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INTRODUCTION

Sensorimotor systems react to both central and peripheral lesions with plastic changes.
These changes are adaptive and lead to a partial or complete restitution of the
initially disrupted functions. Since the first observations by Flourens (25) and
Bechterew (2), vestibular compensation, the process of functional recovery follow-
ing unilateral vestibular lesions, has been regarded as an especially attractive model
for the study of these recovery phenomena. It is probably the most extensively
investigated model for this type of plasticity (24, 34, 35, 44, 45, 51, 55, 61, 62).

Hemilabyrinthectomy (HL) or transection of the VIIIth nerve disturbes the per-
formance of the vestibulo-ocular, vestibulo-collic and vestibulo-spinal reflexes, and
causes a severe disturbance of an organism’s orientation in space. Both, static
and dynamic symptoms can be distinguished. The static symptoms are attributable
to the resultant asymmetry in the tonic influences exerted by the vestibular system
on the musculature of head, body and eyes. They manifest themselves in an abnor-
mal head position, an asymmetrical body posture and (in some species) a spontane-
ous ocular nystagmus. The dynamic symptoms are caused by asymmetries in the
gain of dynamic reflexes which occur as a result of head movement. They manifest
themselves as abnormalities in the amplitude and timing of the vestibulo-ocular
and vestibulo-spinal reflexes leading, in particular, to disturbances in the stabiliza-
tion of visual coordinates during self-motion.

Both, static and dynamic deficits disappear with time. This recovery process
has been observed in all species investigated to date: in fish, amphibia, birds
and mammals, including man (24, 51). Although the vestibular lesion syndrome
is basically similar in all vertebrates, large interspecific differences are found in
rate, extent and order of how different symptoms are compensated. Probably,
different strategies at the neuronal or system’s level are used to obtain the same
goal, i.e. recovery of overall vestibular functions.

Since the lesioned labyrinth does not regenerate, unilateral labyrinthectomy results
in a permanent loss of inputs from the lesioned side. Compensation must therefore
consist in a reorganization of central structures (39). In this process, the functional
meaning of the remaining inputs from a varjety of sensory sources must be re-
defined by the system. This modification of a multisensory integration process
is — somewhat simplifying — termed sensory substitution (34, 61, 62). It is as-
sumed that during compensation, the effectiveness of other inputs to the partially
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deafferented vestibular nuclear complex is enhanced, e¢. g. by those from the visual
and somatosensory systems or from the intact contralateral labyrinth, and that
these afferents functionally take over the role of the lost Jabyrinthine inputs. It
is further assumed that this sensory substitution is caused by local mechanisms
which occur as a direct consequence of the partial deafferentation of the vestibular
neurons, ipsilateral to the lesion. Three types of possible local reactions have
been discussed (cf. 55): 1) postsynaptic supersensitivity, i.e. an increase in affinity
and/or number of receptor sites as often observed in other areas of the CNS
following partial denervation; 2) collateral sprouting induced by local changes in
the concentration of tropic factors regulating competition for the target neuron;
3) changes in membrane properties following deafferentation which alter the resting
activity of wvestibular neurons.

The fundamental problem of this concept is that the suggested neuronal mechan-
1sms offer no explanation for the adaptive, goal-directed character of compensation
processes (21, 22, 24). The establishment of new, functionally adequate circuits
would require specific modifications in a complex network. It is difficult to see
how the local reactions mentioned above could achieve this per se. Collateral
sprouting or postsynaptic supersensitivity would not automatically have a «debug-
ging» effect. They could just as easily be indifferent or even functionally detremen-
tal and «tend towards relative chaos without guidance of behavioural control»
(41). Describing compensatory processes as adaptive implies an intentional ascrip-
tion. A system is postulated that observes itself, recognizes errors and adjusts
the system to some goal. Cognitive capacities are a prerequisite of adaption. Such
doubts are supported by two arguments. Firstly, there is convincing experimental
evidence that the compensation process is not, or not only, caused by the deafferen-
tation of the vestibular neurons. The initiation and rate of the compensation process
depend on the state of other sensory systems relevant for spatial orientation (24,
28, 34, 62). An additional modification of the performance of these systems,
such as visual deprivation or altered proprioceptive inputs, has a pronounced effect
on the course of compensation. The process is context-dependent although the
local consequences of the lesion remain the same in different contexts.

Secondly, such an explanation cannot account for the similarity between lesion-
induced plasticity and those compensatory processes induced by rearrangement
of sensory signals without jnvasive interference, e.g. maintained optical modifica-
tion of vision by prisms or microgravity (3).

It has been shown recently that the activation of N-methyl-D-aspartate (NMDA)
receptors is involved in vestibular compensation (15, 17, 36, 37, 43, 50, 54). Ad-
ministration of competitive and non-competitive NMDA receptor antagonists delays
the acquisition of a compensated state (15, 36, 37, 43, 50, 54). Such antagonists
also can reverse the compensated state and induce decompensation (17, 36, 37, 54).

The NMDA receptor channel complex was initially studied in connection with
long-term potentiation (9, 10, 59) and is obviously involved in various other forms
of plasticity (10, 11, 12, 47, 38).

The receptor is both ligand- and voltage-gated, i.e. it can only be activated



NMDA RECEPTORS AND LESION-INDUCED PLASTICITY 175

by a transmitter binding to the receptor when the postsynaptic membrane is suffi-
ciently depolarized. The receptor-linked channel is permecable to Na*, K* and
Ca®* ions. Ca** triggers a number of molecular changes inside the postsynaptic
terminal that permanently modify synaptic efficacy. The strength of this synapse
depends on coinciding pre- and postsynaptic activity. This is exactly the kind
of conjunctive mechanism required for the implementation of the Hebb algorithm.
It is, therefore, assumed that the NMDA receptor channel complex serves as a
molecular mechanism for Hebb-type plasticity (12).

Much in accordance with Hebb’s original intuitions (27), recent research on
synthetic parallel processing systems has revealed that the presence of Hebb syn-
apses endows neural nets with the capacity to learn, i.e. to gain information about
the regularities of the outside world, store it as internal representations and use
it for the control of the system’s performance.

Against this background, the finding that NMDA synapses are involved may
lead to a new explanatory concept of adaptive lesion-induced plastic processes:
it could be the result of a self-organizing process in neuronal nets using a Hebbian
algorithm to organize the strength of connections.

This study has two aims. One is to describe experiments conducted to examine
the effects of the NMDA receptor antagonist ({(-+)-5-methyl-10,11-dihydro-5H-
dibenzo[a,d]cyclohepten-5,10-imine hydrogen maleate})(MK-801) on the acquisition
and maintenance of a compensated state. MK-801 is a non-competitive NMDA
receptor channel antagonist, that has a binding site within the ion channel associat-
ed with the receptor. It is highly potent and selective for the NMDA receptor
having only minimal effects on other glutamate receptor types. It blocks the activa-
tion of the receptor (cf. 59).

The second aim is to outline (in a gqualitative, non-analytical form) a theoretical
framework for compensation processes that, in particular, explains in a non-trivial
way how local synaptic changes restore a system’s cognitive capacity after a reduc-
tion of its sensory surface.

The experiments were performed employing two species, fish and frog, which
are believed to possess different mechanisms and strategies (cf. 5, 6, 7) to achieve
compensation following unilateral labyrinthectomy.

EXPERIMENTAL STUDIES ON THE EFFECTS OF MK-801 ON THE ACQUISITION
AND MAINTENANCE OF A COMPENSATED STATE

1. MK-801 effects on compensation in Rana temporaria. — In the grass frog,
HL causes static and dynamic symptoms similar to those found in other vertebrates
and mammals. As with other species, the initial stage of severe symptoms is fol-
lowed by a recovery of functions. The postural symptoms are extensively compen-
sated, whereas the dynamic deficits recover less completely. In the present study,
compensation of the main postural symptom, head deviation, was chosen to assay
the pharmacological effects of MK-801. In the grass frog, HL leads to an initial



176 H. FLOHR AND U. LUNEBURG

head deviation of 29+4 degrees. The time course of compensation follows an
exponential function; half compensation (i.e. the time in which the initial head
deviation 1s reduced by 50%) is reached in about 11 days (Fig. 1).

METHODS

The experiments were carried out on common grass frogs (Rana lemporaria) weighing
20-40 g, kept in small groups in semiaquatic environments in a room illuminated on a
14 h light/10 h dark cycle at a temperature of 20+2°C. Unilateral labyrinthectomy was
performed under MS 222 anesthesia as described by Ewald (20). MK-801 was dissolved
in frog Ringer solution and the various doses were all injected in a volume of 17 ml/kg
(which corresponds to an injection volume of approximately 0.5 ml per animal) into the
dorsal lymph sac. To quantify the degree of compensation or drug-induced decompensation,
head deviation was measured using specially adapted video equipment. Two series of experi-
ments were performed. In the first series, the effects of chronic post-operative treatment
with MK-801 on the acguisition of a compensated state was investigated. MK-801 was
administered daily from the first to the 14th post-operative day in two doses (0.5 or 2.0
mg/kg/day). Control animals received the frog Ringer vehicle only. The number of animals
(n) was 12 in all groups. In the second series, the effect of MK-801 on the maintenance
of the compensated state was investigated. MK-801 treatment (2.0 mg/kg/day) was begun
after different post-lesion intervals: on day 14 (n=10), 28 (n=10), 42 (n=9), 56 (n=7),
70 (n=7), 84 (n=7), 98 (n=6) and 166 (n=15). In each group treatment was coatinued
for the next three days.
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Fig. 1 = Effect of the NMDA receptor antagonist MK-801 on vestibular compensation following unilater-
al labyrinthectomy in the grass frog.

MK-801 was administered daily from the first to the l4th post-operative day in two different doses.
Solid triangles: 0.5 mg/kg/day; solid circles: 2.0 mg/kg/day; open circles: Ringer-treated control group.
n=12 in all groups. Ordinate: mean values of head deviation in degrees (£ S.E.). Abscissa: post-lesion
time in days.
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RESULTS

a) Acquisition experiments. — MK-801 treatment of hemilabyrinthectomized animals
beginning with the first post-operative day resulted in a distinct inhibition of the
compensation process. This effect was dose-dependent (Fig. 1). After cessation
of MK-801 treatment on the I4th post-operative day, a further slightly faster
compensation took place, so that the compensation level of the Ringer-injected
control group was achieved after about two more weeks (Fig. 1).

b) Maintenance experiments. — In partly compensated animals, MK-801, inject-
ed in a dose of 2.0 mg/kg/day for four consecutive days, caused a marked decom-
pensation, i.e. a significant re-increase in head deviation to the lesioned side (Fig.
2). This effect was recognizable 3-4 hours following the injection and persisted
in all cases till the following day, when the next injection was made. On cessation
of daily MK-801 treatment, head deviation slowly decreased again to the levels
of Ringer-treated control animals. The susceptibility of the compensated state,
however, progressively decreases with increasing post-lesion time. At post-operative
day 56, 70, 84, 98 or 166, this decompensatory effect of MK-801 was no longer
observable (Figs. 2 and 3).

2. MK-801 effects on compensation in Carassius auratus. — In the goldfish,
HL causes severe postural and locomotor symptoms such as flexion of the body,
tonic deviation of the eyes, abnormal displacement of the fins and rotation around
the longitudinal body axis during locomotion (5, 6). In this species the post-operative
deficiencies are compensated with a rapidity not encountered in other vertebrates.
Static and dynamic deficits disappear more or less simultaneously within 10 minutes
(5, 6).

METHODS

The experiments were performed on common goldfish (Carassius auratus), 8-10 ¢cm in
length. The animals were kept in small plastic tanks (20 1) in a room illuminated in
a 14 h light/10 h dark cycle at a room temperature of 18+ 1°C. Unilateral labyrinthectomy
was carried out under MS 222 anesthesia. By using a dorsal approach, the utricular pouch
containing the otolith and sensory macula, was removed together with the ampullae of
the anterior vertical and horizontal canals and innervating branches from the anterior
root of the VIIIth cranial nerve (5). Post-operative recordings of posture and locomotion
were made with a color video camera. Following Burt and Flohr (5, 6), animal posture
and locomotion was considered impaired when at least one of the symptoms was present;
animal posture and locomotion was considered unimpaired when «f/ of the above mentioned
symptoms were absent. The criterion for successful compensation after HL was the comple-
tion of 5 minutes continuous and unimpaired swimming. Animals that fulfill this free-
swimming criterion (FSC) showed no further impairment (for details on the technique
of measurement see 5, 6). MK-801 was dissolved in fish Ringer solution: the various doses
were each injected in a volume of 10 pl. The injections were made into the third ventricle
adopting a technique described by Schmidt and Lapp (53). Two series of experiments
were performed. In the first series, the effects of MK-801 treatment on the a@cquisition



178 H. FLOHR AND U. LUNEBURG

25 A
after..
- 14
204 28
23
>< P56
15 days
= 107
[ =
9
Y s —
>
]
a fh\ after...
'g =L 0166
2
10+ — wad
- 70
98
54 days
O T T T T 1 Y —

48 24 0 1 2 3 4 5 6 71 24
pre- and postinjection time in hours

Fig. 2 - Decompensatory effect of a single injection of 2.0 mg/kg of MK-80] on partly compensated
grass frogs.

A: effect of MK-801 in the «early» phase of compensation (injections made 14, 28, 42, or 56 days
after unilateral labyrinthectomy, see column on the right). B: effect of MK-801 in the «late» phase of
compensation (injections 70, 84, 98, or 166 days after unilateral labyrinthectomy, see column on the right).
For number of apimals see Fig. 4. Ordinate: mean values of head deviation in degrees. Ahbscissa: pre-
and post-injection time in hours: «O» indicates the time of injection.

of a compensated state was investigated. Animals received a single intracerebroventricular
(icv) injection 1 hour prior to HL. Three doses (2.5, 10 and 20 pg) were tested. Control
animals received an injection of fish Ringer. In the second series, the effects of MK-801
on the maintenance of the compensated state was investigated. Hemilabyrinthectomized
fish were first allowed to compensate; MK-801 (10 pg) was icv injected following 1, 2,
4, 6 and 90 days after HL. Following the MK-801 injection, the animals were returned
to the observation tank and their behaviour was videotaped. Control animals were treated
identically, except that they received a 10 pl fish Ringer injection.

RESULTS

a) Acqguisition experiments. — MK-801 treatment 1 hour prior to HL exerted
a marked influence on the rate at which the acute vestibular syndrome disappeared.
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Fig. 3 - Decompensatory effect of a single injection of 2.0 mg/kg of MK-801 on the grass frog plotied
as a function of the time interval hetween hemilabyrinthectomy and MK-801 administration.

Ordinate: mean difference in head deviation in degrees (+ S.E.) measured irmmediately before and 24
hours after the injection of MK-801. Abscissa: post-lesion time in days. Number of animals in parentheses.
Original data were tested for significance by Welch’s t-test, two-tailed analysis: ¥*=2P <0.001, *=2P <0.01.

Ringer-treated animals reached the criterion for successful compensation (FSC)
within 10 minutes, whereas in MK-801-treated animals the time to criterion was
increased in a dose-dependent manner: 2.5 ug MK-801 increased the time to criteri-
on to 8.6 4.9 hours, 20 pg MK-801 increased it to a value of 13.7+3.5 hours (Fig. 4).

b) Maintenance experiments. — Up to 2 days after HL, a single icv-injection
of MK-801 (10 pg) induced decompensation, i.e. the reappearance of af/ symptoms
characteristic for the acute state (Figs. 5 and 6). Decompensation began immediate-
ly after the injection. The effect was transient, the duration is varying considerably
among individual animals. All symptoms were reversed after 24 hours (Fig. 5).
In contrast, the same MK-801 treatment of compensated animals performed 4,
6 or 90 days after HL did not cause decompensation. After these intervals, no
signs of an impaired locomotion or posture could be observed (Fig. 6). In control
animals, injected with fish Ringer solution, no decompensatory effect was found
at any post-lesion interval.

DISCUSSION

The bilateral vestibular nuclei play a crucial role in the compensation process.
These nuclei which project to ocular and spinal motoneurons constitute an integrat-
ing structure important to all sensory systems involved in spatial orientation.

Vestibular, visual and proprioceptive afferents converge bilaterally as primary



180 H. FLOHR AND U. LUNEBURG

10l

time to criterion

minutes

treatment

Fig. 4 - Effect of different doses (2.5, 10, or 20 pg) of MK-801 on the time to achieve compensation
in the goldfish.

Intracerebroventricular injections of MK-801, made 1 hour prior to hemilabyrinthectomy, are contrasted
to those of the fish Ringer vehicle. Columns indicate the mean time (+ S.E.) to fulfill the FSC criterion.
Hatched area demonstrates the time span between replacing the fish back to the observation tank and
the onset of boedy movements in the different experimental groups. Number of animals in parentheses.

or higher order projections in the vestibular nuclei, the latter representing a poten-
tial structure for the reorganization of this multimodal system. Following unilateral
labyrinthectomy, the resting discharge of the ipsilateral vestibular neurons is depressed,
whereas that of neurons on the intact side remains unchanged or is enhanced
(18; cf. 24, 55). This imbalance in activity is responsible for the postural and
dynamic deficits.

During the course of compensation, the tonic activity on the deafferented side
is restored, so that the imbalance in bilateral activity is reduced (24, 55). It is
assumed that this regeneration of resting activity can be derived from several
sources, including a number of sensory systems. The contribution of somatosensory
(1, 29, 33, 42) and visual (5, 6, 13, 14, 46) as well as commissural vestibular
afferents from the intact contralateral labyrinth (4, 18, 19, 38, 60) is well document-
ed, and has led to the sensory substitution concept. This concept is supported
by two kinds of observations: firstly, after successful compensation, other sensory
systems exert a stronger influence on the vestibular reflexes, and, secondly, elimina-
tion of such inputs can cause decompensation (1, 6, 34, 62). Different species
use different strategies for sensory substitution. In the goldfish, the first phase
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Fig. 5 — Decompensatory effect of a single icv-injection of 10 ug MK-801 on swimming behaviour of
compensated goldfish 2 days after hemilabyrinthectomy.

The number of rotations per 10 seconds of swimming is shown as an indicator for the duration of
decompensation. Examples of two animals treated with MK-801 (solid squares and triangles) and one control
animal (also 2 days after HL) treated with the fish Ringer vehicle (open circles).
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Fig. 6 — Decompensatory effect of a single icv-injection of 10 ug MK-801 on the goldfish as a function
of post-lesion time.

Injections of MK-801 were made 1, 2, 4, 6, or 90 days after hemilabyrinthectomy. Columns indicate
the percentage of animals of the individual groups which show decompensatory symptoms lasting for more
than I hour after injection of MK-BOI, Number of animals in parentheses. lcv-injections of fish Ringer
solution did not have any decompensatory effect at anv of the above time interval (results not shown).
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of recovery is regarded to be based on a visual substitution process (3, 6). In
the frog, the intervestibular commissural system probably plays an essential role.
In this species compensation is correlated with an increase in the efficacy of brain-
stem commissural inputs to the deafferented vestibular nucleus (18, 19); a destruc-
tion of these fibers is followed by decompensation (4).

The processing of information depends on various transmitter systems that exist
within the vestibular nuclei (cf. 16, 48, 56). Fig. 7 summarizes the information
presently available from pharmacological and electrophysiological studies in the
frog. As can be seen, the NMDA receptor subtype is present at different sites,
in particular in the intervestibular commissures. The possible role of commissural
NMDA synapses in relation to vestibular compensation was first investigated by
Cochran et al. (8), Knopfel (31) and Knopfel and Dieringer (32). Using brainstem
in vitro preparations from fully compensated frogs, they concluded that NMDA
receptors do nof contribute to the altered commissural inputs to the deafferented
vestibular neurons. The observations of Raymond ef al. (49) support this conclu-
sion. These authors did not find an increase in glutamate receptor binding in
the deafferented vestibular nucleus of compensated rats, relative to the VN of
the intact side and uncompensated animals. These findings, however, do not ex-
clude the possibility that the NMDA synapse contributes to the acquisition of
a compensated state, or is responsible for early phases of compensation. This
is indeed suggested by the present findings. NMDA receptors perform a transient
function in the acquisition process, but not in the maintenance of the compensated
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Fig. 7 - Schematic diagram of neuronal afferents to the vestibular nuclear complex (VNC) of the frog
and the newrotransmitters involved.

The transmitter of primary labyrinthine afferents is an excitatory amino acid (glutamate and/or aspartate),
the action of which is mainly mediated by AMPA receptors (8, 31, 32). Spinal and intervestibular commissural
afferents also use an excitatory amino acid; in this case its action is mediated 10 a great extent by NMDA
receptors (8, 31, 32). In addition, commissural afferents are mediated by cholinergic (30) and GABAergic
(19) transmitter systems. A question mark indicates that the transmitter(s) are either uncertain or unidentified.
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state. According to the present findings, two stages must be assumed: a MK-801-
sensitive phase in which NMDA receptors do contribute to compensation and
a late phase in which they do not. The late phase is achieved by going through
the MK-801-sensitive phase. If the early phase is disturbed, the acquisition of
the late phase will be delayed. In the goldfish, the MK-801-sensitive phase lasts
for about 2 days. In this species, two phases have been distinguished: an ‘acute’
phase based on a visual substitution process and a ‘late’ phase which is independent
of visual cues (6, 7). The duration of the acute phase, as was measured in these
experiments, corresponds well with the duration of the MK-801-sensitive period.

Smith and Darlington (54), Darlington and Smith (15) and Sansom et al. (50)
arrived at similar results in recent studjes employing guinea pigs. In this species,
NMDA receptor antagonists interfere with vestibular compensation during a period
of approximately one week, Thereafter, this effect is no longer obtainable. From
these studies, with MK-801 injected either systematically or intraventricularly, it
is impossible to definitely locate the site of action. However, as discussed by
Smith and Darlington (56), it is improbable that the effects on compensation
are due to the anesthetic effects of MK-801. It is also unlikely that the observed
effects could be a consequence of an impaired retinotectal transmission. Intact
frog and fish, treated with MK-80] in the aforementioned doses, do not display
any alteration in their optomotor behaviour, when tested in the optomotor drum
deviced by Springer et al. (57), (Liineburg and Flohr, unpublished). In addition,
MK-801-treated fish exhibited a normal dorsal light response (Liineburg and Flohr,
unpublished). The latter findings are confirmed by recent observations by Schmidt
(52). Such side effects are also improbable because of the differences in MK-801
action observed in early and late phases of the compensation process. In accordance
to this, observations made by De Waele er al. (17) suggest a direct action of
the drug on vestibular neurons of the lesioned side.

These authors, also using guinea pigs in their experiments, found that the NMDA
antagonist D-APV caused a decompensation when it was directly injected into
the deafferented vestibular nucleus six days after HL.

In contrast to Knopfel and Dieringer (32) and Raymond (49), De Waele ef
al. (17) speculated that denervation supersensitivity resulting from an increase in
either the number and/or the sensitivity of NMDA receptors might be responsible
for compensation.

Such an NMDA supersensitivity hypothesis, however, cannot be positively con-
firmed by the present findings. Instead, a transient role of NMDA receptors,
similar to that discussed in long-term potentiation (LTP) would comply to the
experimental data. In LTP the NMDA receptor has an essential function in the
induction, but not in the maintenance of the plastic changes involved. It is assumed
that the activation of NMDA receptors results in an increse in intracellular Ca®*
which then triggers a number of Ca?*-dependent changes inside the postsynaptic
terminal. Ca?* regulates the function of channel proteins and several cytosolic
proteins, including protein kinases, phosphatases and proteases which, in turn,
affect the excitahility of the postsynaptic membrane. It also influences neuronal



184 H. FLOHR AND U. LUNEBURG

protein synthesis directly and indirectly. These changes could ultimately modify
the efficacy of both NMDA synapses and non-NMDA synapses (59).

LOCAL MECHANISMS AND ADAPTATIVE REORGANJZATION
OF SENSORIMOTOR SYSTEMS: A HYPOTHESIS

In the following we specify a hypothesis on the role of the NMDA receptor in
vestibular compensation, analogous to that assumed in LTP, more precisely.

[t is assumed (Fig. 8a and b) that the vestibular neurons figure as elements
in a diffusely interconnected net and receive redundant multimodal afferents from
various sensory surfaces. Some of these afferents are always mediated by NMDA
synapses. If the neuron is partially deafferented, all remaining afferents will under-
go a reweighting process. According to the Hebb-principle, those synapses would
increase weight that carry coincident activity.

In a neuron which receives redundant information on an external event from
different sensory sources by NMDA and non-NMDA synapses, the NMDA-receptor-
channel-mediated mechanisms would have two successive effects. Firstly, in the
acute phase following HL, it will amplify the effect of cooperating synapses by
opening NMDA channels postsynaptically, if a threshold activation is reached by
coinciding presynaptic activity. The functional role of the neuron would be restored
at a dynamic basis (Fig. 9). Secondly, repeated activation of the NMDA channel
would, via Ca’*, induce long-term modifications of those synapses that cooperate
regularly. Their weight would be permanently enhanced, the weighting process
being guided by the coincidence detector. Both, acute and long-term mechanisms
would inevitably strengthen those synapses that have the same representational
content, and only enhance inputs with information equivalent to that of the lost
input channel. The functional role of the partially deafferented neuron would
be restored by using different sensory cues (Fig. 9).

‘Conflicting’ afferents would be suppressed. The sensory substitution would be
selective. Thus, the system learns in an unsupervised mode to use redundant infor-
mation from overlapping sensory systems to compensate for deficiencies in one
system. Treating lesion-induced plastic processes as a self-organizing process in
a neuronal net consequently would explain how new cognitive capacities emerge
from local synaptic changes. Such a selection process could also control sprouting.
Sprouts would not diffusely occupy vacated spaces, instead they underly a local
selection according to their information content.

It is assumed here that plastic changes can be produced in non-NMDA synapses
by these mechanisms. This would explain why compensation is sensitive to NMDA
antagonists in early, but not in late phases of the compensation process. This
assumption is also in accordance with a number of observations showing that,
in late stages, different (non-NMDA) transmitter systems, such as cholinergic,
adrenergic and GABA-ergic, contribute to the maintenance of the compensated
state. This state is susceptible to the administration of various neurotransmitter
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Fig. 8 - Schematic representation of the interconnected net of vestibular nuclear neurons.

It is assumed that the vestibular neurons figure as units in a diffusely interconnected net and receive
redundant inputs from the sensory surface (¢). In b one unit from the internal representation layers is
magnified. The input vectors (Xg, Xi, X2...) are transmitted by connections with different weighting factors
(wy, Wy, wa...). Some of these inputs are mediated by NMDA receptors (solid triangles), others by non-
NMDA receptors (open triangles). fa, activation function; ©, threshold; y, output vector.
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Fig. 9 — Same neuron as in Fig. 8b, shown in three different situations.

a) After labyrinthine deafferentation; y is decreased.

t) In the MK-801-sensitive phase of compensation. Coincident input at remaining NMDA (solid triangles)
and non-NMDA (open triangles) synapses has led to an activation of the NMDA receptor channel complex
amplifying the depolarizing effects of coincident inputs. fa is transiently changed and the functional role
of the neuron within the net is restored on a dynamic basis.

¢) In the MK-80I1-insensitive phase of compensation. Repeated activation of NMDA receptor associated
channels and increase in intracellular [Ca**] has induced long-term modifications of neighbouring synapses,
wo and wy, (large open triangles). y is restored as a result of sensory substitution.
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agonists and antagonists. Two syndromes can be distinguished: decompensation,
consisting in a reappearance of symptoms characteristic of the acute stage, and
overcompensation, comprising (Bechterew-like) static and dynamic symptoms oppo-
site to those observed in the acute stage. The interpretation that has been given
to those observations was that the (chronically) compensated state is attributable
to the development of supersensitivity in the deafferented vestibular nuclei in differ-
ent transmitter systems (23, 24).

As can be further seen from Fig. 8a, the principle of substitution would also
endow the system with a hierarchy of different strategies for compensation. Substi-
tution could #not only occur at the first sensory layer, but also at more abstract
levels of representation. From Fig. 8a it is evident that, by the same procedure,
a lost function could be replaced by a new pattern of internal states, producing
an output similar or identical to that initially abolished. The system would thus
be enabled to compensate for a lesion in a subsystem A by substituting a mechanicisti-
cally different and functionally synergistic mode B to produce the same output.
Unsupervised learning procedures in such networks could, therefore, explain com-
pensatory processes at the functional level (34, 62).

Connectionist learning procedures can be divided into three broad classes. In
unsupervised procedures, as discussed above, the system captures regularities in
their input vectors. The system can develop representations of higher-order invari-
ances of the surrounding world as a result of merely repeating the exposure.
Supervised procedures require a teacher to explicitly specify the correct output
state for any given input state to the network. The network then compares the
output which is produced by an input to the desired output, and uses this difference
in activation to modify the weights in the network. Reinforcement learning proce-
dures require a yes-or-no evaluation of the output. Hebb-like algorithms are essen-
tial in all three learning procedures. The present hypothesis that compensation
originates from unsupervised procedures, therefore, is the most parsimonious in-
terpretation, but is by no means the only one possible.

Different types of connectionist learning procedures could coexist and cooperate
in real systems and endow the system with a number of different strategies to
achieve compensation, as it is in fact suggested by numerous observations on
the behaviour of lesioned systems (26, 40).

SUMMARY

The effect of the N-methyl-D-aspartate (NMDA) receptor antagonist MK-801 on
the acquisition and maintenance of a compensated state following unilateral labyrin-
thectomy was investigated in two species, grass frog and goldfish. MK-801: 1)
inhibits the acquisition of a compensated state, and 2) causes a loss of compensa-
tion in early phases of the compensation process, but 3) has no such effect to
the long-term maintenance of compensation. It is concluded that NMDA receptors
perform a transient function by inducing a sensory or functional substitution process
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in the deafferented vestibular system. A hypothesis is presented explaining the
lesion-induced adaptive process as a result of a self-organizing process in a neural
net using Hebb-like algorithms to organize the strength of connections.
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