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Classical conditioning of the rabbit eyelid
response with mossy fiber stimulation as

the conditioned stimulus

JOSEPH E. STEINMETZ, DAVID G. LAYOND, and RICHARD F. THOMPSON
Stanford University, Stanford, California

The nictitating membrane responses of 12 rabbits were classically conditioned using mossy fiber
stimulation as a conditioned stimulus (CS) and airpuff as an unconditioned stimulus. The dor­
solateral pontine nucleus and the lateral reticular nucleus were effective stimulation-CS sites
for learning. Robust conditioned responses were obtained with relatively few paired trials and
extinguished with subsequent CS-alone presentations. In addition, explicitly unpaired presenta­
tions ofstimulation and airpufffailed to produce response increments. These results support previ­
ous theories of cerebellar function that have proposed that mossy fibers supply "learning" input
to the cerebellum for motor learning.

Recent lesion , recording, stimulation, and pharmaco­
logical studies have identified the cerebellar interpositus
nucleus as an essential portion of the circuitry necessary
for acquisition and retention of the classically conditioned
eyelid response (Lavond, Hembree, & Thompson, 1985;
Mamounas , Madden, Barchas, & Thompson, 1983;
McCormick, Clark, Lavond, & Thompson, 1982;
McCormick & Thompson, 1984b). This finding supports
previous theories of cerebellar function that have sug­
gested that the cerebellum is involved in motor learning
(Albus , 1971; Brindley, 1964; Eccles , 1977; Gilbert,
1974; Grossberg , 1969; Ito, 1968, 1984; Marr, 1969).
In brief, these theories have proposed that climbing fiber
input to the cerebellar cortex may modify the effects of
mossy fiber/parallal fiber input to the dendrites of Pur­
kinje cells . Even though these models specify cerebellar
cortex as the locus of plasticity, there is reason to believe
that a similar interaction between climbing and mossy/
parallel fibers could exist in the cerebellar nuclei , since
these nuclei receive direct projections of both fiber types
(Beitz, 1976; Chan-Palay, 1977; Courville, Augustine,
& Martel, 1977; Courville & Coulombe, 1977; Mat­
sushita & Ikeda, 1970, 1976; McCrea, Bishop, & Kitai,
1977).

In agreement with models of cerebellar involvement in
motor learning, we recently have obtained evidence that
climbing fibers indeed supply "teaching" or "reinforc­
ing" input to the cerebellum during classical eyelid con­
ditioning. When climbing fiber input to the cerebellum
was disrupted by lesions of the rostromedial portion of
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the dorsal accessory olive (RM-DAO), a gradual decre ­
ment in the number and amplitude of the conditioned
responses of well-trained animals was seen, even though
paired training was continued (McCormick, Steinmetz,
& Thompson, in press; Steinmetz, McCormick, Baier,
& Thompson, 1984). The rate of conditioned response
(CR) decrement was nearly identical to extinction rates
of well-trained animals placed on CS-alone training. In
addition, Mauk and Thompson (1984) reported that con­
ditioned eyelid responses (and other discrete learned
responses as well) can be obtained when a tone is used
as a conditioned stimulus (CS) and direct electrical RM­
DAO stimulation is used as an unconditioned stimulus
(US). The rate of acquisition of RM-DAO-stimulated
animals was very similar to the acquisition rate of animals
given tone(CS)-airpuff(US) training . Furthermore, inter­
positus lesions abolished both conditioned and uncondi­
tioned responses of animals previously trained with tone
CS and RM-DAO-stimulation US. These studies strongly
suggest that necessary " teaching" information concern­
ing US presentation is projected to the cerebellum via
climbing fibers that arise from the RM-DAO.

The present paper is an initial report of successful eye­
lid conditioning when electrical stimulation of mossy fiber
input to the cerebellum was used as a CS. The sites of
mossy fiber stimulation included the dorsolateral pontine
nucleus (DLPN) and the lateral reticular nucleus (LRN).

METHOD

Twelve male New Zealand albino rabbits were used in the present
study. Insulated, bipolarelectrodes(300-500-1' exposedtips) separated
by I mmwereimplanted, underhalothane (2%-3%)or ketarnine-rompun
anesthesia, in the regionof either the right DLPN (n = 6) or the left
LRN (n = 6). In additionto stereotaxic placementcriteria, electrodes
werepositioned to maximize field potentials generated incerebellar cortex
by single-pulse, mossy fiberstimulation. Aftera l-weekrecovery period,
classical conditioningof the left nictitating membrane (NM) response
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was begun . Conditioning was achieved by pairing a 350-msec train of
bipolar brain stimulation (the CS) with a cotenninating loo -msec air­
puff (the US) directed at the left cornea and measuring 2.1 N/cm' (3 psi)
at the source. DLPN and LRN stimulation was a 2oo-Hz train of 0.1 ­
msec constant-current pulses. DLPN stimulation was set at 60 p.A,
whereas LRN stimulation ranged from 60 to 120 p.A. No discernible
movements were observed at these stimulation intensities . Movements
of the NM were monitored by connecting a minitorque potentiometer
to a suture placed in the NM during surgery.

All animals initially received daily sessions of 108 training trials within
a sound-isolation chamber . Each session was composed of 12 blocks ,
and each block contained 1 CS-alone presentation followed by 8 paired
CS-US trials . Intertrial intervals were psuedorandomized with a range
of 2040 sec (mean = 30 sec). Animals were trained to a criterion (eight
conditioned responses on 9 consecutive trials) and overtrained with an
additional session . Rabbits were next given four daily sessions of CS­
alone extinction training (108 stimulation-alone presentations per day),
and then two daily sessions of explicitly unpaired presentations of the
stimulation CS and airpuff US (54 pseudorandomized presentations of
each stimulus, with a mean interstimulus interval of 30 sec). Finally,
all animals were retrained using standard paired trials to ensure that the
electrical brain stimulus could still serve as an effective CS.

After training, the rabbits were sacrificed with an overdose of so­
dium pentobarbital, the stimulation site was marked by passing 100­
200 p.A of direct current for 10 sec, and the brain was perfused with
saline followed by 10% Formalin. The brains were embedded in albu­
min, sectioned at 80 1', and stained with cresyl violet for Nissl bodies
and potassium ferrocyanide for the iron deposits left by the marking
lesion.

RESULTS

Pairing a brain-stimulation CS with an airpuff US
produced relatively rapid and robust conditioning in both
groups of stimulated animals . DLPN animals demon­
strated a significant acquisition effect as measured by CR
amplitude [F(2, 10) = 7.00, P < .05] and by percent CRs
[F(2,10) = 28.80, P < .01]. Likewise, significant in­
creases in CR amplitude [F(2 ,1O) = 6.21, P < .05] and
percent CRs [F(2,1O) = 15.88, P < .01] were observed
in LRN animals during paired training. DLPN rabbits'
average number of trials to criterion was 99, whereas LRN
animals reached criterion after 71 trials . Percent CRs on

Figure 1. Photomicrograph of bipolar, stimulating electrode place­
ment within the right dorsolateral pontine nucleus (DLPN).

Figure 2. Photomicrograph of bipolar, stimulating electrode place­
ment within the left lateral reticular nucleus (LRN).

the overtraining day were 89.7% for DLPN animals and
90.8% for LRN animals .

Significant decreases in CR amplitude [F(5,25) = 3.18,
P < .05] and percent CRs [F(5,25) = 4.69, P < .01]
were observed in DLPN animals over extinction train­
ing, with average percent CRs dropping near baseline
levels (mean = 12.9%) on the last day of unpaired train­
ing. Similarly, LRN animals showed significant decre­
ments in CR amplitude [F(5,25) = 4 .44, P < .01] and
percent CRs [F(5,25) = 8.71, P < .01] during extinc­
tion. Average percent CRs was 17.6% on the last day of
unpaired training in the LRN rabbits . Varying amounts
of spontaneous recovery could be seen in both groups on
early trials of CS-alone Sessions 1,2, and 3. Unpaired
presentations of CS and US did not produce increases in
the amplitude or number of CRs, thus ruling out the pos­
sibility that response increases seen during acquisition
training were due to nonassociative factors such as sen­
sitization . Finally, when paired training was given after
the unpaired sessions, all animals relearned rapidly,
demonstrating that the electrical brain stimulus still served
as an effective CS.

Examination of stimulation sites revealed electrode
placement in or very near the DLPN or LRN . It there­
fore seems likely that the stimulation CSs used in the
present study invaded at least a portion of these nuclei
during the training process. See Figures 1 and 2 for
representative electrode placements.

DISCUSSION

The present study demonstrated robust classical conditioning of the
rabbit eyelid response when direct mossy fiber stimulation was used
as a CS. Extinction training data indicated that response increments ob­
served during acquisition were specific to stimulus pairing and were
not due to nonassociative processes such as sensitization . Presentations
of CS-alone trials produced gradual response decrements over sessions,
with spontaneous recovery evident on early trials of each session . Fur ­
thermore , no response increments were observed during the two un­
paired sessions that followed CS-alone extinction . These data suggest



that eyel id condi tioning obtained with a mossy fibe r stimulation CS is
behavior ally identical to conditioning that develops when standard CSs
such as tones and lights are used .

There have been previous repo rts of successful conditioning with brain
stimulation as a CS . Dory, Rutledge , and Larse n (1956) success fully
conditioned the cat foreleg flexion response using seve ral stimulation
sites in the cerebral co rtex (e .g ., the ec tosy lvian , middle suprasy lvian,
postlateral , and marginal gyri ). Neilson, Knight , and Porter (1962) deli­
vered a stimulation CS to a variety of subcortical structures (e .g . , cau­
date nucleus, reticular nucleu s, and superior colliculus) and effectively
conditioned a forep aw shock avoidance response . (We have shown that
the cerebell ar interpositus nucleu s is also essenti al for hindlimb flexion
conditioning in the rabbit-Donegan , Lowry, & Thompson , 1983). Simi­
larly , Patter son ( 1970, 1971) reported that stimulation of the inferi or
colliculus can se rve as an effective CS for cond itioning the rabb it NM
response. It is important to note that many of these effect ive CS stimu­
lation sites proje ct directl y to pont ine nucle i that in tum , project to the
cerebellum as mossy fiber inputs . There is ample evidence that the DLPN
rece ives project ions from the inferior and superior colliculi and from
auditory cortex (Brodal, 1972; Kawamura & Brod al , 1973). Similarly ,
the LRN is known to rece ive fibers from the cerebral cortex (Brodal ,
Marsala , & Brodal , 1967 ; Kiinzle & Wiesendanger, 1974; Kuypers,
1958a, 1958b, 195&; Walberg , 1958), as well as from the superior col­
liculi (Kawamura, Broda!, & Hoddevik, 1974) and red nucleus (Cour­
ville , 1966 ; Edwards, 1972; Hinman & Carpenter, 1959; Mizuno,
Mochizuki , Akimoto, Matsushirna , & Nakamura , 1973; Walberg , 1958).
We suggest that bra in stimulation sites used in prev ious studies may
have produ ced co nditioned responses by activating mossy fibers. In­
deed , the only difference between the ear lier brain stimulation studies
and the pre sent study may be that DLPN and LRN stimulation CSs
dire ctly activate the mossy fiber pathway into the cerebellum during
conditioning.

Preliminary data from our laboratory suggest that cond itioned
responses produced by pair ing direct stimulation of mossy fiber s (e.g . ,
the DLPN) with an airpuff are criti cally dependent on the cerebellum.
Lesions of the interpositus nuclei severely impaired cond itioned respond ­
ing in one well-trained animal and completely abolished the conditioned
responses of a second well-trained animal-a result consistent with previ­
ous studies in which interposi tus lesions aboli shed eyelid conditioning
established with tone-airpuff pairings (Lavond et al. , 1985; McCormick
et al., 1982). There are differences between the DLPN and LRN in the
patterns of their respective cerebellar proje ction s. Anatomical studies
indicate that the DLPN projects heavily to cerebellar cortex, with fewer
projection s to the cerebellar nuclei (see Bloedel & Courville , 1981 , for
review). Conver sely , it appears that the LRN projects heavily to the
dentate and interpositus nucle i, with fiber s also reaching the cerebellar
cortex (Brodal, 1975; Chan-Palay, 1977; Kiinzle, 1975 ; Matsushita &
Ikeda , 1976; McCrea et al ., 1977). Both nuclei project mossy fiber s
bilaterally, thus providing both sides of the cerebellum with informa­
tion concerning the CS .

In agreement with theories of cerebe llar involvement in motor learn­
ing (Albus, 1971; Brindley, 1964 ; Eccle s, 1977; Gilbert, 1974; Gro ss­
berg , 1969; Ito, 1968, 1984; Marr, 1969), the present data demonstrate
that mossy fibers can prov ide critical " CS" informa tion to the cerebel­
lum necessary for conditioning. Results of previous studies in our labora­
tory support the hypoth esis that the esse ntial memory trace(s) for eye­
lid conditioning and learn ing of other discrete behavioral responses are
established in the cerebellum and lor in struc tures afferent to the cere­
bellum for which the cerebellum is a mandatory efferent (e .g., Clark,
McCormick, Lavond , & Thompson , 1984; Lavond, McCormick, Clark,
Holmes, & Thompson, 1981; Lavond , McCormi ck, & Thompson, 1984;
McCorm ick et aI., 1982; McCormi ck et aI., 1981; McC ormick &
Thompson, 1984a, 1984b; Thompson et al ., 1984). The present result,
that activation of mossy fiber projections to the cerebellum is an effec­
tive CS, together with our results indicating that the climbing fiber projec­
tion from the inferior olive appears to be the necessary and sufficient
"teaching" or " reinforcing" input (Mauk & Thompson , 1984; McCor­
mick et al., in press; Steinmetz et al., 1984) support the hypothe sis that
essent ial memory traces are establi shed in the ce rebellum.
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Our previous lesion studies have indicated that the interpositus nucleus
is esse ntial for retention of the eyelid (and leg flexion) learned response s
established with peripheral stimuli , but that the cerebellar cortex is not
essential (at least for the learned eyeli d response) (Clark et al . , 1984 ;
Lavond et al . , 1985; McCormick & Thompson , 1984a, 1984b).
However , our elect rophysiological recording studies are consistent with
the view that , if the memory traces are indeed establ ished in the cere ­
bellum, they may in fact be established in both the cerebellar cortex
and the interpos itus nucleus (McCormic k & Thompson , 1984b) , a pos­
sibili ty that is consistent with our lesion results . We therefore suggest
as a working hypothesis that under normal conditions of learning with
peripheral stimuli: (I ) The essential CS information is projected to the
cerebellum via mossy fibers ; (2) the essential teaching or reinforcing
informa tion from the US is projected to the cerebellum via climbing
fibers from the inferior olive ; and (3) memo ry traces are establ ished
in highly localized regions in the cerebellar cortex and interpositus nucleus
at loci of convergence of the critical mossy and climbing fiber projec­
tions . If this is indeed the case , then it could be hypothesized that train ­
ing induces either increased (the Marr, 1969, hypothesis) or decreased
(the Albu s, 1971 , hypothesis) respon siveness to the CS in those Pur­
kinje cells projecting to critical interpositus neurons. Ito (1984 ; Ito ,
Sakurai, & Tongroach, 1982) has reported that conjunctive stimulation
of mossy fiber s (vestibular nerve ) and climbing fiber s (inferior olive)
in the high-decerebrate rabbit cau ses a persisting decrease in excitabil­
ity of Pur kinje cell s in the flocculus activated by stimulation of the ves­
tibular nerve, due apparently to a change in par allel fiber- Purkinje cell
synapses .

Use of dire ct mossy fiber stimulation as a CS appare ntly prov ides
a well-controlled method ology to aid in ident ifying the cerebellar cir ­
cuit necessary and sufficient for the learning and mem ory of discrete ,
adapti ve somatic respon ses . Given the differen tial projection sites of
the DLPN and the LRN , it is possible that cerebellar cortex might be
essent ial when stimulation of the DLPN, but not the LRN, is used as
the CS.
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