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Disruption of Classical Eyelid Conditioning after Cerebellar Lesions:
Damage to a Memory Trace System or a Simple Performance

Deficit?
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Over the past 10 years, a number of laboratories have re-
ported that classically conditioned skeletal muscle re-
sponses, such as conditioned nictitating membrane/eyelid
responses, are critically dependent on activity in the cere-
bellum. For example, unilateral lesions of the cerebellar in-
terpositus nucleus have been shown to prevent acquisition
and abolish retention of the conditioned eyelid response on
the side ipsilateral to the lesions without affecting condi-
tioned responding (CR) on the contralateral side. Also, re-
cording studies involving the interpositus nucleus have con-
sistently revealed patterns of neuronal discharge that predict
execution of the CR. The lesion and recording studies have
generally been cited as evidence that plasticity in the cer-
ebelium is critically involved in the learning and memory of
classically conditioned responses. This interpretation was
recently challenged by Welsh and Harvey (1989a), who claimed
that cerebellar lesions simply produced a performance def-
icit and speculated that the role of the cerebellum was not
in learning and memory processes associated with the CR
but only in performance of the eye blink response. Presented
here are three experiments that provide additional strong
evidence for a critical role of the cerebellum in the learning
and memory of the Pavlovian CR. These experiments include
(1) demonstrations of complete and permanent CR abolition
after appropriate interpositus lesions, (2) a failure to find
systematic or persisting decrements in the unconditioned
response amplitude (i.e., the eye blink reflex) after appro-
priate interpositus lesion, and (3) observations of differential
effects on the CR and unconditioned response after lesions
were placed in populations of motoneurons responsible for
executing the eye blink response. These data are discussed
in the context of performance versus learning issues; evi-
dence presented here rules out the possibility that inter-
positus lesion abolition of the eye blink CR is simply due to
lesion effects on performance.
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At least two experimental criteria must be met for a brain region
to qualify as a putative essential site for the acquisition and
subsequent storage of neural plasticity associated with a learned,
behavioral response. First, neural recordings taken at the site
must show evidence that cells acquire a learning-induced pattern
of discharge that could produce the learned behavioral response.
Second, destruction of the region must both prevent acquisition
and abolish retention of the learned behavioral response without
otherwise impairing the response itself, that is, as a reflex re-
sponse. Using these criteria, a number of brain regions have
been studied during classical nictitating membrane (NM)/eyelid
conditioning (hereafter termed “eye blink™ conditioning) in the
hope of identifying brain areas that were involved essentially
in this simple form of motor learning. Some brain regions have
been found to satisfy the recording criterion. For example, re-
cordings in the pyramidal cell fields of the hippocampus revealed
populations of cells that discharged in a manner that predicted
the development over trials and execution of classically con-
ditioned responses (e.g., Berger and Thompson, 1978). How-
ever, lesions placed in brain regions like the hippocampus gen-
erally have failed to produce abolition of basic conditioned
responding (CR), although response topography, timing, trace
conditioning, discrimination reversal, and extinction perfor-
mance are markedly altered or impaired by hippocampal lesions
(Berger and Orr, 1983; Port et al., 1986; Solomon et al., 1986b;
Akase et al., 1989), indicating that the hippocampus exerts im-
portant actions on the essential CR circuit (Berger et al., 1986).

One brain region that fulfills both the recording and lesion
criteria for a putative essential memory trace brain site is the
interpositus nucleus of the cerebellum. Recordings from the
interpositus nucleus during eye blink conditioning revealed pop-
ulations of cells that discharged when the conditioning stimuli
(CSs) were presented, and, more importantly, populations of
cells that also discharged as a result of training just prior to
execution of the classically conditioned response (Foy et al.,
1984; McCormick and Thompson, 1984b; Berthier and Moore,
1990). These cells fired in a pattern that was similar to the
learned behavioral response; that is, they formed an amplitude-
time course ‘“model” of the learned response that preceded and
predicted the occurrence of the behavioral CR within trials and
over the trials of training. Further, electrical microstimulation
of this same region of the interpositus elicited eye blink re-
sponses in the untrained animal; that is, the circuit is hard wired
from interpositus to behavior (McCormick and Thompson,
1984b; Chapman et al., 1988, 1990).
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We initially reported that lesions of the cerebellum ipsilateral
to the trained eye abolished the eye blink CR completely and
selectively, that is, the CR was completely abolished but the
lesion had no effect on the unconditioned response (McCormick
et al., 1981, 1982a). The lesions did not prevent learning in the
contralateral eye. If the lesion was made before training, animals
were completely unable to learn any CRs at all with the eye
ipsilateral to the lesion (Lincoln et al., 1982). In other studies,
we and others obtained the same results with lesions of the
superior cerebellar peduncle, the efferent pathway from inter-
positus to red nucleus (Lavond et al., 1981; McCormick et al.,
1982b; Rosenfield et al., 1985). We then completed a study of
effects of electrolytic lesions of the interpositus nucleus ipsilat-
eral to the trained eye (Clark et al., 1984). Results again dem-
onstrated that if the lesions completely destroyed the critical
region of the interpositus nucleus, the CR was abolished, with
no effect on the unconditioned response (UR). Importantly, if
the lesions were incomplete, there was a marked decrease in the
amplitude and frequency of occurrence of the CR and a marked
increase in CR onset latency. Since electrolytic lesions of the
interpositus cause retrograde degeneration in the inferior olive,
we made kainic acid lesions of the critical region of the inter-
positus, with identical results, that is, complete and selective
abolition of the CR (Lavond et al., 1985). Yeo et al. (1985a)
replicated our interpositus lesion result, using light and white
noise CSs and a periorbital shock unconditioned stimulus (US),
thus extending the generality of the findings (we used tone CS
and corneal air puff US). We and others have completed a num-
ber of subsequent studies showing identical effects of interpos-
itus lesions, that is, complete and selective abolition of the ip-
silateral eye blink CR with no effect on the UR (e.g., Lavond
et al., 1984a, 1985, 1987; McCormick and Thompson, 1984a;
Polenchar et al., 1985; Woodruff-Pak et al., 1985; Yeo et al.,
1985a; Steinmetz et al., 1986, 1991; Weisz and LoTurco, 1988;
Sears and Steinmetz, 1990a). Reversible “lesions™ by microin-
fusion of nanomolar amounts of neurotransmitter antagonists
in the critical region of the interpositus completely and revers-
ibly abolished the CR, with no effect at all on the UR, in a dose-
dependent fashion (Mamounas et al., 1987). This effect was
extremely localized. We have periodically trained and retrained
electrolytic interpositus-lesioned animals for periods up to 10
months; no CRs ever developed on the side of the lesion (La-
vond et al., 1984a,b; Steinmetz and Steinmetz, 1991; Steinmetz
et al., in press).

In related studies, we showed that electrolytic lesions of the
critical region of the inferior olive, the face representation in
the dorsal accessory olive (DAQ), completely prevented learning
of the conditioned eye blink response if made before training
and resulted in “extinction” and hence abolition of the CR if
made after training (McCormick et al., 1985). The lesion had
no effect at all on the UR. Again, Yeo et al. (1986) replicated
the basic effect; that is, lesions of the DAO abolished the CR.
We then made chemical lesions of the DAO, which were in
general considerably larger than our electrolytic lesions, and
found much more rapid “extinction” and permanent abolition
of the contralateral eye blink CR with sparing of the ipsilateral
CR (Mintz et al., 1988). Voneida et al. (1990) made chemical
lesions of the DAOQ in cats trained in limb flexion conditioning
and found extinction of the CR. There is thus complete agree-
ment that DAO lesions made after training result in abolition
of the CR. The only disagreement concerns how rapidly the
abolition (“‘extinction) occurs following lesion; data to date
suggest that this may be a function of the size of the lesion and

time of initial training postlesion. Finally, in still other related
lesion studies, we and our associates have shown that lesions
of the middle cerebellar peduncle (conveying mossy fibers to
cerebellum) and of appropriate regions of the pontine nuclei
cause complete abolition of the CR with no effect on the UR
(Solomon et al., 1986a; Lewis et al., 1987; Steinmetz et al., 1987).

In still other related studies, Moore and associates and we
showed that lesions of the appropriate region of the magnocel-
lular red nucleus contralateral to the trained eye cause complete
abolition of the CR with no effect on the UR (Haley et al., 1983;
Rosenfield and Moore, 1983; Rosenfield et al., 1985). Microin-
fusions of nanomolar amounts of neurotransmitter antagonists
in a very localized region of the magnocellular red nucleus re-
versibly abolished the conditioned eye blink response with no
effect on the UR (Haley et al., 1988). Identical results were
obtained for the conditioned limb flexion response; appropriate
interpositus lesions abolished the conditioned hindlimb flexion
response with no effect on reflex flexion in the rabbit (Donegan
et al., 1983). Lesions of the red nucleus or descending rubral
pathway abolished the conditioned limb flexion response in the
cat with no effect on the reflex limb flexion response and no
effect on normal behavioral movement control of the limb
(Smith, 1970; Tsukahara et al., 1981; Voneida et al., 1990).

All of these data strongly support the hypothesis that the
cerebellum and its associated circuitry (pontine nuclei, middle
cerebellum peduncle-mossy fibers, inferior olive—limbing fi-
bers, superior cerebellar peduncle, red nucleus, rubral efferents)
are a substantial part of the necessary pathways for the condi-
tioned eye blink and limb flexion responses. Further, extensive
neuronal unit recording studies, microstimulation studies, and
reversible inactivation studies argue very strongly that this cir-
cuitry and its afferent inputs form the essential circuitry for
classical conditioning of these responses (see General Discus-
sion).

Recently, Welsh and Harvey (1989a) claimed to have obtained
results inconsistent with all the interpositus lesion studies cited
above. Specifically, they reported that with extensive pre- and
postoperative training, electrolytic interpositus lesions resulted
in a very small residual CR with very low amplitude, low fre-
quency of occurrence, and long onset latency, the exact result
we reported much earlier to occur with substantial but incom-
plete electrolytic lesions of the critical region of the interpositus
nucleus (Clark et al., 1984). The other result they reported is
that the “effective” interpositus lesion results in a very small
effect on UR topography at low US intensities.

From these results, Welsh and Harvey concluded that the
cerebellum is involved simply in the performance of the con-
ditioned eye blink response and not in learning and memory of
the response. The interpositus lesion abolition of the eye blink
CR is the only instance in the lesion-memory literature where
a very small lesion (effective lesion not much larger than a cubic
millimeter) (Lavond et al., 1985) completely and permanently
abolishes the CR and has no effect on the UR. Such a total and
selective lesion abolition of a specific memory thus assumes
great importance viz-a-viz localization of the memory trace.
Consequently, it is critically important to evaluate in detail the
results and conclusions claimed by Welsh and Harvey. Several
series of experiments are presented here. The first series in-
volved assessing the effects of effective interpositus nucleus le-
sions on CR during paired CS-US trials and CS-alone trials with
extensive pre- and/or postoperative training under three vari-
ations of the eye blink conditioning paradigm: using the 285
msec interstimulus interval (ISI) and the long CS-alone trial



observation period employed by Welsh and Harvey (1989a),
using a 250 msec ISI and long CS-alone trial observation period,
and using a relatively long ISI (700 msec) during all aspects of
training. Other experiments reported here were conducted to
study possible changes in the topography of the UR after effec-
tive interpositus lesion and, more generally, to evaluate the issue
of “performance.”

Experiment |. Are There Residual CRs Following
Effective Lesions of the Interpositus Nucleus?

Materials and methods

Subjects. Data from 20 male, New Zealand White rabbits are presented
here. One group (P10; see below) was run in R.F.T.’s laboratory at
Stanford University; the remaining groups were run in J.E.S.’s labora-
tory at Indiana University. The rabbits were housed individually, given
food and water ad lib, and cared for by the Laboratory Animal Resource
staffs at Stanford University and at Indiana University. All experimental
procedures were conducted during light portions of 12 hr:12 hr light/
dark cycles. All surgical procedures were conducted under aseptic con-
ditions. In addition to the 20 rabbits reported here, lesions were given
to 7 additional rabbits. The lesions missed the interpositus nucleus,
however, and failed to affect conditioned responding (i.e., prelesion
levels of conditioned responding were present by the 20th-30th postle-
sion training trials).

Surgery. Rabbits were anesthetized with a mixture of ketamine (60
mg/kg) and xylazine (6 mg/kg) and positioned in a standard rabbit
stereotaxic head-holding device so that the surface of the skull at bregma
was 1.5 mm above lambda. In 12 rabbits, lesion electrodes (00 stainless
steel insect pins with 300—400 um exposed tips) were lowered stereo-
taxically into the regions of the right and left interpositus nuclei and
electrolytic, anodal lesions (0.5 mA DC for 30 sec) were placed in each
nucleus. Lesion electrodes were positioned using stereotaxic coordinates
(0.5 mm anterior to lambda, 5.5 mm lateral to lambda, and 14.5 mm
ventral to lambda) and by recording from electrodes as they were low-
ered. Using these same methods, four rabbits were given unilateral
lesions in the region of the left interpositus nucleus. An additional four
rabbits were implanted chronically with lesion electrodes in the region
of the left interpositus nucleus. In these rabbits, the lesion electrodes
were lowered into the brain then cemented into place with dental acrylic.
A head-stage plug assembly that included connections to the lesion
electrode and a stainless steel ground screw placed in the skull as well
as plugs for devices used in subsequent behavioral training sessions
were also attached to the skull with dental acrylic. Following surgery, a
1 week recovery was allowed before behavioral training began.

General procedures. After recovery, all rabbits were placed in standard
Plexiglas restraint boxes and placed in a sound-attenuating conditioning
chamber for a 1 hr adaption session. Subsequent training sessions in-
volved presentations of a tone CS (1 kHz, 85 dB SPL) and an air puff
US (2.1 N/cm?). Movements of the NM were monitored by a minitorque
potentiometer. The arm of the potentiometer was connected to the NM
via a length of thread that was hooked to a small loop of suture placed
in the membrane during surgery. The potentiometer and a nozzle that
held the air puff hose approximately 4-5 mm from the cornea of the
eye were fitted into a head-mount device that either sat on top of the
head (for those animals lesioned during surgery) or were fastened onto
the plug assembly placed in the acrylic during surgery (for chronically
implanted rabbits). A computer programmed in FORTH and assembler
language controlled the delivery of stimuli and collected the behavioral
data (Lavond and Steinmetz, 1989%a).

Behavioral training. Four different training regimens were used to
classically condition the nictitating membrane (NM) response of the 20
rabbits reported here. Rabbits in group 412 (N = 5) were given bilateral
interpositus lesions, a 1 week recovery period, and then 12 daily training
sessions involving the left NM. The training sessions consisted of paired
presentation of a tone conditioned stimulus (CS) and air puff uncon-
ditioned stimulus (US) presented to the left eye. The tone CS was pre-
sented for 350 msec and coterminated with a 100 msec air puff US,
thus creating a 250 msec interstimulus interval (ISI). The intertrial
interval varied randomly between 20 and 40 sec with a mean of 30 sec.
Rabbits in group A24 (N = 7) were given bilateral interpositus nucleus
lesions, a 1 week recovery period, and then 24 daily training sessions
involving the left NM. The sessions consisted of paired CS-US trials
with a 350 msec tone and a 100 msec coterminating air puff. Rabbits
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in group P10 (N = 4) initially received 10 daily sessions of paired tone-
air puff trials. The tone CS was presented for 250 msec and then ter-
minated, a 35 msec period was allowed to elapse, and then a 100 msec
air puff US was presented (i.e., the time between CS onset and US onset,
defined as when the air puff impacted the cornea, was 285 msec). This
training procedure is identical to the procedure used by Welsh and
Harvey (1989a). After this initial phase of training, the rabbits were
anesthetized lightly with the ketamine/xylazine mixture, and an elec-
trolytic, anodal lesion was placed in the left interpositus nucleus via the
previously implanted electrode (1 mA DC for 30 sec). After a 1 week
recovery period, the rabbits were given 24 additional days of paired
CS-US training using procedures identical to those followed prior to
the lesion. These postlesion training sessions were followed by three
training sessions that involved paired tone-air puff presentations to the
right NM. Rabbits in group A700 (N = 4) were given a left interpositus
nucleus lesion and then a 1 week recovery period. These animals next
received eight left NM training sessions, conditioning was next switched
to the right NM for six sessions, and then switched back to the left NM
for eight additional sessions. All training sessions for group A700 rabbits
involved paired presentations of an 800 msec tone CS and a cotermi-
nating 100 msec air puff (i.c., creating a 700 msec ISI).

Rabbits in groups A12 and A24 received 12 blocks of training per
session with each block consisting of 1 CS-alone presentation followed
by 8 paired CS-US presentations (i.e., 108 trials/session). Rabbits in
group A700 were also given 12 blocks of training, but each block con-
sisted of 1 CS-alone trial followed by 9 paired CS-US trials (i.e., 120
trials/session). Group P10 rabbits received 66 trials per session divided
into 6 blocks of 11 trials each. The first 10 trials were paired CS-US
presentations while the 11th trial was a CS-alone presentation.

Data analysis. Extensions of the NM that were 0.5 mm or greater
were counted as responses on all trials. On paired trials for all groups,
CRs were defined as NM responses that occurred after the tone CS onset
but before the air puff US onset. On CS-alone trials, CRs were defined
as NM responses that occurred during a 2500 msec time period that
began with the CS onset (groups A12, A24, and P10) or during a 950
msec period after CS onset (group A700). The 2500 msec observation
period on CS-alone trials was included to provide ample opportunity
to observe the possible development of the small-amplitude, long-la-
tency responses reported by Welsh and Harvey (1989a) to occur after
lesions of the interpositus nucleus. Responses occurring after US onset
during paired trials were scored as unconditioned responses (URs). On-
set latencies were also calculated for each trial on which a response was
observed. The onset latency was defined as the point in time after CS
onset when a 0.5 mm NM extension was first observed (but see group
P10 below).

Histology. After the last training session, all rabbits were overdosed
with an intravenous injection of pentobarbital and perfused via the
ascending aorta with 9% saline followed by 10% formalin. The brains
were then removed and stored in 10% formalin for at least 2 weeks.
Frozen coronal sections (80 um thick) were then taken through the
cerebellum, mounted on gelatinized slides, and then stained with cresyl
violet. The stained sections were then viewed under a microscope and
the extent of the lesions assessed by reconstructing the damage on stan-
dard coronal drawings of the cerebellum.

Results

The following data were analyzed statistically with ANOVAs
using sessions as a repeated measure. Significant main effects
were followed by Tukey’s honestly significant differences (HSD)
post hoc tests. Both percentages of CRs (%CR) and CR ampli-
tudes were examined statistically, and identical results were ob-
tained for both measures.

Behavioral data

Group A12. Figure 1 depicts %CRs recorded on paired trials
(Fig. 14) and on CS-alone test trials (Fig. 1B) across the 12 d
of acquisition training for group A12 rabbits that followed an
interpositus nucleus lesion. The greatest mean %CRs recorded
on paired trials for a session was 4.0% (session §), while the
greatest mean %CRs recorded on test trials for a session was
9.9% (sessions 3, 4, and 10). Moreover, no significant changes
in %CRs were found over the 12 acquisition sessions, thus in-
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Figure 1. Mean %CRs recorded on paired CS-US trials (4) and CS-

alone trials (B) over 12 d of training that followed interpositus nucleus
lesions in group A12 rabbits.

dicating that the number of CRs emitted on paired or test trials
remained steady from the first to the last day of acquisition. It
is interesting to note that the observed number of CRs in each
session was comparable to the number of responses expected
when spontaneous blinking rates are considered. Gormezano et
al. (1983) reported that the spontaneous blinking rate for rabbits
was about 2-3% when a 500 msec CS period was examined.
Our observation of 4% responses on paired trials (in a 250 msec
period) was close to this spontaneous blink level. Lavond et al.
(1987) reported 5% in a 250 msec baseline period. More im-
portantly, one would expect that 10-15% spontaneous responses
would occur when the 2500 msec observation period was used
on test trials (i.e., five times greater than the 500 msec obser-
vation period examined by Gormezano and associates). We
observed 9.9% responses on these trials, which is within the
spontaneous blinking range. In sum, data from group A12 rab-
bits failed to show the development of low-amplitude, long-
latency responses over 12 d of acquisition training, and any
responses that were observed can be accounted for by sponta-
neous eye-blinking rates.

Group A24. Figure 2 shows %CRs recorded on paired trials
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Figure 2. Mean %CRs recorded on paired CS-US trials (4) and CS-
alone trials (B) over 24 d of training that followed interpositus nucleus
lesions in group A24 rabbits.

b

(Fig. 24) and CS-alone test trials (Fig. 2B) over 24 d of acqui-
sition training that followed an interpositus nucleus lesion (group
A24). The maximum %CRs recorded on paired trials was 5.7%
(session 18), while the maximum %CRs recorded on test trials
was 12.1% (session 8). No significant changes in %CRs across
sessions for paired or test trials could be found, thus indicating
that responding did not change significantly between the first
and last training sessions. As was the case for group A12 rabbits,
the number of CRs emitted was comparable to the expected
spontaneous blinking rates when 250 and 2500 msec observa-
tion periods were used. The 24 d of acquisition training in the
group afforded a good opportunity to examine onset latencies
for the responses that were executed during the 2500 msec test
trials observation period. Figure 3 shows a scatterplot of the
amplitude and onset latencies of the 123 responses recorded
over the 24 d of acquisition training. This plot shows a clustering
of small-amplitude responses (i.e., responses between 0.5 and
1.5 mm) with relatively few responses greater than 2.0 mm.
However, the figure fails to reveal the high concentration of
responses centered around the 349 msec onset latency as re-
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Figure 3. Scatterplot depicting amplitudes and onset latencies of CRs
observed during the 2500 msec observation period during CS-alone
presentations given to group A24 rabbits.

ported by Welsh and Harvey (1989a). The scatterplot shows
relatively uniform distribution of onset responses across the trial
period. These data show that the group A24 rabbits executed
some small-amplitude responses after the interpositus lesions,
but the responses appeared not to be executed at any system-
atically timed portion of the 2500 msec test trial period. In
short, similar to group A12 rabbits, rabbits given 24 d of ac-
quisition training failed to develop learned responses during the
2500 msec period that followed CS presentation but did execute
the expected number of low-amplitude, spontaneous eye blinks
during the extended observation period.

Group P10. %CRs recorded on paired trials and CS-alone test
trials for group P10 rabbits are shown in Figure 4, 4 and B.
ANOVAs of data collected on paired trials revealed a significant
acquisition effect over the 10 d of training with significant in-
creases in %CRs present between sessions 1 and 6 (p values <
0.01). No significant changes in %CRs occurred between ses-
sions 6 and 10. Although not shown in Figure 4, rapid and
significant acquisition of CRs occurred when training was
switched to the right eye (e.g., the rabbits were showing 91%
CRs by the third day of right-eye training). This finding indicates
that the postlesion abolition of CRs in group P10 was not due
to some nonspecific reduction in responding. Identical results
were obtained when test trials were analyzed. A significant de-
crease in responding did occur after the interpositus nucleus
lesion as %CRs decreased from 87.5% to 0.8% on paired trials
and 93.8% to 4.2% on CS-alone test trials (p values < 0.001).
No significant increases in %CRs, on paired or test trials, were
observed over the 24 d of postlesion training. The maximum
%CRs over the 285 msec observation period for paired trials
was 5.3% (session 14), while the maximum %CRs seen over the
2500 msec observation period for test trials was 12.5% (sessions
15, 28, and 34). As was the case for groups A12 and A24, these
levels of responding are comparable to the spontaneous blinking
rate of rabbits (see above). Figure 5 shows a scatterplot of am-
plitudes and onset latencies of 25 test trial responses observed
over the 24 d of postlesion training. The distribution of response
onset latencies for these animals was further analyzed using the
same procedure used by Welsh and Harvey, namely, identifying
responses that exceeded 0.5 mm amplitude, measuring back-
ward to a 100 um amplitude, and using this time point as the
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onset latency. Results of this analysis are identical to those in
Figure 5; there is no tendency for these response latencies to
cluster around the 348 msec onset latency, or any other time
point. In short, no small-amplitude, long-latency CRs develop,
a result contradictory to the results reported by Welsh and Har-
vey.

Group A700. Figure 6, A and B, shows %CRs recorded on
paired and CS-alone test trials over 22 d of NM conditioning
for group A700 that received unilateral (left side) interpositus
lesions. On paired trials delivered to the left NM, no significant
acquisition effect was noted over the first 8 d of training. The
maximum %CRs was 6.4% (session 8). Significant acquisition
effects were noted when training was shifted to the right NM (p
< 0.01), and rabbits showed 87.3% CRs by session 14. Analysis
of the final 8 d of left NM conditioning showed no significant
changes in %CRs, with the greatest responding observed on
session 21 (6.5%). Statistical analyses of test trial data produced
similar results. The greatest %CRs recorded during the initial 8
d of left NM training, 6 d of right NM training, and 8 final days
of left NM training were, respectively, 5.8% (session 8), 83.4%
(session 14), and 8.3% (session 21). The values recorded on left-
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Figure5. Scatterplot depicting response amplitudesand onset latencies
recorded during CS-alone trials given after interpositus lesions in group
P10 rabbits.

side (i.e., lesioned) training days are not significantly greater
than the 4-6% rate of responding that can be accounted for by
spontaneous eye blinking. It should be noted that if a general
performance deficit were caused by the interpositus lesion, a
deficit that simply slowed execution of the CR rather than im-
pairing a site of plasticity associated with conditioned respond-
ing, one would predict that responses would appear during the
ISI because enough time was allowed for the impaired response
to be executed (i.e., 700 msec instead of 250 or 285 msec). This
did not occur. In fact, the level of responding in the ISI was
similar to that reported for groups A12, A24, and P10. Again,
as above, the A700 data failed to demonstrate the development
of the small-amplitude, long-latency responses reported by Welsh
and Harvey.

Lesion sites

Schematic diagrams of the histological reconstructions of the
largest and smallest lesion sites for each group are found in
Figure 7. The effective lesion sites included dorsolateral portions
ofthe anterior interpositus nucleus, slight portions of the dentate
nucleus, and sometimes the white matter overlying the deep
cerebellar nuclei.!

Experiment | discussion

Our lesion results are unambiguous. Not a single one of the 20
animals reported here shows any evidence of CRs following
interpositus lesion. Three of these groups were trained exten-
sively after lesion, and one group (P10) was trained extensively
before and after lesion. This last group was trained using the
exact paradigm of Welsh and Harvey (1989a). Test trial re-
sponses were measured for 2500 msec following CS onset. Spon-
taneous responses were seen in all groups at exactly the levels
predicted by the original studies of Gormezano and associates
(1983; A12, 2500 msec, 9.9%; A24, 2500 msec, 12.1%; P10,
2500 msec, 12.5%; A700, 950 msec, 6.4%). There was no ten-
dency for these responses to cluster around any time period;
they were distributed randomly over the time period following
CS onset in all animals (see Fig. 3). Furthermore, the levels of
spontaneous responding did not change over days of training.
An additional eight animals were trained, given interpositus

! Individual histological reconstructions of all lesions are available upon request.
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Figure 6. Mean %CRs recorded during paired CS-US trials (4) and
CS-alone trials (B) for group A700 rabbits. These rabbits were given
left interpositus nucleus lesions, 8 d of left-side training (sessions 1-8),
6 d of right-side training (sessions 9-14), and 8 additional days of left-
side training (sessions 15-22).

lesions, and retrained, with identical results, in experiment 11
(see below). Thus, interpositus lesions made before training
completely and permanently prevented learning of the CR and
completely and permanently abolished the previously learned
CR.

It is to be stressed that four of the “effective” lesion animals
in the Welsh and Harvey report were in fact completely effective;
these animals did not show any CRs above spontaneous rate in
the CS-alone 800 msec test trials over the 12 postoperative
sessions. Lesions were not completely effective in the remaining
11 animals; they showed small, residual, longer-latency re-
sponses. This is precisely what we reported in our original in-
terpositus lesion study: if the lesion was not completely effective,
it caused a marked reduction in amplitude and frequency of
CRs and an increase in CR onset latencies (Clark et al., 1984).
Examination of reconstructions of 12 of the Welsh and Harvey
“effective” lesions (as presented in Welsh, 1987) indicates that
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A700

P10

Figure 7. Schematic drawings of coronal brain sections taken though the cerebellum depicting representative lesions given to rabbits in groups
A12, A24, P10, and A700. The numbers at the top indicate the distance (in millimeters) from the lambda skull landmark that each section represents.
Four sets of drawings are shown (one each for the four groups of lesioned rabbits). The upper drawing of each pair shows the extent of the largest
lesion observed in each group while the lower drawing of each pair shows the extent of the smallest lesion in each group.
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Figure 8. %CRs recorded during paired CS-US trials (4) and on CS-
alone test trials (B) from a rabbit given extensive training after an
interpositus nucleus lesion. Each data point is the average of five training
sessions (500 CS-US trials or 60 CS-alone trials). The rabbit received
20 prelesion sessions on the left side and then was given a left inter-
positus nucleus lesion. After the lesion, the rabbit received 100 left-side
training sessions, 20 right-side training sessions, and then an additional
100 left-side training sessions. LE, left eye; RE, right eye.

most of their lesions did not completely destroy the critical
region of the anterior interpositus nucleus (see General Discus-
sion).

Three other issues deserve mention. First, Welsh and Harvey
did not demonstrate that the infrequent, low-amplitude, long-
latency responses to the CS they reported were CRs. To do so,
it is essential to run a group given comparable exposure to
unpaired presentations of CS and US to control for the real
possibility that the responses they reported were due to sensi-
tization or other nonassociative processes as a result of extensive
postlesion training. They did not run any control groups. This
is perhaps a moot point since none of our 28 lesioned animals
showed any such responses. But it is somewhat surprising that
their report of residual CRs could possibly have been taken
seriously in view of the fact that they did not run the group
essential to control for nonassociative processes.

The second issue concerns the “‘adaptiveness” of the residual

postlesion response they claim to have obtained. They report a
mean postlesion response onset latency of 348 msec and peak
latency of 908 msec in their “effective” group. Further, this
response is only a small fraction of the normal CR amplitude
(16% of preoperative levels). The normal CR is learned as a
response that anticipates aversive stimulation of the eye by the
US. In well-trained normal animals, it is maximal in amplitude
at about the time of onset of the US (e.g., Steinmetz, 1990a). It
provides maximal anticipatory protection of the eye. The tiny
post-US response reported by Welsh and Harvey cannot serve
this function.

The third issue concerns the permanence of the interpositus
lesion abolition of the eye blink CR. Kelly et al. (1990), appar-
ently unaware of much of our published work, argue that we do
not see recovery of the eye blink CR following interpositus
lesions because we “examined the effects of these lesions after
only a period of days following the lesions” (p 16). As noted
earlier, we have periodically trained and retrained animals with
effective interpositus lesions for up to 8 months postlesion; the
animals never showed any signs of CRs. In the present exper-
iments, animals were trained postoperatively for up to 24 d and
never showed any signs at all of CRs, even thought CR mea-
surements were taken for a 2500 msec time period following
CS onset. One of us (J.E.S.) has trained animals with effective
interpositus lesions for very long periods of time (Steinmetz and
Steinmetz, 1991; Steinmetz et al., in press). An example is shown
in Figure 8 of an animal that was trained preoperatively, sus-
tained an interpositus lesion that completely abolished the CR
(with no effect on the UR), and received 200 d of postoperative
training. This animal never showed any signs of eye blink CRs
postoperatively even though right eye blink training was pos-
sible.

In sum, the evidence is conclusive that complete destruction
of the critical region of the interpositus nucleus completely and
permanently prevents eye blink CR acquisition and completely
and permanently abolishes the previously learned eye blink CR,
regardless of the amount of pre- or postoperative training.

Experiment Il. Do Interpositus Lesions That Abolish
the CR Aiter Performance of the UR?

Welsh and Harvey (1989a) make much of their reported finding
that their “effective” interpositus lesion causes persisting changes
in the UR. The actual change they report is extremely small,
involving only modest changes in the percentage, peak latency,
and rise time of the UR to very low intensities of US. They
report no lesion effect on reflex amplitude or onset latency, even
at the lowest US intensities. Furthermore, they did not deter-
mine the effect of the lesion on performance of the UR in the
same animals; that is, they did not determine the effect of the
lesion on the UR compared to the same UR prior to lesion. In
this experiment, we evaluate the effect of interpositus lesions
that completely abolish the eye blink CR on properties of the
UR in the same group of animals, comparing pre- and postlesion
URs. A control group of animals given the same amount of
experience with stimuli but with random unpaired presentations
of the stimuli is used for comparison.

Materials and methods

Subjects. The subjects for this experiment were 19 adult male New
Zealand White rabbits. They were housed in a 12 hr light/12 hr dark,
temperature-controlled environment. They were cared for by the ex-



perimenters, staff, and veterinarians of the University of Southern Cal-
ifornia.

Trained group. A total of eight animals were run. In the following
protocol (summarized in Table 1), the amplitude of each rabbit’s re-
flexive reaction to different air puffintensities was measured at six points
during the course of training for classical conditioning. Each input/
output (I/O) testing measured the amplitude, latency, amplitude-time
area, and rise time of the reflexive blinks.

On the first day, the left eye of ecach rabbit was anesthetized with
ophthalmic lidocaine and a loop of 6-0 nylon suture was placed into
the temporal margin of the NM. This loop would be used in I/O testing
and in classical conditioning to attach a minitorque potentiometer for
measuring movement of the membrane. The following day, each rabbit
was tested for reaction to air puff. I/0 test 1 was used to assess reactions
to air puff intensities with each rabbit having as little experience with
the experimental condition as possible.

The protocol for each I/0 test consisted of the following. Each rabbit
was placed in a standard Plexiglas restrainer and fitted with a temporary
head stage that held a minitorque potentiometer (which attached to the
loop of nylon suture in the membrane) and a nozzle for directing air
puff to the cornea. In this and in all testing and training to follow, the
external eyelids were retracted in order to prevent their interference with
measurement of nictitating membrane extension. The rabbits were placed
in a sound-attenuating chamber with a speaker located about 15 cm
above and in front of the ears.

Each I/O test consisted of 10 presentations of corneal air puff (98
msec duration) at each of four intensities (1, 2, 3, and 4 psi). Each
presentation of a stimulus was varied by an average of 30 sec (2040
sec range). All presentations and collection of data were controlled by
computer (see below). Nictitating membrane extension was intention-
ally calibrated on an 8 bit ADC 0808 A/D converter.

Each rabbit was then adapted for 3 d to the conditioning apparatus.
Adaptation consisted of placing each rabbit in the restrainer and animal
chamber for a period of 1 hr without any stimulus presentations. On
the next day, each rabbit was tested for reflexes to the four air puff
intensities as before. This I/0 test 2 was used to assess the effects of
adaptation on reflexive responding.

Over the following S d, each rabbit was trained for classical condi-
tioning of the nictitating membrane response. The rabbit was placed in
a restrainer and inside the sound-attenuating chamber as for the I/O
tests and for adaptation. Each training session consisted of 12 blocks
of trials, with 9 trials per block, for a total of 108 trials per day of
training. The first trial of every block was a conditioned stimulus (CS)-
alone test trial. The CS was a 1 kHz, 85 dB SPL, 348 msec tone. The
following eight trials were paired tone-air puff trials. The air puff un-
conditioned stimulus (US) was a 3 psi (2.1 N/cm?), 98 msec air puff.
Tone onset preceded air puff onset by 248 msec, and both the tone and
air puff stimuli coterminated.

Presentation of stimuli and collection of data were made on line by
an interface (Lavond and Steinmetz, 1989a) and software (8088 machine
language and ForTH) for the IBM-PC/XT and compatibles. Each trial
began with a 248 msec baseline period, followed by a 248 msec CS
period (the period starting with tone onset), and ended with a 248 msec
US period (the period starting with air puff onset). The computer col-
lected information about the position of the nictitating membrane every
2 msec (animals 87-125, 87-126, 87-127, and 87-128) or 4 msec (ani-
mals 88-004, 88-005, 88-006, and 88-008).

The computer measured amplitude, latency (onset and peak), and
amplitude-time areas during the CS and the US periods, and determined
trials in which a conditioned response (CR) occurred and when criterion
for learning was reached. A CR was any movement after CS onset that
equaled or exceeded 0.5 mm of nictitating membrane extension. Cri-
terion for learning consisted of the first time that a CR occurred in 8
out of 9 consecutive trials. %CRs was reported for each block and for
the entire training session. Trials were not counted toward criterion if
movement in the baseline period exceeded 0.7 mm or if a movement
of 0.7 mm occurred in the CS period within 25 msec after CS onset.
Typically about 5% of trials are rejected from analysis by these criteria
(e.g., Gormezano et al., 1983; Lavond et al., 1987).

The next day, each rabbit was again tested for reflexes to the four air
puff intensities (I/O test 3). This tested for the influence of training on
reflexes.

Each rabbit was given 1 additional day of training. This additional
overtraining was to guard against the possibility that I/O test 3 interfered
with performance.

The Journal of Neuroscience, November 1992, 12(11) 4411

Table 1. Summary of trained group protocol

Day Condition

0 NM suture

1 1/0 test 1

2 Adaptation (3 d)

5 1/0 test 2

6 Classical conditioning (5 d—acquisition)
11 1/0 test 3
12 Classical conditioning (1 d—overtraining)
13 Surgery —interpositus lesion
14 Recovery period (7 d)
21 1/0 test 4
22 Classical conditioning (5 d—retention/relearning)
27 1/0 test 5
28 I/0 test 6

Following all training, the left interpositus nucleus of eight of the
rabbits was destroyed by electrolytic lesion. Each rabbit was anesthetized
with xylazine (8 mg/kg) and ketamine (60 mg/kg) and maintained on
1-2% halothane. Under aseptic conditions, the midline was incised and
the dura exposed. The head was positioned in the stereotaxic plane of
McBride and Kiemm (1968) in which bregma is placed 1.5 mm dorsal
to lambda. Two stainless steel insect pins (size 00), insulated with Epoxy-
lite except for 0.5 mm exposed tips, were inserted deep into the cere-
bellum. The coordinates for the anterior electrode were AP +1.5, ML
+5.0,and DV —13.5 mm from the bony landmark lambda (+ represents
anterior, lateral, and dorsal). The coordinates for the posterior electrode
were AP +0.5, ML +5.0, and DV —14.5 mm. The final vertical co-
ordinate was actually determined by the distance from lambda of the
posterior electrode (—14.5 mm), by the distance from the first recorded
cerebellar cortical cells (—7.5 mm), by the recording of unit activity
near the target location (0 mm), and by ascending from a recording of
auditory evoked responses from the dorsal cochlear nucleus (approxi-
mately 2 mm). At the targeted location 2 mA of anodal direct current
was passed for 150 sec through each electrode referenced to the skin.
The skin was sutured and wound wiped with the antiseptic microbicide
Betadine ointment. Each rabbit was monitored for postoperative re-
covery from anesthesia. After 7 d of recovery from the surgery, each
rabbit was again tested for reflexes to the four intensities of air puff (I/0
test 4). This tested for the effects of the lesion before retention/relearning
began.

Next began 5 d of retention/relearning on classical conditioning using
the same protocol as before the lesion. Training occurred on the same
side as the original training and therefore on the same side of the in-
terpositus lesion. We and others have shown repeatedly that effective
interpositus lesions completely abolish previously learned responses (see
introductory remarks).

Finally, we tested for reflexes to the four air puff intensities on the
following 2 d. I/0 test 5 tested for reflexive responses immediately
following retraining. I/0 test 6 on the subsequent day tested for con-
sistency of responding.

The rabbits were overdosed with sodium pentobarbital and perfused
intraaortically with saline followed by formalin. The brains were ex-
tracted and postfixed in formalin for at least 1 week. Next, the brains
were embedded in a gelatin-albumin matrix and fixed with parafor-
maldehyde in preparation for normal histology. The brains were then
frozen and sectioned at 80 um. The slices were mounted onto chrome-
alum-subbed slides and dried. The sections were then stained with cresyl
violet for cell bodies and counterstained with potassium ferrocyanide
(Prussian blue) for the iron deposited by the lesions. A coverslip was
cemented over the section and allowed to dry. Serial reconstructions
were made using light microscopy and a projected image through a
photographic enlarger.

Control group. A total of 11 animals were given the I/O test and
unpaired stimulus presentations to determine if any changes that might
occur in I/0 UR amplitudes as a result of training are due to nonas-
sociative processes. The schedule and parameters of I/0 testing and
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Figure 9. %CRs (4) and CR amplitudes (B) recorded before and after
left interpositus nucleus lesions in animals given paired classical con-
ditioning training for experiment II.

training were the same as in the trained group (see above). However,
rather than paired training, these animals were given 5 d of CS and US
presentations in a pseudorandom temporal sequence. Specifically, train-
ing consisted of 204 trials (12 blocks of 17 trials) per day for 5 d in
which each block contained eight US-alone trials and nine CS-alone
trials in the following sequence (t = tone trial, a = air puff trials):
a,t,t,a,a,t,a,t,t,3,a,t,a,1,t,a,t. The intertrial interval for this group varied
randomly from 1 to 33 sec to approximate the truly random procedure
suggested by Rescorla (1967).

Results
Classical conditioning—paired group
Performance on classical conditioning was analyzed with sep-
arate repeated-measures ANOVA for %CRs, amplitude of CRs,
and amplitude of URs. A two-factor within-group design com-
pared the first 5 d of acquisition with the 5 d of retention/
relearning (before/after lesion) and each day of training (days
1-5). All Ftests reported are significant at p < 0.05 unless stated
otherwise (nonsignificant F values are not reported). Only a few
additional comparisons were made to keep the experiment-wise
error low.

9%CRs. There were significant main effects before/after the
lesion (F,; = 70.0), over days (F, s = 35.0), and of their inter-
action (F,,; = 30.0) (Fig. 94). The first day of acquisition was
significantly different than the fifth day of acquisition (F,; =
253.0), indicating that the animals learned. The fifth day of
acquisition was significantly different than the first day of re-
tention/relearning (F, , = 333.0), indicating that the lesion abol-
ished the previously learned response. The first day of acqui-
sition did not significantly differ from any day of retention/

relearning, indicating that there was no reacquisition after the
lesion with repeated training.

CR amplitude. There were significant main effects before/after
the lesion (F,, = 15.0), over days (F,,; = 8.0), and of their
interaction (F,,; = 8.0) (Fig. 9B). The first day of acquisition
was significantly different than the fifth day of acquisition (¥, ,
= 16), indicating that the animals learned. The fifth day of
acquisition was not significantly different than the first day of
retention/relearning, indicating that there was no reacquisition
after the lesion with repeated training.

Summary. As previously reported in a number of studies, and
in experiment I of this article (see above), the rabbits in this
experiment learned before the lesion and showed no evidence
of CRs following the interpositus lesion.

Input/output UR tests—paired group

Reflexes to 1, 2, 3, or 4 psi at various points during training
(see Table 1) were analyzed by repeated-measures ANOVA for
UR amplitude, amplitude-time area, frequency, rise time, and
peak latency. A three-factor within-group design compared re-
flexes for acquisition with retention/relearning (before/after le-
sion), each with three test days (day) and each of these with four
intensities (1-4 psi). As above, all Ftests reported are significant
at p < 0.05 unless stated otherwise, and only a few additional
comparisons were made to keep the experiment-wise error low.

Amplitude. There was no significant main effect on reflex am-
plitude before/after the lesion, indicating that the size of the
reflexes were the same before and after the lesion (Fig. 104).
There were significant effects of days (F, . = 3.9), of psi (F;,,
= 19), and of their interaction (lesion x day, F,, = 6.4), in-
dicating that the reflexes generally changed size over days and
that there were differential effects on the reflexes depending upon
the lesion and day observed. No other main effects were sig-
nificant. Overall, reflex amplitudes to 1 psi or 2 psi did not
change, while reflex amplitudes elicited by 3 psi and 4 psi did
change significantly (F;,, = 3.4 and 3.4, respectively). Further-
more, there were no effects at any pressure level on reflexes
before versus after the lesion.

Together, these results indicate no effect of lesion on reflexive
amplitudes at any psi value. However, 3 and 4 psi values did
change across days. To explore this finding further, we compared
1/0 tests at 3 and 4 psi only. Reflexive amplitudes got signifi-
cantly larger when comparing I/0 tests 1 and 2 combined (pre-
training) versus I/O test 3 (posttraining) (F,, = 8.9 and 5.8,
respectively, for 3 and 4 psi). Paired ¢ tests were then used,
showing that the 4 psi values did not change from IO 3 to I/O
4, from I/0 3 to I/0 5, and from I/0 3 10 I/0 6. That is, reflexive
responding to 4 psi remained high regardless of the lesion. On
the other hand, 3 psi did significantly decrease following the
lesion (I/0 3 vs. 1/O 4, t, = 2.9). However, there was no dif-
ference at 3 psi between I/0 3 and either I/0 § or 1/0 6, in-
dicating that reflexive responses to 3 psi returned to prelesion
levels after retention training.

Amplitude-time area. The main effects for amplitude-time
are the same as for the amplitude data above, except that there
was also a significant three-way interaction for amplitude-time
(Fs42 = 2.7) (Fig. 10B). There was no significant main effect for
amplitude-time before versus after the lesion, but there were
significant day (F,,, = 5.3) and pressure (F;,, = 34) main effects
and a lesion by day interaction (F,,, = 3.5). As with amplitude
data above, there were no changes in reflexive areas for 1 and
2 psi, but the reflexes for 3 and 4 psi did change (F;,; = 3.5 and
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Figure 10. UR amplitudes (4), UR amplitude-time areas (B), %URs (C), UR rise times (D), and UR peak latencies (E) recorded during I/O test
sessions in rabbits given paired training during experiment II. The I/O functions were established with four levels of air puff pressure.

4.5). Both psi 3 and 4 areas increased from I/O tests 1 and 2
combined to I/O test 3 (F,; = 8.7 and 9.7, respectively). Paired
t tests were then used, showing no change at 4 psi from I/0 3
to 1/0 4, from I/0 3 to I/O §, and I/O 3 to I/0 6. On the other
hand, at 3 psi, I/0 3 differed from 1/0 4 (¢, = 3.2) and from
I/0 5 (¢, = 2.5) but not from I/0 6. These results are very similar
to the analysis of amplitude data above.

UR frequency. There were no significant main effects before
versus after the lesion or over days, but there was a significant
pressure effect (F,,, = 17.0) (Fig. 10C). No interactions were
significant. There was a significant difference between 1 and 2
psi (F,, = 34) and between 2 and 3 psi (F,, = 5.6), but not
between 3 and 4 psi. These results indicate that there were fewer
URs with decreasing psi intensity, but that there were no lesion
effects on percentage of URs.

UR rise time. Welsh and Harvey (1989a) used an unusual
method of scoring UR onset in their rise time analysis: they
measured backward from the 0.5 mm UR amplitude to an
amplitude of 60 um and defined this as UR onset. We analyzed
our rise time data using a comparable procedure, measuring
backward from the 0.5 mm UR criterion to an amplitude of
100 um and defining this as the UR onset. An amplitude of 100
um was chosen because it was the finest resolution possible in
the recording system we used (i.e., our computer system re-
corded in increments of 100 um). The rise time was then cal-
culated as the difference between peak latency and onset latency.
ANOVA indicated no significant effects, although pressure level
approached significance (F;,, = 3.0, NS) (Fig. 10D). Neverthe-
less, we performed limited comparisons. There was no signifi-
cant difference at 3 psi comparing both I/0 tests 1 and 2 com-
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bined with 170 test 3. At 4 psi, there was a significant difference
comparing both I/0 tests 1 and 2 combined with I/O test 3 (F,;
= 7.7). In general, there was no effect on rise time of the un-
conditioned reflexes to the differing psi intensities, and there
was no lesion effect.

UR peak latency. There were no significant main effects for
before versus after the lesion, over days, or of psi (Fig. 10E).
None of the interactions were significant.

Summary. The amplitudes and amplitude—time areas of un-
conditioned reflexes to 1, 2, 3, and 4 psi before any training
were small. The reflexes to 1 and 2 psi did not change throughout
all 1/0 tests. After training, reflexes to 3 and 4 psi were larger
than before training. We think it may be significant that the
intensity used for training was 3 psi. After the lesion, there was
a significant reduction in the reflexes to 3 psi (I/0 test 3 vs. 4)
before training resumed. However, the responses to 3 psi re-
turned to prelesion levels (170 test 3) by the end of retention/
relearning (170 test 6).

Unpaired training— control group

Performance on classical conditioning was analyzed with sep-
arate repeated measures ANOVA for %CRs and amplitude of
CRs.

%CRs. The mean %CRs to tone alone presentations averaged
over the 5 d of pseudorandom stimulation was 2.4 (Fig. 114).
There is no significant change in mean percent CRs over 5 d of
training.

CR amplitude. The mean amplitude of CRs to tone alone

trials averaged over the 5 d of pseudorandom stimulation was
0.06 mm (Fig. 11B). There is no significant change in this mea-
sure over the 5 d of training.

Summary. This analysis demonstrates that the rabbits did not
exhibit any signs of learning with random tone and air pufftrials.

Input/output tests—control group

Reflexes to 1, 2, 3, or 4 psi at various points of training (I/O 1,
adaptation; I/0 2, random trials; I/O 3 and I/0 4 were analyzed
by repeated measures ANOVA for UR amplitude; Fig. 11C).
A two-factor within-group design compared reflexes over 4 test
days (day) and each of these with four intensities (1-4 psi). As
above, all F tests reported are significant at p < 0.05 unless
stated otherwise, and only a few additional comparisons were
made to keep the experiment-wise error low.

There were significant main effects for day (F,;, = 4.3) and
for pressure (F, 3, = 4.9) but not for their interaction. Individual
tests followed. There was no change in reflexes for 1 psi but
there were significant increases in the reflexes for 2, 3, and 4 psi
(F,45 = 4.1, 3.5, and 3.6, respectively). The 170 1 results were
not different from I/0 2 and I/O 3 was not different from I/O
4. There was a significant difference between 170 1 (before ad-
aptation) and I/O 2 (after adaptation) combined versus I/0 3
(after random pairings, F, ,, = 6.8), indicating that reflexes over
all intensities increased as a function of random exposure to the
training stimuli.

In summary, these results indicate that the size of the uncon-
ditioned reflex is not an unvarying parameter. Reflex amplitudes



increase over days of training whether the animals are given
random unpaired tones and air puffs, or given paired training,
as reported above.

Histology

Figure 12 shows reconstructions of the largest and smallest le-
sions for these eight experimental animals (see note 1). All rab-
bits have damage to the anterior two-thirds of the deep nuclei,
encompassing the lateral border of the interpositus and the me-
dial border of the dentate. The lateral extent of the lesions in-
cluded most of the dentate nucleus in all but two animals (126
and 128), and the medial extent included all or most of the
interpositus. The lesions therefore include the beginnings of the
superior cerebellar peduncle, which originates in the hilus of the
dentate nucleus and divides the interpositus into dorsal and
ventral halves. The critical region of the interpositus, the dorsal
aspect of the anterolateral interpositus, is destroyed in all ani-
mals. In addition, at least three (005, 006, and 126) and possibly
four (005) rabbits have complete interpositus damage in the
anterior-posterior plane. The electrode track made some in-
complete cortical damage to anterior cerebellar lobules (anterior
to Larsell’s lobule HVI). HVI is largely damaged in two rabbits
(125 and 128) with some damage in two others (004 and 126)
but not damaged in the remaining three rabbits (005, 006, and
127). In summary, the electrolytic lesions have destroyed the
part of the interpositus nucleus that we have previously iden-
tified as critical for classical conditioning in all eight animals
(see General Discussion).

Experiment |l discussion

These experiments demonstrate no persisting effects of the in-
terpositus lesion (that abolished the CR) on the UR in paired
training or in I/O tests to US-alone presentations at four different
USintensities (1, 2, 3, 4 psi) on any measure of UR performance:
amplitude, amplitude—time area, frequency, latency, or rise time.
The lowest intensity we used was 1 psi (which equals 0.07 kg/
cm?, 0.73 N/cm?, and 7.3 kPa/cm?). We did find, however, a
transient decrease in the mean UR amplitude and amplitude-
time area (but not latency, frequency, or rise time) to the training
intensity US (3 psi) immediately following lesion, but this de-
crease quickly recovered to prelesion levels.

In comparing our results to those of Welsh and Harvey, it is
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Figure 12. largest (upper row) and
smallest (lower row) extent of the le-
sions for rabbits given paired training
before and after an interpositus lesion.
The electrolytic lesions include the an-
terior and middle extent of the inter-
positus nucleus as well as damage to the
efferent superior cerebellar peduncle. In
addition, there is some damage to the
dorsal cochlear nucleus below the cer-
ebellum. The schematic drawings fol-
low those depicted in Figure 7.

important to emphasize that they did not in fact measure the
effects of interpositus lesions on reflex responses. Instead, all
their analyses were done after lesion by separating the lesion
animals, post hoc, into different groups. Not all animals from
the initial lesion groups were used in this experiment; they do
not state their selection criteria. It is worth emphasizing that
Welsh and Harvey find no effect of interpositus lesion on any
property of the reflex response to US alone test at US intensities
at or well below the intensity used in training; indeed, they report
no effect on UR amplitude at any US intensity used. As noted,
the only differences they find between their lesion groups are
small changes in frequency, peak latency, and rise time of the
UR at low US intensities when onset latency is measured back-
ward from the 0.5 mm response criterion to a 60 um amplitude.
We analyzed our data in the same way and found no such effect
of interpositus lesion, even at the lowest US intensity we used.

In contrast to Welsh and Harvey, we measured the effects of
interpositus lesions on URs in the same animals before and
after lesion. Because many factors can influence the UR and
because of substantial individual differences in URs, it is es-
sential to compare URs in the same animals before and after
lesion. Their interpositus lesions often included varying amounts
of cerebellar cortex (Welsh, 1987). There is now evidence that
lesions of the cerebellar cortex that markedly impair or abolish
the eye blink CR may cause a significant increase in the am-
plitude of the UR in the same animals (Logan, 1991). It is thus
very possible that the differences Welsh and Harvey report be-
tween their postlesion groups are due to relative changes in their
“ineffective” lesion groups, due in turn to cerebellar cortical
damage in the absence of damage to the critical region of the
interpositus nucleus.

In our lesion group in this experiment, both amplitude and
amplitude-time area UR measures showed a significant but very
transient decrease immediately following lesion, with complete
recovery to preoperative levels, in the I/O UR data for the
training US intensity (3 psi). However, latency, frequency, and
rise time measures did not show this effect; that is, they were
not sensitive measures. It is likely that the amplitude—time area
measure is the most accurate reflection of the amount of activity
in the motor nuclei. We showed some time ago that this measure
of the NM response is very highly correlated with neuronal
activity in motor nuclei (Cegavske et al., 1979). Amplitude is
of course highly correlated with amplitude-time area.
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Welsh and Harvey present no evidence that UR rise time and
latency are the most valid or useful measures of “performance.”
The US intensity is the most powerful determinant of the UR,
yet their data suggest that UR frequency, peak latency, and rise
time do not even vary with US intensity except at the lowest
intensities.2 On the other hand, their data suggest that UR am-
plitude does vary systematically with US intensity. Importantly,
as noted, they report no differences between “effective” and
“ineffective” lesion groups in UR amplitude as a function of
US intensity. Our results indicate that UR rise time and latency
do not vary systematically or significantly with air pressure, in
marked contrast to amplitude and amplitude-time area mea-
sures, which increase in a highly significant manner with in-
creasing air pressure (see Figs. 10, 11). This argues that UR rise
time and latency are not the most useful measures of behavioral
performance in this behavioral learning paradigm. We did find
that UR frequency increased significantly with US intensity.
However, the interpositus lesion effective in abolishing the CR
had no effect on UR frequency at any US intensity.

A striking and somewhat unexpected finding in the present
experiment is the marked overall increase in UR amplitude over
US alone 1/0 tests that resulted from experience (Figs. 10, 11).
This increase does not appear to be associative in nature; the
same overall increase occurs before and after training in the
control group given pseudorandom unpaired training. Further,
the interpositus lesion that abolishes the CR has no effect on
this experience-dependent increase in UR amplitude. This find-
ing indicates that the UR itself is “plastic” and can change as
a result of experience with the situation and stimuli, independent
of increases in associative strength of the CR. There is a liter-
ature indicating that adaptation of the eye blink reflex occurs.
Specifically, in both rabbits and humans, increased or decreased
loading of the external eyelid can increase or decrease the gain
of the reflex and this gain persists immediately following re-
moval of the load (Evinger and Manning, 1988). Further, the
reflex can be modulated by presentations of “neutral” stimuli
prior to learning, the phenomenon of reflex facilitation (e.g.,
Weisz and LoTurco, 1988). The important point of these ob-
servations here, and our results, is that the amplitude and other
properties of the eye blink UR can change considerably quite
independently of the development of conditioned eye blink re-
sponses to a CS. The key findings in this experiment are (1)
interpositus lesions that abolish the eye blink CR have no per-
sisting effects on any property of the UR to US-alone tests, even
at low intensities, and (2) experience in the situation results in
a marked increase in UR amplitudes to US-alone tests, inde-
pendent of the development of CRs.

2 In order to maximize the sensitivity of UR measurement, we completed reflex
testing and training on two separate groups of animals, using intensities of 0.13
psi (which equals 0.009 kg/cm?, 0.09 N/cm? and 0.9 kPa/cm?) or 0.50 psi (which
equals 0.035 kg/cm?, 0.35 N/cm? and 3.5 kPa/cm?). Animals were given reflex
tests to the US alone at the US intensity used for training. None of the four animals
trained at 0.13 psi exhibited CRs; that is, they did not learn. Four of seven animals
trained at 0.50 psi developed CRs, and three animals exhibited no CRs. Thus,
the two lowest US intensities used by Welsh and Harvey are below threshold for
learning; they do not sufficiently activate the necessary US pathways. Conse-
quently, reflex testing at these intensities is not relevant to the issue of CR versus
UR performance. It appears that 0.5 psi is approximately at threshold (four of
seven animals learned). Interestingly, in the four animals that learned, the CR
amplitude (mean = 2.3 mm) was considerably larger than the UR amplitude
(mean = 1.4 mm). Interpositus lesions made in these four animals completely
abolished the CR [#(3) = 8.49; p < 0.01] and had no significant effect on the UR
[£(3) = 1.35; NS]. Thus, even at the lowest US intensity that supports learning,
where UR amplitude is well below CR amplitude, the interpositus lesion com-
pletely abolishes the CR and has no effect on the UR.

Experiment lll. Do Lesions of Eye Blink Motoneurons
Impair Equally the CR and the UR?

Welsh and Harvey (1989a) argue that abolition of the eye blink
CR following interpositus lesion is merely a “performance” ef-
fect—that the lesion alters the properties of the UR and this
will have disproportionate effects on the CR because the CR is
somehow more “fragile” than the UR. Welsh and Harvey do
not define “performance” other than in terms of the properties
of the UR. The experiment reported here was designed to test
their assertion that procedures that alter performance of the UR
will have disproportionate effects on the CR.

In an important series of studies, Disterhoft et al. (1985) made
lesions of the accessory abducens nucleus in rabbits previously
trained in eye blink conditioning (they used a white noise CS
and corneal air puff US, and measured NM extension). Results
were striking: there were significant reductions in amplitudes of
the CR and the UR immediately after lesion. However, in all
cases they report varying degrees of recovery of the CR and the
UR. Indeed, in the one example shown (their Fig. 5, p 947), the
CR recovered to a greater extent than the UR. If anything, the
CR appeared to be less fragile, less influenced by variables that
act on performance, than the UR itself. Because this finding has
fundamentally important implications for the “performance”
argument, we replicate and extend these observations here using
both measures of URs to US-alone trials and CRs to paired CS-
US trials and CS-alone trials.

Materials and methods

Training schedule. Results are reported for nine animals. All animals
were trained and tested using the same general schedule as in experiment
11, with simplification. Animals were habituated to the apparatus for 2
d. On day 3 they were given the 1/0 tests at 1, 2, 3, and 4 psi, using
the same procedure as in experiment II. They were then trained for 5
d using the standard conditioning procedure exactly as in experiment
II. They were then given another day of I/O test. Lesions were then
made, and the following day the animals given a day of I/O testing to
the US and then trained for 5 d, given an I/O test day, and additional
training and testing sessions.

Accessory abducens lesions. Animals were anesthetized with halo-
thane. The lesion electrode (00 insulated insect pin, 150-200 pm ex-
posed tip) was lowered into the vicinity of the accessory abducens nu-
cleus ipsilateral to the trained eye and stimulus trains given (100 msec
train duration, 0.1 msec pulse duration, 10-15 uA, 400 Hz, cathodal
stimulation), and the electrode positioned so that the threshold response
to stimulation was “pure” eyeball retraction and NM extension. We
used the coordinates for the accessory abducens nucleus reported by
Gray et al. (1981): AP obtained from regression equation X = 0.69y +
1.0 mm, where y = distance between lambda and bregma; ML = 2 mm
from midline; DV = 20.9 mm ventral to bregma (however, our best
DV was 1-1.5 mm lower than this value). The lesion current was 1 mA
for 3045 sec. Following 1 d of recovery, animals were given the 1/O
tests and training as indicated above. Three sham lesion animals were
also done, using the same schedule and same duration of anesthesia as
the lesion animals, to control for possible long-lasting effects of the
anesthetic, and so on. In addition, three animals sustained lesions dorsal
to the region of the accessory abducens nucleus and thus served as
lesioned controls.

Results

Figure 13 shows results for three animals, all of whom sustained
very large lesions in the region of the accessory abducens nucleus
ipsilateral to the trained eye, plotting mean amplitude (as per-
centage of prelesion amplitude) of the UR to US-alone stimuli
of the training intensity (3 psi) and mean amplitude (as per-
centage of prelesion amplitude) of the CR to CS-US and CS-
alone trials at successive 5-6 d periods over the course of post-



operative training and testing. The mean prelesion amplitudes
were UR = 13.3 mm, CR = 6.7 mm. Note that the mean
amplitude of the UR to US-alone stimulation at the end of
preoperative training was twice as large as the mean CR am-
plitude. Following destruction of the accessory abducens nucle-
us, both the UR and the CR were virtually abolished. However,
over the course of postoperative training and testing, the CR
amplitude showed pronounced recovery whereas the UR shows
relatively little recovery. These data were analyzed with a 2 x
4 between-groups mixed ANOVA. Response type (UR vs. CR)
was not significant; session was highly significant (F;,, = 17.9;
p < 0.001), and the interaction was significant (F; ,, = 4.2; p <
0.05). Planned comparisons indicated no significant change in
the %UR measure over postoperative sessions but a significant
increase in the %CR measure over postoperative sessions (F,,
= 50.74; p < 0.05). In short, the CR amplitude recovered sig-
nificantly over the postoperative training sessions but the UR
did not exhibit significant recovery over postoperative training
sessions.

The sham lesion animals showed no changes in either CR or
UR amplitudes when tested at the same time after anesthesia
as the lesion animals. Further, a group of three animals served
as lesion controls; in these animals the lesion caused little or no
damage to the accessory abducens nucleus. These animals showed
no decrement in CR or UR performance following lesion. The
effective accessory abducens lesions and the control lesions are
reconstructed in Figure 14. The largest effective lesion com-
pletely destroyed the accessory abducens and invaded regions
surrounding the nucleus. The smallest lesion invaded a portion
of the accessory abducens and included some adjacent tissue.
The animal with the most profound behavioral effect (31-058)
was continued for an additional 10 d of training and testing.
The UR to US-alone showed no further recovery beyond that
seen at 15 d, but the CR amplitude showed further recovery.
Subsequent histological analysis showed that this rabbit had the
largest lesion.

In sum, lesions of the accessory abducens nucleus that mas-
sively and permanently impair performance of the UR (recovery
not statistically significant and to only 23% of prelesion ampli-
tude) result in much less impairment of the CR (recovery sta-
tistically significant and to 56% of prelesion amplitudes), even
though the UR amplitude was substantially higher than the CR
amplitude before lesion. This finding replicates and extends the
earlier report by Disterhoft et al. (1985) and demonstrates clear-
ly that direct and substantial impairment in performance of the
behavioral response, as measured by the UR amplitude in re-
sponse to US-alone stimuli, causes much less impairment in the
CR amplitude in response to the CS.

Experiment lll discussion

The result of this experiment shows clearly that massive and
permanent impairment of the animal’s ability to perform the
UR following lesion of the accessory abducens nucleus has rel-
atively little persisting effect on the ability of the animal to
perform the CR. This stands in marked contrast to the effect of
the interpositus lesions in the present experiments, which caused
complete and permanent abolition of the CR but had no effects
on the UR. Welsh and Harvey define “performance” as per-
formance of the UR and argue that very small effects of lesions
on the UR will cause vastly greater effects on the CR. The present
result shows this argument to be wrong and the facts to be just
the opposite. Although the UR exhibits some plasticity follow-
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Figure 13. UR amplitudes (solid bars) and CR amplitudes (open bars)
recorded 1, 6, 12, and 18 d after abducens lesions were given. The
amplitudes are expressed as percentages of presurgery levels.

ing lesion impairment, the CR exhibits much greater plasticity
in recovery following lesion impairment of the UR than does
the UR itself.

General Discussion

Effects of interpositus lesions on the CR

Results of experiments I and II demonstrate conclusively that
appropriate electrolytic lesions of the anterior interpositus nu-
cleus completely and permanently prevent acquisition and com-
pletely and permanently abolish retention of the conditioned
eye blink response. This result confirms and extends results from
a number of earlier studies reporting the same finding (e.g.,
McCormick and Thompson, 1984a; Lavond et al., 1985; Yeo
et al., 1985a). Such completely effective lesions have now been
reported in well over 100 rabbits. In initial electrolytic inter-
positus lesion studies, we found that if the lesion did not com-
pletely destroy the critical region of the interpositus, a residual
CR remained; this CR had a lower amplitude, a lower frequency
of occurrence, and an increased onset latency (Clark et al., 1984).
As noted earlier, Welsh and Harvey (1989a) reported a group of
“effective” interpositus electrolytic lesion animals, 4 of whom
never showed any signs of residual CRs throughout postoper-
ative training, and 11 of whom did have significant residual CRs
postlesion; that is, the lesions were not completely “effective”
in these 11 animals. In short, they merely succeeded in repli-
cating both our earlier complete and incomplete lesion results.

There are several issues of relevance to these interpositus
lesion results, some of which were raised by Welsh and Harvey
and others as critiques of our earlier work; we address these
issues here.

1. Period of measurement on CS-alone test trials. It has been
argued that we did not record the CR for a sufficient time post-
CS onset on CS-alone test trials to record “late” CRs, for ex-
ample, Welsh and Harvey’s (1989a) reported response with an
onset latency of about 300 msec. Actually, although not re-
ported, in our initial cerebellar lesion studies we recorded the
NM extension response on a polygraph for a 1000 msec period
post-CS onset (e.g., McCormick and Thompson, 1984a), and in
subsequent studies we always recorded for at least 500 msec
post-CS onset on CS-alone trials. In the present experiments,
we recorded the CR on CS-alone trials for 2500 msec.
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Figure 14. Coronal brain sections showing the extent of the lesion in the vicinity of the accessory abducens nucleus for the lesion and control
groups. IV vent, fourth ventricle; SCP, superior cerebellar peduncle; MCP, middle cerebellar peduncle; ICP, inferior cerebellar peduncle; accABD,
accessory abducens nucleus; V111, eighth cranial nerve; VII, seventh cranial nerve; VII n, nucleus of the seventh cranial nerve; mV n., motor
nucleus of the fifth cranial nerve (Vth); sp¥ n., spinal nucleus of the Vth: mesV n., mesencephalic nucleus of the Vth; V, fifth cranial nerve; IV n.,
nucleus of the fourth cranial nerve; trap. n., trapezoid nucleus; LSO, lateral superior olive; olivary n., olivary nuclei; lat. vest. n., lateral vestibular
nucleus; PAG, periaqueductal gray; lemn. n., lemniscal nuclei; pyr. tr., pyramidal tract; pont. n., pontine nuclei.

2. Use of the 0.5 mm NM extension criterion standard in the
Jield. Welsh and Harvey argue that this criterion is not suffi-
ciently sensitive to detect small CRs, particularly for onset la-
tency measurement, and they measured backward from 0.5 mm

to a 60 um movement. The fact that Welsh and Harvey’s onset
latency distributions on CS-alone test trials in their “effective”
lesion animals were not randomly distributed in time is of course
because 11 of their animals did not have completely effective



lesions; that is, they still showed CRs. All of the effectively
lesioned animals in the present experiments showed only spon-
taneous responses with onset latencies distributed randomly
over the CS-alone test trial periods, even when we used the 100
um response amplitude measurement. Indeed, these sponta-
neous responses were at or below the rates obtained in earlier
studies for control animals not given paired training.

Lavond et al. (1990a) recently reported an extensive study in
which animals were trained for 10 d, given interpositus lesions,
and then retrained for at least 20 d (one animal for 26 d),
measuring both NM extension and orbicularis oculi EMG. Pre-
operatively, the EMG measure had a significantly lower thresh-
old and significantly shorter latency and showed a much greater
degree of increase over training than did NM extension—it is
a significantly more sensitive measure than NM extension. The
lesions completely and permanently abolished both measures of
the CR.

3. Amount of postoperative training. It has been argued that
the interpositus lesion abolition of the CR is temporary and
that we have not given sufficient postoperative training to see
recovery (e.g., Kelly et al., 1990). Actually, Welsh and Harvey
reported no significant increase in the CRs over postoperative
training in their “impaired” lesion group. This lack of recovery
from clearly incomplete lesions confirms our earlier report that
the attenuated CR does not recover following lesions that were
not completely effective (Clark et al., 1984). This result argues
strongly that the interpositus lesion destroys the memory trace
itself or the essential efferent pathway from the memory trace.
Partial damage to systems afferent to memory traces that im-
pairs learned responses, for example, sensory pathways, is char-
acteristically followed by full recovery of learned response with
subsequent training in a variety of learning situations (for re-
views, see Lavond et al., 1984b; Finger et al., 1988). As noted,
we earlier reported that periodic training and retraining of an-
imals for up to 8 months following effective interpositus lesion
yields no signs of CRs (Lavond et al., 1984b). Animals trained
with the conditions we use require only 2-3 d of training to
reach learning criterion. In the present studies, animals were
given 24 d of postoperative training and no CRs developed.
Lavond et al. (1990a) trained animals for 20 d postoperatively
with no CRs. In both Lavond’s study and group P10 in the
present study, animals were given 10 d of preoperative training
prior to lesions. Finally, Steinmetz et al. (1991, in press) have
now retrained animals for 200 d postlesion (they were trained
prelesion) with no signs of CRs. There is never any recovery at
all of the CR following appropriate lesion of the interpositus
nucleus.

4. Anatomical definition of the critical region of the interpositus
nucleus. Based on the now-extensive literature showing lesions
of the interpositus nucleus that are completely effective in abol-
ishing the eye blink CR, we can define rather precisely the critical
region. Using kainic acid lesions that do not cause degeneration
in the inferior olive, the critical region is the dorsolateral aspect
of the anterior one-third of the interpositus nucleus and is not
much larger than a cubic millimeter (Lavond et al., 1985). This
region receives somatotopic projections representing the eye
from the dorsal accessory olive (Gibson et al., 1987) and projects
to the red nucleus (Rosenfield et al., 1985). Because of inter-
animal variability and the variability inherent in the stereotaxic
method, a substantially larger lesion is generally used to abolish
the CR reliably across animals. The electrolytic lesion procedure
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described for experiment IT (Materials and Methods) yields such
a lesion.

Welsh and Harvey claim that anatomically comparable le-
sions of the interpositus can either completely or incompletely
abolish the CR. Although they do not provide sufficient ana-
tomical data in their report to establish this claim, Welsh does
provide these data for 12 “effective” lesion animals in his thesis
(Welsh, 1987). One of us (D.G.L.) examined Welsh’s lesion
reconstructions blind insofar as behavioral effects were con-
cerned. In only one animal did the lesion appear to have com-
pletely destroyed the critical region of the interpositus. Lesions
were almost complete in five animals, more incomplete in two,
and even more incomplete in four animals. Since Welsh and
Harvey do not identify the animals in their report either in terms
of lesion or performance, we cannot match them, but the fact
that most of the lesions did not completely destroy the critical
region of the interpositus nucleus accounts for their results.

Effects of interpositus lesions on the UR

Our results demonstrate that the interpositus lesion effective in
completely abolishing the CR has no persisting effects on the
UR to US-alone stimuli over a range of US intensities. Inter-
estingly, the UR to the US of the training intensity does show
a decrease immediately following lesion but it quickly recovers
to the preoperative level.

As noted earlier, Welsh and Harvey did not in fact measure
the effects of interpositus lesions on reflex responses in the same
animals; instead, they compared only some of their postlesion
animals separated post hoc into different groups. Importantly,
they did not find any effect of interpositus lesions on amplitude
of the UR at any US intensity. Our data, and their data, on
effect of US intensity, per se, on properties of the UR indicate
clearly that amplitude of the UR is an appropriate measure of
UR performance but peak latency and rise time of the UR are
not; unlike amplitude, they do not vary with US intensity. Welsh
and Harvey report only very small lesion effects on UR peak
latency and rise time (and UR frequency) at low US intensities.
We do not see any such effects. Many factors can influence the
UR, and there are extreme individual animal differences in
properties of the UR. In order to demonstrate effects of lesions
on the UR, it is essential to compare URs in the same animals
before and after lesion.

Welsh and Harvey (1989a) assert that, “when one attempts
to equate the CS and the UCS as response-eliciting stimuli, the
deficits in the CR and the UCR become more alike” (p 309).
The only way to evaluate this statement is to equate the CS and
the US in terms of response elicitation prior to lesion and then
determine the effect of the lesion on the two responses that were
“psychophysically equivalent” prior to lesion. Welsh and Har-
vey do not make this comparison and do not provide any in-
formation on the properties of the URs prior to lesion in their
animals. We do have such data. Indeed, the UR amplitude at
1 psi is lower than the CR amplitude, and the frequency of both
is the same prior to lesion; the CS and US are “equated as
response eliciting stimuli” (actually, the CS is a somewhat stron-
ger “response eliciting stimulus™ than the US) (see Fig. 154).
After lesion, there is no appreciable change in the UR amplitude
or frequency at 1 psi, but the CR amplitude is reduced to vir-
tually zero in amplitude and frequency.

Although Welsh and Harvey do not provide any data on
prelesion URs to US-alone tests, we can use their “no lesion
effect” group for this measure. Following their requirement, it
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Figure 15. A, Response amplitudes and percentages of responses (solid
bars) to 1 psi US-alone stimulus presentations and CR amplitudes and
percentage of responses (open bars; trained with a 3 psi US) recorded
before and after cerebellar interpositus lesions. B, Responses recorded
during Welsh and Harvey’s (1989a) study that have been equated for
amplitude and frequency. On the /eft are shown UR amplitudes and
percentage of responses recorded from “noneffectively” lesioned rabbits
(solid bars) and prelesion CR amplitudes and percentage of responses
(open bars). On the right are shown UR amplitudes and percentage of
responses (solid bars) and postlesion CR amplitudes and percentage of
responses recorded from “effectively” lesioned rabbits (open bars).

is necessary to equate the CS and US as response eliciting stim-
uli, that is, to select the US intensity in the “no effect” group
that yields a response “psychophysically equivalent” to the CR
prior to lesion. Results are shown in Figure 15B, where the
responses are equated in amplitude and frequency. Note that
the properties of the prelesion CR and the “no effect” UR are
identical. Note also a profound reduction in mean amplitude
and frequency of the CR postlesion but no difference at all in
UR mean amplitude or frequency between the “effective” and
“no effect” groups.

The comparison Welsh and Harvey make, that is, between
CR amplitudes postlesion and UR amplitudes postlesion at the
lowest-intensity US, is logically indefensible. Our animals showed
zero mean amplitude CRs postlesion when compared to normal
control animals given unpaired CS-US training. The intensity
of the US to yield a zero response amplitude UR would have
to be set at zero to equate the postlesion CS and US as “response
eliciting stimuli.” This is just another way of saying that the
lesion completely abolished the CR but had no effect on the
UR. Interestingly, Welsh and Harvey’s data contradict their

assertion, even with the indefensible comparison they make: the
mean amplitude of the CR in their “effective” lesion group is
three times smaller than the mean amplitude of the postlesion
UR at the lowest US intensity, and the frequency of occurrence
of the CR is three times lower than the frequency of occurrence
of the UR.* Actually, it is not at all clear that the CS and US
can be “equated as response eliciting stimuli” for the simple
reason that the CR and the UR differ fundamentally in a number
of ways (see below).

The nature of the CR

There appears to be some confusion in the literature regarding
the nature of the conditioned eye blink response. Thus, Welsh
and Harvey (1989a) stated that ““both the CR and the UCR are
expressed by the same final common pathway consisting of the
retractor bulbi motor neurons in the accessory abducens nucleus
and their projections to the retractor bulbi muscle via the VI
cranial nerve” (p 309). This statement is not correct. Gormezano
and associates showed some years ago in separate studies of the
rabbit that eyeball retraction, NM extension, and external eyelid
closure all had essentially identical acquisition functions (Gor-
mezano et al., 1962; Schneiderman et al., 1962; Deaux and
Gormezano, 1963). We recorded simultaneously NM extension
and external eyelid closure (EMG recordings from orbicularis
oculi) during acquisition and extinction and showed that they
were in essence perfectly correlated (McCormick et al., 1982).
Lavond et al. (1990) recently replicated and extended these
observations. Furthermore, some degree of conditioned con-
traction of facial and neck musculature also developed, again
highly correlated with NM extension. These observations led
us to characterize the conditioned response as a “synchronous
facial “flinch’ centered about closure of the eyelids and extension
of the NM” (McCormick et al., 1982c, p 773).

Several laboratories have recorded neuronal unit activity from
motor nuclei during eye blink conditioning. Substantial learn-
ing-induced increases in neuronal unit activity that correlate
very closely with the conditioned NM extension response have
been reported in the following motor nuclei: oculomotor, troch-
lear, motor trigeminal, abducens, accessory abducens, and facial
(e.g., Cegavske et al., 1979; Berthier and Moore, 1983; McCor-
mick et al., 1983; Disterhoft et al., 1985). In terms of magnitude
of increase, the region of the facial nucleus innervating the or-
bicularis oculi muscles (external eyelid closure) shows the great-
est engagement (McCormick et al., 1983). Similarly, EMG re-
corded from the orbicularis oculus muscle shows a much greater
magnitude of increase over the course of learning than does the
NM extension response, as noted above (McCormick et al.,
1982c; Lavond et al., 1990a). However, these are all components
of the same global CR involving, to the extent studied, essen-
tially perfectly coordinated activity in a number of muscles and
associated motor nuclei. Where studied, as in NM extension
and orbicularis oculi EMG, this virtually perfect correlation (r
= (.95) holds both for the occurrence of a CR within a trial and

3 8o far as we can determine, Welsh and Harvey calculated CR mean amplitude
as the sum of amplitudes of CRs greater than 0.5 mm divided by the number of
CRs greater than 0.5 mm, a measure sometimes termed CR magnitude. We use
the conventional method for calculating mean amplitude, that is, the sum of
amplitudes for all CRs greater than 0.5 mm divided by the total number of trials.
The magnitude measure is greatly influenced by spontaneous responses, partic-
ularly when scored only for CS-alone test trials: with six test trials in a session,
one spontaneous response of 2.9 mm on only one trial would be scored as a mean
magnitude of 2.9 mm for the session but a mean amplitude of 0.48 mm for the
session. Here, we recalculated their magnitude measures as amplitude measures.



in terms of the development of learning-induced CR activity
over the trials of training (e.g., McCormick et al., 1982c¢). The
NM extension response is but one component of the CR. The
suggestion that different motor nuclei might somehow exhibit
“different” CRs in the eye blink conditioning paradigm (Del-
gado-Garcia et al., 1990) is not supported by evidence.

Insofar as efferent control of the NM extension response in
rabbit is concerned, NM extension, per se, is due to retraction
of the eyeball (Cegavske et al., 1976). This is often stated to be
due solely to the action of the retractor bulbi muscles (e.g., Welsh
and Harvey, 1989a). Such is not entirely the case. Although it is
the major action producing eyeball retraction in species that
have a functional NM, all species studied exhibit eye retraction
regardless of whether they have a retractor bulbi muscle (Evinger
et al.,, 1984). Other extraocular muscles also participate (Dis-
terhoft et al., 1987; Delgado-Garcia et al., 1990). Further, the
view that in animals with a functional NM (e.g., rabbit, cat) the
retractor bulbi muscle is innervated solely by the accessory ab-
ducens nucleus is not entirely correct; it is also innervated by
motor neurons from the abducens (Cegavske et al., 1987; Del-
gado-Garcia et al., 1990).

The CR and the UR are similar in eye blink conditioning in
the sense that to a large extent the same muscles and motor
nuclei are engaged. However, the CR and the UR differ fun-
damentally in a number of respects. Thus, under the conditions
of our experiments, the minimum onset latency of the CR to a
tone CS in well-trained rabbits, measured as NM extension, is
about 100 msec; the minimum onset latency of the NM exten-
sion UR in the rabbit to a 3 psi air puff US is about 25-40 msec.
Perhaps most important, the variables that determine the to-
pographies of the UR and CR are completely different. The
topography of the UR is under the control of the properties of
the US—stimulus intensity, rise time, and duration. In marked
contrast, the topography of the CR is virtually independent of
the properties of the US and is largely determined by the ISI,
the CS-US onset interval, the CR peaking at about the onset of
the US over a wide range of effective CS-US onset intervals
(Schneiderman, 1966; Coleman and Gormezano, 1971; Millen-
son et al., 1977; Steinmetz, 1990a). This key property of the CR
cannot be derived from the properties of the US or the UR.
The CR and the UR also differ in that certain components of
the UR can be elicited separately by appropriate peripheral
stimuli but the CR always occurs as a global coordinated re-
sponse (McCormick et al., 1982c). Another important difference
is that the CR exhibits much greater plasticity in recovery from
lesions that impair performance of the UR than does the UR
itself (see Disterhoft et al., 1985, and experiment 111, above).

In sum, the conditioned eye blink response involves highly
coordinated activity in a number of motor nuclei and muscles;
it is one global defensive response that is conditioned to a neutral
stimulus as a result of associative training. The very small lesion
of the interpositus nucleus that is effective in completely and
permanently abolishing the conditioned NM extension response
also completely and permanently abolishes all other components
of the CR that have been studied—eyeball retraction, external
eyelid closure, orbicularis oculi EMG —without producing any
persisting impairment in performance of the reflex response.

The issue of performance

Classical conditioning has been the favored behavioral para-
digm for neurobiological analysis of basic associative learning
and memory in both invertebrate preparations (e.g., Carew et
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al., 1983; Walters and Byrne, 1983; Alkon, 1984; Crow, 1985)
and vertebrate preparations (e.g., Berger and Thompson, 1978;
Cohen, 1984; Disterhoft etal., 1985; Donegan etal., 1985; Davis
et al., 1987; Powell et al., 1990; Steinmetz and Thompson,
1991). It has a number of advantages, including a high degree
of experimenter control of stimulus presentations and response
elicitation, precision of behavioral measurement, and so on,
which have been detailed many times (e.g., Kandel, 1976;
Thompson et al., 1976; Gormezano et al., 1983; Patterson and
Romano, 1987). A particular advantage of classical conditioning
is that performance of the behavioral response, per se, can be
measured independently of the performance of the learned re-
sponse. Thus, behavioral and biological variables that influence
the learned response, the CR, can be assayed for the possibility
that they do so by general or nonspecific effects on behavioral
performance by measuring effects on the UR. This has been
demonstrated in careful studies by Gormezano and associates
and others concerned with effects of drugs on learning and mem-
ory (Gormezano and Harvey, 1980; Mauk et al., 1982; Schindler
et al.,, 1984; Sears and Steinmetz, 1990b; Kirkpatrick-Steger et
al., 1991). Drugs such as morphine, sodium pentobarbital, and
haloperidol that can profoundly impair acquisition and perfor-
mance of CRs do so at appropriate doses in the absence of any
effects on performance of the UR. This general result rules out
the possibility that such drugs exert their influence on the CR
simply by impairing the ability of the animal to perform the
behavioral response.

A striking aspect of the many published studies on effects of
interpositus lesions on the classically conditioned eye blink re-
sponse and the present experiments is that the lesion completely
abolishes the CR and has no effect on the UR. Results of ex-
periment III and the study by Disterhoft et al. (1985) demon-
strate that lestons causing a profound and permanent impair-
ment in the performance of the UR itself cause relatively little
long-lasting impairment in the performance of the CR. In this
instance, the CR recovery is likely due to compensation via
increased activation of other extraocular muscles and perhaps
from abducens motor neurons following damage to the acces-
sory abducens nucleus. The animal is still able to achieve the
necessary adaptive learned response.

An interesting outcome of experiments 11 and III is the con-
siderable plasticity exhibited by the UR itself. The increase in
UR amplitude over training has actually been noted in a number
of studies but usually where US-alone trials have not been given;
in paired CS-US trials the development of the CR can add to
the apparent UR amplitudes. However, experiment II suggests
that this increase over training is not associative but merely the
result of repeated exposure to the stimuli. One possible expla-
nation is habituation of the orienting response, which includes
increased opening of the eye to novel stimuli. Importantly, the
interpositus lesion does not abolish this experience dependent
increase in the UR. The present results are consistent with other
reports of plasticity of the eye blink UR, for example, as a result
of eyelid loading or reflex facilitation (e.g., Evinger and Man-
ning, 1988; Weisz and LoTurco, 1988). However, the plasticity
in recovery shown by the UR is much less than the plasticity
shown by the CR in recovery following damage to motor nuclei
involved in generating performance of the UR and CR. This
result demonstrates that very small changes in the UR at very
low US intensities of the sort claimed by Welsh and Harvey
cannot possibly have any appreciable effect on performance of
the CR.
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Lesions of cerebellar cortex have impaired or abolished the
conditioned eye blink response (Yeo et al., 1985b; Lavond et
al., 1987; Lavond and Steinmetz, 1989b). These same lesions
may actually cause a substantial and significant increase in the
amplitude of the eye blink UR (e.g., Yeo and Hardiman, 1988;
Logan, 1991). There is thus a double dissociation between lesion
effects on the CR and the UR: accessory abducens lesions mas-
sively impair the UR but not the CR, and lesions of cerebellar
cortex can massively impair the CR but increase the UR. Le-
sions of the interpositus nucleus completely abolish the CR with
no persisting effect on the UR. The performance argument, that
interpositus lesions abolish the CR by impairing the UR, is
therefore decisively negated. We did note a transient decrease
in the UR immediately following interpositus lesions at the
training US intensity in experiment II, but this quickly recov-
ered to preoperative levels. Some transient decrease might be
expected since the interpositus lesion removes some of the po-
lysynaptic excitatory drive to motor nuclei, but rapid recovery
would also be expected given the adaptive plasticity of reflex
motor systems to altered afference (Ito, 1984; Lisberger, 1984).

One other statement by Welsh and Harvey (1989a) requires
comment: “We have recently found that infusion of the local
anesthetic Lidocaine into the area of the anterior interpositus
produced reversible deficits in the performance of both the con-
ditioned and unconditioned NMR. These results clearly indicate
that lesions including the anterior interpositus produce a gen-
eralized deficit in the performance of the NMR. There is no
experimental evidence to indicate that there might be a learning
deficit embedded within this performance deficit” (pp 309-310).
In this discussion, they fail to cite our earlier study showing just
the opposite result (Mamounas et al., 1987). We demonstrated
that microinfusion of very small amounts of GABA antagonists
in the anterior interpositus completely and reversibly abolished
the eye blink CR and had no effect at all on the UR in a dose-
dependent fashion; a dose of 0.7 nmol of picrotoxin produced
this effect. Further, the effect was extremely localized anatom-
ically. The relatively large amount of lidocaine infused by Welsh
and Harvey (1989b) would likely inactivate a substantial amount
of the interpositus. Also, lidocaine is not selective in inhibiting
neural activity. Lidocaine infusion could therefore cause a tran-
sient decrease in excitability of target motor nuclei since all
output from the interpositus would be temporarily blocked. Our
evidence had already demonstrated that specific neurotrans-
mitter antagonists can exert a highly specific and localized action
in the interpositus resulting in complete abolition of the CR
with no effect at all on the UR. There is in fact no evidence at
all to support the claim that the abolition of the eye blink CR
by lesion of the interpositus is due in any way to effects on
performance.

If, as Welsh and Harvey claim, the interpositus lesion has not
damaged the “‘real” memory trace circuit, the animals ought to
relearn the response rapidly. The lesion-memory literature is
replete with examples of rapid recovery of learned responses
following lesions that initially impair the performance of the
learned response (for reviews, see Lavond et al., 1984b; Finger
et al., 1988). Indeed, we showed a striking example of such
recovery for the eye blink CR following noncerebellar lesions
in experiment III of this article. The fact that there is never any
recovery of the eye blink CR following effective interpositus
lesions, or even from partially effective lesions, is virtually unique
in the lesion—-memory literature and a strong argument for in-
ferring that the interpositus nucleus is a part of the essential

memory trace circuit for eye blink conditioning. Apparently,
the hypothetical noncerebellar memory trace circuit proposed
by Welsh and Harvey does not function as a memory trace
circuit after effective interpositus nucleus lesions since eye blink
CRs are not retained after the lesion.

The role of the cerebellum in eye blink conditioning

Evidence to date demonstrates that the cerebellum is necessary
for both learning and memory of classical conditioning of the
eye blink response and, to the extent tested, other discrete skel-
etal muscle responses, learned with an aversive US. We re-
viewed the lesion evidence above (see introductory remarks).
In brief, lesions of the following structures cause immediate,
complete, and, where tested, permanent abolition of the eye
blink CR and have no effect on the reflex response: pontine
nuclei, middle cerebellar peduncle, anterior interpositus nucle-
us, superior cerebellar peduncle, magnocellular red nucleus, and
descending rubral pathways. Where tested, these same lesions
completely prevent acquisition of the CR.

As summarized below, all evidence to date supports the hy-
pothesis that the memory traces for eye blink conditioning are
formed in the cerebellum, that the CS pathway involves mossy
fibers and the US pathway involves climbing fibers, and that
the memory traces are formed by neurons in the cerebellum
receiving converging activation from the CS (mossy—parallel
fiber) and the US (climbing fiber) pathways.

Electrical stimulation of the pontine nuclei serves as a “su-
pernormal” CS, yielding more rapid learning than does a tone
or light CS (Steinmetz et al., 1986). With a pontine stimulation
CS, lesion of the middle cerebellar peduncle abolishes the CR,
ruling out the possibility that the pontine CS is activating non-
cerebellar pathways, for example, by stimulation of fibers of
passage or antidromic activation of sensory afferents (Solomon
etal., 1986a). Stimulation of the middle cerebellar peduncle itself
isan effective CS, and lesion of the interpositus nucleus abolishes
the CR established with a pontine or middle peduncle stimu-
lation CS (Steinmetz et al., 1986). Localized lesions of the pon-
tine nuclei can abolish the CR to a tone CS but not a light CS
(i.e., can be selective for CS modality) (Steinmetz et al., 1987).
Finally, when animals are trained using electrical stimulation
of the pontine nuclei as a CS (corneal air puff US), some animals
show immediate and complete transfer of the behavioral eye
blink CR and the learning-induced neuronal model of the be-
havioral CR in the interpositus nucleus to a tone CS, arguing
that the pontine stimulus and tone must activate a large number
of memory trace elements (neurons) in common (Steinmetz,
1990b). In comparison, there is less transfer when animals are
trained and tested on disparate peripheral CSs, for example,
tone and light (e.g., Steinmetz et al., 1987). These results all
support the mossy fiber CS hypothesis.

As noted in the introductory remarks, lesions of the face
region of the DAO prevent acquisition of the contralateral eye
blink CR if made before training and result in extinction and
abolition of the CR in previously trained animals (McCormick
et al., 1985). Electrical microstimulation of this region of the
DAO elicits eye blink responses before training; indeed, virtually
any phasic behavioral response can be so elicited, depending on
the locus of the stimulating electrode. When DAO stimulation
is used as a US, the exact response elicited by DAO stimulation
is learned as a CR to a tone CS. Control procedures demon-
strated that the stimulus was activating climbing fibers to the
cerebellum (Mauk et al., 1986). Further, movements elicited



from stimulation of the adjacent reticular formation could not
be conditioned to a CS. Lesion of the interpositus nucleus abol-
ished both the CR and the UR elicited by DAO stimulation,
thus ruling out the possibility that the UR is elicited by anti-
dromic activation of reflex afferents. As demonstrated at length
in the present article, interpositus lesions effective in abolishing
the CR have no effect on the reflex UR to the corneal air puff
US.

Neuronal unit activity recorded in the critical region of the
DAO exhibits no responses at all to the tone CS and a clear
evoked increase in unit activity to onset of the corneal air puff
US prior to learning. Interestingly, this US-evoked neuronal
activity decreases as animals learn and perform the CR but is
still fully present in US-alone trials (Sears and Steinmetz, 1991).
All of these results together support the hypothesis that the US
pathway includes neurons of the DAO and their climbing fiber
projection to the cerebellum. They also rule out the possibility
that the memory trace is localized to the DAO—neurons that
form the associative memory trace must received input from
both the CS (tone) and US (corneal air puff).

As noted in the introductory remarks, recordings of neuronal
unit activity from the region of the anterior interpositus nucleus
necessary for learning and memory of the eye blink CR exhibit
evoked unit activity to both the CS and US and learning-induced
increases in discharge frequency that precede and predict the
occurrence of the behavioral CR both within trials and over the
trials of training (Foy et al., 1984; McCormick and Thompson,
1984b; Berthier and Moore, 1990). In well-trained animals, this
learning-induced increase in unit activity is virtually isomorphic
with the behavioral CR in amplitude-time course form, except
having a substantially shorter onset latency than the behavioral
CR.

Electrical microstimulation of the critical region of the an-
terior interpositus nucleus evokes an eye blink response in naive
animals, and lesion of the superior cerebellar peduncle abolishes
this response; the eye blink circuit is hard wired from inter-
positus nucleus to behavior (McCormick and Thompson, 1984b).
If the stimulus intensity is set to elicit an eye blink comparable
in amplitude to that elicited by our standard 3 psi corneal air
puff and this interpositus stimulus is used as a US, neither
learning of the CR to a tone CS nor maintenance of a CR
previously learned to tone with a corneal air puff US occurs.
However, animals given tone-interpositus training show marked
transfer in subsequent tone-air puff training (Chapman et al.,
1988).

The region of the magnocellular red nucleus that receives
projection from the critical region of the anterior interpositus
also exhibits a learning-induced pattern of increased unit activ-
ity in eye blink conditining very similar to that shown by in-
terpositus neurons. As noted in the introductory remarks, lesion
or reversible inactivation of this region of the red nucleus abol-
ishes the eye blink CR and has no effect on the reflex UR (Haley
et al., 1988). Microstimulation of this region of the red nucleus
in naive animals also elicits eye blink responses. When this is
used as a US, neither learning of the CR to a tone CS nor
maintenance of a CR previously learned with tone-air pufftrain-
ing occurs. Further, there is no transfer from tone-red nucleus
training to subsequent tone-air puff training (Chapman et al.,
1988). If the red nucleus is reversibly inactivated, the eye blink
CR is reversibly abolished but the learning-induced neuronal
model of the CR in the interpositus nucleus is unaffected (Chap-
man et al., 1990). In contrast, when the anterior interpositus
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nucleus is reversibly inactivated, both the behavioral CR and
the learning-induced neuronal model of the CR in the magno-
cellular red nucleus are completely abolished. All this evidence
supports the hypotheses that the eye blink CR circuit is hard
wired from interpositus to behavior, and that the memory trace
is not in the red nucleus and is at or before the interpositus
nucleus in the circuit.

Purkinje neuron activity in the eye blink conditioning para-
digm supports the cerebellar hypothesis. Many Purkinje neu-
rons, particularly in HVI, are responsive to the tone CS and the
corneal air puff US in naive animals. Before training, the ma-
jority of Purkinje neurons that are responsive to the tone show
variable increases in simple spike discharge frequency in the CS
period (Foy and Thompson, 1986). After training, the majority
show learning-induced decreases in simple spike frequency in
the CS period; however, a significant minority show the opposite
effect (Donegan et al., 1985; Foy and Thompson, 1986; Thomp-
son, 1990). In current and preliminary work, it appears that the
two types of learning-induced simple spike responses in the CS
period may be from different functional microzones of cerebellar
cortex.

Before training, Purkinje neurons that are influenced by the
corneal air puff consistently show an evoked complex spike to
US onset. In trained animals, this US evoked complex spike is
virtually absent on paired CS-US trials when the animal gives
a CR but present and normal on US-alone test trials (Berthier
and Moore, 1986; Foy and Thompson, 1986; Krupa et al., 1991).
This learning-induced reduction in US-evoked complex spikes
led to the DAO unit recording study noted above (Sears and
Steinmetz, 1991). The lack of US-evoked DAO activity after
CRs have been established accounts for the lack of US-evoked
climbing fiber activity observed after training.

Latency measures are consistent with the cerebellar hypoth-
esis. Under the conditions of our experiments (85 dB tone CS,
3 psi corneal air puff, 250 msec CS-US onset interval), the mean
minimum onset latency of the NM extension CR is about 100
msec. (The mean minimum onset of the orbicularis oculi EMG
response is 10-20 msec shorter, mechanical lags presumably
accounting for most of the difference.) The onset of learning-
induced unit activity in the interpositus nucleus varies some-
what from animal to animal; it can precede onset of the learned
NM response by as much as 60-70 msec, and a typical value
is about 50 msec. Learning-induced decreases in Purkinje neu-
ron simple spikes can precede the onset of the learned NM
response by as much as 60-80 msec (Foy and Thompson, 1986).
The latency of activation of the cerebellum by peripheral so-
matosensory stimuli is about 20 msec (Ekerot et al., 1987).
Finally, onset of the NM extension response to electrical stim-
ulation of the interpositus nucleus is about 50 msec (McCormick
and Thompson, 1984a). These time delays account perfectly for
the otherwise puzzling fact that the minimum onset latency of
the conditioned NM response is about 100 msec, substantially
longer than the minimum onset latency of the reflex NM re-
sponse to corneal air puff (25 msec), and the even more puzzling
fact that no learning occurs if the CS-US onset interval (the ISI
used in training) is shorter than about 80 msec (e.g., Gormezano
et al., 1983; Steinmetz, 1990a).

When electrical microstimulation of the pontine nuclei or
middle cerebellar peduncle is used as a CS and microstimulation
of the critical region of the DAO that elicits eye blinks is used
as a UR, animals learn the classically conditioned eye blink
response in a normal fashion (Steinmetz et al., 1988). This result
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argues very strongly that at least under these conditions the
memory trace is stored in the cerebellum. This finding, together
with the fact that learning results in decreases in Purkinje neuron
simple spike discharges in the CS period, supports the hypoth-
esis that a process like long-term depression may be a mecha-
nism of synaptic plasticity in cerebellar cortex in eye blink con-
ditioning (Ito, 1984).

In summary, the evidence cited above demonstrates beyond
all reasonable doubt that the cerebellum and its associated brain-
stem circuity are necessary for classical conditioning of the eye
blink and other discrete behavioral responses. The evidence also
supports the stronger hypothesis that the cerebellum and its
associated brainstem circuity are the essential (necessary and
sufficient) circuitry for such learned responses. We are aware of
no convincing evidence against these hypotheses. Indeed, there
is as yet no noncerebellar hypothesis that can account for even
a small part of the evidenced cited above. All the evidence
supports the still stronger hypothesis that the memory traces
for classical conditioning of eye blink and other discrete re-
sponses are formed and stored in the cerebellum. However, this
hypothesis is not yet proved. A related issue, still unresolved,
concerns the relative roles of cerebellar cortex and interpositus
nucleus in such memory trace formation. These issues are ame-
nable to experimental analysis. Thus, if learning fails to occur
when training is given during reversible inactivation of critical
regions of the cerebellum, it would be strong evidence favoring
cerebellar memory trace formation. Lavond and associates have
obtained just such evidence: eye blink training (tone CS) given
during reversible cooling of cerebellar tissue results in no learn-
ing (Lavond et al., 1990b). Welsh and Harvey (1989b) claimed
that training to a tone CS during lidocaine infusion in the cer-
ebellum in animals previously trained to a light CS results in
learning to the tone. However, we find that lidocaine infusion
in the cerebellum during training to a tone CS in naive animals
prevents acquisition in a dose-dependent manner (R. F. Thomp-
son, unpublished observations). Finally, we note that the basic
cerebellar lesion result we first reported using rabbits (McCor-
mick et al., 1981) has now been replicated in rats (Skelton, 1988)
and in humans (Lye et al., 1988; Solomon et al., 1989). It is
therefore reasonable to infer that all the evidence summarized
above applies to all mammals, including humans.

The cerebellum and motor learning

The eye blink CR is an elementary learned, skilled movement.
The general hypothesis that the cerebellum is critically involved
in motor skill learning and the more specific hypothesis that the
memory traces for learned motor skills are stored in the cere-
bellum have a long and distinguished history (Brindley, 1964;
Eccles et al., 1967; Marr, 1969; Albus, 1971; Gilbert, 1974;
Eccles, 1977; Ito, 1984). All the evidence cited in the present
article regarding the role of the cerebellum in eye blink condi-
tioning supports these hypotheses. This article is not the ap-
propriate place to review the vast literature relevant to these
hypotheses. We simply note that there is extensive recent sup-
portive clinical evidence (Sanes et al., 1990). We also note that
Thach and associates (e.g., Thach et al., 1992) have recently
developed a comprehensive empirical-theoretical analysis of
the cerebellum in the adaptive coordination of movement. This
analysis accounts for clinical syndromes resulting from cere-
bellar damage and argues compellingly that the cerebellum is
critically involved in motor learning and that the memory traces
for specific learned motor synergies are stored in the cerebellum.
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