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Lesions were placed in various parts of the inferior olivary
nucleus and olivocerebellar tract in an attempt to define
further the role of the inferior olive in the performance of a
conditioned limb-flexion response (LFR) in cats.

Thirty-two cats were trained to make an LFR using either
classical or instrumental conditioning. The conditioned stim-
ulus (CS) was a tone, and the unconditioned stimulus (US),
a shock to the forelimb. Following training, lesions were
placed in various parts of the inferior olivary nucleus in 20
animals (radio frequency lesions, 17; electrolytic lesions, 3).
Midline section of the olivocerebellar tract was carried out
in 12 animals. The degree of conditioned-response (CR) loss
resulting from a given lesion was closely related to the pre-
cise locus of the lesion. Rostromedial olivary lesions, which
included the spino- and cortico-olivary forelimb projection
zones and the olivocerebellar projection area, resulted in
varying degrees of CR loss (from partial to near total), de-
regulation of response latency, and a significant reduction
of response amplitude. The CR deficit and degree of post-
operative CR recovery were directly related to the extent of
damage to this part of the rostromedial olive. Lesions re-
stricted to the caudal olive or to caudal levels of the olivo-
cerebellar tract resulted in no postoperative CR deficits. An-
imals with caudal lesions, however, showed more severe
general motor deficits postoperatively than did those with
rostromedial lesions and loss of the CR. Prolonged training
of animals with the most complete CR deficits resulted in
some relearning, but response patterns were typified by long-
latency, low-amplitude CRs and a highly unstable response
pattern.

In 1963, on the basis of an experimental analysis of instrumental
limb-flexion conditioning in the cat, Voneida postulated that
the cerebellum may represent a critical part of the neural cir-
cuitry underlying conditioned behavior. Numerous studies (Mc-
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Cormick et al., 1981; McCormick and Thompson, 1983, 1984;
Thompson et al., 1984; Yeo et al., 1985a,b; Thompson, 1986)
have since demonstrated that the cerebellar cortex and certain
of the deep nuclei (lateral interpositus/medial dentate) are crit-
ically involved in the development and retention of classically
conditioned nictitating-membrane and limb-flexion responses
(NMRs, LFRs). The results obtained from these studies are
supportive of the Marr-Albus (Marr, 1969; Albus, 1971) hy-
pothesis of cerebellar involvement in the classical conditioning
of motor acts.

The cerebellar Purkinje cells are known to receive a major
projection from the contralateral inferior olivary complex via
the climbing fibers (Eccles et al., 1967; Matsushita and lkeda,
1970; Armstrong et al., 1974; Brodal et al., 1975; Beitz, 1976;
Courville et al., 1977; Kotchabhakdi et al., 1978; Groenewegen
et al., 1979; Brodal and Kawamura, 1980; Montarolo et al.,
1980). There is a high degree of topographic specificity in the
olivocerebellar system (Brodal and Kawamura, 1980; Gellman
et al., 1983, 1985; Gibson et al., 1983; Gibson and Gellman,
1987; Houk and Gibson, 1987). The climbing fiber input, with
its single site of origin and specificity of termination, may be
contrasted with the second major input to Purkinje cells, the
mossy fibers, which arise from multiple sources and influence
widespread cerebellar cortical areas (Bloedel and Courville,
1981). Murphy et al. (1973), Rushmer et al. (1976), and Houk
and Gibson (1987) have suggested that olivary cells function as
somatic event detectors. Moreover, Bauswein et al. (1983), Thach
(1967), and Andersson and Armstrong (1985) have shown that
they are specifically attuned to somatic events that are “unsus-
pected” by the subject (e.g., unexpected removal of limb support
during locomotion). Mossy fibers, on the other hand, transmit
a wide variety of sensory inputs to the Purkinje cells, providing
graded information about stimulus velocity, intensity, duration,
and direction (Houk and Gibson, 1987). Marr (1969) proposed,
on the basis of this convergence onto the Purkinje cell, that its
regulation by climbing fibers might be subsumed by mossy fibers
as learning proceeds. This idea was extended by Albus in 1971
to include classical conditioning of motor acts. Convergence
onto a single Purkinje cell of the highly focused input from a
single olivary cell and the broadly focused input from a very
large number of mossy fibers (Eccles et al., 1967) led Houk and
Gibson (1987) to propose a model of cerebellar function in
which the cerebellum acts as an adjustable pattern generator.
The cerebellar subunit, made up of a cerebellar nuclear cell
together with a parasagittally aligned set of Purkinje cells that
project onto it, constitutes the core of this model. Each subunit
receives a highly focused climbing-fiber input from the inferior
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olive. Because climbing-fiber activity is known to be prominent
when support for the limb is unexpectedly withdrawn and mod-
est during unperturbed locomotion, Andersson and Armstrong
(1985) and Houk and Gibson (1987) suggested that climbing
fibers signal the occurrence of unexpected somatic events. The
same subunit also receives the highly convergent input from
large numbers of mossy fibers. The olivocerebellar system, pre-
sumed to mediate complex learned responses, led Ito (1984) to
suggest that the climbing fibers act as “teachers” because the
unexpected somatic events to which they respond appear to be
appropriate signals for the shaping process typical of learned
behavior. The recent conditioning studies of McCormick et al.
(1985) and Yeo et al. (1986) are supportive of this idea, which
is dependent on the specificity in the olivocerebellar projection
system. They found that conditioned NMRs in the rabbit were
disrupted by discrete lesions confined to the rostromedial in-
ferior olivary complex, which projects to cerebellar lobule HVI.
Lobule HVI and its projection to the interpositus nucleus are
felt to constitute a necessary part of a proposed conditioned
NMR “circuit” (McCormick and Thompson, 1983; Yeo et al.,
1984).

This interpretation has recently been questioned by Welsh
and Harvey (1989), who relate deficits in classically conditioned
behavior following cerebellar lesions to a more general role of
the cerebellum in the regulation of sensorimotor processes. They
contend that conditioned-response (CR) deficits following in-
terpositus lesions can be explained in terms of increased CR
onset latency, decreased amplitude, and increased rise time of
the response, rather than in terms of a memory deficit per se.

If the olivary/cerebellar complex does play a critical role in
the learning and/or performance of an NMR in the rabbit, it is
important to know whether this can be generalized to include
other species and other conditioning paradigms. Although the
LFR may not offer the same level of simplicity as the NMR, it
is, nevertheless, a relatively simple response and thus provides
a good model system for the study of learning and memory.

The present study was designed to examine the role of the
inferior olivary nucleus in the performance of classically and
instrumentally conditioned LFRs in the cat and to compare
olivary-lesion effects with those reported by others (McCormick
et al., 1985; Tiirker and Miles, 1986; Yeo et al., 1986) for the
rabbit NMR. We are interested in the specificity and nature of
the lesion effect on the conditioned limb response. Following
the placement of lesions in various parts of the olivary complex
or disconnection of the olive from the cerebellum by olivocer-
ebellar tractotomy, trained subjects were tested for retention
and/or relearning and for changes in latency and amplitude of
the CR.

Materials and Methods

Subjects. Thirty-two adult male cats were used. They were housed in
individual cages and maintained with free access to food and water
throughout the duration of the experiment.

Apparatus. Animals were supported in a Plexiglas restraint through
which the right forelimb was extended. The restraint was placed on an
elevated stand in a sound-shielded enclosure. The auditory conditioned
stimulus (CS) was a 500-msec, 70-dB, 1-kHz tone delivered through a
loudspeaker suspended 15 cm directly in front of the animal.

A small electric fan mounted in the back of the box provided ven-
tilation and continuous background noise. A Velcro cuff with 2 Grass
ES gold-plated cup electrodes attached to the lower forelimb delivered
the unconditioned stimulus (US), a 50-msec, 5-8-mA DC shock gen-
erated by a WPI Model 305 B stimulus isolator. The limb was also
attached to a spring-loaded potentiometer connected to an Apple Ile

computer. Response latency, amplitude, and a graphic analysis of each
trial was displayed on a monitor, then printed out at the end of each
session.

Procedure. All animals were routinely acclimated to the training ap-
paratus over a period of 5 d, after which they received 10 presentations
of the CS only. The first day of training consisted of 5 paired CS/US
trials. The number of paired trials was increased to 20 over the next 4
d, after which daily sessions of 20 trials were given until a criterion level
was achieved. Criterion was defined as 80% CRs for 2 of 3 consecutive
d, with a remaining score of not less than 75%. In the classical paradigm,
a 50-msec US was presented 450 msec after the CS onset, and they
coterminated at 500 msec. The intertrial interval varied randomly be-
tween 30 and 60 sec. A limb flexion of 0.6 mm or more prior to the
onset of the US was scored as a CR. In the instrumental paradigm, a
limb flexion of the same amplitude before the US onset terminated the
CS and prevented the onset of the US. Of those animals that received
olivary lesions, 9 were trained on the classical paradigm and 11 on the
instrumental. Six of the animals receiving tractotomies were trained on
the classical paradigm and 6 on instrumental. Following criterion per-
formance, training was terminated for 14 d to test for time-related losses.
The animals were then tested for retention and trained for 5-10 d prior
to surgery. To test for latent CRs that might occur during or after the
US, animals were given 2 “probe” trials per training session. These
consisted of a 450-msec CS, with a total CR observation period of 1000
msec. No US was given on these trials. A television tape of general
behavior was made of each subject preoperatively and within 3-5 d
postoperatively. This behavior included visual and tactile placing, run-
ning, jumping, and following and striking at moving targets. General
motor activities were closely monitored and recorded on TV tape during
the 2-week recovery period, after which training was resumed. Post-
operative training was continued for a minimum of 750 trials and a
maximum of 3 times the number of trials required to reach criterion
preoperatively.

Surgery. All surgery was carried out under sterile procedures, with
the aid of a surgical microscope. Animals were anesthetized with intra-
muscular ketamine hydrochloride (Ketaset; 24 mg/kg from a stock so-
lution of 100 mg/ml), mixed with Xylozine (Rompun; 1.4 mg/kg from
a stock solution of 20 mg/ml). Respiratory rate and reflexes (withdrawal,
pinna, corneal) were carefully monitored throughout surgery, and main-
tenance doses of anesthetic were administered as needed. Intramuscular
Combiotic (600,000 U penicillin/dihydrostreptomycin in aqueous sus-
pension) was administered postoperatively.

Twelve animals received an olivocerebellar-tract section. The neck
muscles were separated from the external occipital protuberance cau-
dally to a level just below the foramen magnum. The dura overlying
the fourth ventricle was cut longitudinally, and a thin knife was inserted
in the midline, either manually guided or stereotaxically. The knife was
advanced rostrally and caudally in an attempt to section the decussating
olivocerebellar fibers. This procedure very frequently resulted in an
abrupt respiratory arrest. Therefore, a tracheal tube was inserted before
the animal was placed in the stereotaxic head holder, and a respirator
was activated immediately prior to lesion placement. This remained on
for variable periods up to 1 hr, or until it was determined that normal
respiration had resumed. In spite of all attempts, 3 animals failed to
regain voluntary respiration and expired as a result of this surgery.

Twenty animals received a direct lesion of the inferior olivary com-
plex. Berman’s Sterotaxic Atlas of the Cat Brain Stem (1968) was used
to determine lesion sites of the left inferior olivary nucleus. Electrode
entry was made from posterior at an angle 26-33° from vertical, passing
through the posterior lobe of the cerebellum. Olivary lesions were made
electrolytically in 3 subjects (3 mA cathodal for 30 sec), and the re-
mainder received radio-frequency lesions (65°C for 1 min, using a Ra-
dionics Inc. RF generator).

Histology. Following postoperative observations, training, and test-
ing, all animals were perfused through the heart with physiologic saline
and 10% formalin. The brain was removed, fixed, and serially sectioned.
Alternate sections were processed according to Weil (Berube et al., 1965)
or Gallyas (1971, 1979) stains for myelin and Cresyl violet for cells
prior to microscopic analysis and photographing of the lesion. Lesions
were serially reconstructed with a microprojector.

Results

Animals trained using the instrumental paradigm required a
mean number of 1389 trials to reach criterion, while classically



trained animals required 550 trials (t = 3.5157, p = 0.004). The
distribution of CR onset latency (Fig. 1) for the 2 training par-
adigms was also significantly different. Classically trained ani-
mals gave most responses between 50 and 100 msec, whereas
those trained instrumentally had a peak CR latency onset of
350-400 msec (x2 = 55.408, df = 9, p < 0.001).

Olivary lesions resulted in a response deficit in 8 animals (3
classical, 5 instrumental). Scores ranged from 30 to 60% for the
first 5 postoperative sessions, at which time the scores of 3
animals (1 classical, 2 instrumental) continued to decline to 0
or near 0, where they remained for a prolonged period. The
remaining 5 animals, after an initial decline of CR scores similar
to the above, showed a gradual, steady improvement to pre-
operative response levels (Fig. 2). Mean trials to criterion for
these animals was 760, and daily performance levels were highly
unstable.

All animals had differing degrees of damage to the rostral %
of the left inferior olivary complex (Fig. 2). The lesion in those
animals showing the most severe loss of the CR included ab-
lation of the rostral olivary complex through the spinal forelimb
afferent zone of the dorsal and medial accessory olive. In ad-
dition, the cortical forelimb afferent zone and the olivocerebellar
forelimb projection zone was also destroyed in these animals.
In those animals with an initial loss followed by gradual recov-
ery, the rostral dorsal and medial accessory olive was only par-
tially damaged, but in each case, chromatolytic cells were found
in the most caudal parts of the “critical” zone.

None of the remaining 12 operated animals showed any post-
operative reduction in CR scores. Six of these were found to
have lesions caudal to the olive and were therefore excluded
from further analysis. Five animals with caudal olivary lesions
and 1 with minimal damage to the rostral olive maintained
criterion performance of the CR for over 760 postoperative trials
(Fig. 3). Lesions in this group spared the “critical” forelimb
convergence zone in the rostromedial olive.

None of the animals that underwent olivocerebellar tractoto-
my showed any postoperative losses of the CR. All lesions in
this group were found to be limited to the caudal half of the
olivary complex, sparing those axons that arise in the olivocer-
ebellar forelimb projection areas. The spino- and cortico-olivary
projection zones were also spared, because, in addition to being
limited to the caudal half of the olive, the lesions were restricted
to midline or near-midline structures.

Television tapes were made of all subjects comparing pre-
and postoperative visual and tactile placing, running, jumping,
and following and accurate striking of targets. No postoperative
changes were observed in those animals that showed the most
severe losses of the CR (i.e., those with rostromedial olivary
lesions). Animals with caudal olivary lesions and with tractoto-
mies, however, all demonstrated variable, transient degrees of
general motor disruption, including ataxia, loss of forelimb plac-
ing (visual and tactile), difficulty in following a moving target,
and a high stepping gait. These behavior changes were most
severe during the first 2 weeks following surgery, though some
persisted for up to 1 month postoperatively, at which time their
general behavior appeared normal.

We compared our olivary lesion reconstructions with the Bro-
dal and Kawamura (1980) map (Fig. 4) showing olivary sub-
divisions and olivary connections. There is a direct relationship
between the degree of CR loss and the extent of damage to that
part of the rostromedial olive that receives cortical and spinal
input and projects to the anteromedial cerebellar hemisphere.
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Figure 1. Frequency histograms of CR latencies recorded during the
last 5 training d prior to surgery. Latencies are expressed as the time
from CS onset and are shown in 50-msec ‘windows’ from 0 to 450 msec.
The observation period extends to 1000 msec for “probe™ trials (2 per
session), in which there was no US. 457+ includes all responses from
these trials.

The greatest losses occurred in those animals with complete or
near-complete ablation of this “convergent zone.” Animals with
only partial damage to this area showed less severe CR deficits.
Those animals that showed no postoperative loss of the CR
were found to have posterolateral olivary lesions, with no in-
volvement of the convergent zone.

Two of the animals that showed the most severe CR loss
received extensive postoperative training. Figure 5 (individual
scores per training session for each animal) shows that 1 (after
an initial 4 sessions with scores of 20-75%) dropped to near-0
levels for 900 trials (45 d), then climbed to a near-criterion level
after a total of 1700 trials, but was unable to maintain a stable
level of performance. The other (after an initial 10 sessions with
scores of 40-85%) dropped to 0-20% levels for an extensive
period, then achieved a near-criterion level after 2600 trials (130
d), though performance remained highly unstable, with scores
fluctuating between 35 and 85%.

CR onset latency

Frequency histograms were calculated to examine the distri-
bution of CR onset latencies for animals that lost the CR for
prolonged periods (Fig. 6) and for those that experienced an
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Figure 2. A, Mean percent CRs per training session, 5 d preoperatively and 38 d postoperatively for animals showing variable degrees of CR loss
following olivary lesions. Those with the most severe deficit (squares) are compared with those showing an initial performance deficit followed by
a gradual improvement to criterion (crosses). B, Individual lesion reconstructions of 5 animals, whose early postoperative scores gradually increased,
over a prolonged period, to criterion level. C, Individual lesion reconstructions of 3 animals whose early, relatively high postoperative scores

gradually decreased to near 0, where they remained for a prolonged period. Caudal is to the Jef? in all reconstructions, and the lesion site is shaded
in black.
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Figure 3. A, Mean percent CRs per training session, 5 d preoperatively and 27 d postoperatively for subjects with caudal olivary lesions. B,
Individual lesion reconstructions of 6 animals in this group. Caudal is to the /efi.

initial loss followed by a gradual improvement to preoperative
levels (Fig. 7).

Following lesions to the rostromedial inferior olivary com-
plex, the CR onset-latency distribution of a classically trained
animal changed significantly from a predominantly unimodal
to a bimodal distribution (Fig. 64, B). The peak response in the
former was at 50-100 msec, with very few responses at 400~
450+ msec; in the latter, small peaks occurred at 0-50 msec
and 50-100 msec, with a large increase in the number of re-
sponses made after 450 msec (during the CS-alone “probe™
trials). Pre- and postoperative distributions were significantly
different (x? = 22.48, df = 9, p < 0.01). Following lesions to
the rostromedial inferior olivary complex, the CR onset-latency
distribution of instrumentally trained animals also changed from
a unimodal to a bimodal distribution (Fig. 6C,D). The peak
response of the former was at 350-400 msec; in the latter, a
small peak occurred at 50-100 msec, with a large increase in
the number of responses made after 450 msec (during the CS-
alone “probe” trials). Pre- and postoperative distributions were
also significantly different (x2 = 51.475, df = 9, p < 0.0001).
Thus, preoperative latency differences between classically and
instrumentally trained subjects (classical, short latency; instru-
mental, long latency) disappeared during postoperative training
(classical and instrumental, bimodal latencies).

The same analysis of pre- and postoperative latency distri-
bution was performed on those animals showing an initial re-
duction in CR performance, followed by a gradual return to
preoperative response levels. Although both classically and in-
strumentally trained animals showed a 50-100-msec increase
in CR onset latency postoperatively, the distribution remained
predominately unimodal (Fig. 7).

Finally, those animals that showed no postoperative CR loss
(caudal olivary lesions/olivocerebellar tractotomies) also showed
no significant postoperative latency changes. Mean pre- and
postoperative latencies for these subjects were 258 and 241
msec, respectively.

Amplitude changes were also recorded following olivary le-
sions and tractotomies (Table 1). In general, as CR scores went
down in those animals showing a loss of the CR, amplitudes
also decreased. In the immediate postoperative period, when
CR scores were at a relatively high level for this group, their
amplitudes remained close to preoperative levels, with only
slight decreases. As CR scores approached 0% their amplitudes
decreased to half or less than half preoperative levels. Of the 2
animals in this group that received prolonged training and showed
some degree of recovery, 1 showed no increase in amplitude
over that observed during the low-score period. The other showed
an increase in amplitude after prolonged training, but did not
achieve preoperative levels. Those animals that showed no post-
operative loss of the CR also showed no postoperative reduction
in CR amplitude. Postoperative amplitudes of the latter were
found to differ significantly from those showing performance
deficits (Mann-Whitney U, = 3, p = 0.014).

Discussion

This study may be viewed as an extension of those reported
earlier by McCormick et al. (1985), Tiirker and Miles (1986),
and Yeo et al. (1986), in which discrete lesions of the inferior
olive and olivocerebellar tractotomy were found to abolish an
auditory conditioned NMR in the rabbit and to prevent its
reacquisition. Similar lesions before training were found to pre-
vent the occurrence of learning,.
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Figure 4. Enlarged series of sections through the olive based on Brodal
and Kawamura (1980). The left side shows subdivisions of the olivary
complex (hatching, medial accessory olive; stippling, dorsal accessory
olive; open, principal olive). The right side shows relevant olivary ef-
ferents and afferents [hatching, olivocerebellar projection to the medial
anterior cerebellar hemisphere; stippling, direct (spino-olivary) and in-
direct (cuneate) forelimb afferents; black, cortical (forelimb) afferents].

The highly specific climbing-fiber projection of olivary neu-
rons onto the cerebellar Purkinje cells and numerous reports
relating cerebellar cortical and deep nuclear lesions to condi-
tioned learning make it logical to consider the inferior olive as
an integral part of the circuitry related to learning and memory.
The critical influence of the olivary/cerebellar complex on
learned behavior is generally accepted, but there is disagreement
as to the nature of this influence. Some hold that it is predom-
inantly associative, with the inferior olive acting as a “‘teacher”
of the cerebellum (Marr, 1969; Albus, 1971; Ito, 1984) by pro-
viding the US to the cerebellum (McCormick etal., 1985), which
may itself represent a “locus of the memory trace” (Thompson,
1988). Others believe it to be regulatory, representing a more
general control function of sensorimotor activity (Welsh and
Harvey, 1989). Still others have suggested that the olive acts as
a trigger for eliciting movements (Houk, 1979). A more recent
proposal suggests that olivary input to the cerebellum acts to
erase a previously established cerebellar representation of body
position (Gibson and Gellman, 1987). Mossy-fiber input, arriv-
ing immediately after this “erasure,” would provide the Purkinje
cell with current, accurate information relative to body position.

Our results demonstrate that the degree of CR loss is directly
related to the locus and/or extent of the lesion within the olivary
complex. Thus, lesions outside the olivary forelimb areas were

found to have little or no effect on the learned response, whereas
the degree of loss resulting from lesions within the forelimb
areas depended on the extent of input and output to and from
extraolivary structures. The greatest losses resulted from dam-
age to the rostral parts of the dorsal and medial accessory olivary
nuclei, which receive convergent inputs from forelimb spinal
cord and cerebral cortical areas (Oscarsson, 1968, 1969, 1980;
Boesten and Voogd, 1975; Berkley and Hand, 1978; Brodal and
Kawamura, 1980; Gellman et al., 1983; Molinari, 1984; Gibson
and Gellman, 1987) and project onto cerebellar cortical forelimb
areas and the nucleus interpositus anterior (Gibson et al., 1983).
Lesions within the olivary complex that do not include all 3 of
these areas have less profound and shorter-lasting effects on
conditioned behavior. It therefore appears that olivary-lesion
effects on conditioned learning, whether in the rabbit or the cat,
instrumental or classical, are directly related to the highly spe-
cific spino- and cortico-olivary and to the olivocerebellar con-
nectivity pattern. Although no amplitude or latency measure-
ments were made of the unconditioned response in this study,
they appeared to remain unaffected by the surgery.

The observation that rostromedial olivary lesions cause little
or no change in general behavior, while caudal lesions and trac-
totomies result in ataxia, problems with visual and tactile plac-
ing, and accurate following of moving targets is similar to the
findings of McCormick et al. (1985) in the rat. Wilson and
Magoun (1945) have also described severe ataxia and decom-
position of movement in the cat following inferior olivary le-
sions. The long-term severe ataxia and distinctive gait problems
noted by Herken (1968), Desclin and Escubi (1974), and Llinas
et al. (1975) following total olivary destruction resulting from
intraperitoneal injections of 3-acetylpyridine in the rat were not
observed in our animals. Transient ataxia and minor gait changes
(characterized by increased limb flexion, but not as severe as
the “mud walking” reported by Llinas et al.) were observed only
in those animals with caudal olivary lesions and tractotomies.
Desclin and Escubi (1974) did note that, in their animals, the
caudal part of the main nucleus and dorsal accessory nucleus
appeared to become impregnated earlier than the remainder of
the olivary complex, though the entire olivary complex was
ultimately destroyed by their injections. It seems reasonable to
presume that differences between our animals and theirs are
attributable to differences in lesion size and location, though
species differences may also play a role.

As regards the nature of the CR loss, our findings in those
subjects that suffered the most severe CR deficits are also in
general agreement with those reported by McCormick and
Thompson (1983), Steinmetz et al. (1984), and McCormick et
al. (1985), in which initial postoperative scores were commonly
quite high, followed by a gradual decline in numbers of CRs
over several training sessions to 0 or near-0 levels. The similarity
between this type of loss and extinction of a CR in normal
animals, by withholding the US from presentation, lends sup-
port to the contention that the olive acts as a ““teacher” of the
cerebellum by providing it with information critically related
to the US (Marr, 1969; Albus, 1971; Ito, 1984). It has thus been
argued that withdrawal of the olivary input from the cerebellum
is tantamount to withdrawal of the US, as observed in extinction
paradigms. The fact that we have observed this effect in the cat
LFR and that McCormick et al. (1985) have reported it in the
rabbit NMR argues against species difference, though the “ex-
tinction” effect was not observed by Yeo et al. (1986) following
olivary lesions in NMR-conditioned rabbits. While a gradual
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Figure 5. Mean percent CRs per training session, 3 d preoperatively and up to 131 d postoperatively for 2 animals (4, classical; B, instrumental)
given extended postoperative training following rostromedial olivary lesions.




3590 Voneida et al. » Effect on Conditioned Limb Flexion

A

Pre~0p. Latency Distribution {Classical) Pre-Up. Latency Distribution {Instrumental)

Responses
>
Responses

0

P E PP 0 500 DD P Ky \0" \LP 1o° fP 500 «;a" WP P o
N

g Nig
AN 10\ PENPO g} o YRR RO NSRS

Msec Msec

B D

38 Days Post-Op. Latency Distrib. (Classicat) 38 Days Post-0p Latency Distrib. {Instrumental)

35 30

30 25

Responses
Responses

o o
,": \0 \bP ,L<3° 1’00 50“ gog ,,00 = o 0;') \00/\"}) & ,fP A0 .p“ h,<§’ o >
EURCRICAKSPSGEISNNN ERRONICAGE SIS

Msec Msec

Figure 6. Frequency histograms showing distribution of pre- and post-
operative latencies for animals that lost the CR following rostromedial
lesions. 4 and B, Classical paradigm. C and D, Instrumental paradigm.
Latencies are expressed as the time from CS onset and are expressed in
50-msec ‘windows’ from 0 to 450 msec. The observation period extends
to 1000 msec for “probe” trials (2 per session), in which there was no
US. 451+ includes all responses from these trials. 4 and C, Latencies
recorded during the last 5 d prior to surgery. B and D, Latencies recorded
during 38 d postoperatively.

loss of the CR following rostral olivary lesions is consistent with
the idea that the olive acts as cerebellar “‘teacher” by transmit-
ting the US to it, as Gibson and Gellman (1987) point out, it
is difficult to fit this concept into any scheme of sensory-motor
integration.

The nature of the loss following olivary/olivocerebellar le-
sions is also related to the timing and amplitude of the response.
Welsh and Harvey (1989) have reported that loss of the con-
ditioned NMR following cerebellar interpositus lesions may in
fact be due to an increase in response latency and rise time, and
a decrease in response amplitude, rather than to disruption of
a cerebellar locus for associative learning and memory. Our
results also show latency and amplitude changes following oli-
vary lesions, as might be predicted on the basis of Welsh and
Harvey’s findings, because there is such a close anatomic linkage
between olivary and Purkinje cells. The nature of this latency
change is best seen by comparing pre- versus postoperative la-
tencies of classically and instrumentally trained subjects that
showed a reduction in CR scores following olivary lesions. The
preoperative latencies in classically trained animals are rela-
tively short; that is, the CR occurs early during the CS-US

Pre-0Op. Latency Distribution (Classical) Pre-0p. Latency Distribution {instrumentaf)

35 0
3
8
[ ] [
[} [}
0 [
e ¢ c
(=] =]
a . [}
L4 » 4
[ O
=4 1 ©w
2
0.5 I

0
kX \00 P ,Lo‘j 15“ ,;)0 4;)0 ,00 Ky o N
N

» \Qo \ﬁcﬂgo 9 300 4;30 ‘00 o« e
ERROIRY @\ pp\ ps) go\ o

RO NI PRGNt

Msec Msec

38 Days Post-Op. Latency Distrib. {Classical) 18 Days Post-Op Latency Distrib. (Instrumental)

14 700

Responses

Responses

o
= \00 \60 10(: 1@0 < ‘)(,,0 ».0° po x P \00/@0 & ’1"’° o ‘po 0530 h,p K
Ng ~

o
ENECRICRSNIPI G EXROICIES OO g g

Msec Msec

Figure7. Frequency histograms showing distribution of pre- and post-
operative latencies for animals that showed an initial performance deficit
followed by a gradual improvement to criterion. Latencies and pre- and
postoperative observation periods are identical to those described in
Figure 6.

interval (50-100 msec for most subjects). The preoperative la-
tency of instrumentally trained animals is, by comparison, quite
long, with the CR occurring late in the CS-US interval, at 300-
400 msec. Effective olivary lesions in both classically and in-
strumentally trained animals resulted in deregulation of the CR,
such that there was an initial spread of response latencies from
a preoperative, unimodal distribution to a postoperative, bi-
modal distribution, with one cluster of latencies at 50-100 msec
and another at 400-450 msec. This bimodal distribution oc-
curred during the “extinction” phase of postoperative training.
During the “recovery” phase, there was a return toward a uni-
modal latency distribution, though the peak was still at longer
latency than preoperatively. There appears to have been a de-
regulation of response such that, in instrumentally trained an-
imals, inhibition of the CR (which normally occurs until just
before the US onset) is either greatly decreased, thus resulting
in a decreased response latency, or greatly increased, causing
responses to occur “‘too late” (i.e., the latency is increased be-
yond 450 msec). Classically trained animals show the same
effect, with postoperative peaks occurring at 0-50 msec and over
450 msec (as recorded in probe trials). This effect is precisely
what might be predicted in a deregulatory process. Olivary le-
sions thus appear to cause a severe disruption of the trained
animals’ ability to ““time” their response: some latencies are
longer and others are shorter than they were preoperatively.
Preoperative latency differences between classically and instru-
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Table 1. Pre- and postoperative mean amplitudes for those subjects showing the most complete CR
losses following olivary lesions and 2 representative subjects from the group showing no postoperative

loss of the CR
Postoperative means
Preoperative  Period prior to During CR low-score During “recovery

Subject mean CR loss period phase”
Most CR loss

Jm 3.69 3.06 (240 trials) 1.59 (1320 trials) 1.59 (1320 trials)

Op 1.63 1.08 (120 trials) 0.77 (380 trials) -

Bn 1.51 1.35 (80 trials) 0.03 (780 trials) 1.27 (1280 trials)
No CR loss

Mn 1.57 1.56 (60 trials) — -

Oc 0.35 0.37 (60 trials) - -

Mean amplitudes for subjects that lost the response are shown during the preoperative period (column 2); early postoperative
period, prior to CR loss (column 3); the period when CR scores remained at the near-0 level (column 4); and (for 2
animals) during the period when CR scores began to increase (column 5). Amplitudes for subjects that did not lose the
response remained at preoperative levels throughout their entire postoperative period of training.

mentally trained animals disappear. This response deregulation
lends support to the findings of Colin et al. (1980), Benedetti et
al. (1984), and Montarolo et al. (1982) in which inferior olivary
lesions in the rat resulted in severe deregulation of Purkinje cell
activity. The deregulation is thought to result from removal of
a tonic regulatory influence exerted by the olive on Purkinje
cells, causing a significant increase in the rate of simple-spike
activity in the latter following olivary lesions.

The increase in response latency following disruptive olivary
lesions is accompanied by a concomitant decrease in response
amplitude. Again, the close anatomic relationship between ol-
ivary and Purkinje cells probably accounts for the similarity
between our findings and those of Welsh and Harvey (1989)
following cerebellar lesions in the rabbit. Fanardjian (1961) also
observed an increase in latency and decrease in amplitude of
LFRs in the dog following cerebellectomy, though his animals
were not found to lose the CR. The precise cause of this reduced
amplitude is unclear, but it is reasonable to assume that the
deregulation of Purkinje cell activity reported by Benedetti et
al. (1984), Colin et al. (1980), and Montarolo et al. (1982) fol-
lowing olivary lesions in the rat may also affect response am-
plitude.

Prolonged training (2-3 times the number of trials initially
required to achieve criterion performance level) in 2 animals
with near-total loss of the CR after rostromedial olivary lesions
resulted in a recovery of the CR to near criterion levels. One
explanation of this effect might relate to the findings of Benedetti
et al. (1984), who showed that the Purkinje cell simple-spike
activity, which greatly increases after olivary lesions (Colin et
al., 1980; Montarolo et al., 1982), slowly decreases to normal
levels over a period of about 1 month. If the CR impairment
is due to deregulation of Purkinje cell activity as a result of the
loss of olivary input, it is possible that when Purkinje cell activity
returns to normal or near-normal levels, this will be accom-
panied by a concurrent increase in CR scores and amplitudes
and a decrease in response latencies. It would be interesting to
know whether these changes would also be seen in the absence
of training during a 1-month postoperative period. We did not
test for this possibility, because our animals were given a 2-week
postoperative recovery period. The question remains, why does
recovery (of simple-spike activity and CR performance) occur?
Benedetti et al. (1984) have also shown that complex-spike ac-

tivity (climbing fibers), which is abolished or greatly reduced if
measured 4-10 d following inferior olivary lesions in rats, in-
creases significantly if a 2-3 month recovery period is allowed.
The number of surviving olivary cells was the same in both
groups of animals, so they concluded that considerable sprouting
must have taken place in the olivocerebellar fibers, and that the
new fibers gave rise to functional synapses, thus increasing by
5-10 times the spatial domain of each remaining inferior olivary
cell. Further studies are needed to determine if sprouting occurs
in the cat olivocerebellar system following olivary lesions and
if this can be correlated with recovery of CR latencies.

The results obtained in the present study, taken together with
those reported by numerous others, make it abundantly clear
that specific lesions in the olivary/cerebellar complex result in
a profound disruption of the conditioned NMR and LFR in
rabbits and cats. An outstanding question remains: namely, are
the performance deficits resulting from such lesions due to the
disruption of an associative network located within the cere-
bellum, as suggested by Thompson and co-workers (see Thomp-
son, 1988 review), or do they represent a more generalized effect
related to latency and amplitude changes as reported by Welsh
and Harvey (1989) following cerebellar lesions and by ourselves
following olivary lesions? A possible reconciliation of the ques-
tion may be found in Houk’s (1989) cooperative-control model
of sensory-motor processing. This model offers an interpretation
that incorporates most of the above suggestions related to learn-
ing losses and recovery following cerebellar and cerebellar-re-
lated brain-stem lesions. Briefly described, the model interprets
the delay and weakening of learned responses (as compared to
their total loss) following cerebellar lesions as a deficit in the
learning of motor programs, because the storage of these pro-
grams represents the main function of learning mechanisms in
the cerebellar cortex. Associative processes, Houk suggests, are
represented by the learning of appropriate trigger signals for
initiating these programs and are more likely to occur in the
motor cortex, the red nucleus, or at other brain-stem sites along
the corticocerebellar or rubrocerebellar loops. The deficits we
have observed following rostromedial olivary lesions would,
according to this model, result from the disruption of motor
programs stored in the cerebellum. An interpretation of our data
in terms of this model also fits with Marr’s (1969) hypothesis,
which proposed that the sole function of climbing-fiber synapses
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on Purkinje cells is to modify the properties of the parallel fiber—
Purkinje cell synapse. This modification, Marr suggested, is the
basis for motor learning in the cerebellum.

Note added in proof. The following article appeared too late to include
in this paper: Glickstein M, Yeo C (1990) The cerebellum and motor
learning. J Cog Neurosci 2:69-80.
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