syndromes, without obvious primary vestibular 
signs. Examples are hearing deficits, retardation in motor development, 
syndromes with cognitive, perceptual and qttentional deficits, learning disorders 
and autism (for review see: [ 126]). The question, whether the vestibular deficit is 
a causal factor to the symptomatology of these syndromes is difficult to answer, 
because these syndromes are accompanied by other neurological changes as well, 
which may interfere with vestibular deficits. 

Vestibular loss or sub-optimal fi.mctioning of the vestibular system early in 
childhood has been repeatedly suggested to lead to a retardation of motor 
development [91,92, 135, 167, 168]. Considering the important role of the 
vestibulum in postural control [94], the delay in motor development may be 
caused by a delay in postural development. The aim of this thesis is to verify this 
hypothesis in animal research. In such research it is possible to selectively 
interrupt vestibular input and to study its effects on motor development. 

The effects of experimentally induced vestibular deprivation at early ages on 
motor development were only sparsely studied tmtil now. Vestibular deprivation 
causes delayed motor development in rats [118] and rabbits [74], but not in cats 
[ 1  07]. In these studies, however, the motor development W!lS described only 
globally, as it was not the main aim of these studies. The present study was 
initiated to investigate the influences of vestibular deprivation on the development 
of posture in an approach combining behavioural, neurophysiological and 
neuroanatomical techniques. The following questions will be dealt with: 
1. Which role does the vestibular system play on the development of 

postural control? 
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2. What are the effects of vestibular deprivation on motor development? 
3. Does vestibular deprivation have consequences for the maturation of 

motoneurons innervating postural muscles? 

We chose the rat as the experimental animal, because the rat is born at an early 
ontogenetic stage and this enables to shtdy certain developmental changes 
postnatally. Furthermore, rats were used in many other developmental studies. 
The results of these studies can serve as data of reference for integrating the 
present results in a broader perspective. 

Content of this study 

The general developmental course of the vestibular system is similar in all 
mammals studied so far. However, differences occur regarding the speed of 
maturation and its timing with respect to birth. Nevertheless, comparison of this 
development in rats and humans can help to extrapolate experimental results in 
rats to the human. Therefore, I will firstly give a brief overview of the literature 
on the development of the vestibular system in rats and humans (Chapter 2). 

A thorough knowledge of the normal motor development is a prerequisite for 
studying the effects of vestibular deprivation on this development. In rats, the 
development of motor patterns was described by several authors 
[ 1,3, 17, 18,159, 166,173]. Data in this literature are often conflicting concerning 
the ages at which particular milestones of motor development are reached. This 
may be attributed to strain differences or to differences in behavioural 
categorisation. Moreover, the development of posture has been relatively 
neglected in these studies. In order to establish a frame of reference, we, 
therefore, studied the normal development of posture in hooded rats of the Lister 
strain (Chapter 3). From this study, the hypothesis emerged that the stabilization 
of the trunk by the long back muscles is the limiting factor in motor development. 
To test this hypothesis we shtdied the development of the EMG of the back 
muscles, the multifidus and the longissimus muscle (Chapter 4). 

These two studies provide the frame of reference for the investigations into the 
effects of vestibular deprivation on motor development. In Chapter 5, we shtdied 
the development of motor behaviour after uni- and bilateral vestibular deprivation 
from the 5th and 16th day, respectively. Because the most prominent changes 
were observed in bilaterally deprived rats, which were operated at the 5th day, 
we studied the EMG development of the long back muscles after bilateral 
vestibular deprivation from this age (Chapter 6). 
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In Chapter 7, we studied whether vestibular deprivation also affects the 
morphological development of the spinal motoneurons innervating the long back 
muscles. 

In Chapter 8, the results of these studies are discussed in respect to the 
research questions of this study as well as in respect to motor development. 
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The development of the vestibular system 

Introduction 

In comparison to other sensory systems, developmental studies of the 
vestibular system are scarce and therefore our knowledge is far from complete. 
Studies were performed in rats [2,32-34,40,93,100,101,118,119,124,144,154,165], 
rabbits [74,147,155], cats [16,35,50-54,79,107,109,139,140,143], guinea pigs 
[35,78,79,117], mice [7,8,42,50,122], dogs [50,79] and marsupials [62-65,102]. 
Resul.ts show that vestibular development follows the same sequence in these 
mammals. The development of the vestibular system in precocial animals, as e.g. 
guinea pigs is complete at birth, but in altricial animals, as e.g. rats, cats, and 
rabbits, it continues postnatally. In marsupials, the vestibular development largely 
takes place in the period, when the pup is in the pouch. To enable comparison of 
our findings in rats to humans, I will give a short overview on the development of 
the vestibular systems of humans and rats in the next sections (for details on the 
vestibular development of other species see also: [137, 138]). 

The vestibular development in humans 

Anatomical aspects 

Anniko [7] gave a review on the embryonic development of the vestibular 
sense organs. In the human, the earliest mdiment of the labyrinth is the otic 
placode, which can be recognized in 19-21-day-old embryos. The placode 
invaginates to form the otic invagination in the 21-23-day-old embryo and the 
otocyst in the 28-day-old embryo. At about 5 weeks of gestational age (GA), the 
membranous labyrinth starts to develop. At 7.5 weeks GA, the three semicircular 
ducts and the utricle, saccule, cochlea and the endolymphatic sac begin to form 
individual compartments. At 8" weeks GA, the utricle, saccule and the three 
cristae are formed and at 10 weeks their morphology is adult-like. The 
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dimensions of the semicircular canals still increase thereafter and reach adult 
sizes in the sixth gestational month [124,130]. Differentiation of hair cells starts 
at 7 weeks GA and is completed during weeks 12- 16. Branches of the eighth 
nerve appear at 7 weeks GA and are cmmected with the cristae and maculae at 8-
10 weeks GA, but synaptogenesis lasts at least till 23 weeks GA [41]. These 
findings indicate that the development of the vestibular system in the human is 
finished before birth, as far as its anatomy is concerned. 

Physiological aspects 

The functional development of the vestibular system in the human was 
summarized by Omitz [ 126]. No evidence exists that the vestibular organs are 
functioning in utero. Possibly, the low saturation of oxygen in the blood inhibits 
vestibular function before birth [152]. A nystagmus can be elicited in pretenn 
children from at least 31 weeks postconceptional age [129]. Responses after 
vestibular stimulation b ecomes more forcefultmtil about 6-9 months of age [ 126] 
and responsiveness is maximal between 6 and 12 months, the age at which new 
motor skills are acquired. Thereafter, reactivity decreases first quickly tmtil about 
30 months and more slowly later on. Vestibular ftmction has not reached adult 
characteristics even at 15 years (81]. 

The vestibular development in the rat 

Anatomical aspects 

The literature on the development of the vestibular apparatus in the rat is 
confusing. The size of the semicircular canals increases during the first postnatal 
weeks. Clark [30] described growth until the 2 1st day of life (P21) in the 
Sprague-Dawley rat, but Curthoys (34] found adult levels already around P7 or 
P8 in the albino Wistar ·rat. Recently, in a study on 87 albino Wistar rats, 
Ogunlade (124] demonstrated an increase in the size of the semicircular canals 
tmtil P9. Tenninal mitoses of hair cells occur between the 14th day of gestation 
( = E 14) and E 19 [ 144]. The cristae increase in length and change their 
morphology until P 14 [40]. At this age, hair btmdles, however, have not reached 
their adult length. The area of the maculae increases twofold within the first three 
weeks, although the otoconiae are morphologically mature already at PlO [154]. 
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The calcite (CaC03) concentration reaches adult levels at P9. The neurons of the 
vestibular nuclei are generated between Ell and El5 [2]. 

The embryonic development of the rat follows, in principle, that of the mouse 
[7], therefore, it is acceptable to consider findings on the development of the 
vestibular system in mice in relation to findings in rats. In mice, otic invagination 
occur at E8 and the otocyst is formed at E9 [7]. At E10, the endolymphatic duct 
appears and the semicircular canals develop between E12 and E13. Individual 
cristae ampullares and maculae utriculi and sacculi can be observed at E 14. Also 
the cupula starts to develop at this age. Hair cells start to differentiate at E 12. At 
E 19, afferent nerve endings contact these hair cells and morphological 
differentiation starts into type I and II hair cells. By the end of the first postnatal 
week, both types of cells are nearly fully innervated. Final maturation of the hair 
cells occurs between 2 and 4 weeks after birth. 

When comparing these morphological data in rats and mice with data in 
humans, it seems that the period between E8 and PI 0 in rats corresponds to the 
fetal period of one to six month's GA in humans. 

Physzological aspects 

Vestibular stimulation in rats is ftmctionally effective from P 1  [31, 165]. The 
first primary vestibular neurons firing regularly, can be recorded at P5, but at P21 
the percentage of regular neurons is still lower than in adults. At this age, also the 
resting discharge of these neurons has not yet reached adult levels. Also the 
resting discharge of the secondary neurons in the vestibular nuclei is low and 
irregular during the first postnatal days, but it increases and becomes more 
regular throughout the first month [1  00]. Adult values are reached approximately_ 
by the end of the first month. Also the threshold to angular acceleration decreases 
and the sensitivity of neurons in terms of unit responses reaches adult levels by 
the end of the first month. 

Comparing the ftmctional development of rats and humans, it can be concluded 
that in both species this development continues until adolescence. 
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Development of posture in the rat . 

Hildegard C. Geisler, Johan Westerga, Albert Gramsbergen 

Postural development has not attracted much attention in investigations of neuro-ontogeny. 
In the rat, motor behaviours have been studied repeatedly but the development of postural 
control has been largely neglected. In the present study we have taken inventory of behavioural 
aspects of postural development. Postures and postural skills of I 0 pups were 3-dimensionally 
recorded on video tape from the 2nd to the 20th day. The development of posture may be 
subdivided into three periods. During the first period, lasting until the 4th or 5th day, neonates 
were unable to lift their trunk from the floor, and the only indication for postural activity being 
head lifting. From then until the 1 2th - 1 3th day, pups were able to walk, though staggering, 
and in addition they groomed and reared with forelimb support. From then, in a rapid 
development lasting until day 1 6, the adult type of fluent locomotion developed as well as 
grooming and rearing without support. In addition, complex motor acts developed. These 
results are discussed in the perspective of the structural and functional development of postural 
systems. 

Introduction 

The position of the head, trunk and limbs relative to each other as well as the 
orientation of the body in space are the main aspects of posture. Optimal postural 
control is a prerequisite for effective movement. At adult age, postural 
adjustments are fluently integrated in ongoing movement patterns. Many aspects 
of the mechanisms involved in postural control are still unknown. Because of the 
relatively low degree of complexicy of brain mechanisms and behaviour at early 
stages, developmental research may help to provide insight into the causal 
network of postural mechanisms. It is with this background that we became 
interested in the ontogeny of tl1e development of posture in the rat. In precocious 
animals such as the guinea pig, neural development occurs for the greater part 

1Acta Neurobiologiae Experimentalis 53 { 1 993) 5 1 7-523 
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before birth and postural mechanisms might be inhibited due to a low oxygen 
pressure in the fetal circulation [153]. The development of postural control in the 
rat, which is an insessorial species, occurs largely after birth. This enables to 
study this development postnatally. 

In the rat, the lack of adequate control of postural muscles and the immahrrity 
of postural mechanisms during the first 2 weeks of life are probably limiting 
factors for the development of locomotion and other motor patterns. The first 
movements in rats may be observed from the 15th day of gestation (G 15; [6]) and 
even alternating leg movements occur before birth [ 12]. However, in the first 
days after birth these movements are ineffective in locomotion tmless rats are 
immersed in water [ 13,27]. Apparently, the upward pressure on the body by 
water displacement supports the tnmk, which is essential for this movement 
pattern to occur. Overgrmmd locomotion with the ventral body surface free from 
the floor develops only from the middle of the 2nd week of life (e.g. [ 18]). 

The development of posture in the rat has been relatively neglected. While 
motor development in general was described by such investigators as 
[3,17,18,159,166,173,175], the main focus of these investigations was on the 
development of locomotion� behavioural patterns such as grooming, or reflexes 
such as hopping and grasping. 

Specific questions addressed in the present study include what is the 
developmental profile of postural maturation in the first 20 days and how does 
posture develop in relation to such motor behaviours as locomotion, rearing and 
grooming. At a later stage we plan to relate the results to neuroanatomical and 
neurophysiological maturation of postural mechanisms. 

Methods 

Hooded rats of the Lister strain were housed in ·an animal room which was 
lighted from 8AM until 6.30PM. One female rat with 2 males was housed in a 
cage and inspection for new litters occurred at least twice daily. The day of birth 
is referred to as P l .  Rats of both sexes from 3 litters were observed daily from P2 
- P20. Litter size was 7 pups in 2 of the litters and 10 pups in the other litter. The 
rats �ere weighed daily. Their weights were within the range of nonnative data 
collected over the years in our institute. The pups were marked individually by a 
non-toxic ink in the first days. Thereafter, the black and white pattern of their skin 
enabled identification. 

The rat pups, one at a time, were taken from the litter and observed while in a 
perspex runway (1  OOx 15x50cm high). Lighting conditions were similar to those in 



Development of posture 21 

the animal room. Pups were placed in prone position at the middle of the cage 
and their stationary and locomotor movements were recorded for 10 min on video 
tape (VHS camera Panasonic F11 with a stroboscopic shutter operating at 25 
frames per sec; Panasonic video recorder AG 6200). Observations occurred 
between 8 and 1 OAM. 

The behaviour of the rats was assessed during several play back runs of the 
video tape at real time and slow speed. In particular, attention was paid to the 
occurrence of head lifting, horizontal and vertical head movements, trunk control 
during standing and locomotion, supported and tmsupported rearing, grooming, 
and the occurrence of complex behaviours such as head movements while 
walking. 

Results 

At P2 the trunks of all rats remained in contact with the floor of the cage during 
resting, pivoting and during crawling. The pups generally remained in a prone 
position during the observations. After an accidental tum on the back, which. 
could be caused by vigorous paw movements or a startle, none of the rats was 
able to right themselves. Head lifting for a few seconds was observed in only 
50% of the rats (Fig. 3.1). 

At P4 head movements in the horizontal plane were observed in 9 of 10 pups. 
These movements included not only single movements but also bouts of rhythmic 
movements from left to right and back (so-called rooting movements; [132]). 
Vertical head movements occurred as well but in only 2 of the rats. During 
crawling, pivoting and also during head movements, the belly remained in contact 
with the floor in all rats. Three animals fell on their side during vigorous 
movements and these subjects were able to right themselves. 

· 
At P5 all rats were able to lift their head while lying in prone position. Four of 

the rats succeeded in making a few steps with the belly free from the floor. 
During these brief bouts, the belly was raised. The head pointed downward and 
touched the floor. This pattern of locomotion still strongly resembled crawling 
with markedly extended hind paws. Two rats repeatedly attempted to stand on 
their hind legs against the wall of the cage (rearing with forelimb support). 
Successful righting was observed in 4 out of the 6 rats that accidentally turned on 
their back. 

At P6 and P7 no important developmental changes in behaviour were 
observed. 
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Head lifting 

Horizontal head 

movements 

Vertical head 

movements 

Rearing 

supported 

Rearing 

unsupported 

Adult type 

of grooming 

Type ot
" 

locomotion 

locomotion 

and head mov. 

Postnatal age 

In days 

*o Crawling 
• Free walking 

with abducted hindpaws 

• Free walking 

with adducted hmdpaws 

Fig. 3 . 1 .  Diagram presenting the development of the different movement patterns as a function 
of age. Vertical dimensions of the horizontal bars represent percentages of rats with positive 
response. 

From P8 vertical head movements frequently occurred in all rats while they 
were lying flat on the floor. Walking and standing with the ventral body surface 
free from the floor was observed in 9 rats. Locomotion was slow and staggered, 
lasting only a few steps, after which the rats sagged down again. The nose still 
pointed downward and touched the floor. The shoulders were elevated in relation 
to the rest of the body. In only one rat was free walking not observed at this age. 

At PI 0 locomotion on four paws with the belly free occurred in all rats. 
Walking was still remarkably jerky and tremulous with walking episodes 
consisting of only 2 - 4 steps. The spine was concave in most of the rats but 2 
pups kept their back straight. The shoulders were still elevated relative to the hip 
during the stance phase. During locomotion, the hind paws were abducted and 
exorotated. During the swing phase, the toes of the hind paws. remained in contact 
with the floor. Successful and stable rearing with forelimb support could be 
observed in all subjects at this age. 

At Pl2 and Pl3 walking was still slow and tremulous. The spine swayed from 
side to side, apparently due to poor control of the tmnk and the limbs, but the 
head did not touch the floor anymore. Even horizontal head movements occurred 
and it seemed as if the rats were able to orient themselves during locomotion from 
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this age onwards. Vertical head movements, by contrast, were observed only 
when the trunk rested on the floor. 

At Pl4 rats were also able to perform vertical head movements while standing. 
During locomotion, the back and head were kept straight. The hind paws were 
still abducted during locomotion. From this age, grooming occurred without 
support against the wall of the cage. Also rearing without forelimb support was 
observed from this age. 

At P15 and P16 the style of locomotion changed drastically. From this age, 
hind paws remained adducted during the stance phase and . exorotation was 
absent. Movements of the trunk and the limbs were smooth and skilful. 
Locomotor speed increased and varied even during bouts of locomotion. Shoulder 

and hip were at the same level, such that the back remained in a horizontal 
position during locomotion. Grooming and rearing were performed fluently and 
efficiently and resembled the adult pattern. No important qualitative changes in 
posture and style of locomotion were observed from this age until P20, the last 
day of observation. 

It is worth stressing the general observation that the developmental course of 
motor behaviour in individual rats was not consistently advanced or retarded. A 
particular rat may be late in walking with the belly free around P8- PIO but early 
in the smooth and adult type of locomotion at P14. This means also that no 

particular relation with gender or weight gain could be detected in our material. 
Figure 1 summarizes the pattern of postural development, which may be 
distinguished by 3 phases. In the early postnatal period tmtil P4 - P5, only head 
lifting and rooting movements occurred. The trunk remained constantly into 
contact with the floor. In tl1e second phase, lasting from P6 until Pl2 - P13, rats 
were able to raise their ventral body surface from the floor while walking a few 
steps. Rearing with forelimb support occurred in this period. In the third period 
from Pl2 - P.l6, complex motor patterns as locomotion, rearing and grooming 
acquired adult and fluent characteristics. More complex motor acts develop in 
this period, e.g. rats become able to perform head movements during walking and 
rearing. 

Discussion 

The ecological biotope of the developing rat is tailored to its insessorial 
development. In the neonatal period the pup is dependent on its mother for 
several physiological needs. Only several days after birth, the development of 
metabolism and that of motor functions enable increasing independence. The 
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emergence of postural ftmctions parallels this late development. Our observations 
of motor development correspond to those of other authors (1 ,3, 18]. However, 
the present results indicate that the early development of motor behaviour in 
hooded rats is advanced by about 1 or 2 days. Such behaviour_? as head lifting, 
trunk elevation, and rearing consistently occurred earlier compared to data 
obtained from rats of Sprague-Dawley, Purdue-Wistar, Holtzman and Charles 
River CD strains. This may be attributed to strain differences, differences in 
behavioural categorisation and perhaps also to differences in balances of nutrients 
in their feeding (Smart, pers cmnm. , 1988). This indicates that correlative studies 
on motor development should be perfonned on animals of the same strain. 

Postural development obviously depends on muscular development as well as 
on neural control. Muscles which are important for maintaining a stable posture 
involve trunk muscles as well as so-called postural muscles in the extremities. 
Most is known of the development of the soleus muscle in the hind limb. The 
soleus muscle is activated phasically until P12, and from that age tmtil P21 the 
adult tonic activation pattern develops [121]. In this same period the fibre type 
differentiation of this muscle shows a remarkable shift. Until P l l a minority of 
about 26% of the fibres is of the slow twitch type I .  This percentage increases to 
56% at P16 and fttrther increases, at a slower rate, to 80 - 90% at Pl40 (82]. In 
concordance with this, the activity of enzymes involved in oxidative metabolism 
increases substantially during the first postnatal month, which presumably pennits 
longer periods of sustained activity [170,180]. These data corroborate our 
observations on the development of hind limb posture. 

An important aspect is the development of muscle force, which depends both 
on muscle properties such as cross sectional area and neural innervation. The 
cross sectional areas of the soleus and plantaris muscles increase markedly in the 
first weeks after birth (28]. However, the relation between body weight and the 
cross sectional area of the tibialis anterior muscle changes only little in the first 
weeks after birth [125]. This st1ggests that immature neural activation is the 
limiting factor for force development in this period. To our knowledge, nothing is 
known of the development of postural trunk muscles in quadrupeds, but there is 
no reason to suspect that the sih1ation is essentially different for axial muscles. 

The innervation of muscles changes drastically in the first weeks of life. In the 
first postnatal days extraft1sal muscle fibres in the soleus muscle, the diaphragm 
and other muscles are polyneuronally innervated (15,22,96,136]. After the first 
week supernumerary axon tenninals are retracted - around P9 in the intercostal 
muscles (43] and ar01md P14 in the diaphragm and in the soleus muscles 
[22, 136]. The effects of this regressive development on muscle force and on the 
characteristics of contraction are not known, but it is likely that a graded control 
of tension can only be achieved after regression of polyneuronal innervation. 
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Afferent feed back is a crucial factor with respect to maintenance of posture. 
Proprioceptive fibres from the hind limb muscles have reached the spinal motor 
nucleus already before birth in the rat and from that stage reflexes can be elicited 
[98, 142]. However, the spindles of the lower hind limb muscles are 
morphologically mature only from Pl2  [116] and firing patterns reach adult 
characteristics between Pl4  and P18 [23,169]. This development parallels the 
maturation of walking and standing in our rats during the third period. 

None of the suprasegmental systems which are involved in postural control is 
fully developed ·in young animals. An exception may be the reticular formation as 
descending reticulospinal fibres onto lower spinal levels have been demonstrated 
before birth [38]. However, nothing is known as to their fimctional status. Some 
vestibular reactions can be elicited already shortly after birth, such as the 
vestibule-ocular reflex from PI [101]. The righting reflex is present before the 
end of the first week [1,160], but further maturation of the vestibular system is 
protracted and is not complete before 4 weeks of age [1,34,101]. This 
developmental course precludes an assessment of the role of the vestibular 
system in postural development by observation alone. Therefore, we have 
initiated an EMG study on the effects of early vestibular deprivation on motor 
development and the response to postural perturbations. 

Cerebello-rubral connections have been demonstrated already at G 16 [29] and 
rubro-spinal projections from G 17 [99]. However, the maturation of the 
cerebellar cortex is not finished by then. Purkinje cells are spontaneously active 
from P1 but only after 1 week they can be driven by electrical stimulation of their 
afferents (133,134].. Effects of cerebellar lesions at early ages suggest that the 
cerebello-rubro-spinal system only plays a significant role in motor behaviour 
from about P15 [66,69]. The corticospinal system develops even later. The first 
corticospinal axons reach lumbar levels between P6 and P11 [72,89,90], but the 
myelination of these fibres is only complete arotmd P28 [80,148]. These data 
indicate that these systems are not involved in postural mechanisms in the. first 
and second period. It is conceivable that they are at least partly responsible for 
the skilful integration of posture and movement at the end of the third period. 

When interpreting our results in the light of data in the literature, the following 
conclusions may be drawn. Firstly, our data clearly indicate that the maturation of 
postural muscles and their neural control proceeds in a rostrocaudal direction. In 
the first period only the head is lifted from the surface and moved in a to-and-fro 
fashion. In the second period, postural control also involves the trunk and the 
extremities. Poor postural control in this period may be due to inadequate 
muscular force. Tllis seems to be related to inadequate neural drive rather than 
muscular weakness per se. 
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Secondly, it is striking that the development of postural control until P12 only 
pennits simple motor acts, such as standing, overgrOtmd walking, and rearing 
with forelimb support. Thereafter, various motor patterns can be performed 
simultaneously. For instance, the animal is able to perform head movements 
during walking. The interpretation that seems reasonable suggests that these 
complex behavioural patterns are possible by virtue of the integration of 
supraspinal postural control mechanisms with segmental circuits. Our further 
research aims at substantiating the neuroanatomical and neurophysiological 
substrate of this development. 



4 
The function of the long back muscles during postural 
development in the raf 

Hildegard C. Geisler, Johan Westerga, Albert Gramsbergen 

The development of the .EMG of the multifidus (MM) and longissimus lateralis (LL) 
muscles was studied in 1 6  rats between the 6th day (P6) and P45 and related to behavioural 
development. The EMG changes gradually from irregular and spiky towards a regular 
interference pattern and simultaneously, the general activity level increases From P 1 1 ,  tonic 
background activity occurs with phasic activity superimposed. During locomotion a relation 
between increasing activity in the long back muscles and the swing phase of both hind paws 
develops, but only from P 15 the activity modulates consistently with the step cycle. From the 
end of the second week of life t�e activity in the long back muscles precedes hind paw 
movements. The development of the EMG of the LL and MM is closely followed by the 
development of adult and fluent motor patterns. This suggests that the stabilisation of the trunk 
is essential for the development of these patterns. 

Introduction 

Posture may be defined as the positions of the trunk and extremities in relation 
to each other as well as in relation to the gravitational vector. Earlier 
investigations on posture were directed towards the mechanisms involved in 
maintaining a stable position by stretch reflexes [106,157]. More recent views 
stress the importance of the dynamic integration of posture and movement. In this 
perspective, the distinction between these both aspects of motor functioning is 
artificial from a behavioural point of view. However it should be appreciated, that 
both are controlled by different descending systems [ 112]. Integration of posture 
and movement, which implies tuning of anticipatory postural adjustments to 

2Behavioural Brain Research 80 ( 1996) 211 -2 1
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motor commands, is established in the postnatal period. We studied behavioural 
aspects of postural development from the first till the 20th day in the rat [60]. 
Until the 4th or 5th day, neonates are unable to lift their trunk from the floor. 
From then until the 12th - 13th day a staggering type of walking develops and rats 
start to perfonn motor acts as grooming and rearing with support from the wall. 
Between the 12th and 16th day immature and clumsy motor patterns change into 
adult and fluent movements. Our data indicated that the stabilisation of the trunk 
is a major factor in the development of motor behaviour. On basis of these results 
we hypothesized, that the rapid developmental changes in the second week are 
caused by the emergence of anticipatory postural control of the trunk muscles. In 
order to test this hypothesis we decided to study the development of EMG 
patterns in the back muscles along with video recordings of motor behaviour. 

Methods 

Animals 

Hooded rats of the Lister strain were used, remaining in an animal room which 
was lighted from 0800 until 1830. One female rat and 2 males were housed in a 
cage. Inspection for offspring occurred at least twice daily. The day of birth is 
referred to as Pl. A total of 16 rats, aged 5 - 45 days of both sexes were studied. 
Their weights were within the range of nonnative data collected over the years in 
our institute. 

Electrodes 

In animals up to PI 0 we implanted electrodes made from insulated Nichrome 
wire (50 11m, Clark Electromedical Instruments). At the tip, the wire was bent in a 
small loop with a diameter of 0.5 mm .  The insulation at the contact side was 
removed mechanically and 2 of these electrodes (distance 1-1.5 mm) were 
sutured (8-0 Ethilon) to the fascia. In older rats, until P25, the diameter of the 
loop was 1 mm and the inter-electrode distance was 2 mm. The EMG of still 
older animals was recorded by 2 stainless steel electrodes (7 strands, diameter 
0.11 rnm, 3T, Enschede, The Netherlands). The insulation of the needle 
electrodes was removed for a distance of 0.5 rrun and the inter-electrode distance 
was 2 rnm. The electrodes were inserted into the muscle and sutured to the fascia. 
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Implantation of electrodes 

The animals were anaesthetized with Hypnorm (10 mg/ml fluanisone and 0.2 
mg/ml fentanylin, Janssen Pharmaceuticals, Tilburg, The Netherlands); 0.1 ml per 
100 g body weight. During the operation the body temperature of the animals was 
maintained at 35°C by a heating pad and a heating lamp. In younger animals one 
pair of electrodes was implanted on the medially located multifidus muscle (MM) 
and one pair on the laterally located longissimus muscle (LL) at the level between 
the 11th thoracic and 2nd lumbar vertebrae. The electrode wires (protected with 
Teflon tubing) were led subcutaneously to a mid-thoracic level at the back and 
fixed by dental acrylic to the skin. In rats older than P20, 4 pairs of electrodes 
were implanted bilaterally in the 4 muscles. In these animals the wires were led 
subcutaneously to a connector secured to the skull. In all cases, a grounding 
electrode was positioned subcutaneously on the back. Recordings were initiated 
one day after surgery. 

Recording of EMG 

EMG recordings were collected from P6 - P45. During the recordings, the 
animals remained in a walking alley. The electrodes were connected to laboratory 
built preamplifiers and differential amplifiers based on the common reference 
principle [123] using flexible shielded cable. The signals were high pass filtered 
at a frequency of about 50 Hz and low pass filtered at 2. 2 kHz. The EMG was 
displayed on a storage oscilloscope (Gould OS4100) and written on paper 
(Medelec Van Gogh system 50000) for visual inspection. In addition, the signals 
were stored on instrwnentation tape (Bell and Howell system 80) for off-line 
analysis. Behaviour of the animals was recorded simultaneously on video tape for 
correlating behaviour to EMG recordings. A Panasonic AG6200 VTR and FS11 
stroboscopic camera (25 frames/s) recorded movements from the lateral and 
ventral aspect (for details see: [173]). Time code (IRIG-B) was recorded both on 
instrumentation tape as well as on video tape. This enabled accurate temporal 
correlation of EMG and behavioural data. 

EMG analysis 

The data were analysed with the aid of an AT personal computer and the 
software package Poly (Inspektor Research Systems, Amsterdam). Only artifact
free signals of good quality were analysed. As we were interested in global EMG 
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patterns, a sampling frequency of 300 Hz was chosen. After full-wave rectifying, 
the signals were averaged with a rectangular moving window of 1 00 ms. 

Results 

General description of the EMG 

From P6 until P8, the general activity level of the EMG is low in both long 
back muscles. At these ages, EMG activity only occurs during motor activity and 
no activity is detected during pauses between movements. The EMG is irregular 
and spiky. From Pll this pattern changes gradually into a regular interference 
pattern. Simultaneously, the general activity level of the long back muscles 
increases and even during rest, tonic background activity is observed. From this 
age onwards, phasic activity is superimposed upon this tonic activity both in the 
LLandMM. 

Locomotion 

At the youngest ages, no clear cut relation exists between the EMG and any 
phase of the step cycle of the fore or hind paws (Fig. 4.1). Between Pll and P14 
the activity of the MM and LL at both sides increases during the swing phase of 
either hind paw. At these ages, activity peaks in the EMG of these muscles still 
occur which, however, have no relation with the step cycle of the hind paws or of 
the fore paws. 

An important change around PIS is that EMG patterns in the LL and MM 
become dependent on speed. During slow walking (step cycle duration > 400 
ms), both the ipsilateral and contralateral LL are active already shortly before and 
during the swing phase of a hind paw. During the stance phase, the activity in the 
LL decreases to a tonic background level. In contrast, both rvfM: are active 

throughout the step cycle. Activity in these muscles may increase during the 
swing phase of the hind paws, but in other cases a steady tonic activity pattern 
predominates. At higher walking speeds only the LL ipsilateral to the hind paw in 
swing phases is active (Fig. 4.2). A remarkable finding was that in 1 rat this 
occurred consistently at the contralateral side. The activity of LL decreases to a 
tonic level during the stance phase even at higher speeds. 

At adult age these patterns remain essentially the same. The activity in the MM 
shows fluctuations without any consistent relationship with phase of tpe step 
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Fig. 4. 1 .  EMG during locomotion at P6. Black bars indicate the swing phases ofthe hind paws. 
Horizontal scale. time in seconds; vertical scale: amplitudes in Jl V. MM = M.multifidus, LL = 
M.longissimus lateralis. 
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Fig. 4.2. EMG during locomotion at P l 7 . Black bars indicate the swing phases of the hind 
paws. Horizontal scale: time in seconds; vertical scale: amplitudes in Jl V. MM = M.multifidus, 
LL = M.longissimus lateralis. 
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cycl e or with sp eed. The activity of the LL and MM at th e level of Th 1 2  - L2 is 
not rel ated to movements of the fore p aws during l ocomotion at any age. 

Rearing and Grooming 

During rear ing and grooming the activity { n  both the MM and LL is general ly  
much higher than duri ng l ocomotion even th ough the EMG activity modul ates 
during the movement p attern.  Activity is maximal when the upp er part of th e 
body is straightened during rearing without supp ort. The activity in the four 
muscl es is not al ways unifonnl y strong a nd this hol ds iri p articul ar when the sp ine 
is l atero-fl exed during rearing a nd grooming (Fig. 4.3) .  N o  remarkabl e changes 
are observed during th e devel op ment of these motor pattern s. 

P41 

] 
L L  
left 

] 
MM 
left 

] 
MM 
right 

] 
L L  
right 

pV s 

// 1 1 1 1  \ \ \ �\��� 

. 4¥ad< 1JlJJJiJJJJJ..t1f11llLU9.J 
Fig. 4 . 3 .  EMG during rearing at P4 1 and reproductions of the simultaneously recorded video 
frames. Horizontal scale: time in seconds; vertical scale· amplitudes in JlV. MJv1 = M.multifidus, 
LL = M. longissimus lateralis. 
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Lymg, Sitting, and Standing 

The EMG of LL and MM shows only minimal activity during lying and sitting. 
This holds tme for all ages which were studied. Only during horizontal head 
movements, activity is increased tmilaterally in the MM and LL. In case of 
vertical head movements, activity increases bilaterally. Standing on all fours 
seldom occurs for longer periods, independent of age. During standing, a low 
level of tonic activity is observed in MM and LL (Fig. 4. 4) . . 
Pivoting and Turning 

Pivoting is a behaviour which only occurs at ymmger ages. During this 
behaviour the activity of LL and MM at both sides is increased at young ages. 
Sometimes, activity is observed which is apparently unrelated to this behaviour. 
Changes in direction wllile the animal is walking (turning) are accompanied by 
activity in all four back muscles until P l O .  After P l l only the MM and LL on the 
concave side of the body are active, whereas those at the other side remain 
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Fig. 4 .4. EMG during sitting at p4·1 . Horizontal scale: time in seconds; vertical scale: 
amplitudes in �V. MM = M.multifidus, LL = M.longissimus lateralis. 
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inactive. Even the tonic backgrotmd activi ty in the i psil ateral MM di sappears 
compl etel y in spite of steppi ng m ov em ents of the hind paws (F ig. 4.5). 

Discussion 

The investigation of the devel opm ent of the EMG i n  freel y m ovi ng anim al s i s  
com pl icated by the sm all dim ensi ons of the m uscl es, in particul ar at young ages. 
O bvi ousl y, the wei ght of the r ecordi ng devi ce has to be mi nim al. In addition, the 
el ectrod es have  to be sm all in order to prevent cross tal k from neighbouri ng 
m uscl es. O n  the other hand , chronic recordings req uire m echanicall y stabl e 
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Fig. 4 . 5 .  EMG during turning to the left at P4 1 and reproductions of the video frames 
Horizontal scale: time in seconds; vertical scale: amplitudes in 11Y. M M  :- M. multifidus, 
LL = M.longissimus lateralis . 
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electrodes. For these reasons we applied electrodes of different dimensions in rats 
of increasing ages. This has consequences for the signal characteristics of the 
EMG as these are dependent upon inter-electrode distance and size of the 
recording contacts [39]. However, as we were interested in global activity 
patterns in relation to motor behaviour, this does not interfere with the aim of our 
present study. 

The EMG of the long back muscles is irregular and spiky tmtil PI 0 and 
becomes increasingly regular thereafter. Similar changes were found in the 
soleus, gastrocnemius and tibialis anterior muscles of the hind paws [ 1 75 , 1 76] . 
These changes may reflect an increase in the firing freque�cy of motor units 
[ 1 21 , 1 75 , 1 76] . Alternatively, the absence of a smooth interference pattern might 
be explained by the absence of a regular order of recruitment in young animals .  
Navarrete and Vrbova [ 1 2 1 ]  studied the soleus and the extensor digitorum longus · 
muscle 'in rats and they fotmd smoothly graded recmitment only in animals older 
than 1 2  days. This suggest that force cannot be accurately graded before tllis age. 
One reason for immature recmitment patterns might be the electrotonic coupling 
of motoneurons in the spinal cord during early postnatal life (9 ,57, 1 72] . 
Electrotonic coupling may lead to synchronization of motoneurons and this 
interferes with independent rec'ruitment of motor tmits. A third possibility for the 
absence of a smooth interference pattern in the EMG is polyneuronal innervation 
during the first postnatal weeks. In polyneuronally innervated muscles, motor 
units consist of larger numbers of muscle fibres and tllis might cause irregular 
activation patterns [ 1 76] . In the diaphragm of the rat (which, as the long back 
muscles is derived from myotomes) regression of polyneuronal innervation is 
completed at P18 [1 4, 1 36] . 

Around P1  0, we found a transition of exclusively phasic muscle activity until 
P l O  into tonic activity with shperimposed phasic activity thereafter. From P 1 2, a 
comparable shift from phasic to tonic activity was also found in the soleus muscle 
of the rat [ 1 21 , 1 76], which has an obvious fimction in postural maintenance 
[ 1 73] . Tonic activity in the back muscles occurs at the age when the adult types 
of grooming, rearing, and locomotion start to develop. Behavioural analysis 
suggested that these patterns require stabilisation of the trunk [6 0] .  Our results 
indicate that tonic activity in the MM and LL accompany this behavioural 
development and could be a prerequisite for these patterns to occur. 

The development of. tonic activity in the long back muscles might be caused by 
the establishment of ftmctional connections with medially descending supraspinal 
systems. Vestibulospinal neurons in the vestibular nuclei are generated between 
embryonic day 1 2  (:= E12) and El4 [95] and vestibulospinal axons were reported 
to have reached the cervical spinal cord at E 1 7 . The ftmctional development of 
the vestibular system still proceeds throughout the first 4 postnatal weeks 
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[34,93,101] . R eticulospinal fi bres onto lower spinal levels hav e also been 
demonstrated already before birt h [38] . These fi bres are functionally immature 
within the fi rst six days after birth [55] . H owever, no data are av ailable as to the 
dev elopment of fun ctional conn ections of the v estibulospinal nor reticulospinal 
proj ections at segm ental levels. 

At adul t age, both the LL and the MM are tonically active most of the time 
when rats are awake. O nl y  during latero-fl exion of the spine when the rat changes 
direction while walking, tonic activit y  both in the MM and LL at the concave side 
wanes. In general, tonic activit y is more outspoken in the MM compared to that 
in the LL. These systematic differences in tonic activit y may refl ect the increased 
percentages of slow twitch t ype I fi bres in the MM and lower percentages in the 
LL [71, 151] . Both the LL an d MM are maximally activ ated during extension of 

the spine. This has also been report ed in adult female rats during lordosis 
behaviour [149 ,15 0] . 

The main result of our study is that from P1 5, EMG activ ity in the trunk 
muscles precedes mov ements of extremities. This is most evident during walking 
when the back muscles are activated in adv an ce to t he swing phase of the hind 
paws. From this sam e age the adult type of fl uent walking [173] and head 
mov ements while walking [6 0] is observed. These results suggest that 
anticipatory stabil isation of the tnmk is the rate limiting factor for the 
dev elopment of complex, mature motor pattern s. The probl em arises wether this 
anticipatory activ ity during wal king depends on phase dependent supraspinal 
activ ation of th e  tru nk muscl es. A more at tractive possibilit y is that the contr ol of 
trunk muscles is linked to spinal citcuits, generati ng rhythmic l eg movements 
[73] . 
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The effects of early vestibular deprivation on the motor 
development in the raf 

Hildegard C. Geisler, Ingrid B.M van der Fits, Albert Gramsbergen 

The motor development after uni- or bilateral vestibular deprivation from the 5th or 1 6th 
postnatal day was studied in 23 rats between the 6th and the 60th day. Their motor behaviour 
was compared to that of 1 7  normal rats. Vestibular deprivation from the 5th day causes a 
marked retardation in motor development. Our results suggest that this retardation is caused 
by non-optimal stabilization of the trunk during development. Vestibular deprivation· from the 
1 6th day causes only short lasting disturbances of motor behaviour for one or two days. The 
main permanent effect of bilateral vestibular deprivation is head oscillation during locomotion. 
The temporal organization of the motor behaviour of rats bilaterally deprived from the 5th day , 
was disturbed as well. These rats show more bouts of locomotion, rearing and pivoting 

Introduction 

The main functions of postural cont rol mechanism s involve counteracting 
gravity as well as the cont rol of the posit ion of body segment s  in relat ion to each 
ot her. The complex pattern of post ural adj ustments suggest s that they are 
centrally generated and not simply composed of various refl exes [1 05] .  P ostural 
control is dependent upon inputs from visual, vestibular, proprioceptive, an d  
exteroceptive sensory systems. O nly little redundancy of information exists 
among these systems because of the specific localiz ation of the receptors, the 
type of spat ial information t hey enc ode, their specific frequency domain, and their 
thresholds and ttming to position or motion [4] . In this study, we will address t he 
problem of the role of vestibular development in postural control in the rat. 

V oluntary motor skills are dependent upon poshr ral control. During neuro
ont ogeny, the development of movements and postural control are obviously 

3Behavioural Brain Research 86 ( 1 997) 89-96 
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interdependent. The motor development in rats was described by several 
investigators [ 1 ,3 , 1 7 , 1 8, 1 1 5 , 1 59, 1 66] .  However, only minimal attention was paid 
to the development of posture in these studies. Recently, we studied the postural 
development in the rat. The main results were that until the 4th or 5th day 
neonates are lying on the floor, and are only able to make crawling movements. 
From P8 onwards, they are able to stand with their belly free from the floor, and 
until the 1 2th - 1 3th day walking is staggering. Motor acts, such as grooming and 
rearing with support from the wall, develop in this period. Between the 1 2th and 
I 6th day, the immature and clumsy motor pattems change into the adult types, 
which are characterized by fluent movements [60] . On basis of these results, we 
hypothesized that between the 1 2th and 1 6th day complex behavioural patterns 
become possible by virtue of the integration· of supraspinal postural control 
mechanisms with segmental circuits. As a first step in testing this hypothesis, we 
decided to study the contributions of the vestibular system to the development of 
postural control and motor development. 

Vestibular stimulation in rats is effective from the first day of life [3 1 ,  1 65 ] .  
However, extracellular recordings of vestibular neurons demonstrate that these 
neurons are only mature by the end of the first month [ 1  00] . This is supported by 
data on the ·morphological development of the vestibular system which still 
changes during the first three postnatal weeks [34, 1 24, 1 54] . Vestibular 
deprivation at early postnatal age causes delayed motor development in rats 
[ 1 1 8] . This was also reported in rabbits [7 4], but it was not observed in cats 
[ 1  07] . In addition, Moser and Schwartze [ 1 1 8] demonstrated a critical period for 
the input from the horizontal semicircular canals with regard to a "hypennotility 
syndrome" ending around the 30th day. Apparently, the integrity of the vestibular 
apparatus is important for motor development. However, motor development was 
described very globally in these studies . 

We decided to study the contributions of the vestibular system on postural 
development by intemtpting the horizontal semicircular canals .  We intermpted 
the horizontal semicircular canals in one group at the 5th day, which is before 
important changes in posture occur, and in a second group at the 1 6th day, which 
is when most basic movement pattems have reached the adult stage. In addition, 
we investigated the temporal organization of the motor behaviour, because 
hyperactivity of mammals and pigeons after vestibular deprivation was repeatedly 
described [48,74,76, 1 1 8] .  
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Animals 
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Hooded rats of the Lister strain were housed in an animal room which was 
lighted from SAM until 6.30PM. One female rat with two males was housed in a 
cage, and inspection for new litters occurred at least twice daily. The day of birth 
is referred to as P l . At P5 or P16  we intemtpted the horizontal semicircular canal 
either unilaterally at the left side or bilaterally by plugging it with a gutta percha 
point (Maillefer, Switzerland). In total, we observed 40 rats from 5 litters. We 
studied 6 groups of rats: 7 rats were tmilaterally deprived from P5 (P5-uni), 5 rats 
were operated on both sides at P5 (P5-bi), 6 rats were operated on the left side at 
P 1 6  (P1 6-tmi) and 5 rats were bilaterally deprived from P1 6 (P1 6-bi) .  In addition, 
we studied 1 1  control rats which were sham-operated and 6 control animals 
without any operation. The rats were weighed daily. The pups were marked 
individually by a non-toxic ink in the first days. Thereafter, the black and white 
pattern of their skin enabled identification. 

Plugging the semicircular canals 

The animals were anaesthetized with ether. During the operation, the body 
temperature of the animal was maintained at 35 °C by a heating pad and a heating 
lamp. The temporal bone behind the ear was exposed after cleavage of the m. 
retroauricularis. Two small eminentiae cover the horizontal and the posterior 
vertical semicircular canal, respectively. The horizontal semicircular canal was 
opened. Successful opening was indicated by the appearance of a drop of 
endolymph. The tip of a gutta percha point was inserted into the opening for 
about 1 mm and cut by a heated scalpel. Successful plugging of the canal was 
indicated by stopped flow of endolymph. Thereafter, the wound was sutured. 
Sham operations followed the same procedure, but leaving the intet:,rrity of the 
semicircular canals. After P60, we checked the morpholot:,ry of the horizontal 
semicircular canal under a dissection microscope. Only animals in which the 
operation proved to be successful were included in this study. 

Observatwns 

The rat pups, one at time, were taken fi·om the litter and observed while in a 
perspex runway ( I  OOx 1 5x50cm high). The rats operated at P5 and 1 2  control rats 
were observed at P6, PS, P I O, P l 3, P l·5, P l 6, P l 7, P I S, P20, P25,  P30, P40, 
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P50, and P60. All other rats were observed at Pl6, P l7, PI 8,  P20, P25 ,  P30, P40, 
P50, and P60. Light intensity was similar to that in the animal room. Pups were 
placed in prone position in the middle of a runway, and their movements were 
recorded during 1 0  min on video tape (VHS camera Panasonic F l l with a 
stroboscopic shutter operating at 25  frames per sec; Panasonic video recorder AG 
6200). Observations took place between 8 and 1 OAM. The behaviour of the rats 
was assessed during several play back nms of the video tape, both at real time 
and at slow speed. In particular, attention was paid to the occurrence of the 
milestones of motor development and to the development of locomotion. The 
behavioural description of the postural development of control rats ha� been 
published separately [60] and those data serve as the reference for the present 
study. 

Analysis ofmotility 

The temporal organization of motor behaviour was only investigated in rats 
deprived from P5 . They were observed at P l 5, P20, P30,  P40 and P50 .  The 
following mutual and exclusive movement categories were defined: 
Locomotion: moving at least half of the body length in longitudinal direction; 
Rearing: standing on the hind paws with or without support of the wall of the 
cage; 
Grooming: scratching, licking or cleaning the body; 
Pivoting: turning at least 1 80 ° with grmmd contact ofthe forepaws; 
Gross body movements: moving without displacement other than groommg, 
rearing or pivoting; 
Quiet wakefulness: no movements with eyes open; 
Incidences, mean durations and percentages of observation time of these 
movement categories were measured during the observation periods, lasting 1 0  
min, by means of the scoring program "tapetime" and the data processing system 
"SCO". Data were statistically tested by the Mann-Whitney U-test. 

Results 

No differences were observed between not operated rats and sham-operated 
rats in any of the motor behaviours at any age. 
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Motor development after deprivation from P 5 

Immediately after the operation, the head of PS-uni rats inclined to the side of 
the plugged canal during one to two hours, but thereafter, head position was 
normal. The head position of PS-bi rats remained horizontal during the 
observation period. 

LocomotiOn: After recovery from the operation, crawling reappeared in half of 
the operated rats at P6 and in the other rats at P8. Walking with the belly free 
from the floor occurred in two PS-tmi rats at P8 and it could be observed in all 
PS-uni rats at P I O. Three PS-bi rats showed this type of walking from P I O  and 
two others only from Pl3 .  The adult type of fluent locomotion occurred between 
P 1 7  and P20 in P5-tmi and PS-bi rats . Nonnal rats start to crawl already from P3, 
and from P5 walking with the ventral body surface free from the floor gradually 
develops. At PIO,  all normal rats are able to walk. The adult type of smooth and 
fluent locomotion occurs between P14  and P16 .  Comparing these data indicates 
that the development of locomotion was delayed in both groups of vestibularly 
deprived rats. The delayed development of locomotion became also apparent by a 
retarded disappearance of additional forepaw steps and exorotation of the hind 
paws during locomotion (Figs . 5 . 1  and 5 .2) .  In both groups of vestibularly 

15 
D control 

additional forepaw steps 

16 
j::::::::;:j P5 -uni 

1 7  
11111111 P5 - bi 

18 
� P16 - uni 

age in days 

� P16 - bi 

Fig. 5 . I .  Additional forepaw steps during locomotion. Vertical scale: percentage of rats, which 
show additional forepaw steps; horizontal scale: age in days. 



42 Chapter 5 

deprived rats, nearly all animals showed exorotation of the hind paws and 
additional forepaw steps at P 1 5  and P16. Still at P 1 8, the majority of the P5-tmi 
rats showed exorotation, and two rats made also additional forepaw steps. We 
observed additional forepaw steps for the last time in one P5-bi rat at P 18  and 
exorotation at P20 in the same rat. Nonnal rats never show exorotation and 
additional forepaw steps after P18 .  

A remarkable sign of vestibular deprivation at both sides was head oscillations 
during locomotion. The head turned to the forepaw in swing phase. These head 
oscillations (in phase with the step cycle of the forepaws) were observed 
throughout the period of investigation in P5-bi rats but never in P5-tmi rats or in 
control animals. 

Rearing: Two of the P5-uni rats were able to rear with support of the wall at 
P I O .  At P l 5  all of them were able to perfonn this behaviour (Fig. 5 .3). 
Unsupported rearing was observed in 4 of the P5-uni rats for the first time at P l 7, 
but at P 1 8, all P5-tmi rats could stand on their hind paws without support. All P5-
bi rats showed supported rearing from P16 .  Rearing without support was even 
more retarded. One P5-bi rat was able to rear unsupportedly only at P20 and 
another rat only at P25 .  Nonnal rats develop rearing  with forelimb support 

exorotatlon 

1 5  1 6  

D control t:;:::;J PS -uni 

1 7  

II PS - bi 

1 8  20 
age in days 

� P16 - uni � P16 - bi 

Fig. 5 .2. Hind paw exorotation during locomotion. Vertical scale: percentage of rats, which 
show exorotation; horizontal scale: age in days. 
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gradually from P5, and from Pl 0, it can be observed in all rats. Unsupported 
rearing occurs normally from P15 .  Our data show that the development of rearing 
was retarded in both groups of vestibularly deprived rats. 

Grooming: All rats which were vestibularly deprived from P5 showed the adult 
type of grooming from P 1 6  (Fig. 5 .3) . Normal rats show this behaviour from P 1 5 .  
Thus, we only observed a slight retardation in the development of grooming after 
early vesJibular deprivation. 

In summary, the adult type of locomotion developed about 3-4 days later in 
vestibularly deprived rats. Bilaterally deprived rats showed head oscillations in 
phase with the step cycle of the forepaws. Rearing was delayed by about 5 days 
in P5-uni and P5-bi rats, but the grooming behaviour was only slightly retarded. 

Motor development after vestibular deprivation from P 16  

Unilaterally operated rats showed an inclination of the head to  the side of  the 
plugged canal for one or two days. Locomotion was slightly handicapped after 

supported 
rearing 

unsupported 
rearing 

adult type of 
grooming 

5 6 7 8 9 1 0  11 12 1 3  14 1 5  16 1 7  1 8  19 20 
age in days 

[::==I control 1:::;:;:;:;:::::;::::1 P5 - uni IIIII P5 - bi · 

Fig. 5 . 3 .  Diagram presenting the development of several movement patterns as a function of 
age. Vertical dimensions of the horizontal bars represents percentages of rats with positive 
responses, horizontal scale: age in days. 
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vestibular deprivation at P16 :  it had lost its fluency and its smooth appearance for 
about two days. The disappearance of additional forepaw steps and exorotation of 
the hind paws was protracted for some days (Figs. 5 . 1  and 5 .2 ). The P1 6-bi rats 
showed head oscillations during locomotion throughout the investigation period. 
Supported rearing could be observed in 5 of the 6 P 1 6-tmi rats and in two of the 5 
P 16-bi rats at P 1 7 .  Rearing without support of the forepaws was observed in 4 
P 1 6-uni rats and in three P l 6-bi rats at P 18  and in all rats at P20. The adult type 
of grooming reappeared one day after the operation in half of the deprived rats 
and in all rats from P18 .  

In  summary, after vestibular deprivation from P l 6, the adult properties of 
locomotion were slightly disturbed for about two days. Also rearing and 
grooming are disturbed in the postoperative period. 

Temporal organization of motor behaviour 

Locomotion: The incidence of bouts of locomotion during the 1 0  min of 
observation time was higher in P5-bi rats than in P5-tmi rats and control rats (Fig. 
5 .4). The mean percentage of observation time was even twice as high compared 
to P5-uni rats and control rats. These differences became statistically significant 
from P30 (p=0.05). No differences were detected in the mean epoch duration 
throughout the investigation period. (Between P1 5 and P20 the mean epoch 
duration decreased from about 6 sec to about 2 sec in all three groups.) 

Rearing: The incidence of rearing was increased in P5-bi rats (Fig. 5 . 5). The 
difference became statistically significant from P30 (p=0.05). Whereas the mean 
epoch duration clearly increased in P5-uni and nonnal rats with increasing age, it 
increased less in P5-bi rats . Differences were statistically significant from P40 
(p=0.05). The mean percentage of observation time increased from about 5% at 
P 15  to about 30% from P30 in all three groups. 

Pivoting: P5-bi rats spent more time on pivoting than P5-tmi and control rats 
(Fig. 5 .6) .  This difference was statistically significant (p=0 .05) from P20 (with 
the exception of P40) .  The incidence was increased in P5-bi rats compared to 
normal rats from P1 5 (p=0.05) and differed significantly from P5-uni rats at P30 
and P50. The mean epoch duration was lower in P5-bi rats only at P1 5 (p=0.05). 

Grooming, quiet wakefulness and gross body movements: The incidence, 
mean epoch duration and the percentage of time spent on this movement 
categories showed no significant differences between the rats of the different 
groups. 

In summary, after bilateral deprivation of the horizontal canals from P5, rats 
showed more bouts of locomotion, rearing and pivoting and spent more time on 
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Fig 5 .4. Temporal organization of locomotion Horizontal scale: age in days. Triangles 
indicate significant differences between control rats and P5-bi rats, asterisks between P5-uni 
and PS-bi rats (p=0.05). 
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locomotion and pivoting. The mean epoch duration in rearing was decreased. 
Unilaterally deprived rats were similar to normal rats. 

Discussion 

Methodological considerations 

Plugging the horizontal semicircular canals deprives rats from part of the 
vestibular input without destruction of the vestibular neurons. Because the 
semicircular canals respond to angular acceleration it probably shows its main 
effects on dynamic vestibular responses. However, we observed an inclined head 
position during the first postoperative days, indicating that also the macular 
fi.mction of the vestibular system was influenced. 

Behavioural development after vestibular deprivation 

Vestibular deprivation from P5 leads to a marked retardation of motor 
development. However, evident differences occur between the separate 
movement categories. Whereas the development of grooming is retarded by one 
or two days, the adult type of fluent locomotion develops about three or 4 days 
later and rearing is even retarded by 5 days. In our study on the development of 
back muscle EMG [61 ] ,  we showed that during rearing without forelimb support 
the activity of the back muscles is maximal, which suggested that a high degree of 
trunk stabilization is necessary for this behaviour. We also demonstrated a 
relation between increasing activity of the back muscles and the step cycle, which 
develops when the adult type of locomotion occurs. Deficient vestibular input 
during development may cause a developmental delay in trunk stabilization and 
back muscle coordination, which in hrrn probably causes a retarded motor 
development. During grooming behaviour, rats sit on their hind paws, whereas 
during rearing they are standing on their hind feet. This could imply that posture 
during rearing is more dependent upon vestibular input and therefore more 
influenced by vestibular deprivation. Also Igarashi et al . [86] concluded from a 
study in squirrel monkeys that vestibular infonnation from the labyrinths is 
especially needed in conditions that require advanced psychological or physical 
skills. 

Motor development after vestibular deprivation was only globally described in 
the literature. A delay was reported after vestibular deprivation from P5 in rats 
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[ 1 1 8] and in rabbits [74] . In contrast, Marchand and Amblard [ 1 07] did not 
observe a retarded motor development in cats, which were labyrinthectomized at 
the beginning of the second postnatal week. This could be explained by species 
differences, but also by different observational procedures. Possibly, the interval 
between consecutive observations was too long to allow them to detect 
differences. In our study, we observed the rats with an interval of one to two days 
and observed a retardation of up to 5 days. Also in humans, it was suggested that 
vestibular dysfunction caused delayed motor development [ 1 26]. However, 
vestibular abnormalities in children are mostly only a part of complex syndromes. 

Head oscillations 

Bilaterally operated animals show head movements in the horizontal plane in 
phase with the step cycle. This may be explained in terms of two different 
mechanisms. Firstly, rhythmic activity, which is centrally generated and in phase 
with locomotion could induce these head movements. Arshavsky et al. [ 1 0] 
demonstrated such activity in the vestibulospinal, reticulospinal and rubrospinal 
tract. Another example of centrally generated activity are eye movements during 
fictive locomotion in bullfrog larvae. Stehouwer [ 162] stated that an intrinsic 
communication between brain and spinal cord must exist to coordinate fictive 
swimming and fictive compensatory eye movements independently from sensory 
input. Secondly, the optic flow during locomotion may cause rhythmic stimulation 
of the neck muscle motoneurons. Head oscillations after bilateral vestibular loss 
were repeatedly described in adult mammals and birds [ 1 1 ,25,45,48, 1 06, 1 08] and 
also after vestibular deprivation in kittens [ 1 07]. These observations indicate that 
vestibular input from the horizontal semicircular canal inhibits such oscillating 
head movements during locomotion of normal rats. In a pilot study, we 
investigated whether the visual system plays a role in compensating for vestibular 
deficits. Therefore we blindfolded P5-bi rats at P60 .  Surprisingly, the head 
oscillations did not increase but they disappear. Similar observations were made 
by Magnus [ 1 06] . These results seem to indicate that visual input induces head 
oscillations in vestibularly deprived rats. 

Temporal organization of the motor behaviour 

Rats which were deprived bilaterally from P5 show bouts of locomotion, 
rearing and pivoting more often than normal rats and unilaterally deprived rats. 
This is in agreement with other studies on the effects of early vestibular 
deprivation of Grtibsch and Schwartze [74] and Moser and Schwartze [ 1 1 8], who 
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reported an increase in locomotion. Hyperactivity was also observed in rats after 
alcohol exposure between P4 and P9 [ 1 1 4] .  The authors interpreted the 
occurrence of hyperactivity as a dysfunction of the cerebellmn.  The vestibulmn 
and the cerebellum are closely interconnected. Possibly in line with Melcers 
interpretation, the increase in activity in our study might be related to cerebellar 
effects induced by vestibular deprivation. Other investigators demonstrated that 
rats spend more time on locomotion after neonatal destruction of the 
catecholaminergic or dopaminergic system [87, 1 56 , 1 64] .  De Waele and 
colleagues [ 1 7 1 ]  demonstrated that the resting activity of the central vestibular 
neurons is modulated by dopamine. Therefore, another interpretation of the 
hyperactivity after vestibular deprivation is that a disturbed dopamine metabolism 
plays a role in the development of increased motor activity .4 

Unilateral versus bilateral vestibular deprivation 

Our results show that the motor development after unilateral vestibular 
deprivation is less retarded than after bilateral deprivation. The effects of 
unilateral deprivation on the temporal organization of behaviour are only minimal . 
Behavioural compensation after unilateral vestibular deprivation was often 
demonstrated in adult animals arid humans (for review see [36,37]) . Our study 
shows that also during development the-information of one labyrinth is sufficient 
for a normal temporal organization of behaviour. 

Conclusion 

Results of our investigations demonstrate that the vestibular system plays an 
important role in the development of motor behaviour during the first three weeks 
of life .  We suggest that vestibular deprivation exerts its influence upon motor 
development mainly by a non-optimal stabilization of the trunk .  Strikingly, 
vestibular deprivation has only little permanent effects on motor behaviour. 

4 Note added in proof: Kalsbeek et al . {2228 } also observed transient hyperactivity in the 
open field after a combined depletion of dopamine (moderate) and serotonin (almost complete) 
in the prefrontal cortex. They discussed the interaction of the dopaminergic and serotonergic 
system in regulation of locomotor activity. 
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The EMG development of the longissimus and 
multifidus muscles after plugging the horizontal 
semicircular canals5 

Hildegard C. Geisler, Albert Gramsbergen 

The effects of plugging both horizontal semicircular canals at the 5th postnatal day (P5) on 
the development of the EMG of two back muscles (the M. longissimus lateralis and the M. 
multifidus) were studied in rats between P5 and P46. The EMG was related to locomotion, 
grooming and rearing of these rats. Special attention was paid to locomotor behaviour. After 
this vestibular deprivation, the development of a consistent temporal relation between burst 
activity in the EMG of both Mm. longissimii laterales and the swing phase of one hind paw was 
retarded by about three days. The · development of coupling of maximal activity in the M. 
longissimus lateralis to the swing phase of one of the hind paws was even more retarded. No 
differences were observed between normal and vestibularly deprived rats during the 
development of activity in the Mm. multifidi. Our results indicate that information from the 
horizontal semicircular canals is essential for dynamic postural development and probably, 
therefore, for motor development in general. Furthermore, lack of such information has effects 
on the fine tuning of back muscle activity during locomotion at least until P40. 

Introduction 

At adult age postural control depends on the sensory input from visual, 
vestibular, proprioceptive and exteroceptive systems (for reviews [ 1 1 1 , 1 1 3]). 
Although, there is only little redtmdancy of infonnation in these different sensory 
systems [4] ,  two of the systems seem to supply sufficient information to 
compensate for the exclusion or malftmction of the third system [44]. 

The influence of these sensory systems on the development of posture has been 
largely neglected in the scientific literature. Precocial animals, as guinea pigs and 

5Joumal of Vestibular Research (accepted) 
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horses, are able to stand and walk within minutes to a few hours after birth, which 
suggest that in these species, the postural mechanisms acting in standing and 
walking are functional at birth. In contrast, altricial animals, as rats, cats and 
rabbits, and also humans need a long period to develop their ability to stand and 
walk. These differences in motor development are accompanied by differences in 
the development of sensory systems. The vestibular development of the guinea 
pig, a precocial animal, is nearly complete at birth [33 ,35,79, 1 1 7, 1 24].  On the 
other hand, the vestibular system of rats, rabbits and cats reaches adult 
parameters only some weeks after birth (rat: (3 1 ,33, 1 00, 1 24,1 54] ; rabbit: 
[ 1 24 , 147 , 1 55]; cat: [5 1 -53,79, 1 39,1 43]). In luunans, vestibular fi.mctions are 
present at birth, but the greatest vestibular responsiveness occurs between 6 and 
1 2  months, when the infant develops a lot of motor skills (1 26]. Thereafter, 
reactivity decreases towards adult levels.  

The striking parallels between the development of postural control and the 
vestibular development leads to the question if and how vestibular development 
influences postural development. Ornitz [ 1 26] reported that several syndromes, 
mainly characterized by a delayed motor development, are accompanied by 
vestibular dysfunctions. Delayed motor development was also observed after 
vestibular deprivation at early postnatal age in rats (1 1 8] and in rabbits (74], but it 
was not observed in cats [ 1  07]. Because motor development was only globally 
described in these studies, we reexamined this problem recently (59] . In the rat, 
vestibular deprivation by plugging both horizontal semicircular canals at the 5th 
day (=PS) causes a delay of one to 5 days in the development of complex motor 
patterns, such as grooming, locomotion and rearing. We suggested that this delay 
is caused by a non-optimal stabilization of the trunk due to the reduced vestibular 
input during development. In the present investigation, we tested this hypothesis. 
To this, we studied the development of tl1e EMG of the long back muscles after 
bilateral vestibular deprivation of dynamic horizontal canal responses from P5 : 
The results were compared to the EMG development in nonnal rats (6 1 ] .  

Methods 

Animals 

Hooded rats of the Lister strain were used. They were kept in an animal room, 
which was lighted from 08:00 h tmtil 1 8 :30 h. Pregnant females wefe inspected 
for offspring at least twice daily. The day of birth was designated as postnatal day 
1 (PI ) . In total, we observed 1 9  vestibularly deprived rats _and 1 6  nonnal rats 
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between P5 and P46. The rats were weighed daily. The black and white pattern 
of their skin enabled identification of the individuals. 

Pluggmg the senuctrcular canals 

At P5, the animals were anaesthetized with Hypnorm ( 1 0  mg/ml fluanisone and 
0 . 2  mg/ml fentanyl, Janssen Pharmaceuticals, Tilburg, The Netherlands); 0 . 1 ml 
per 1 00 g body weight. During the operation, the body temperature of the animal 
was maintained at 35 oc by a heating pad and a heating lamp. The temporal bone 
behind the ear was exposed after cleavage of the m. retroauricularis. The small 
eminentia covering the horizontal semicircular canal was opened by a pointed 
probe. Appearance of a �rop of fluid indicated successful opening. The tip of a 
gutta percha point (Maillefer, Switzerland) was inserted into the opening for 
about I mm and cut by a heated scalpel. Stopped flowing of the fluid indicated 
successful plugging of the canal . Thereafter, the woun

.
d was sutured. This 

operation was perfonned on both sides. After the last recording, we checked the 
morphology of the horizontal semicircular canals and the plugs under a dissection 
microscope. Only animals in which the canals appeared to be closed were 
included in this study. 

' 

Implantation of electrodes 

In younger animals one pair of electrodes was implanted in the medially 
located multifidus muscle (MM) and one pair in the laterally located longissimus 
muscle (LL) at the level between the 1 1 th thoracic and 2nd lumbar vertebrae. In 
animals up to P25,  we used electrodes made from Nichrome wire (50 11m, Clark 
Electromedical Instnunents ).. EMG of older rats was recorded by needle 
electrodes from stainless steel (7 strands, diameter 0. 1 1  mm, 3T, Enschede, The 
Netherlands). The electrode wires (protected with Teflon tubing) were led 
subcutaneously to the mid-thoracic level at the back and fixed to the skin by 
dental acrylic. In rats older than P 17, pairs of electrodes were implanted 
bilaterally in each of the 4 muscles. In these animals the wires were led 
subcutaneously to a connector secured to the skull .  In all cases, a grounding 
electrode was positioned subcutaneously on the back (for full description of the 
teclmique see [6 1 ]) .  Recordings were initiated one day after surgery. 
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Fig. 6 . 1 .  EMG of a vestibularly deprived rat at P27; first and fourth trace from above: 
averaged EMG of the M.longissimus lateralis (LL), second and third trace: smoothed EMG 
with detection of onset and maximal amplitude of burst (square wave), fifth trace: Log-Ratio 
(LR). Continuous line connects maximal amplitude of bursts during the swing phase of the left 
hind paw (L-max) broken line connects maximal amplitude of bursts during the swing phase of 
the right hind paw (R-max). Hatched areas: swing phases of left and right hind paw. Horizontal 
scale: time in seconds. (For further explanation see· methods). 

Recording of EMG 

EMG recordings were collected from P6 - P45 .  During the recordings, the 
animals remained in a walking alley. The electrodes were connected to 
laboratory-built preamplifiers based on the cmmnon reference principle [1 23] 
using flexible shielded cables and subsequently to differential amplifiers and 
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filters. The signals were high pass filtered at a frequency of 50 Hz and low pass 
filtered at 2 .2 kHz. The EMG was displayed on a storage oscilloscope (Gould 
OS4 1 00 )  and written on paper (Medelec Van Gogh system 50000) for visual 
inspection. In additiOn, the signals were stored on instrumentation tape (Bell and 
Howell system 80) for off-line analysis. Behaviour of the animals was recorded 
simultaneously on video tape. A Panasonic AG6200 VTR and FS1 1  stroboscopic 
camera (25 frames/s) recorded movements from the lateral and ventral aspect (for 
details see: [ 173]) .  IRIG-B time code was recorded both on instrumentation tape 
as well as on video tape. This enabled accurate temporal correlation ofEMG with 
behavioural data. 

EMG analysis 

Only artifact-free signals of good quality were analysed. Another selection 
criteria was normal behaviour of the animals during the recording. The data were 
digitized and analysed by means of a Personal Computer (Intel Pentium), with a 
PC-LabCard (PCL-812PG of Advantech Co.) and the software package Poly 
(Inspektor Research Systems, Amsterdam). As we were interested in global EMG 
patterns, a sampling frequency of 300 Hz was chosen. After full-wave rectifying, 
the signals were averaged with a rectangular moving window of 100 ms. 

The EMG signals of the LL during several runs of locomotion were selected 
for further analysis. The swing phases of the left or right hind paw were 
determined by a frame-by-frame analysis of the video recording (Fig. 6. 1 ) .  From a 
certain stage onwards distinct bursts can be discerned in the LL. These bursts are 
related to the step cycle. Amplitudes of these bursts are indicators for the degree 
of activation. The maximal amplitude of a burst only reliably indicates the degree 
of activation in smooth bursts. Therefore, the pre-processed EMG-signals of LL 
were smoothed in software by a second averager with a rectangular moving 
window of 30 to 70 ms (depending on the regularity of the signal; · Fig. 6 . 1  ) .  
Although several parameters of the EMG signals will change during such a 
procedure, phasing of the bursts in relation to movements will not be influenced 
provided that all signals undergo the same procedure and the length of the 
rectangular moving window does not surpass one third of the duration of the 
movement. 

The amplitudes of bursts were detected by a Poly software program written in 
Signal Processing Language (SPL ). Maximal amplitudes of bursts during the 
swing phase of the right hind paw (R-Max) were compared with maximal 
amplitudes of bursts during the swing phase of the left hind paw (L-Max). 
Therefore, lines were drawn connecting R-Max on the one hand and L-Max on 
the other. In the right LL, when the line connecting the R-Max lay above the line 
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Fig. 6.2. Averaged EMG of a control rat at P1 5 . Horizontal scale: time in seconds; vertical 
scale: amplitudes in �V. Hatched areas· swing phases of left and right hind paw, respectively. 
LL = M.longissimus lateralis, MM = M multifidus. 

connecting the L-Max this indicated ipsilateral maximal activity, when the line of 
R-Max lay below the line of L-Max this indicated contralateral maximal activity. 
Alternatively, when the lines intersected this pointed to bilateral maximal activity. 
An equivalent processing was applied for the left LL (Fig. 6 . 1 ). The values of the 
maximal amplitudes were statistically tested by the Mann-Whitney U-test for 
each rat, for runs with either ipsilateral, contralateral or bilateral maximal activity. 

In addition, the log-ratio = log (LL left!LL right) was calculated between 
bilaterally recorded averaged EMGs of the LL. 
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Results 

General EMG development 

The EMG of both long back muscles, the MM and the LL, in nonnal rats 
changes gradually from irregular and spiky at P6 towards a regular interference 
pattern at P l 5  (see also : [6 1 ]) .  Simultaneously, the general activity level increases. 
From Pl l ,  phasic activity is superimposed on tonic backgrmmd activity (Fig. 
6 .2) . .  

Similar changes occur also in rats after vestibular deprivation from P5 . 
Between P6 and P8, the long back muscles only show phasic activity during 
active motor behaviour. This activity is irregular and spiky (Fig. 6.3) .  Between 
P l 6  and P 1 9, tonic backgrmmd activity is observed with phasic activity 
superimposed (Figs. 6 .4 and 6.5) .  This phasic activity is more regular than the 
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Fig. 6.4. Averaged EMG of a vestibularly deprived rat at P 1 6  Horizontal scale: time in 
seconds; vertical scale: amplitudes in 11 V. Hatched areas. swing phases of left and right hind 
paw, respectively. LL = M.longissimus lateralis, MM = M.multifid.us. 

activity observed in the younger rats. The regularity increases only little 
thereafter. 

Locomotion 

In rionnal rats, a clear-cut relation between increasing activity in the long back 
muscles and the swing phase of both hind paws develops during the second week 
of life [ 1 3 1 ] .  Until P8, the activity of the LL and MM does not modulate 
systematically with the step cycle of the fore or hind paws. Between P l l and 
P 1 5, activity of the long back muscles often increases during the swing phase of 
both hind paws. Only from P l 5, a burst in the LL consistently accompanies the 
swing phase of the left or right hind paw (Fig. 6.2). During slow walking, with a 
step cycle duration of less than 400 ms, both the ipsilateral and contralateral LL 
are active shortly before and during the swing phase of the hind paws. At higher 
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Fig. 6 5 . Averaged EMG of a vestibularly deprived rat at P 1 8 . Horizontal scale :  time in 
seconds; vertical scale· amplitudes in ll V. Hatched areas: swip.g phases of left and right hind 
paw, respectively. LL = M.longissimus lateralis, MM = M.multifidus. 

walking speeds this actiVIty restricts mainly to one LL, either ipsi- or 
contralaterally (see also [ 6 1 ]) .  

In vestibularly deprived rats until P8 the EMG of the long back muscles has no 
relation to a particular phase of the step cycle (Fig. 6.3) .  From P l 6, the activity of 
the LL increases during the swing phase of either hind paw. Still some activity 
peaks occur without an obvious relation to the step cycle of the hind or fore paws 
(Fig. 6.4). From P l 8, these inconsistencies are not observed any longer (Fig. 6.5) .  
From P26, several nms occur with activity only in the ipsilateral LL (4 rats) or 
contralateral LL (two rats) with respect to the hind paw in swing phase. The most 
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Fig. 6 .6. Averaged EMG of a vestibularly deprived rat at P43 ;  upper two traces: smoothed 
EMG with detection of onset and maximal amplitude of burst, lower graph: Log-Ratio (LR) . 
Hatched areas: swing phases of left and right hind paw, respectively. 

surprising finding was that in one rat the activity increases in both LL only during 
the swing phase of the left hind paw (Fig. 6 .6) These activity patterns are not 
speed dependent. 

In nonnal as well as in vestibularly deprived rats, the activity of the MM often 
increases during the swing phase of one hind paw (Fig. 6 .5) .  A more steady tonic 
activity pattern predominates in other cases (Fig. 6 .4) .  

Patternmg of maximal activity 

In nonnal rats until P 1 8, the coupling of maximal activity of the LL to one of 
the hind legs is markedly variable (Tab. 6 . 1  ). Maximal activity in the ipsilateral 
LL is the preferred pattern (68% ofnms). However, runs also occur with maximal 
activity in the contralateral LL (1 1 %; Fig. 6 .  7) or without significant differences 
between R-Max and L-Max (2 1 %). At P24 consistent patterns with maximal 
activity have established; all runs of one specific rat show the same preferred 
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age I N I I I c I no differences I 
normal rats 

8 3 1 4 

7 6 1 
1 5- 1 8  

8 7 1 

5 3 2 

9 9 
24-27 

5 5 

9 9 
33-42 

5 5 

vestibularly deprived rats 

12  3 9 

1 6- 1 8  9** 5 3 

4 2 2 

1 0  9 I 

1 0  1 0  
26-28 

1 0  1 9 

8 4 4 

3 3 

8** 5* 

42-46 3 3 

3 2 1 

4 4 

Tab. 6. 1 .  Summary of maximal activity patterns in all analysed runs between P 1 5  and P46; 
significance level p=0.05 . ID: identification of rats, N: number of analysed runs, 1: number of 
runs with maximal activity ipsilateral to paw in swing phase, C: number of runs with maximal 
activity contralateral to paw in swing phase. * significant difference in the left longissimus 
muscle only. * * 1 respectively 3 runs with maximal activity during the swing phase of the left 
hind paw. 
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Fig. 6 7. Averaged and smoothed EMG and detection of onset and maximal amplitude of burst 
in a control rat at P 1 7. Continuous line connects L-max, broken line connects R-max. Notice 
the switch from ipsilateral maximal activity to contralateral maximal activity at about 3 
seconds. Horizontal scale: time in seconds; vertical scale: amplitudes in f! V. Hatched areas· 
swing phase of left or right hind paw, respectively. 

pattern. In three rats, swing phases are accompanied by maximal activity in the 
contralateral LL and in one rat, maximal activity occurs in the ipsilateral LL. 

In vestibularly deprived rats, the coupling of maximal activity in the LL to the 
swing phase in the ipsi- or contralateral hind paw is highly variable throughout 
the observation period. Until P28 no significant differences occur between R-Max 
and L-Max in most runs (Tab. 6 . 1  ) . However, in nearly all rats nms were also 
observed with ipsilater�l or contralateral maximal activity. From P42 the 
patterning of maximal activity is stabilized. Three rats show consistent activity 
patterns: in two rats ipsilaterally and in one rat contralaterally. One other rat ran 
once with contralateral maximal activity and twice with maximal activity 
ipsilaterally. The fifth rat of this group presented the ipsilateral pattern in 5 nms 
and maximal activity in both LL during the swing phase of the left hind paw in 3 
nms. 

In order to further substantiate these data, we calculated the log-ratio between 
the left and right LL. These data support our findings. A clear ipsi- or 
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contralateral pattern of maximal activity is characterized by a sinusoid log-ratio 
curve in phase with the step cycle (Fig. 6 . 1 ). Such patterns are more often 
observed in nonnal rats than in vestibularly deprived rats. Remarkably, the log
ratio can also be sinusoid in nms with maximal activity in both LL only during the 
swing phase of the left hind paw (Fig. 6 .6). 

Other motor behaviours 

The EMG development of vestibularly deprived rats during other motor 
behaviours such as grooming, rearing and turning does not differ from that of 
normal rats. During rearing and grooming, the activity in the MM and LL is 
generally higher than during locomotion. During turning, only the muscles at the 
concave side of the body remain active. Minimal activity is observed during 
sitting and lying. 

· 
In smrunary, the general development of the EMG in the long back muscles 

after vestibular deprivation from P5 is similar to that of normal rats. However, the 
development of a consistent relation between muscle activity and hind paw 
movement is delayed by about three days. Even more remarkably, the 
development of the coupling of maximal activity in the LL to the swing phase of 
one of the hind paws is disturbed for a longer period. Maximal activity in both LL 
only during the swing phase of the left hind paw and not of the right hind paw or 
vice versa occurs only in vestibularly deprived rats. Furthermore, even at P44, 
two out of five rats still present more than one pattern of coupling. 

Discussion 

Methodology 

In a study on the behavioural effects of plugging the horizontal semicircular 
canals we compared not operated and sham-operated rats [59] . No differences 
were observed in any of the motor behaviours at any age. Therefore, we did not 
study sham-operated rats in the present study. 

Plugging the horizontal semicircular canals deprives rats from part of the 
vestibular input without destmction of the vestibular neurons. Such deprivation 
from P5, both tmi- or bilaterally, leads to a marked retardation of motor 
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development [59] . Because this retardation is more pronounced in bilaterally 
deprived rats, we decided to investigate only those rats in the present study. 

General EMG development 

The development from only phasic muscle activity to tonic activity with phasic 
activity superimposed during the second week of life is similar in vestibularly 
deprived and nonnal rats. Also the development of a regular interference pattern 
is  not disturbed by vestibular deprivation. As we did not study vestibularly 
deprived rats between P9 and P 1 5, differences between both groups can not be 
excluded. However, because no differences were detected before and after these 
ages, we have no reasons to suspect major deviances. That means that dynamic 
infonnation from the horizontal semicircular canals is not essential for the general 
development of tonic activity and the development of an interference pattern. 

Temporal relation between h.'A1G and hind paw movement 

EMG activity of the back muscles in adult cats displays two distinct large 
bursts during each step cycle [24,47, 1 79].  Also Cazalets observed a very clear 
2 :  1 relationship between back muscle activation and hip flexor activation in an 
isolated spinal cord preparation of the rat with bath-application of NMDA to the 
whole spinal cord (personal conummication). In the rat, this relationship develops 
during the second week of life [6 1 ] .  From P l l ,  in nonnal rats a clear-cut relation 
develops between an increase in the activity of the long back muscles and the 
swing phase of both hind paws. This pattern has established at P1 5 .  In 
vestibularly deprived rats, this pattern occurs consistently only from P18 .  This 
result indicates that the development of postural control during locomotion is 
retarded by three days after vestibular deprivation. 

The present data of retarded EMG development of two postural muscles are in 
full agreement with the results of our recent study on behavioural effects of 
vestibular deprivation. Also in that study, we demonstrated a delay of three days 
in the development of locomotion after bilateral vestibular deprivation [59] . The 
present results support our hypothesis that the delay in the development of motor 
behaviour is caused by a delay in postural development. It can not be excluded 
that also some other axial or limb muscles are involved in this retarded 
development. 
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Patterning of maximal activity 

Between P1 5 and PIS  normal rats develop a preference for maximal activity at 
the ipsilateral side. From P24 maximal activity during the swing phase of the hind 
paws restricts consistently to one LL: in three rats to the contralateral LL, in one 
rat to the ipsilateral LL. Thus, EMG development of the long back muscles 
continues also after the adult-like locomotion on a flat surface has developed. 
Whereas this development seems to be finished at P 16  [ 1  , 1 8,60, 1 73], the 
development of complex locomotor skills is not even finished at P20 [3] .  
Probably, appropriate tuning of maximal activity in the long back muscles is 
necessary for more complex locomotor behaviour. Our results support Zomlefers 
[ 1 79] observation in decerebrated adult cats that the peak amplitude of the two 
burst during one step cycle can vary for a given back muscle. 

In vestibularly deprived rats, activity patterns in the long back muscles remain 
highly variable tmtil P28 .  From P42, we detected a consistent pattern in three rats. 
Two other rats still showed variable activity patterns. This implies that the 
vestibular deficit causes an impainnent of the development to adequately tune 
activity in the left and right LL. Although we did not observe our rats in · conditions requiring advanced postural skills, studies in monkeys [45,86] and cats 
[ 1 07,1 08] demonstrated that the dynamic equilibrium remains reduced after 
bilateral vestibular deprivation even after weeks of recovery. Probably, these 
deficits in advanced postural skills are also caused by a non-optimal tuning of 
trunk muscles. 

An alternative explanation is that the variability of the activity patterns of the 
LL in vestibularly deprived rats is caused by imbalances induced by head 
movements. Earlier we demonstrated that rhythmic head movements during 
locomotion occur after bilateral vestibular deprivation [59] . These head 
oscillations are particularly pronounced at P 18  and decrease throughout the 
observation period (unpublished observation). Such oscillations were also 
described in adult mammals [25,45,48, 106, 1 08] and after vestibular deprivation 
in kittens [ 1  07] . Most probably, vestibular input from the horizontal canals 
inhibits such head movements in nonnal rats (for further discussion see: [59]). In 
a pilot study, we blindfolded v.estibularly deprived rats at P60 .  The head 
oscillations disappeared. To exclude the possibility that the variability of the 
activity patterns in the EMG is caused by the rhythmic head movements it would 
be worthwhile to study vestibularly deprived rats without visual input. 
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Speed dependency 

We seldom observed walking speeds with a step cycle duration of less than 
400 ms. In normal rats, during such speeds only one LL is active. More recently, 
it was demonstrated that unilateral activation of LL also occurs at lower speeds 
[67] . Also in our vestibularly deprived rats, we did not observe any relation 
between walking speed and unilateral activity of the LL. The same holds true for 
amplitude coupling. . 
In decerebrated adult cats, Zomlefer et al. [ 1 79] demonstrated no activity at all or 
only intermittent back muscle activity at speeds below 0 . 8  m·s-1 , but two bursts at 
higher speeds. However, the mean amplitude of a burst was not related to the 
speed of locomotion. These differences between Zomlefers and our results could 
be explained by species-specific differences or differences in methodology. 

Vestibular and cerebellar development 

Our knowledge on the development of the vestibular and cerebellar systems is 
far from complete . Nonnal vestibular development is not finished before the end 
of the first month [3 1 ,  1 00, 1 54 ], however, most morphological changes occur 
before the beginning of the second postnatal week and vestibular stimulation is 
functionally effective from Pl  [3 1 ,  1 65r The development of the cerebellar nuclei 
and the histogenesis of the Purkinje cells is finished before birth but the 
development ofthe cerebellar cortex proceeds into the third week of life [88] . 
Whether deprivation from the input of the horizontal semicircular canals 
influences the vestibular and cerebellar development and by that the EMG
development remains to be studied. Another reason for the delayed EMG
development after semicircular canal plugging from P5 could be that the 
developing nervous system is not able to compensate for vestibular deprivation at 
this stage. Reasons for that can be the immaturity of other sensory systems (49] 
or the immaturity of the integrative capacities of the central nervous system with 
regard to other sensory input. 

' 

Conclusion 

We demonstrated that during development infonnation from the horizontal 
semicircular canals is essential for an adequate activation of the back muscles. 
Lack of such information leads to a delay in the development of a consistent 
relation between hind paw movement and muscle activity and this probably 
causes a delay in motor development. Another effect is an abnormal variability in 
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the coupling of maximal activity in the LL to the swing phase of one of the hind 
paws. This can be due to long lasting abnormalities in processing of multisensory 
input with reduced vestibular information. Alternatively, such disturbances can be 
caused by head oscillations which occur after bilateral vestibular deprivation. 
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The development of the motoneuronal pools of the 
multifidus and longissimus muscles and the effects of 
vestibular deprivation on the development of dendrite 
bundles6 

Hildegard C. Geisler, Jos !Jkema-Paassen. Johan Westerga, Albert Gramsbergen 

The development of the motoneuronal pools of the multifidus and longissimus muscle was 
studied in rats between the first postnatal day (Pl )  and P 1 80. Motoneurons and their dendrites 
were retrogradely labelled by injecting cholera toxin subunit B (CTB) into the muscles. The 
cross sectional areas of motoneuronal somata increases strongly until P9 and much less 
thereafter. Transversal dendrite bundles occur from birth. Longitudinal dendrite bundles 
develop from P4 From P6, the motoneuronal pool is characterized by strong longitudinal and 
transversal bundles. This is several days before rats are able to stand and walk and before 
major changes occur in the EMG development of the long back muscles. These results are 
discussed in relation to previous research on the development of the motoneuronal pool of the 
soleus muscle. In another group of rats, both horizontal semicircular canals were plugged. 
Previous results demonstrated that such deprivation retards postural development. The effects 
of this vestibular deprivation on the development of dendrite bundles were studied. Results 
demonstrated that vestibular deprivation does not affect the development of dendrite bundles, 
The results are discussed in relation to theories on the functional significance of dendrite 
bundles. 

Introduction 

Developmental studies in the rat show important changes in motor behaviour 
armmd the 1 5th postnatal day (PI S) [ I ,3, I7 ,60, I 73] .  Before P I S, rats walk 
slowly and staggeringly and their hind paws exorotate during the stance phase. 
Rearing and grooming only occurs when their bodies are supported by the 

6Submitted 
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forelimbs. From P1 5-P16, rats suddenly walk fluently and their hind paws remain 
adducted [ 1 73] .  Also grooming and rearing without forelimb support can be 
observed from that age [60]. We suggested that rats acquire these skills by virtue 
of developmental changes in postural control . Results of our study on the 
development of the EMG of two long back muscles, which subserve important 
postural functions, support this hypothesis. Before P15 ,  activity in these muscles 
is only weakly related to e.g. locomotion. From P16, however, activity in the long 
back muscles modulates consistently with the step-cycle [ 6 1 ] .  

Recently, Grams bergen et al. [7 1 ]  studied the organization of  dendritic trees of 
motoneurons in the spinal cord of adult rats with cholera toxin subunit B (CTB). 
They demonstrated that dendrite bundles are confined to motoneuronal pools of 
trunk muscles and antigravity muscles in the extremities. A relation between 
postural maintenance and longitudinal dendrite btmdles was also suggested in 
human fetuses by Schoenen, who used the Golgi teclmique [ 1 46]. He observed 
dendrite btmdles in the ventromedial colmnn and in the central colunm. In these 
colunms, the motoneuronal pools are located which innervate the axial muscles 
and extensors of leg and thigh, respectively. In this respect it is also worthwhile 
to consider that dendrite bundles develop around the age, when important 
transitions in motor behaviour occur. In 1970, Scheibel and Scheibel observed a 
temporal relationship between the development of dendrite bundles in the lumbar 
spinal cord and the capability of weight bearing in the hind limbs in kittens 
around the 1 4th postnatal day [1 45] .  In rats, dendrite bundles in the motoneuronal 
pool of the soleus develop around Pl6, the age when the adult-like pattern of 
fluent locomotion occurs [ 1 74] . It seems, therefore, that the development of 
dendrite bundles is related to postural development. 

In the present study, we will investigate if the development of dendrite btmdles 
in the motoneuronal pools of the long back muscles is related to the development 
of posture. To that, the motoneuronal pools of the longissimus and multifidus 
muscles in developing rats will be retrogradely labelled with CTB. 

Earlier we demonstrated that postural development in rats is delayed after 
vestibular deprivation by plugging the horizontal canals. The transfonnation from 
juvenile into adult-like motor patterns, which nonnally occurs around Pl5, is 
retarded by three days [59] . This result was confinned in a more recent study, in 
which we demonstrated that the development of the EMG in the long back 
muscles is delayed by three days as well [58] after vestibular deprivation. The 
second question which we will consider in this study therefore is, whether 
vestibular deprivation also retards the development of dendrite btmdles in the 
motoneuronal pools of the long back muscles. 
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Hooded rats of the Lister strain were used. They were kept in an animal room, 
which was lighted from 08:00 h until 1 8 :30 h. All experimental procedures had 
been reviewed and approved by the Ethics Committee of the Medical Faculty of 
the University of Groningen (FDC 079 1 ) .  Pregnant females were inspected for 
offspring at least twice daily. The day of birth was· designated as postnatal day 1 
(PI ) . The rats were weighed daily. The black and white pattern of their skin 
enabled identification of the individuals. Fifty-four nonnal rats were stu�ed 
postnatally at P l ,  P2, P3, P4, P6, P7, P9, P I O, P l 2, P14, P l 6, P20, P36,  P60 and 
P l 80 .  In principle, 4 animals were studied at each age. In 2 of these animals, the 
medially located multifidus muscle was injected at the right side and in 2 animals 
the laterally located longissimus muscle was injected at the left side. In a few 
animals both the medial muscle (at the right side) and the lateral muscle (at the 
left side) were injected. In addition, we studied 1 8  vestibularly deprived rats .  At 
P5, the horizontal semicircular canals were plugged with a gutta percha point 
(Maillefer, Switzerland; for a detailed description of operation see: [59]). These 
rats were studied at P7, P9, P l 5  and P25 .  

Labelling of motoneurons 

At postnatal ages until 2 weeks of life, the animals were anaesthetized by ether 
and thereafter by fluanisone ( 1 0  mg/ml) and fentanyl (0 .2 mg/ml): 0 . 1 ml per 1 00 
g body weight fHypnorm, Janssen Pharmaceuticals, Tilburg, The Netherlands). 
Motoneurons and their dendrites were retrogradely labelled with CTB. To this, 2-
4 �I CTB was injected in each muscle in 3-5 injections by means of a pulled glass 
pipette cmmected to a manually operated injection system. After the inj ection the 
area was rinsed with saline and dried carefully. The wound was closed after 
operation. After a survival time of 12  hours in rats injected at P l ,  to 3 days in rats 
injected after P5, the rats were deeply anaesthetized with ether and perfused 
transcardially by 200 ml containing: . 8% NaCI, .8% sucrose, .4% d-glucose in 
.05M phosphate buffer (pH 7 .5) and thereafter with 200 ml fixative (4% 
paraformaldehyde, .2% glutarealdehyde in . 1 M  phosphate buffer (pH 7 .5) . The 
spinal cord was removed and immersed overnight in .05 M phosphate buffer 
containing 30% sucrose. The spinal cord was embedded in TissueTek (Miles 
Inc .), and 40 �m longitudinal sections were made on a freezing microtome. At 
P3, P6, P 12  and P20 we also made transversal sections. The sections were further 
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processed, employing monoclonal antibodies against CTB (for further details of 
the method see [1 74]). The motoneurons and their dendritic trees at the right and 
at the left side were studied. In particular, attention was directed towards their 
size, their localisation and the occurrence and morphology of dendrite btmdles. 
We considered dendrites to be btmdled when at least 3 dendrites course in 
parallel (and sometimes in apposition) for at least a few hundreds Jlm and with a 
distance of less than 1 dendrite diameter between the dendrites. 

In control rats, cross sectional areas of somata were measured from 
approximately I 00 randomly chosen cells per age. Because of less optimal 
labelling only 3 1  multifidus motoneurons could be measured at PI and at P60, 
only 64 longissimus motoneurons. We selected cells with a nucleus clearly 
visible. The area was determined by drawing an outline of the soma at 400x. 
Subsequently the outlines were digitized and the cross sectional areas computed. 
No correction procedure was applied. Data were subjected to non-parametric 
statistical testing. 

Results 

general remarks 

At all ages, injection of CTB into muscles resulted in dense labelling of spinal 
motoneurons and, mostly, in extensive dendritic labelling. The pool of the 
m.multifidus is situated more medially in the ventral hom, the pool of the 
m.longissimus more laterally. Until P20, several motoneurons were labelled 
contral�terally to the injection side . Thereafter, contralateral labelling was only 
observed after injection into the multifidus muscle, but not after injection into the 
longissimus muscle. Until P20, a few smaller neurons outside the pools appeared 
to be labelled. Undoubtedly, these neurons were sympathetic preganglionic 
neurons and situated dorsally to the central canal. Remarkably, also these neurons 
appeared to be coupled by longitudinal and transversal dendrite bundles .  

The cross sectional areas of the motoneuronal somata increase throughout the 
postnatal development from about 250 Jlm2 at PI to about 900 Jllll at P60 (Tab. 
7 . I ) . The differences between the age groups are significant (Mann-Whitney U 
test, p=O .OOOl) .  At all ages, the distribution of motoneurons in both pools is 
unimodal. No differences have been observed between the development of the 
motoneurons of the m.multifidus and the m.longissimus and their dendrites 
throughout the observation period. 
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motoneuronal pool number of counted mean cross sectional area and 
cells standard deviation (J.1m2) 

longissimus 1 05 2 I 8 ± 61 

multifidus 3 1  282 ± 85 

longissimus 92 36 1  ± 1 03 

multifidus 96 4 1 5 ± 1 I2  

longissimus 20I 567 ± I 8 1  

multifidus 1 94 489 ± 1 59 

longissimus 1 02 739 ± 1 83 

multifidus 98 605 ± 1 90 

longissimus 64 88 1  ± 252 

multifidus 98 1 0 1 0 ± 3 I 7  

Tab. 7. 1 . Somal sizes of multifidus and longissimus motoneurons at different ages 

Development of dendrite bundles 

Until P4, motoneuronal somata of the long back muscles are round or elliptical 
in shape and arranged in clusters (Fig. 7 . 1  ). Most of their dendrites are 
transversally oriented. These dendrites may surpass the median plane and extend 
laterally as far as the gray matter. Some of these dendrites form media-lateral 
bundles consisting of a few dendrites. Longitudinally oriented dendrites occur 
only incidentally and they course solitarily. Between P4 and P6, the motoneuronal 
pools elongate in the rostra-caudal dimension and the clusters of motoneurons 
drift apart. At P4, a few longitudinal dendrite btmdles can be observed, consisting 
of three to four dendrites, but between P6 and P9, most of the dendrites are 
arranged in btmdles, which course in transversal and in longitudinal directions 
(Fig. 7 .2). Longitudinal bundles are much hirger than at P4 and consist of up to 1 5  
dendrites and several of these longitudinal bundles course in parallel. The 
transversal btmdles consist of up to 8 dendrites. At Pl6, clusters of motoneurons 
are clearly separated and the number of dendrites has increased. The majority of 
the dendrite bundles is still nmning in longitudinal or transversal bundles, but now 
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Fig. 7. 1 .  Motoneuronal pool of the longissimus muscle at P 1 . Most dendrites course in medio
lateral direction. Scaling bar (medially in the spinal cord): 1 00 11m. 

Fig. 7.2. Motoneuronal pool of the multifidus muscle at P9. Nearly all dendrites run in 
transversal or longitudinal dendrite bundles. Scaling bar (medially in the spinal cord): 1 00 11m. 
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Fig. 7.3 . Motoneuronal pool of the longissimus muscle at P 16. Scaling bar (medially in the 
spinal cord): 1 00 Jlm. 

Fig. 7 .4. Motoneuronal pool of the multifidus muscle at adult age. Scaling bar (medially in the 
spinal cord): 100 Jlm. 
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Fig 7. 5 . Motoneuronal pool of the multifidus muscle after vestibular deprivation at P7. Scaling 
bar (medially in the spinal cord) : 1 00 !!m. 

Fig. 7. 6. Motoneuronal pool of the multifidus muscle after vestibular deprivation at P 1 5. 
Scaling bar (medially in the spinal cord): 1 00 !!m. 
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also many dendrites occur which course apart from bundles (Fig. 7 .3) .  At P20, 
the morphology has attained adult character. The cell bodies of the motoneurons 
have a stellate appearance. The motoneurons have drifted further apart from each 
other compared to earlier ages. Consequently, dendrite btmdles have elongated 
and this is even more pronmmced at P36, P60 and P 1 80 (Fig. 7 .4). At these ages, 
it is possible to trace the motoneuron of origin of specific dendrites. Dendrites of 
one motoneuron may participate in different dendrite bundles, but also different 
dendrites of one motoneuron can participate in the same bundle. Longitudinal 
bundles consist of up to 1 5  dendrites. Transversal sections of the spinal cord 
revealed that transversal btmdles course in a ventro-dorsal direction. 

The effects of vestlbular deprivation 

At P7, motoneurons of both long back muscles are relatively closely packed. 
Longitudinal dendrite btmdles consist of 6-8 dendrites and regularly we observed 
several longitudinal dendrite bundles coursing in parallel (Fig. 7 . 5). The dendrite 
bundles mnning transversally are less conspicuous and contain 4-8 dendrites . At 
P15 ,  the number of dendrites in longitudinal dendrite bundles has increased to 10-
1 5  dendrites (Fig. 7 .6) .  Dendrites of one motoneuron may participate in several 
dendrite bundles. After P15,  motoneurons have drifted further apart from each 
other and at P25, the pattern is similar to that of adult nonnal rats. In summary, 
both the development of dendrite bundles and their morphology at adult age in 
vestibularly deprived rats is identical to that in nonnal rats. 

Discussion 

Methodological consideration 

Unconjungated CTB proved to be a sensitive retrograde tracer to study the 
dendritic architecture of motoneurons in the spinal cord [7 1 ,  1 7  4]. It binds 
selectively to the ganglioside GMl on cell membranes and this binding is 
supposed to induce uptake of CTB by neurons [ 163] .  Despite of this specific 
binding and despite of the precautions we took to prevent leakage, we observed 
labelling of a few neurons contralateral to the injection side. This was also 
observed in an HRP study of the lmnbar back muscles by Brink et al. [2 1 ] .  The 
only explanation available so far is that neurons at the contralateral side are 
stained because of leakage at the injection site. For the same reason, we can not 
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exclude, that after injection into one of the long back muscle a few motoneurons 
of the other long back muscle at the same side are labelled as well. 

We also observed sympathetic preganglionic neurons, which were labelled. 
This is probably caused by leakage of CTB to the sympathetic trunk . These 
neurons are smaller than motoneurons of the long back muscles and they are 
located dorsally to the central canal, which enables easy identification. 
Development of dendrite bundles of the preganglionic sympathetic neurons was 
recently described by Markham et al. and our observations are in agreement with 
their results [ 1 1 0] .  

The degree to  which dendrites were stained varied in different experiments. In 
some cases, it was possible to trace thin dendrites for hundreds of micrometers. 
In other cases, dendritic staining was poor (see also [I 74]). Because of tl1at, tmtil 
now no reliable method is available for quantification of dendrites within one 
dendrite bundle. Therefore, only a qualitative assessment of dendrite btmdles was 
possible. 

Growth of motoneurons 

Brink et al . [2 1 ]  studied the diameters of motoneuronal somata of back muscles 
in adult rats. They reported an average value of soma diameters of back muscle 
motoneurons in adult rats of 33-38 J..UTI. Furthennore, they fmmd an unimodal 
distribution of motoneuronal sizes and no differences were detected between the 
populations of multifidus and longissimus motoneurons on the basis of cell size. 
These observations are in agreement with our results in normal developing rats. 
We also observed a tmimodal distribution and this could be caused by a large 
overlap in size distributions of alpha and gamma motoneurons. Alternatively, 
retrograde labelling with CTB could be superior in alpha motoneurons, because 
of a different distribution of surface gangliosides on the axons of alpha 
motoneurons compared to gamma motoneurons. Still another reason could be that 
CTB reaches the gamma nerve fibre terminals only insufficiently because tl1ese 
tenninals are encapsulated.  Developmental changes of the somal size of 
motoneurons of the long back muscles were not yet described. The size of these 
motoneurons increases mainly tmtil P9. Thereafter, somal sizes increase much 
less. Similar changes in somal size were observed in the soleus and tibialis 
anterior motoneuronal pools by Westerga and Gramsbergen [ 1 74]. These authors 
reported a considerable increase of somal sizes between P8 and PIO .  
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Dendrite bundles 

Since the observation of dendrite bundles in the spinal cord of kittens and adult 
cats by the Scheibels in the 1970's, several theories were developed concerning 
the functional significance of dendrite bundles (for review see [141]). It was 
suggested that dendrites in bundles are coupled by electrotonic dendro-dendritic 
junctions and that these junctions could be important for synchronizing the 
activity of motoneurons. Such synchronization might be useful for simultaneous 
activation of motoneurons located in different spinal cord segments but 
innervating the same muscle. Westerga and Gramsbergen [174] suggested that 
due to different cable properties of the dendrites and different distances to the 
somata the effect of electrotonic coupling is scaled. The net effect of such 
coupling could then be a desynchronization of motor units, which leads to a fused 
tetanus even at low levels of activation. It was also suggested that reciprocal 
excitation via electrotonic dendro-dendritic connections could maintain 
circulation of neuronal firing [141]. Alternatively, dendrite bundles in the spinal 
cord could serve as location for receiving specific supraspinal input. 

Scheibel and Scheibel [145] were the first, who related the development of 
dendrite bundles to transformations in motor behaviour. In kittens, dendrite 
bundles begin to develop at the end of the second week, when the kittens first 
show some capability for weight bearing on their hind limbs when they start 
walking. Both, the bundles and the behavioural repertoire are fi.tlly developed 
after 4 or 5 months. The Scheibels suggested, that dendrite bundles could be the 
structural basis of the central program for reciprocal activity. In rats dendrite 
bundles in the pools of the soleus muscles develop at P16 [174], but interlimb 
coordination can be observed already from birth [12,13]. The longitudinal 
dendrite bundles in the motoneuronal pools of the long back muscles develop 
gradually from P4. From P6, the motoneuronal pool is characterized by strong 
longitudinal and transversal bundles. This is several days before rhythmic activity 
can be observed in the back muscles EMG [ 61]. Thus, a role of dendrite bundles 
in the generation of motor patterns in the rat is rather unlikely. 

Westerga and Gramsbergen [174] suggested that dendrite bundles could have a 
specific function in the activation of postural muscles. Their hypothesis was 
supported by a study in which the occurrence of dendrite bundles was inventoried 
in 21 muscles. Grams bergen et al. [7l] showed that dendrite bundles are confined 
to motoneuronal pools of muscles which have postural tasks. Whereas the 
development of dendrite bundles in the motoneuronal pool of the soleus muscle 
parallels the EMG development in tllis muscle [174,176], in the long back 
muscles, the development of dendrite bundles is complete before rats are able to 
stand and walk and before major changes occur in the EMG development 
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[60,6 1 ] .  Therefore, dendrite bundles are probably not essential to basic postural 
control mechanisms, but rather they fimction in the activation of postural muscles. 
This is in agreement with Anderson and Bennett (5], who showed that they act as 
substrate for descending supraspinal axons. 

The hypothesis, that the dendrite bundles are only involved in the activation of 
postural muscles was further supported by our results on the- effects of vestibular 
deprivation. We did not observe any retardation in the occurrence of dendrite 
bundles in vestibularly deprived rats, although their postural development was 
d�layed by 3-5 days [58,59] . Already at P7, strong dendrite bundles were 
observed. Between P 1 5  and P18, both in respect to motor development and in 
respect to EMG development, important differences were observed between 
control rats and vestibularly deprived rats, but no differences could be detected in 
the organization of dendrites .  

It was suggested that dendrite btmdles develop by virtue of a reorganization of 
dendrites rather than by outgrowth of new branches [ 1 7  4] . Grams bergen et al. 
[67,70] found strong indications, that supraspinal input and muscular factors 
influences this reorganization. Blocking the neuromuscular connections by a
bungarotoxin between P8 and P 1 8  only leads to a retarded development of 
dendrite bundles in the soleus motoneuronal pool, but a total spinal cord 
transection at PI 0 abolishes the development of longitudinal dendrite bwtdles 
altogether. The present study showed that partial deprivation from vestibular 
input does not interfere with the development of dendrite bundles. Either the 
vestibulospinal tract does not induce the development of dendrite bundles or the 
manipulation we applied was not sufficiently drastic to stop this development. 
Alternatively, other descending systems could lead to the development of dendrite 
bundles. Anderson and Bennett [5] demonstrated that supraspinal neurons 
containing serotonin, norepinephrine and thyreotrophic hormones specifically 
innervate motoneuronal columns with dendrite btmdles. Identification of these 
projections and of other supraspinal projections to dendrite bundles is the topic of 
our current research. 

Conclusion 

. Dendrite bundles in the motoneuronal pools of the long back muscles develop 
already from P4 and at P6 strong longitudinal and transversal bundles can be 
observed. Vestibular deprivation from P5 does not affect the development of 
dendrite bundles. In view of previous results from Westerga and Gramsbergen 
[ 1 74] and Gramsbergen et al . [7 1 ] , this implies that dendrite bundles are 
specifically involved in the activation of postural muscles rather than in postural 
control. 
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General Discussion 

Which role does the vestibular system play in the development of postural 

control? 

Technique and timing of vestibular deprivation 

We studied the effects of vestibular deprivation on motor development by 
plugging the horizontal semicircular canals either unilaterally or bilaterally with 
gutta percha. Plugging the semicircular canals deprives the rats from the input of 
these canals without damaging the vestibular neurons .  Rats were operated at P5 
which is before important changes in postural and motor development are 
observed and at P16  which is when most of the adult motor patterns have 
developed (chapter 3). The most conspicuous effects were observed after bilateral 
vestibular deprivation from P5 . Therefore, in the EMG study (chapter 6) and in 
the study on the development of ·dendrite bundles (chapter 7), we studied only 
rats which were bilaterally deprived at P5 . 

After vestibular deprivation from P16, the adult properties of movement 
patterns are only slightly disturbed for about two days. This finding suggests that 
the vestibular system of 1 6-day-old rats reacts similarly to that of adult rats. 
Vestibular deficits at adult age can be compensated quickly by changing the 
behavioural strategies [36] . 

The vestibular system and the development of postural control 

At adult age, postural control is dependent upon inputs from the visual, 
vestibular, proprioceptive, and exteroceptive sensory systems. The different 
sensory inputs have specific postural functions, which are only partly redundant 
[ 4] . This implies that well adapted sensory-motor integration of the different 
systems is a prerequisite for normal postural functioning. During development� 
the sensory systems and the output systems, such as descending tracts, 
motoneurons and muscles, develop simultaneously, which complicates the 
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analysis of the role of one specific system. Little is known on the development of 
the integration of these systems. 

In adult humans, deficient vestibular input to postural muscles can be 
compensated by somatosensory and visual infonnation [44,83,84,120] .  Also in 
children between 7 and 1 2  years of age, peripheral vestibular disorders are not 
associated with abnormal motor co-ordination [85] . However, it was suggested 
that early vestibular deficits (congenital or acquired at an early developmental 
stage) could delay motor development [91 ,92, 13  5 , 16  7, 1 68] . Our studies in ymmg 
rats clearly demonstrate that a vestibular deficit from the 5th day causes a delay 
in the development of postural control which is characterized by a retarded EMG 
development in postural muscles in the trunk. Probably, the developing nervous 
system is not able to compensate for vestibular deprivation at this stage. Reasons 
for that can be the immaturity of other sensory systems [49] or immahrrity of the 
integrative capacities of the central nervous system with regard to other sensory 
input. 

Studies on the development of poshtral ftmctions of the sensory systems and 
their integration are sparse. Woollacott et al. studied sitting and standing children 
between 3 .5 month and 1 0  years [ 1 77] . Vision was not required for the activation 
of postural responses in any of the age groups tested. In 2- to 3-year-old 
children, visual input even increases latencies of postural responses in the 
muscles. This finding suggests visual dominance in poshrral control at this age. 
Visual dominance in posrural control was also found by Lee and Aronson [ 103] 
in children of 13 - 16  month and by Brandt [ 1 9] in 2-to-5-year-old children during 
quiet stance. At about 7 years, the visual, vestibular and proprioceptive inputs are 
integrated to a considerable degree [ 1 77], but even at 1 5  years integration has not 
yet reached adult levels [8 1 ] .  

Nothing is known in the rat concerning changes in the sensitivity of the 
different sensory systems and the integration of these systems throughout 
development. However, our studies show that vestibular input is necessary for 
normal development of EMG activity in postural muscles, which is the final 
common pathway of the posttrral control system. It seems that a certain degree of 
postural control is necessary for particular movement patterns to develop. 
Stability of the trunk, for instance, is a requisite for the adult type of locomotion. 
On the other hand, postural control continues to develop even after the adult type 
of overground locomotion has developed. Fine ttming of activity in the trunk 
muscles occurs only after P20 (chapter 6 ,  [67 ,68]) .  
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What are the effects of vestibular deprivation on motor development? · 
In rats, major changes in motor development occur within the first three 

postnatal weeks (chapter 3).  Until P4 or P5, neonates are unable to lift their trunk 
from the floor and the only indication for postural activity is head lifting. From P8 
onwards, rats are able to stand and to raise their ventral body surface from the 
floor, but until Pl2-Pl3  walking remains staggering. Motor acts, such as 
grooming and rearing with support from the wall, start to develop in this period. 
Between P l 2  and P l 6, the immature and clumsy motor patterns change into their 
adult counterparts, which are characterized by fluency and effectiveness . 
Vestibular deprivation from P5 leads to a marked retardation of the development 
of these movement patterns (chapter 5) .  We suggested that deficient vestibular 
input during development may cause a developmental delay in trunk stabilization 
and back muscle coordination, which in turn probably causes a retarded motor 
development. This hypothesis was supported by studies on the development of 
back muscle activity in normal rats and after vestibular deprivation. 

Important developmental changes in the EMG of the long back muscles occur 
simultaneously with the behavioural development (chapter 4 ). The EMG of the 
long back muscles in normal rats changes gradually from irregular and spiky at P6 
towards a regular interference pattern at P 15 .  Also the general activity level 
increases in this period. From Pl l ,  phasic activity is superimposed on tonic 

, background activity. Similar changes occur also in EMG activity in the back 
muscles after vestibular deprivation from P5 (chapter 6). Important differences, 
however, were observed in relation to partictdar movement patterns. From P l 5, 
normal rats show a consistent relation between increasing activity in the long 
back muscles and the swing phase of the hind paws during locomotion. In 
contrast, the EMG of vestibularly deprived rats shows inconsistent phasic activity 
in relation to the swing phase even at P16 .  Swing phases are accompanied by 
bursts in the longissimus muscles, which, however, are not yet precisely timed to 
the swing phases . Only from Pl 8, vestibularly deprived rats show a consistent 
relation between increasing activity in the back muscles and the step cycle of the 
hind paws. The finding that vestibular deprivation causes a developmental delay 
in the activation of the long back muscles support the hypothesis that inadequate 
stabilization of the trunk causes the delay in motor development. 

In normal rats, developmental changes in the EMG of the trunk muscles still 
can be "observed after P15  (chapter 6, [67,68]). The coupling of maximal activity 
in the LL to the swing phase of one of the hind paws develops until P24 . 
Probably, appropriate tuning of maximal activity in the long back muscles is 
particularly necessary in conditions that require more complex postural 
adjustments, such as those, which are necessary to descend ladders or to jump 
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across a cleft. We did not study these movement patterns,  but the development of 
such patterns is not even finished at P20 in nonnal rats [3] .  In vestibularly. 
deprived rats, activity patterns in the long back muscles remain highly variable 
until P28.  Only from P42, we detected a consistent pattern in three rats. However, 
two other rats still showed variable activity patterns. 

Altogether, vestibular deprivation from P5 causes a delayed development of 
activation patterns in the long back muscles, which leads to an insufficient 
stabilization of the trunk. Tlus probably is causal to the retardation of motor 
development. 

Does vestibular deprivation have consequences for the maturation of 

motoneurons innervating postural muscles? 

In the rat, dendrite bundles are confined to motoneuronal pools of trunk 
muscles and antigravity muscles in the extremities . This suggests that dendrite 
bundles fulfill a particular role in pools of postural muscles [7 1 ] .  Longitudinal 
dendrite bundles in the rat's soleus muscle occur only from P16  [ 174] . Results in 
that study point also towards a postural role of dendrite bundles rather than a 
function in generating locomotor patterns. We studied whether the development 
of dendrite bundles in the motoneuronal pools of the long back muscles is related 
to the development of posture. To this, these pools were investigated by 
retrogradely labelling with CTB during postural development of normal rats and 
of rats after vestibular deprivation from P5 (chapter 7). In both, normal and 
vestibularly deprived rats, longitudinal dendrite btmdles in the pools of back 
muscle motoneurons are established before major changes occur in the 
development of EMG activity in the long back muscles and in motor 
development. 
Even from P15  till P 18, when major differences are observed in motor behaviour 
and muscle activity between both groups of rats, no differences can be detected in 
the motoneuronal pools. Thus, although dendrite bundles are characteristic to 
motoneuronal pools of muscles with postural ftmctions, a delay in the 
development of postural control by vestibular deprivation does not interfere with 
their development. This implies that dendrite btmdles are specifically involved in 
the activation of postural muscles rather than in postural control. 
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Clinical implications 

Vestibular deficits occurring during early development can be compensated to 
a considerable degree in adolescence [46,9 1 ,92, 135 , 1 58] . Therefore, this field 
has attracted little attention in clinical practice and research. Our study in rats 
shows that vestibular deprivation from P5 causes a delay in postural 
development. It is reasonable to suppose that also in children, vestibular deficits 
will retard postural development. Besides their effects on motor development, 
such a delay in postural development will also influence perceptive and cognitive 
development and verbal and non-verbal communication [20,56, 1 78] . Prevention 
of vestibular deficits and early causal or symptomatic treatment of such deficits 
may limit tmfavourable effects. 

A review of several studies [77] indicates differences in the incidence of 
aminoglycoside-induced ototoxicity, ranging between 0% and 36%. Highest 
incidences were observed, when also vestibular function was tested. Several 
studies show that vestibulotoxicity occurs up to three times as frequently as 
cochleotoxicity. Whether tl1is is also true for otl1er ototoxic drugs, such as 
erythromycin and cisplatinum, remains to study. Generally, only audiologic tests 
are carried out after the application of ototoxic drugs in children and, therefore, 
vestibular deficits will often remain unrecognized. Nevertheless, these deficits 
can delay motor development, as was suggested by several authors 
[9 1 ,92, 1 35 , 167 , 1 68] and as we showed in rats. Ototoxic drugs, therefore, should 
be applied very cautiously. Special care should be applied to children with 
impaired renal function, because ototoxicity increases with the blood level of the 
drug. 

An effective therapy of vestibular deficits is not available at present. Careful 
analysis of the symptoms might help to design an adequate symptomatic 
treatment. Our study indicates that a vestibular deficit causes a delay in postural 
development. Possibly such a delay in htunan infants can be reduced by training 
of postural behaviour. Recently, Hadders-Algra et al. [75] showed that training 
accelerates postural development in healthy infants. Whether training is also 
effective in children with postural deficits remains to be investigated. Vestibular 
stimulation also accelerates motor development [97 , 104, 127, 128] .  However, still 
nothing is known neither concerning the mechanisms of this effect, nor whether 
such stimulation is effective in patients with vestibular deficits . Research in 
animals can help to elucidate these mechanisms and to study wether vestibular 
stimulation is effective in animals with vestibular dysfunction. 
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Suggestions for further research 

Besides research questions which emerge from the clinical backgrmmd of tlus 
study, our neuroanatomical and neurophysiological findings also leads to 
questions for further research. 

The development of posture parallels that of locomotion (chapter 3, [ 1 73]). 
The same holds true for the development of the postural tnmk muscles and the 
muscles in the hind legs (chapter 4, [67, 1 75 , 176]). We proposed that a certain 
stage of postural control is a requisite for the development of locomotion. To 
further elucidate this problem studies on the coordination of posture and 
locomotion are needed. Gramsbergen and colleagues initiated such studies in 
which EMG activity in leg and back muscles are recorded simultaneously. 

In this thesis, only the effects of deprivation of the input from the horizontal 
semicircular canals were studied. This study should be complemented by a study 
into the effects of deficient input from the other semicircular canals and from the 
otolithic part of the vestibular system. Furthennore, studies on the role of the 
other sensory systems e .g. the visual system on postural and motor development 
and their integration should complete our understanding of postural development. 

Finally, the specific ftmction of dendrite btmdles in· the spinal cord still remains 
unsolved. Our study shows, that deficient postural control is not reflected in 
changes in dendrite btmdles . Therefore, dendrite bundles probably have a role iri 
receiving supraspinal input ratl1er than in regulating the activation of postural 
muscles. It was suggested tl1at they are related to specific afferent input 
[5,7 1 ,  1 74] . To elucidate the ftmctional significance of dendrite bundles and the 
role of such inputs, electrophysiological investigations are needed. 

Conclusion 

Early vestibular deprivation causes a delay in the development of postural 
control which is characterized by a retarded EMG development in postural 
muscles. This delay probably leads to a retarded motor development. The 
developing nervous system is not able to compensate for vestibular deprivation. 
Reasons for that can be the immaturity of other sensory systems [49] or of the 
central nervous system itself. 
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Summary 

Humans perceive their environment by means of sensory organs. In contrast to 
the senses vision, hearing, smell, taste and touch, the vestibular sense only comes 
to awareness when it is not functioning properly. Then we feel giddy, or queasy, 
or we even may fall .  Mostly these symptoms disappear after some time. 

Vestibular disorders may also occur in children. Sometimes, they are part of 
complex congenital disorders, but they can also be acquired after infections or as 
side effects of dmgs. In several clinical observations, it was suggested that 
vestibular loss or sub-optimal functioning of the vestibular system during early 
childhood leads to a retardation of motor development. Considering the important 
role of the vestibulum in postural control, the delay in motor development may be 
caused by a delay in postural development. The aim of this thesis is to verify this 
hypothesis in animal research. In this research, behavioural observations were 
combined with measurement of muscle activity (electromyography or EMG) and 
microscopical studies on neurons of the spinal cord, innervating postural muscles. 
The following questions will be addressed: 
1 .  Which role does the vestibular system play on the development of 

postural control? 
2. What are the effects of vestibular deprivation on motor development? 
3 .  Does vestibular deprivation have consequences for the maturation of 

motoneurons innervating postural muscles? 
After a general introduction of the scope of the study (chapter 1 ), a short 

swnmary is  given of data on the development of the vestibular system in hwnans 
and rats (chapter 2). 

In chapter 3 ,  the postural development is described in normal rats . Rats are 
born at an early stage of brain development. Most movement patterns develop 
during the first 2-3 weeks after birth. From the 8th day onwards, rats are able to 
stand and to raise their body from the floor, but tmtil the 12th-13th day walking 
remains staggering. At. the 1 5th day all rats are able to walk smoothly and to 
perfonn fluent, adult-like movement patterns. Our observations indicate that 
stabilization of the trunk is an important factor for these changes in movement 
patterns to occur. 

The EMG-study on the development of back muscle activity (chapter 4) further 
supports this hypothesis. Until the 8th day the general activity level of the EMG 
in these muscles is low and the EMG is irregular and spiky. From the 1 1 th day 
this pattern changes gradually. The EMG becomes regular, the general activity . 
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level of the long back muscles increases and tonic background activity emerges. 
From this age, the back muscles contract rhythmically in phase with locomotion. 
But only from the 1 5th day, a burst in the long back muscles consistently 
accompanies the swing phase of the left or right hind paw. The fine tuning in the 
modulation of the amplitudes of the bursts only reaches adult characteristics at 
about 4 weeks of age. 

In chapter 5, the effects of vestibular deprivation on the postural development 
in rats were described. The horizontal semicircular canals were uni- or bilaterally 
plugged at the 5th or at the 1 6th day. Vestibular deprivation from the 5th day led 
to a clear delay in motor development. Whereas the development of groorning is 
retarded by one or two days, the adult type of fluent locomotion develops about 
three or 4 days later and rearing (standing on the hind paws) is even retarded by 5 
days. In contrast, vestibular deprivation from the 1 6th day only leads to a slight 
disturbance in the movement patterns for about two days. 

To answer the question, whether the retardation in motor development is 
caused by a retardation in postural development, the EMG development was 
studied in bilaterally deprived rats, operated at the 5th day (chapter 6). The 
results indicate that the development of activity in the long back muscles is, 
indeed, retarded in vestibularly deprived rats . A precise temporal tuning of 
activity and hind paw movement during locomotion can only be observed from 
the 1 8th day. The fine tuning of the amplitudes of the bursts during walking is 
even more affected. Even at 40 days of age, not all vestibularly deprived rats have 
yet developed the normal pattern of activation. The conclusion that the deficient 
input from the labyrinth causes a delayed development of activity in the back 
muscles supports the hypothesis, that a lack of tnmk stabilization causes a 
retarded motor development. 

In chapter 7 ,  it was described wether vestibular deprivation also has 
consequences for the maturation of motoneurons innervating postural muscles. 
Previously, it was shown that particular motoneurons are coupled by so-called 
dendrite btmdles. Such btmdles consist of dendrites, coursing in parallel for 
several hundred of micrometers and less than one diameter separated. It was 
suggested that these bundles play a specific role in the·. motoneuronal pools of 
postural muscles. In the motoneuronal pools of the long back muscles, dendrite 
bundles occur in �edio-lateral direction at the first day after birth. The first 
longitudinal dendrite bundles occur from the 4th day. Between the 6th and 9th 
day, these longitudinal dendrite btmdles are most prominent. Thereafter also 
dendrites develop which course in ·other directions. This result implies that 
longitudinal dendrite bundles are established before major changes occur in the 
development of EMG activity in the long back muscles and in motor 
development. We were surprised to find that the development of dendrite bundles 
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does not differ between normal and vestibularly deprived rats . Even from the 1 5th 
till the 1 8th day, when major differences are observed in motor behaviour and 
muscle activity between normal and vestibularly deprived rats, no differences can 
be detected. Thus, although dendrite bundles are characteristic to motoneuronal 
pools of muscles with postural functions, a delay in the development of postural 
control by vestibular deprivation does not interfere with their development. This 
implies that dendrite bundles are specifically involved in the activation of postural 
muscles rather than in postural control. . 

In chapter 8, experimental findings of this thesis are discussed in respect of the 
research questions. Early vestibular deprivation causes a delay in the 
development of postural control which is characterized by a retarded EMG 
development in postural muscles. This delay probably leads to a retarded motor 
development. The developing nervous system at tllis stage is not able to 
compensate for vestibular deprivation. The message to clinicians is that they 
should be aware of possible vestibular disprders in congenital syndromes, or after 
infections or application of ototoxic drugs, and of the effects of these disorders on 
motor development. 



Samenvatting 

De mens neemt zijn omgeving waar met bebulp van zintuigen. De infonnatie 
van bet evenwicbtsorgaan worden wij ons aileen bewust, als dat orgaan niet goed 
werkt, dit in tegenstelling tot ons gezicbtsvennogen, bet geboor, de reuk, de 
smaak en de tastzin. Indien bet evenwicbtsorgaan niet goed werkt worden wij 
duizelig, rnisselijk of we vall en zelfs. Meest� verdwijnen deze symptom en na een 
korte tijd. 

Ook bij kinderen komen evenwicbtsstoomissen voor. Ze kunnen deel van een 
complexe, aangeboren stoomis zijn of ze kunnen ontstaan door infecties of 
bijwerkingen van bepaalde medicijnen. In diverse klinische studies werd 
gesuggereerd dat een aangeboren evenwicbtsstoomis of een evenwicbtsstoomis 
die vroeg na de geboorte ontstaat de motorische ontwi�eling vertraagt. Als men 
in aanrnerking neemt dat houdingscontrole een van de twee hoofdfuncties van bet 
evenwicbtsorgaan is, ligt de suggestie voor de hand dat de motoriscl1e 
ontwikkeling vertraagd is als gevolg van een vertraagde houdingsontwikkeling. In 
dit proefschrift wordt deze hypothese bestudeerd met behulp van 
dierexperimenten. Gedragsobservaties werden gecombineerd met metingen van 
spieractiviteit (electromyografie of EMG) en met microscopisch onderzoek naar 
motoriscbe zenuwcellen in bet ruggemerg. De volgende vragen zullen 
beantwoord worden: 
1 .  Welke rol speelt bet evenwicbtsorgaan bij de ontwikkeling van houding? 
2. Wat zijn de gevolgen van een uitschakeling van bet evenwichtsorgaan op 

de motorische ontwikkeling? 
3 .  He eft de uitschakeling van bet evenwichtsorgaan ook invloed op de 

ontwikkeling van de motoriscbe zenuwcellen in het mggemerg, die de 
boudingsspieren verzorgen? 
Na een algemene inleiding in de achtergronden van dit proefschrift (hoofdstuk 

1 )  wordt een sam en vatting van de literatuur over de ontwikkeling van het 
evenwichtsorgaan bij de mens en bij de rat gegeven (hoofdstuk 2). 

In hoofdstuk 3 wordt de houdings.ontwikkeling van nonnale ratten bescbreven. 
Ratten worden reeds op een vroeg moment van hun ontwikkeling geboren. De 
meeste bewegingspatronen ontstaan pas in de tweede en deerde week na de 
geboorte. Vanaf de 8ste dag kunnen ratten staan en de eerste stappen doen, maar 
tot de 13de- 14de dag lopen ze nog onzeker. Omstreeks de 1 5de dag vertoilen aile 
ratten vloeiende en elegante bewegingen, zoals die ook bij bet volwassen dier 
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gezien kunnen worden. Deze resultaten duiden erop dat de stabilisatie van de 
romp essentieel is voor deze ontwikkeling. 

Het EMG-onderzoek (hoofdstuk 4) waarin de ontwikkeling van de activiteit in 
de lange rugspieren gemeten werd, ondersteunt deze hypothese. Tot de 8ste dag 
is het algehele activiteitsniveau laag en bovendien onregelmatig. Na de l l de dag 
verandert het patroon geleidelijk. Het EMG wordt regelmatiger, het 
activiteitsniveau neemt toe en er ontstaat achtergrond activiteit. Vanaf deze 
leeftijd zijn de spieren ritmisch actief tijdens het lopen, maar pas vanaf de 1 5de 
dag is de tijdsrelatie tussen pootbeweging en activiteit in de rugspieren zo als bij 
volwassenen dieren. De precieze afstemming van de maximale activiteit in de 
rugspieren tot de pootbewegingen is pas met 4 weken bereikt. 

In hoofdstuk 5 werden de gevolgen op de houdingsontwikkeling beschreven 
van een kunstmatige afsluiting van het evenwichtsorgaan. Daartoe werden de 
horizontale booggangen van enkele ratten op de 5de en op de 16de dag 
afgesloten. Na een afsluiting op de 5de dag ontwikkelen de bewegingspatronen 
zich vertraagd. Het poetsgedrag van geopereerde ratten ontstaat pas een dag later, 
ze lopen pas 3-4 dagen later en ze kunnen pas 5 dagen later dan controle ratten 
zonder steun op hun achterpoten staan. De op de 1 6de dag geopereerde ratten 
vertonen maar gedurende een korte tijd een verstoring van hun bewegingen. 

Om de vraag te beantwoorden, of de vertraagde motorische ontwikkeling 
inderdaad door een vertraging van de houdingsontwikkeling veroorzaakt wordt, 
werd de EMG-ontwikkeling bestudeerd van ratten die op de 5de dag tweezijdig 
geopereerd waren (hoofdstuk 6). De bevindingen tonen aan dat de EMG
ontwikkeling vertraagd verloopt in de lange rugspieren van die ratten. Een 
volwassen tijdsrelatie tussen de activttett in deze spieren en 
achterpootbewegingen wordt pas vanaf de 1 8de dag gevonden. De afstemming 
van de maxima in de activiteit bij bewegingen van de linker, respectievelijk 
rechter achterpoot is nog sterker vertraagd. Zelfs met 40 dagen hebben niet aile 
ratten met een evenwichtsstoornis het normale activeringspatroon in het EMG 
ontwikkeld. De bevinding dat een gebrek aan informatie of abnormale informatie 
uit het evenwichtsorgaan een vertraging in de ontwikkeling van de activiteit in de 
lange rugspieren veroorzaakt, ondersteunt de hypothese dat de motorische 
ontwikkeling vertraagd wordt doot een gebrekkige stabilisatie van de romp. 

In hoofdstuk 7 wordt beschreven of de evenwichtsstoornis ook de 
ontwikkeling bemvloedt van de zenuwcellen die de rugspieren innerveren 
(motoneuronen). Uit de literatuur is bekend dat de dendrieten (zenuwuitlopers die 
infonnatie ontvangen) van motoneuronen btmdels vormen, zogenaamde 
dendrietbtmdels. Dendrietbundels bestaan uit parallel verlopende dendrieten die 
enkele honderden micrometers lang op een onderlinge afstand van minder dan de 
doorsnede van een dendriet verlopen. Men vermoedt dat deze bundels een 
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bijzondere fysiologische betekenis hebben in de motoneuronale pools van 
houdingsspieren. In de motoneuronale pools van de lange rugspieren vindt men 
op de eerste levensdag aileen dendrietbundels in dwarsrichting met betrekking tot 
het ruggemerg. De eerste dendrietbtmdels in de lengterichting ontstaan op de 4de 
dag. Tussen de 6de en de 9de dag zijn de dendrietbundels  in de lengterichting het 
duidelijkst waarneembaar en daarna ontstaan ook nog bundels in andere 
richtingen. Dendrietbundels in de lengterichting hebben zich dus al ontwikkeld 
v66rdat belangrijke veranderingen in de spieractiviteit en in de motorische 
ontwikkeling geobserveerd kunnen worden. Tot onze verbazing vonden we geen 
verschillen in de ontwikkeling van dendrietbundles tussen ratten met en zonder 
evenwichtsstoornis. Ook op de leeftijd tussen 1 5  en 1 8  dagen, de periode waarin 
duidelijke verschillen in de spieractiviteit en in het gedrag gevonden worden 
tussen normale ratten en ratten met een evenwichtsstoornis, vonden we geen 
verschillen. Kortom, hoewel dendrietbtmdels aileen in de motoneuronale pools 
van de houdingsspieren voorkomen heeft een vertraagde houdingsontwikkeling 
geen consequenties voor de ontwikkeling van de dendrietbtmdels. Deze bevinding 
suggereert dat dendrietbundels eerder een rol in de activering van 
houdingsspieren spelen dan in de controle van houding. 

In hoofdstuk 8 worden de resultaten van dit proefschriftonderzoek in het kader 
van de onderzoeksvragen besproken. Abnormale infonnatie uit het 
evenwichtsorgaan veroorzaakt een vertraagde ontwik.keling van de 
houdingscontrole, zeals aangetoond werd in het onderzoek naar de EMG
ontwikkeling. Deze vertraging heeft waarschijnlijk een vertraagde motorische 
ontwikkeling tot gevolg. Het zich ontwikkelende zenuwstelsel op deze vroege 
leeftijd is niet in staat te compenseren voor de stoomis in het evenwichtsorgaan. 
Klinisch werkende artsen dienen zich bewust te zijn van de mogelijkheid dat een 
aangeboren of verworven evenwichtsstoomis deze consequenties voor de 
motorische ontwikkeling kan hebben. 



Zusammenfassung 

Der Mensch nimmt seine Umgebung mit Hilfe der Sinnesorgane wahr. Im 
Gegensatz zu Sehen, Horen, Riechen, Schmecken und Fiihlen, merken wir den 
Gleichgewichtssinn · nur dann, wenn das Gleichgewichtsorgan nicht gut 
funktioniert. Dann ist uns schwindlig oder schlecht oder wir fallen bin. Meistens 
verschwinden diese Symptome nach einer Weile wieder. 

Auch bei Kindem kommen Gleichgewichtsstorungen vor. Sie konnen Teil 
eines komplexen, angeborenen Syndroms sein oder durch Infektionen oder 
Nebenwirktmgen bestimmter Medikamente erworben werden. Verschiedene 
Autoren vermuteten, daB eine fiiihzeitig vorliegende Beschadigung des 
Gleichgewichtsorganes die motorische Entwicklung verzogert. Bedenkt man, daB 
die Haltungskontrolle eine der heiden Hauptaufgaben des Gleichgewichtsorganes 
ist, liegt die Vermutung nahe, daB die verzogerte motorische Entwicklung durch 
eine verzogerte Haltungsentwicklung verursacht wird. Die vorliegende Arbeit 
untersucht diese Hypothese im Tierexperiment. Dabei wurden 
Verhaltensbeobachtungen mit Messungen der Muskelaktivitat 
(Elektromyographie = EMG) und mit mikroskopischen Untersuchungen der 
motorischen Nervenzellen im Ri.ickenmark kombiniert. Folgen�e Fragen sollen 
beantwortet werden: 
1 .  Welche Rolle spielt das Gleichgewichtsorgan bei der 

Haltungsentwicklung? 
2 .  Welche Auswirkungen hat die Ausschalttmg des Gleichgewichtsorganes 

auf die motorische Entwicklung? 
3 .  Hat die Ausschaltung des Gleichgewichtsorganes auch Auswirkungen auf 

die Entwickltmg der motorischen Nervenzellen, die die Haltungsmuskeln 
versorgen? 
N ach einer allgemeinen Einfi.Urrung in die Hintergri.inde der Arbeit (Kapitel 1 ), 

wird eine Zusammenfassung bekannter Daten tiber die Entwicklung des 
Gleichgewichtsorganes des Menschen und der Ratte gegeben (Kapitel 2). 

In Kapitel 3 wird die Haltungsentwicklung normaler · Ratten beschrieben. 
Ratten werden zu einem sehr fiiihen Zeitpunkt ihrer Entwicklung geboren. Die 
meisten Bewegungsmuster entstehen erst im Laufe der ersten 2-3 Wochen nach 
der Geburt. Ab dem 8. Lebenstag konnen Ratten ihren Rumpf anheben, stehen 
und die ersten Schritte laufen. Bis ztun 1 2 ./13 .  Tag laufen die Tiere jedoch 
unbeholfen. Mit etwa 1 5  Tagen zeigen aile Ratten fli.issige und elegante 
Bewegtmgsmuster, wie man sie auch bei erwachsenen Tieren beobachten kann. 
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Die Beobachtungen weisen darauf hin, daB die Stabilisienmg des Rumpfes fur 
diese Entwicklung besonders wichtig ist. 

Die EMG-Studie (Kapitel 4 ), in der die Entwicklung der Aktivitat in den 
Iangen Ri.ickenmuskeln beschrieben wird, tmtersti.itzt diese Hypothese. Bis zum 8. 
Lebenstag ist das allgemeine Aktivitatsniveau niedrig. Die Aktivitat ist 
unregelmaBig. Nach dem 1 1 .  Lebenstag verandert sich das Muster Iangsam. Das 
EMG wird gleichmaBiger, das Aktivitatsniveau nimmt zu und es entsteht 
Hintergnmdaktivitat. Wahrend des Laufens sind die Muskeln rhythmisch aktiv. 
A her erst ab dem 1 5 .  Tag ist die zeitliche Abstimmung von Pfotenbewegung tmd 
Muskelaktivitat in den Riickemnuskeln wie bei erwachsenen Tieren. Die 
Feinabstimmung der maximalen Aktivitat ist erst im Alter von 4 Wochen erreicht. 

Im 5 .  Kapitel werden die Wirkungen einer Beschadigtmg des 
Gleichgewichtsorganes auf die Haltungsentwicklung bescluieben. 
Daftir wurden die horizontalen Bogengange einiger Ratten am 5 .  oder 1 6. 
Lebenstag verschlossen. Nach Unterbrechtmg am 5 .  Tag entwickelten sich die 
Bewegungsmuster verzogert. Operierte Ratten putzen sich erst einen Tag spater, 
die Tiere konnen 3-4 Tage spater als normale Ratten laufen und erst 5 Tage 
spater olme Unterstiitztmg auf den Hinterpfoten stehen. Am 1 6. Leben stag 
operierte Ratten zeigten nur eine kurzzeitige St6nmg ihrer Bewegungen. 

Urn die Frage zu beantworten, ob diese Verzogenmg der motorischen 
Entwicklung wirklich durch einer Verzogenmg der Haltungsentwicklung 
verursacht wird, wurde die EMG-Entwickltmg am 5 .  Lebenstag beidseitig 
operierter Ratten untersucht (Kapitel 6). Die Beft.mde zeigen, daB die 
Aktivitatsentwickltmg in den Iangen Riickenmuskeln in gleichgewichtsgest6rten 
Ratten verzogert ist . Eine prazise Abstinunung von Aktivitat und 
Hinterpfotenbewegtmg wird erst ab dem 1 8 . Lebenstag beobachtet. Die 
Feinabstimmung zwischen maximaler Aktivitat und Hinterpfotenbewegung ist 
noch starker beeintrachtigt. Selbst im Alter von 40 Tagen haben nicht aile Ratten 
mit einer Gleichgewichtsstonmg das nonnale Aktivienmgsmuster im EMG 
entwickelt. Der Beft.md, daB die fehlende Infonnation aus dem 
Gleichgewichtsorgan eine verzogerte Entwicklung der Aktivitat der Iangen 

Riickenmuskeln venrrsacht, tmtersti.itzt die Hypothese, daB die motorische 
Entwicklung durch mangelnde Rumpfstabilisienmg verzogert wird. 

In Kapitel 7 wird bescluieben, ob die Gleichgewichtsst6nmg auch 
Auswirkungen auf die Entwickltmg der N ervenzellen hat, die die Riickenmuskeln 
versorgen. Aus der Literatur ist bekaiUlt, daB die Dendriten (Fortsatze der 
Nervenzellen, die Infonnationen aufnelunen) einiger motorische Nervenzellen 
sogenannte Dendritenbiindel fonnen. Von Dendritenbiindeln spricht man, wenn 
Dendriten iiber einige hundert Mikrometer parallel zueinander verlaufen in einem 
Abstand kleiner als der Durclunesser eines Dendriten. Man vennutet, daB diese 
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Bunde) erne besondere Rolle in den Nervenzellgruppen spielen, die die 
Haltungsmuskeln versorgen. In den Nervenzellgruppen der Iangen 
Riickenmuskeln werden am 1 .  Lebenstag nur Dendritenbiindel quer zum 
Riickenmark gefunden. Die ersten Dendritenbiindel in Uingsrichtung entstehen 
am 4 .  Tag. Zwischen dem 6. und 9 .  Lebenstag sind die Dendritenbiindel in 
Langsrichtung am deutlichsten zu erkennen. Dendritenbiindel sind also schon 
entstanden, bevor wesentliche Veranderungen in der Muskelaktivitat und in der 
motorischen Entwicklung beobachtet werden. Oberaschenderweise wurden keine 
Unterschiede zwischen nonnalen und gleichgewichtsgestorten Ratten gefunden. 
Auch im Alter von 1 5- 18  Tagen, in der Periode, in der deutliche Unterschiede in 
der Muskelaktivitat tmd im Verhalten zwischen normalen und 
gleichgewichtsgestorten Ratten vorkommen, wurden in den Zellgruppen im 
Riickenmark keine Unterschiede walrrgenommen. Obwohl Dendritenbiindel 
spezifisch fur Nervenzellgruppen von Haltungsmuskeln sind, beeintrachtigt eine 
verzogerte Haltungsentwicklung ihre Entwickltmg nicht. Dieser Befund weist 
darauf hin, daB Dendritenbiindel eher eine Rolle in der Aktivierung von 
Haltungsmuskeln spielen als in der"Haltungskontrolle. 

In Kapitel 8 werden die Resultate dieser Arbeit hinsichtlich der 
Untersuchsfragen besprochen. Friihzeitig vorliegende Gleichgewichtsstorungen 
vemrsachen eine verzogerte Entwicklung der Haltungskontrolle, die sich in einer 
verzogerten EMG-Entwickltmg der Haltungsmuskeln zeigt. Diese Verzogerung 
ist wahrscheinlich auch der Grund fur die verzogerte motorische Entwicklung. 
Das sich entwickelnde Nervensystem ist nicht in der Lage, die 
Gleichgewichtsstomng in diesem Zeitraum zu kompensieren. Klinisch 
arbeitende Arzte sollten sich moglicher, angeborener oder erworbener 
Gleichgewichtsstorungen bewuBt sein und deren Effekte auf die motorische 
Entwicklung kennen. 
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