Archives Italiennes de Biologie, 131: 159-171, 1993.

VESTIBULAR COMPENSATION IS AFFECTED BY TREATMENT
WITH DOPAMINE ACTIVE AGENTS

L. PETROSINI' anp M. E. DELL’ANNA?

! Institutes of Human Physiology and * Neurology, Catholic University, Largo F. Vito, 1, 00168 Roma
and ' Department of Psychology, University «La Sapienza»,
Via degli Apuli, 8, 00185 Roma, Italy

INTRODUCTION

Hemilabyrinthectomy (HL) is followed by a wide range of postural, locomotor
and ocular symptoms which disappear over a precise time course. This recovery
process, usually called vestibular compensation, is characterized by several metabol-
ic, anatomical and neurochemical events, that take place in the central networks
of sensorimotor systems, involving vestibular, visual and somatosensory centers
(20). It can be regarded as a good experimental model for the study of adaptive
learning, based on neuroplasticity mechanisms, changes in synaptic efficacy and
substitution processes (28).

Compensation time course can be influenced by experimental manipulations and
the effectiveness of various pharmacological agents in promoting repair capacities
has been extensively tested. Different classes of drugs are capable of affecting
the vestibular response to injury (17). Conceptually, one can classify drugs as
to whether they accelerate or retard compensation, or produce decompensation
or overcompensation. Drugs with sedative action (phenobarbital, alcohol, chlor-
promazine, diazepam) are reported to slow down the reachievement of a symmetri-
cal posture and motility, while excitatory agents (caffeine, ACTH, amphetamine)
faster abate vestibular deficits that follow HL (17). These drugs are assumed to
act aspecifically, by altering CNS activity level either by depressing or enhancing
it. More focused pharmacological investigations have shown that the compensated
state, when compared with the normal one, is characterized by an altered sensitivity
towards drugs that act on central synapses (22). Thus, the study of pharmacological
actions specifically interfering with the vestibular response to an injury, is intricate-
ly bound up with the knowledge of the synaptic events in intact as well as in
compensated state.

Over the last decade, data concerning the identity and function of neurotransmit-
ters in vestibular circuitry have been increased. Cholinergic, glutamatergic and
GABAergic receptors are present within vestibular nuclei (11, 26), suggesting a
role of these neurochemical systems in basic vestibular function and probably
during vestibular compensation. It has been demonstrated that the compensated
state is susceptible to the administration of agonists or antagonists of cholinergic
(1, 5, 11) and GABAergic (5) receptors. Moreover, more recently it has been
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proposed that a denervation supersensitivity of excitatory aminoacid receptors,
namely the glutamate NMDA receptors, of the deafferented vestibular neurons
could play a role in vestibular compensation (21, 25). A possible interpretation
of these data is that vestibular recovery is obtained through a postsynaptic sensitivi-
ty of deafferented vestibular neurons different from that of vestibular neurons
of the intact side.

" As for monoamine systems, histochemical studies have evidenced serotonergic
innervation of the vestibular complex (23), and electrophysiological data have shown
that lateral vestibular neurons undergo excitation or inhibition following microion-
tophoretic application of serotonin (15). Conversely, no data are available in litera-
ture on the presence of a dopaminergic innervation of vestibular neurons. And
yet, to dopaminergic transmission is attributed a relevant role in motor function
as well as in learning and memory processes (4). Because of this dual role for
dopamine (DA) and of the fact that vestibular compensation is a form of motor
learning (28), the time course of recovery from vestibular deficits could be altered
by a pharmacological treatment with DA agonists and antagonists.

The aim of the present study was to investigate the effects of post-operative
administration of bromocriptine (a potent D, agonist), sulpiride (one of the most
selective D, antagonist) or lisuride (an agent active on monoamine receptors, with
a facilitatory effect on D, receptors) on functional compensation of postural and
ocular symptoms in hemilabyrinthectomized guinea pigs.

METHODS

Guinea pigs (300-450 g) (n=25) were used in the present study. Under ketamine (Ketalar,
Parke-Davis, 35 mg/kg i.m.) and diazepam (Valium, Roche, 0.4 mg/kg i.m.) anaesthesia,
the middle ear of the right side was opened and the labyrinth destroyed by drilling through
the ampullae of the anterior and lateral semicircular canals. The opening was extended
through the ampullo-utricular duct to destroy both the ampulla of the posterior semicircular
canal and the utricle and saccule. Furthermore, in those animals in which ocular motility
had planned to be recorded, a pair of head-restraining screws was cemented to the skull.

Each animal was randomly assigned to one of the four experimental groups. After
the appearance of HL symptoms, the animals received the first of daily intraperitoneal
injections of bromocriptine or sulpiride or lisuride, or of physiological saline. The Bromocrip-
tine group (B-group, n=7) was given 1 mg/kg bromocriptine (Parlodel, Sandoz) dissolved
in Ringer’s solution. The Sulpiride group (S-group, n=35) was given 10 mg/kg sulpiride
(Championil, Vita Farmaceutici) dissolved in Ringer’s solution. The Lisuride group (L-
group, n=6) was given 0.1 mg/kg lisuride (Dobergin, Schering) in Ringer’s solution. The
control group (C-group, n=7) was given Ringer’s solution containing no drugs. The treat-
ments lasted 21 days, beginning the day of the vestibular lesion which is later referred
to as day 1.

Evaluation of postural asymmetries. — To evaluate postural asymmetries, a behavioural
rating scale was built up taking into account the following symptoms: head deviation,
head tilt, trunk curvature, forelimb extension, circling behaviour, righting reflexes from
left and right lateral decubitus and finally rolling movements. A score ranging from 0
to 2 was assigned to each symptom according to its degree of severity. Thus the total
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score ranged from 0 (absence of any asymmetry) to 16 (presence of all postural asymmetries
to the highest degree). The scores were assigned during each of the 21 treatment days
and successively up to the 48th post-operative day. All measurements were taken 1 h
before i.p. injections to avoid eventual acute effects of drugs. The identity of specimens
was unknown to the observer assigning them scores.

Recording of eye motility. — In 4 animals belonging to each experimental group, ocular
asymmetries were evaluated, by recording spontaneous eye motility in the dark. Guinea
pigs were restrained in a foam-rubber cradle. The head was securely fixed in a stereotaxic
frame by means of the permanently implanted screws, taking care that the stereotaxic
horizontal plane was the plane passing through the centres of the auditory canals and
the inferior-most portion of the bone posterior to the incisors. The horizontal canals were
brought into the earth horizontal plane by pitching the head 48° nose down. The movements
of left eye were monitored with an infrared light projection technique (3). The cornea
and conjunctiva were anaesthetized (Novesina, 0.4%, Wander) and a small suction cup
bearing a light-emitting diode (LED) was attached. A photosensitive X-Y detector (United
Detector Technology, SC250) gave a continuous X-Y indication of the incident centroid
infrared light. The system was calibrated by moving the LED through known angular
displacements. Horizontal and vertical eye positions were recorded on separate channels
of a Grass polygraph. During the whole period of the recording the animals were kept
in total darkness. Care was taken to maintain a constant arousal level by appropriate
background noise. The spontaneous ocular motility was recorded at days 2, 7, 14, 21,
35 after the vestibular lesion.

Parameters of spontaneous ocular motility. — The parameters of spontaneous ocular
motility taken into account were: the mean Slow Phase Eye Velocity (SPEV) for the horizon-
tal (HSPEV) as well as the vertical (VSPEV) component; amplitude, duration and frequency
of drifts. To distinguish among patterns of spontaneous drifts with similar mean velocities,
but interspersed among differently lasting periods of holding of post-saccadic position,
the ocular responses were analyzed by building up the Slow Cumulative Eye Position (SCEP)
gained within 1-min samples. The SCEPs for the horizontal as well as the vertical compo-
nent of eye motility were then combined together to derive the real oblique ocular trajectory
of spontaneous drifts. The time courses of this DSCEP were evaluated.

Statistical analysis. — The results were first tested for homoscedasticity of variance
and then comparisons among treated and control animals were made using «p x q» (group
x time) analyses of variance for repeated measures within subjects. When the cell frequency
was unequal, Winer’s (27) model of «p x g» ANOVA with unequal cell frequency was
used. When significant differences were found with the overall analyses, post-hoc compari-
sons between groups were assessed with Dunnett’s multiple comparison test or Tukey’s test.

RESULTS

1. Recovery from postural asymmetries following hemilabyrinthectomy. — In the
HL animals belonging to all experimental groups, postural symptoms perfectly
fitted with those previously described (18). Immediately after vestibular lesion on
the right side, all animals exhibited a marked trunk curvature towards the injured
side, head deviation in the horizontal plane towards the damaged labyrinth (yaw
head tilt) as well as head torsion about the longitudinal axis towards the lesion
side (roll head tilt). Moreover, a clear limb flexion ipsilaterally as well as a limb
extension contralaterally to the lesion side were always present. Furthermore, the
animals exhibited a severe impairment of righting reflexes from both lateral decubi-
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ti, that in the very first days after the lesion brought to rolling movements around
the body longitudinal axis with a corkscrew-like pattern. Finally, HL animals did
not succeed in walking, showing a compulsive circling towards the lesion side,
which prevented them from progressing in a straight line.

This acute stage was characterized by a rapid partial recovery from asymmetries.
Fig. 1 illustrates the mean time courses of recovery from all postural asymmetries
in the four experimental groups. As it is possible to note, different time courses
of vestibular compensation were exhibited by the three treated groups when com-
pared to controls.

To obtain a reliable estimate of the influence of treatments and of time, a
2-way repeated measure ANOVA was performed. The time points chosen for the
analysis were 1, 4, 8, 12, 16, 20, 25 post-operative days. This statistical analysis
revealed highly significant effects of treatments (Fga21=10.68; p<0.00033) and
time (F.126) = 372.88; p.<0.00000). Also interaction was significant (Fs,126)=7.80;
p<0.00000). A general look over of the time courses of compensation of all
symptoms investigated in the three experimental groups treated with dopamine
agonists or antagonists evidenced an accelerating effect of bromocriptine starting
from the 4th post-operative day and lasting the whole period of compensation.
Conversely, sulpiride significantly slowed down the time course of compensation,
even if not altering the overall evolution of symptoms. The time course of compen-
sation displayed by the animals treated with lisuride was the most delayed, reaching
during the 21 days of drug treatment a sort of «freezing» of HL symptoms.
Only when the treatment was over, the deficits exhibited a very slow abatement,
not sufficient, however, to overcome the gap gained during the treatment period.

As vestibular compensation is a process encompassing a wide range of deficits
compensated for to different degrees and with different time courses, it is seemed
interesting to analyze the compensation time course of single HL symptoms in
all experimental groups (Fig. 2; Table 1). B-group showed a significant effect
of treatment as regards head torsion, head deviation, trunk curvature and righting
reflexes from right decubitus.

S-group compensation significantly differed from controls as for the delayed

Table 1. — Statistical comparisons of behavioral data in treated and control groups, made
by «p x g» ANOVAs.

Treatment effect Time effect Interaction

Freedom Foviliie P Freedom F value P Freedom F value P

degrees degrees degrees
Head deviation 3,21 11.77  0.0002 6,126  42.34  0.00000 18,126  2.52  0.001
Head tilt 3,21 9.53  0.0005 7,147 8.20 0.00000 21,147 1.63 0.04
Trunk curvature 3,21 3.34  0.03 4,84 43,98  0.00000 12,84 2.37 0.01
Forelimb extension 3,21 9.94 0.0004 6,126 76.92  0.00000 18,126 2.98 0.0003
Right side righting 3,21 7.68  0.001 6,126  50.22 0.00000 18,126  1.21 n.s.
Left side righting 3 2.97  0.05 6,126 88.58 0.00000 18,126 0.97 n.s.
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Fig. 1 - Compensation of postural asymmetries in treated and control groups.

The figure depicts the mean time courses of recovery from postural vestibular symptoms in treated
and control animals.

Abscissa: time in days from hemilabyrinthectomy; ordinate: degree of severity of vestibular asymmetries
evaluated according to the rating scale described in Methods. In this and in the following figures the
thick horizontal bars indicate treatment period.

(*=p<0.05; **=p<0.01, Dunnett’s test).
recovery of a non-deviated head posture and of normal righting reflexes from
right lateral decubitus.

Finally, L-group exhibited a striking delay in the recovery from all HL sym-
ptoms, particularly evident in the compensation of head tilt, head deviation as
well as trunk curvature.

2. Recovery from ocular asymmetries following HL. — After the disappearance
of vestibular eye nystagmus within the first 2-3 post-operative days, all HL animals
were able to hold a stable ocular position in a lighted environment, even if the
eyes displayed a tonic deviation: right eye (ipsilateral to lesion side) deviated down-
ward and slightly backward, left eye deviated upward and slightly forward. Con-
versely, in the dark, the eyes drifted away from their resting position, then they
were reset by a saccade in the opposite direction. Whenever the occurrence of
resetting fast saccades combined in a regular pattern, the resulting ocular motility
resembled a nystagmus modulation. These ocular asymmetries were by the time
modified by compensatory mechanisms which tended to diminish ocular imbalance
either by reducing the mean velocity of the drift or by prolonging the holding
of post-saccadic eye position by diminishing the frequency of resetting fast phases.

QOcular drifts initially directed in the same direction of slow phase of the nystag-
mus, with time changed their trajectories either in the horizontal or in the vertical
plane or in both. This shift, occurring more than once, led the eyes in the last
recordings to drift in a direction opposite to the direction of slow phase of nystag-
mus immediately after the lesion (19).
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This picture was displayed by all experimental groups, but with clear differences
in the slow phase eye velocity (SPEV) decay for horizontal as well as vertical
components of spontaneous drifts (Fig. 3).

B-group exhibited an abatement of HSPEV similar to that of control group,
except at the final recording in which treated animals displayed a slow phase
eye velocity significantly higher than controls. As for vertical components, B-group
showed a faster abatement of VSPEV, with respect to controls, reaching a stable
vertical eye position by 21st post-operative day, while the control group displayed
the same pattern of ocular stability by the 35th post-operative day. Conversely,
a stable ocular position was never reached by L-group animals, either in the horizontal
or in the vertical plane. Similarly, also in the S-group the time course of SPEV
decay was significantly delayed respect to control group as regards horizontal
as well as vertical components. A series of 4x35 (treatment X time) ANOVAs rev-
caled significant effects of treatments and of time on compensatory rate of horizon-
tal and vertical ocular asymmetries. Also interactions were significant (Table 2).

Fig. 4 shows the time course of evolution of DSCEP. It is possible to note
that B-group exhibited a more stable ocular position with respect to controls during
drug treatment, while when the drug treatment was over, it displayed an increase
in ocular asymmetries. Conversely, the recovery from ocular asymmetries was sig-
nificantly delayed in both L- and S-groups.

A further index of the extent of ocular compensation achieved by all groups
was obtained by integrating DSCEP from post-operative days 2 to 35. Statistical
comparisons made by one-way ANOVA revealed significant differences among
groups (Fa,12=517.54; p<0.00000) (Fig. 5).

Table 2. — Statistical comparisons of ocular data in treated and control groups, made
by «p x q» ANOVAs.

Treatment effect Time effect I[nteraction
Freedom Fvaliie P Freedom F value P Freedom Falie p
degrees degrees degrees
HSPEV 3,12 9.71 0.0019 4,48 43.52  0.00000 4,48 9.09 0.00000

VSPEV 3,12 30.17 0.00000 4,48 7.34 0.00023 4,48 4.52  0.00017
HSCEP 3,12 94.60 0.00000 4,48  300.87 0.00000 4,48 71.74  0.00000
VSCEP 3,12 118.38 0.00000 4,48  324.86 0.00000 4,48 15.28 0.00000
DSCEP 3,12 176.54  0.00000 4,48  663.92 0.00000 4,48 65.57 0.00000

Fig. 2 - Compensation of single postural symptoms in treated and control animals.

The figure illustrates the influence of dopamine active agent treatments on recovery of symmetry in
head posture (A), trunk and limb postures (B) and of righting reflexes (C).
Abscissae: time in days from HL; ordinates: degree of severity of vestibular asymmetries.
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Fig. 3 - Compensation of ocular asymmetries induced by the right hemilabyrinthectomy in treated and
control animals.

The figure shows the decay of mean Slow Phase Eye Velocity of the horizontal (HSPEV, upper graph)
and vertical (VSPEV, lower graph) components of spontaneous drifts.

Abscissae: time in days from hemilabyrinthectomy; ordinates: Slow Phase Eye Velocity (SPEV) calculated
in degrees/sec.

DISCUSSION

The present study demonstrates that post-operative treatment with agents active
on dopaminergic transmission affects the compensation of the vestibular deficits
that follow a unilateral labyrinthectomy.

Treatment with bromocriptine, a D, agonist, clearly accelerates vestibular com-
pensation. This effect was observed both on postural and oculomotor recovery,
but it was more evident in the compensation of postural deficits. In fact, HL
animals treated with bromocriptine regained more promptly and maintained without
failures a symmetrical head and body posture, even when drug treatment was
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Fig. 4 - Compensation of ocular asymmetries induced by the right hemilabyrinthectomy in treated and
control groups.

The figure illustrates the decay of Diagonal Slow Cumulative Eye Position (DSCEP) in function of the time.
Abscissa: time in days from hemilabyrinthectomy; ordinate: DSCEP, evaluated in degrees/min in a logarithmic
scale.

over. Conversely, the suspension of drug administration provoked the renewal
of ocular drifts that were significantly reduced during treatment period. The posi-
tive effect of bromocriptine on compensation of vestibular deficits is mirrored
by the delaying action of the D, antagonist sulpiride on such symptoms. Animals
treated with sulpiride exhibited a delayed compensation of postural and ocular
asymmetries of vestibular origin although the general evolution of symptoms was
not altered. Peculiar was the time course of vestibular compensation in the animals
treated with lisuride. In this group, it was possible to demonstrate a delay of
vestibular recovery so marked that it reached a sort of «freezing» of deficits,
some of them beginning a very slow compensation only at the end of drug treatment.

The research on the behavioural functions of the multiple receptors for DA
has led to evidence a functional dichotomy of D;- and D:-dependent behaviours.
Selective D; agonists induce contralateral turning, grooming and oral dyskinisia
in rats with unilateral nigral lesions. Activation of D2 receptors has been impli-
cated in DA-mediated locomotion, stereotypy and reward learning processes (6).
Drugs administered in this research are all engaging D receptors. The opposite
effects of the D, agonist bromocriptine and the D antagonist sulpiride on ves-
tibular compensation mimic the opposite effects of dopamine agonists and an-
tagonists in other forms of learning, such as avoidance conditioning and maze
discrimination (9, 16). The complex behavioral effect of lisuride may be attributed
to a mixed action on various types of receptors, as this ergot derivative is known
to interact with adrenergic and serotonergic besides dopaminergic receptors (12, 14).
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Fig. 5 - Integration of mean Slow Cumulative Eye Position (SCEP) from post-operative day 2 to 35
in the four experimental groups.

(*=p<0.05; Tukey’s test).

Although the present data do not allow to define the site of action of dopaminer-
gic agents affecting vestibular compensation, one may wonder what is their mode
of action in the vestibular recovery. Several data demonstrate a dopaminergic
involvement in attentional processes (2) and indicate that drugs acting on DA
system, such as amphetamines, modify the time course of vestibular compensation
by aspecifically influencing the CNS activity level (20). These results suggest that
the effects of D, agonists and antagonists used in the present study may be due
to a generalized effect on arousal level. Nonetheless, a specific action of DA
active agents on the motor behaviour and learning processes involved in the vestibu-
lar compensation can be meaningly advanced. In fact, brain catecholamines play
a role in regulating neural plasticity in the vestibulo-ocular system (13, 24) just
as they appear to do in the visual cortex (10). DA system is significantly involved
in posture, locomotor activity and various forms of learning. The integrity of
DA transmission is determinant for the normal processing of neural information
related to motor function (4, 7, 8). It has repeatedly been observed that pharmaco-
logical manipulations decreasing activity in DA systems produce hypoactivity and
that, on the other hand, enhanced transmission at the DA synapses increases motor
activity or produces stereotypy (4, 14). Alleviation of hypokinetic symptoms by
administration of DA agonists has been extensively reported (9). Additionally,
several lines of evidence support the hypothesis that central dopaminergic transmis-
sion is involved in various learning paradigms, such as delayed alternation tasks,
incentive motivational learning, avoidance response (4). Direct pharmacological
manipulation of the DA activity by systemic administration of both agonist and
antagonist drugs provides further evidence of a role for DA in acquisition, storage
and retrieval of information (16). Finally, electrophysiological data indicate that
DA neurons could modulate sensorimotor integration involved in learning process-
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es, by mediating changes in synaptic effectiveness that influence and regulate sys-
tem responses, selecting thus inputs with reinforcing properties (29). All these
functions of DA system are of particular interest in our model. Vestibular compen-
sation is a learning process based on motor commands continuously readjusting
in connection with the new state of the system. Information about past perfor-
mances is used as a reference framework to make the next motor acts better
than the last ones. Thus, it is a goal-directed learning process, result of a continu-
ous error correction and action planning (28), in which agents known to influence
motor control and learning processes, such as DA active agents, can play a signifi-
cant role.

SUMMARY

The aim of the present work was to examine the effects of postoperative treatments
with agents active on dopaminergic system on vestibular recovery from the postural
and ocular symptoms which follow a unilateral labyrinthectomy. Hemilabyrinthec-
tomized guinea pigs were given a daily i.p. injection of bromocriptine (1 mg/kg)
or sulpiride (10 mg/kg) or lisuride (0.1 mg/kg) or saline from post-operative days
1 to 21. Treatment with bromocriptine, a D, agonist, accelerates compensation
of postural and ocular symptoms. Conversely, treatment with sulpiride, a D> an-
tagonist, slows down the reachievement of symmetrical posture and stable ocular
motility. Finally, the lisuride treatment, a drug active on D, but also on other
monoaminergic receptors, delays vestibular recovery so markedly to reach a «freez-
ing» of vestibular deficits during drug treatment. These findings indicate that the
already demonstrated role of dopamine in motor activity and learning can be
extended to the learning processes required to recover from vestibular asymmetries.
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