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NEUROSCIENCE AND LEARNING: LESSONS FROM STUDYING THE INVOLVEMENT
OF A REGION OF CEREBELLAR CORTEX IN EYEBLINK CLASSICAL CONDITIONING
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How the nervous system encodes learning and memory processes has interested researchers for
100 years. Over this span of time, a number of basic neuroscience methods has been developed to
explore the relationship between learning and the brain, including brain lesion, stimulation,
pharmacology, anatomy, imaging, and recording techniques. In this paper, we summarize how
different research approaches can be employed to generate converging data that speak to how
structures and systems in the brain are involved in simple associative learning. To accomplish this, we
review data regarding the involvement of a particular region of cerebellar cortex (Larsell’s lobule HVI)
in the widely used paradigm of classical eyeblink conditioning. We also present new data on the role of
lobule HVI in eyeblink conditioning generated by combining temporary brain inactivation and single-
cell recording methods, an approach that looks promising for further advancing our understanding of

relationships between brain and behavior.
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We have written this article with two
purposes in mind. First, we want to provide
readers with an overview of how a variety of
techniques are used to explore the involve-
ment of structures and systems in the brain in
encoding a relatively specific learned behavior,
in this case, the involvement of the cerebellum
in classical eyeblink conditioning. Second, we
want to provide a glimpse of the difficulties
inherent in trying to reach a consensus of
opinion about what a given brain structure or
system contributes to a specific behavior. We
do so by providing a summary of our current
understanding of what one brain area, lobule
HVI of the cerebellar cortex, contributes to
the conditioning process. Our overall goal is to
convince the reader that a joint behavioral and
neuroscience approach to the study of learn-
ing, using a variety of levels of analysis and
methods, is an effective way to advance our
understanding of the science of learning.

For nearly thirty years, in several laborato-
ries, experiments have been conducted to
establish a causal relation between the cere-
bellum and simple forms of motor learning.
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Although much of the empirical progress has
been achieved using the rabbit classical eye-
blink conditioning paradigm, the work of
Thach, Ito, Lisberger and others also has
contributed to our understanding of cerebel-
lar contributions to motor learning, as exem-
plified by work in the monkey and rabbit on
the long-term and shortterm adaptation of
the vestibulo-ocular reflex (e.g., Lisberger,
Pavelko, Bronte-Stewart, & Stone, 1994). De-
spite the advances that have occurred both
theoretically and empirically, there is still
much work to be done to more firmly identify
and define the brain-behavior relationships
that are the basis of adaptive movement and
behavioral change involving the cerebellum, as
well as other brain systems.

As reviewed below, much of the basic neural
circuitry that appears to be critical for acqui-
sition and performance of the classically
conditioned eyeblink response has been iden-
tified. Instead of reviewing this body of work
in-depth, we have chosen to focus on the
involvement of one specific region of the
cerebellum, Larsell’s lobule HVI of cerebellar
cortex. We do so to illustrate how multiple
methods and research approaches are com-
monly used by neuroscientists to gather
converging evidence concerning the biological
mechanisms of learning. We hope to highlight
some of the common problems inherent in
basic neuroscience research as applied to the
study of learning, problems that can some-
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times lead to contradictory findings and
spirited debate.

THE EYEBLINK
CONDITIONING PARADIGM

We start with a brief presentation of the
eyeblink classical conditioning procedure.
Arguably, more is known about the neurobio-
logical correlates of eyeblink classical condi-
tioning than any other learning paradigm.
This is due largely to the rich behavioral
database that was available for use by neuro-
scientists who began studying the brain corre-
lates of eyeblink conditioning in the 1970s.
Parametric manipulations of the basic eyeblink
conditioning procedure produced predictable
and well-documented results thus making it
easier to interpret the results of neurobiolog-
ical experiments that used brain lesion, re-
cording, stimulation, and pharmacological
techniques.

Although the study of human eyeblink
conditioning predated the work on rabbit
eyeblink conditioning, the rabbit has eclipsed
humans as the species most often used in
eyeblink conditioning experiments. The rabbit
was introduced for use as an animal model of
eyeblink conditioning by Isidore Gormezano
and his colleagues in work done at Indiana
University and the University of Iowa during
the early 1960s (see Gormezano, 1966; Gor-
mezano, Kehoe, & Marshall, 1983, for reviews).
Because rabbits tolerate restraint well and
rarely show spontaneous eyeblinks (unlike
humans and other animals), they have proven
to be an ideal animal subject. Although
techniques have been developed to investigate
eyeblink conditioning in the rat and the
mouse (e.g., Chen, Bao, Lockard, Kim, &
Thompson, 1996; Skelton, 1988; Stanton,
Freeman, & Skelton, 1992), the majority of
neurobiological studies conducted thus far
have employed rabbits as subjects.

A number of variations of eyeblink condi-
tioning has been wused with considerable
success. However, delay conditioning with
a relatively short interstimulus interval (ISI)
has been used most commonly in neurosci-
ence experiments. A typical eyeblink condi-
tioning trial entails the presentation of an
auditory (tone or white noise) stimulus as
a conditioned stimulus (CS) that precedes, by
250-1000 ms, the presentation of a corneal air
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puff or peri-orbital shock as an unconditioned
stimulus (US). Compared to other Pavlovian
conditioning procedures, this is a relatively
short ISI. In fact CS-US intervals longer than
2s or so typically do not produce eyeblink
conditioning. The US is normally presented
for 100 ms and often coterminates with the
CS. During a normal training session on
a given day a subject might experience 50—
200 trials. The intertrial interval usually is
randomized within some pre-determined
range (e.g., 20-40s). It also is common
practice to intersperse among the paired CS-
US presentations, periodic CS-alone and US-
alone trials. The CS-alone trials provide
opportunities to measure characteristics of
the conditioned response (CR) executed
without contamination by the US or UR. The
US-alone trials provide UR amplitude (i.e.,
reflex) data that are uncontaminated by the
anticipatory CS.

There are several measures of conditioning
available for analysis but the most often
reported are: 1) percentage of trials contain-
ing a CR (by block or session and often
grouped as paired trials and CS-alone trials),
2) CR amplitude, and 3) CR timing measures
(e.g., CR onset latency and peak CR ampli-
tude). Eyeblinks have been measured in
a variety of ways including transducing nicti-
tating membrane or external eyelid move-
ments by mechanical or electrical means or
recording electromyographic (EMG) activity
from muscles involved in the production of
eyeblinks. Most investigators treat these re-
sponse-measurement techniques as completely
interchangeable. There are data, however, that
suggest they may not be. McCormick, Lavond,
and Thompson (1982) concomitantly re-
corded nictitating membrane movements and
EMG activity in a group of rabbits and found
a general correspondence in the two measure-
ments. They reported correlations between
measurement techniques as high as 0.99 when
response magnitude and onset latency were
considered. In another study, however, Garcia,
Mauk, Weidemann, and Kehoe (2003) com-
pared upper eyelid responses recorded with an
infrared LED system with nictitating mem-
brane responses recorded with a photoelectric
transducer. They showed that while magnitude
and likelihood measurements were inter-
changeable, response amplitude, onset laten-
cy, and peak latency measures were not.
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Often there is considerable variability
among subjects in acquisition rate, but most
animals begin exhibiting CRs on the second
day of training, and asymptotic levels of
learning (80-100% CRs) are usually attained
by the fourth or fifth acquisition session.
Conditioned response timing data are impor-
tant because one of the more remarkable and
distinguishing features of rabbit eyeblink
conditioning is the precise timing of the CR
from its inception. This can be seen on CS-
alone trials where the peak CR-amplitude
occurs at the time when the animal expects
US delivery (e.g., about 500 ms after CS onset
when training with a 500 ms ISI). Notwith-
standing its relative simplicity, this basic
associative-learning paradigm has generated
a wealth of data on a variety of conditioning
processes and phenomena including, but not
limited to, backward conditioning, trace con-
ditioning, extinction effects, time and stimulus
discrimination training, latent inhibition, con-
ditioned inhibition, stimulus intensity effects,
sensory preconditioning, and compound stim-
ulus effects (see Gormezano et al., 1983;
Moore, 2002, for reviews). When the paradigm
has been used in tandem with some of the
neurobiological techniques described below, it
has helped provide insights into the neural
mechanisms associated with these important
conditioning phenomena.

BRIEF OVERVIEW OF THE CRITICAL
NEURAL CIRCUITRY INVOLVED
IN EYEBLINK CONDITIONING

Over the years, converging data from studies
that have used a variety of basic neuroscience
methods have uncovered a brainstem and
cerebellar circuit that appears to be critical
for the acquisition and performance of classi-
cally conditioned eyeblink responses. The
neurobiological techniques that have been
used to establish relationships between the
brain and eyeblink conditioning include: 1)
neural recordings of brain activity during
either the acquisition, retention, and/or ex-
tinction phases of conditioning; 2) permanent
electrolytic or chemical lesions; 3) temporary
inactivation of brain areas via chemical in-
fusion or brain cooling; 4) electrical stimula-
tion directed at specific brain sites using
biologically relevant parameters to simulate
CS and US input normally activated by
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peripheral stimuli; and 5) anatomical tract-
tracing techniques to establish connectivity
between brain areas.

Figure 1 provides a schematic summary of
the basic neural circuitry thought to be
critically involved in classical eyeblink condi-
tioning, a circuit that was delineated using
converging data collected during dozens of
experiments that used many different meth-
ods. We provide a brief overview of this
extensively documented system. Interested
readers should see Steinmetz (2000) or Stein-
metz, Kim, and Thompson (2002) for more
complete reviews.

The essential circuit for eyeblink condition-
ing appears to include regions of the brain-
stem and cerebellum and not higher brain
areas. Normally, CSs used during eyeblink
conditioning are projected along modality-
specific inputs to activate specific regions of
the basilar pontine nuclei. For example, a tone
CS is projected from the periphery to the
dorsal cochlear nuclei and then in turn to the
dorsolateral and lateral pontine nuclei. The
CS information is then projected to various
areas of the cerebellum via the axons of
pontine neurons known as mossy fibers. The
USs used in eyeblink conditioning are pro-
jected to the trigeminal nuclear complex,
which then relays input to two different brain
regions. First, the trigeminal nucleus sends
output to motor neurons responsible for the
generation of eyeblinks via a relay area in the
brainstem. This route provides a lower brain-
stem reflex circuit that can operate indepen-
dently of higher brain areas. Second, the
trigeminal nucleus sends output to the rostro-
medial portion of the dorsal accessory olive.
Olivary neurons then project their axons as
climbing fibers to discrete regions of the
cerebellum.

A popular working model is that changes in
the brain responsible for the acquisition and
performance of classically conditioned eye-
blink responses occur in areas of the cerebel-
lum that receive convergent CS and US inputs
from the pontine and olivary regions, respec-
tively. Three cerebellar areas where conver-
gent input appears to arrive have been
identified: Larsell’s lobule HVI of cerebellar
cortex (the target area for this review), discrete
regions of the anterior lobe of cerebellar
cortex, and the interpositus nucleus. It ap-
pears that interpositus neurons change their
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Fig. 1. The left panel shows a schematic of the basic brainstem and cerebellar circuit hypothesized to be involved in

the acquisition and performance of classically conditioned eyeblink responses. Critical plasticity that forms the basis of
conditioned responding is thought to occur in the cerebellar cortex and interpositus nucleus where convergence of the
CS and US occurs. The negative signs shown in parentheses indicate the locations in the circuit where inhibitory synaptic
contacts occur. The right panel shows a schematic of a coronal section through the rabbit cerebellum and brainstem.
Lobule HVI and the interpositus nucleus (IN) are outlined in black. These regions are thought to be involved in eyeblink
conditioning. [Key abbreviations: ANS, ansiform lobe; DCN, dorsal cochlear nucleus; DE, dentate nucleus; IN,
interpositus nucleus; FA, fastigial nucleus; ANT, anterior lobe]

firing rates and patterns of discharge due to
the convergent CS and US inputs during
conditioning and that these neurons then
drive brainstem motor neurons that activate
eyeblinking (the conditioned response or CR).
The red nucleus serves as a relay between the
interpositus nucleus and brainstem motor
nuclei and is likely a site for important
integration (e.g., descending inputs). This
model contends that plasticity (i.e., learning-
related changes in neuronal function) in the
cerebellar cortical areas modulates activity in
the deep cerebellar nuclei to provide response
gain and response timing. The interpositus
nucleus appears also to provide important
feedback to the inferior olive and pontine
nuclei. It seems likely that these inputs are very
important for dynamic changes in responding
seen during and after conditioning occurs.
There is generally good agreement that the
interpositus nucleus is essential for eyeblink
conditioning, a finding that was established
using a variety of basic neuroscience methods.

For example, permanent lesion and temporary
inactivation studies have shown that removal
of the interpositus nucleus abolishes eyeblink
CRs and prevents learning of the response
(e.g., Krupa, Thompson, & Thompson, 1993;
Steinmetz, Logue, & Steinmetz, 1992). Also,
recordings of the activity of interpositus
neurons taken during conditioning have re-
vealed populations of neurons that appear to
fire when the CS is presented, including some
with firing patterns that are closely related to
performance of the CR (e.g., Berthier &
Moore, 1986). And, electrical microstimula-
tion of the interpositus nucleus produces
discrete eyeblinks (McCormick & Thompson,
1984). These studies represent just a few of the
many studies that have established the critical
involvement of the interpositus nucleus in
eyeblink conditioning, and collectively these
experiments provide an excellent example of
the power of this approach for advancing our
understanding of brain-behavior relation-
ships.



ROLE OF LOBULE HVI

The specific role of the cerebellar cortex
in conditioning is much more controversial,
with models suggesting little or no role (e.g.,
Lavond & Kanzawa, 2001); models suggest-
ing a critical, fundamental role for cortex
(e.g., Attwell, Rahman, & Yeo, 2001); and
models suggesting a co-involvement of
interpositus nucleus and cortical regions
in plasticity processes that underlie condition-
ing (e.g., Mauk & Donegan, 1997; Steinmetz,
2000). Several unresolved issues relevant to
these models remain. Is plasticity established
independently in the nucleus and cortical
sites? Is the induction of plasticity in one
region dependent on plasticity in the other
(e.g., does deep nuclear plasticity require
that cortical sites become plastic first, as
suggested by Mauk and his colleagues)?
Are both cerebellar sites critical for condition-
ing?

The interest in looking for plasticity in
cerebellar cortex stemmed largely from the
fact that several models of cerebellar function
proposed plasticity at the synapses between the
parallel fibers and Purkinje cells as a result of
co-activation of mossy fibers and climbing
fibers, the two sensory input systems that
project information into the cerebellum
(e.g., Albus, 1971; Marr, 1969). For the most
part, these models proposed that co-activation
of these fiber systems caused a long-term
inhibition of Purkinje cells that in turn caused
a disinhibition of deep nuclear neuronal
activity (because all Purkinje cells inhibit deep
nuclear cells). The long-term reduction in
Purkinje cell excitability is called ‘‘long-term
depression” (LTD). Indeed, a great deal of
research has demonstrated a LTD effect at
these synapses with conjunctive activation of
climbing fibers and mossy fibers (Ekerot &
Kano, 1985; Ito, 1989; Linden & Conner,
1991). Because mossy fiber (CS) and climbing
fiber (US) co-activation appeared to be in-
volved in classical eyeblink conditioning, it is
possible that these models of cerebellar
plasticity might be applicable to this type of
learning. It should be noted that long-lasting
excitatory plasticity also has been demonstrat-
ed in cerebellar cortex (e.g., Hirano, 1990;
Jorntell & Ekerot, 2002), and possible poten-
tiation processes at cerebellar synapses have
begun to be considered in models of cerebel-
lar function (e.g., Attwell et al., 2001; Medina
& Mauk, 1999).
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LOBULE HVI AND EYEBLINK
CLASSICAL CONDITIONING

To clarify how specific neuroscience tech-
niques have been used together with eyeblink
conditioning to study learning, we will con-
centrate on studies concerned with one brain
region thought to be important for eyeblink
conditioning—Larsell’s lobule HVI of cerebel-
lar cortex. Lobule HVI can be found in
Figure 1, represented by the box labeled
“Cerebellar Cortex’’ in the network schemat-
ic, and is also identified in the schematic of the
coronal brain section (also in Figure 1). We
will present data from a variety of laboratories
concerning the role of lobule HVI in eyeblink
conditioning, and in the process illustrate how
a variety of behavioral neuroscience tech-
niques have been used in an attempt to
delineate the role of this cerebellar area in
learning. Studies involving the techniques of
permanent lesions, temporary inactivation,
anatomical tract-tracing, and unit recording
are described. We also present new data we
have collected by combining two of these
techniques: unit recording and temporary
inactivation.

Lesion Studies of Lobule HVI: 1) Aspiration and
Electrolytic Lesions

One means of determining whether a brain
site is essential to the learning and/or perfor-
mance of an adaptive response is to perma-
nently remove or damage the area either prior
to conditioning (to examine its effects on the
course of acquisition) or after CRs have been
well established (to examine its effects on the
established conditioned response). This tech-
nique has been used extensively to study the
neural correlates of eyeblink conditioning. For
example, electrolytic or chemical lesions of the
interpositus nucleus have been shown to
permanently prevent conditioning or abolish
learning (Steinmetz et al., 1992). Conversely,
decerebrations or decortications that include
all cerebral cortical tissue have proven to have
little effect on delay eyeblink conditioning
(e.g., Mauk & Thompson, 1987; Oakley &
Russell, 1972).

Before discussing the use of permanent
lesions in studying the role of Larsell’s HVI
in eyeblink conditioning it may be well to
consider the advantages and disadvantages of
this approach, in general. Brain lesions rarely
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obliterate a behavior under observation, one
exception being the effects of interpositus
nucleus lesions, which permanently abolish
eyeblink CRs (Steinmetz et al., 1992). Much
more typical are partial postlesion effects.
Partial effects are difficult to interpret because
they may indicate either that the lesion was not
large enough to produce a more global effect
(i.e., only a portion of the target structure was
destroyed by the lesion), or that a parallel
brain structure or system is engaged in the
behavior under observation. Even complete
lesion effects are difficult to interpret. First, it
is possible that the lesion destroyed fibers
passing near or through the target structure,
fibers that connect two other brain areas that
are vital for behavioral function. Second,
a positive lesion effect may result from the
destruction of a brain area that serves as
a mandatory efferent for an important brain
area that resides upstream. An additional
complication is that postlesion deficits are
often transient and, given time and/or addi-
tional training, can be overcome, further
restricting any conclusions drawn from lesion
data alone. For these reasons (and many
others), as a general rule we draw very few
conclusions from positive-lesion effect experi-
ments. The primary contribution of lesion
experiments is that they help identify brain
regions that merit additional investigation.

Even conclusions derived from negative-
result lesion experiments are not straightfor-
ward. If a researcher lesions a particular brain
area (assuming for the moment that the lesion
is complete based on histological examina-
tions) and finds that there is no discernable
effect upon any of a multitude of conditioned
response measures, then we can conclude that
the lesioned area is not required, under
normal circumstances, for the learning/per-
formance of the conditioned response. How-
ever, even if it is not required for its
expression, the area may still play a role in
the conditioned response, as is the case for the
hippocampus. The hippocampus appears to
be necessary for trace conditioning but not
delay conditioning (Moyer, Deyo, & Dister-
hoft, 1990; Schmaltz & Theios, 1972; Solomon,
Vander Schaaf, Thompson, &Weisz, 1986), yet
strong learning-related activity in the hippo-
campus can still be seen during delay condi-
tioning (e.g., Berger & Thompson, 1978; Sears
& Steinmetz, 1990).
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Despite the above caveats, the permanent
lesion method has provided some information
about the involvement of Larsell’s lobule HVI
in eyeblink conditioning. Relatively speaking,
area HVI encompasses a large region of the
cerebellum. As a result, the extent and
completeness of the lesion, as determined
from post-hoc histological reconstructions, is
a salient issue when evaluating the results of
lesion experiments. An additional complica-
tion is the fact that area HVI resides just a few
millimeters above the anterior interpositus
nucleus, a site that when damaged can pro-
duce a loss of conditioned responding. To
complicate matters even further, many of the
fibers that enter the interpositus nucleus from
other brain areas do so from above the
nucleus. Damage to the white matter above
the nucleus can effectively cut off input to the
nucleus. Thus, area HVI lesions deemed com-
plete also may result in unintended collateral
damage to the interpositus, which may not
always be evident in histological analyses.
Other issues that also merit consideration
when evaluating lesion experiments are the
amount and duration of impairment that
occurred, and the conditioning measures that
were most or least affected, such as effects on
CR timing (e.g., Perrett, Ruiz, & Mauk, 1993).

Given the potential problems inherent in
any lesion study, added to problems in trying
to carefully lesion lobule HVI, it is easy to see
why it has been difficult to reach a consensus
on the role of area HVI in eyeblink condition-
ing when considering only lesion data. The
first two papers that reported on the effects of
lesioning area HVI effectively highlight some
of the problems inherent to this form of
research as two investigative groups came to
dramatically different conclusions. Yeo, Hardi-
man, and Glickstein (1984) reported that
small aspiration lesions of area HVI, that
spared the underlying deep nuclei, completely
abolished an established conditioned response
and prevented its reacquisition despite addi-
tional training. McCormick and Thompson
(1984), on the other hand, found that lesions
of much of the ipsilateral hemisphere of the
cerebellar cortex (including HVI) did not
abolish the response. Cerebellar cortical le-
sions did appear to disturb the timing of the
response in a few animals, an effect reported
by Mauk and his colleagues over a decade later
when the anterior lobe of the cerebellar cortex
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was lesioned (Perret et al., 1993). There were
many methodological differences between
these two studies, such as lesion size, strain of
rabbits used, and training protocols, to name
a few, and it is therefore very difficult to
reconcile the different results.

As part of a series of cerebellar lesion
experiments, Yeo and colleagues replicated
their initial findings. In one study, Yeo,
Hardiman, and Glickstein (198ba) lesioned
area HVI after five days of training were given.
The animals were allowed to recover, and then
given five days of additional training. As
before, they reported that small lesions of
HVI either abolished the CR (n = 6 rabbits) or
severely disrupted the CR (n = 4). The
authors reported that histological analysis of
the lesion site revealed that in no case were the
deep nuclei damaged. Moreover, animals
whose post-lesion conditioning was largely or
completely unaffected by the lesion had
considerable sparing of area HVI. Based on
these data it was concluded that any sparing of
HVI, especially at the base of the lobule and
just above the dentate and interpositus nuclei,
left the CR intact. Thus, Yeo and colleagues’
lesion data was able to highlight a specific
region of HVI as being particularly important
to eyeblink conditioning.

In an effort to resolve the budding contro-
versy, Lavond and colleagues (Lavond, Stein-
metz, Yokaitis, & Thompson, 1987) adopted
Yeo’s conditioning parameters but extended
the number of postlesion training days from
five to 10. Again, the authors reported taking
great care to avoid damaging the interpositus
nucleus during the lesion surgery. Under these
conditions, Lavond and colleagues found
a transient abolition of conditioned respond-
ing that lasted a few days. They found a more
rapid recovery of CRs to an auditory CS than to
a light CS, and a total recovery to both CSs by
the tenth day of postlesion training. Based on
these findings, Lavond et al. suggested that the
additional complexity intrinsic to Yeo’s condi-
tioning parameters (e.g., longer ISIs, two CS
types, and more trials per training session)
may have made the learning more vulnerable
to lesion effects.

Lesion Studies and Lobule HVI: 2) Chemical
Lesions and Inactivation

A variety of pharmacological agents are
available either to permanently destroy neu-
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rons in a given brain area (e.g., kainic acid and
ibotenic acid) or to temporarily inactivate an
area (e.g., lidocaine, muscimol, picrotoxin,
CNQX). In addition, brain cooling tech-
niques, such as those used by Lavond and his
colleagues (Clark, Zhang, & Lavond, 1992;
Zhang, Ni, & Harper, 1986) have proven
useful for temporarily halting neuronal activity
in a discrete brain region. These chemical
techniques are in many ways an improvement
over aspiration and electrolytic methods.
Permanent chemical lesions destroy neurons
in the area of infusion with little damage to
surrounding fibers. And, these lesions can be
somewhat chemically selective for distinct
populations of neurons. Areas of the brain
can be inactivated during the time of the
infusion and then reactivated at a different
time. Importantly, both acquisition and per-
formance can be assessed using these meth-
ods. Even though the use of chemical tech-
niques has solved some problems inherent to
lesion studies, some disadvantages of using this
approach can be cited. Perhaps the major
problem is that the infusion of chemicals into
the brain is somewhat difficult to control and
measuring the extent of spread of the chemi-
cals can be tricky (especially in temporary
inactivation studies).

To illustrate the power of the temporary
inactivation procedure, we begin with a study
by Krupa et al. (1993). Krupa et al. infused
muscimol into the region of the interpositus
nucleus of one group of rabbits and saline into
a second group of rabbits during five days of
standard delay eyeblink conditioning. Musci-
mol acts by binding to and activating GABA4
receptors on neurons. The activation of GABA
receptors in the brain produces inhibition of
the neuron. That is, muscimol works by
preventing neuronal firing which in turn
blocks activation of pathways involving those
neurons. They observed a normal learning
curve for the control animals but no signs of
CRs in the muscimol animals. This was
expected because muscimol prevented neu-
rons in the interpositus nucleus from firing.
They next trained both groups of animals for
an additional five days while infusing saline
into both groups. Remarkably, they observed
a normal acquisition function for the musci-
mol rabbits. That is, no savings of training
were observed—it was as if the rabbits had
received no previous paired training. These
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data demonstrate rather convincingly that
critical plasticity processes that underlie eye-
blink conditioning occurred in the deep
nuclear region that was inactivated by the
muscimol and not in other brain regions
either afferent or efferent to the infusion
zone. For purposes of this article, this study
illustrates the power of the inactivation meth-
ods: behavior can be assessed both in the
presence or absence of neuronal activity
generated in the infused area.

Muscimol and CNQX both have been used
to temporarily disturb the cellular processes of
Purkinje cells in lobule HVI. CNQX, when
infused into a brain area, blocks excitatory
AMPA/kainate receptors. These receptors are
plentiful on the dendrites of Purkinje cells and
are thought to play a prominent role in the
activation of Purkinje cells by inputs from the
brainstem. When CNQX was given before
paired CS-US training, nictitating membrane
conditioning was prevented (Attwell et al.,
2001). When CNQX was given to well-trained
animals it interfered with CR expression for
10-60 min postinfusion in a dose-dependent
manner (Attwell, Rahman, Ivarsson, & Yeo,
1999). Based on these data, and post-hoc
anatomical analyses of the spread of the
CNQX, the region identified by the authors
as critical to the learning and performance of
the conditioned nictitating membrane re-
sponse was the medial portion of rostral lobule
HVI, which matched well with the area of
lobule HVI that Yeo and his colleagues
lesioned in their aspiration studies. At the
cellular level, it has been suggested that
desensitization of AMPA receptors at parallel
fiber—Purkinje cell synapses may be the basis of
at least some forms of LTD in cerebellar
cortex. In simple terms, the binding of
neurotransmitters at the desensitized Purkinje
cell receptor is less likely to produce excitation
in the neuron. As we detailed above, LTD is
thought to be a key long-term plasticity process
that may regulate excitability of neurons in the
cerebellar cortex. These data suggest that
these receptors (and perhaps the LTD mech-
anism) may be involved in the acquisition of
eyeblink CRs.

Yeo and his colleagues also have reported
that lobule HVI appears to be involved in post-
training memory consolidation processes. In-
fusions of muscimol into lobule HVI immedi-
ately after each of five daily training sessions
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precluded the development of conditioned
nictitating membrane responses (Attwell,
Cooke, & Yeo, 2002). Interestingly, post-
training muscimol infusions directed at the
deep nuclei (including the interpositus nucle-
us) did not produce this effect. This might not
be surprising, however, because the net effects
of muscimol infusion into the deep nuclei,
versus muscimol infusion into the cerebellar
cortex, are quite different. Muscimol infusions
into the deep nuclei essentially prevent activa-
tion of interpositus neurons. Muscimol infu-
sions into the cerebellar cortex prevent Pur-
kinje cell activation (presumably by activating
inhibitory GABAergic basket and stellate cell
synapses onto the Purkinje neurons). The loss
of the normal tonic inhibitory Purkinje cell
influence on deep nuclear cells may result in
a hyperexcitable nucleus, which may in some
fashion contribute to the disruption of con-
solidation. Nevertheless, the CNQX and mus-
cimol infusion data provide evidence that
Larsell’s lobule HVI is playing an important
role in classical eyeblink conditioning, either
directly or indirectly.

Anatomical Studies of Lobule HVI Connectivity

A very important issue concerning the
involvement of lobule HVI in eyeblink condi-
tioning is whether or not the brain region
connects with afferent and efferent areas
known to be involved in conditioning. Some
early studies explored patterns of retrograde
degeneration of axonal connections to many
areas of cerebellar cortex, including lobule
HVI, after brainstem lesions (e.g., Brodal,
1940; Brodal & Jansen, 1946). These studies
provided a general description of the patterns
of projection of mossy fibers and climbing
fibers from brainstem areas to well-defined
areas of cerebellar cortex.

The first systematic study of connectivity of
the eyeblink classical conditioning system was
published by Yeo, Hardiman, and Glickstein
(1985b). They studied anterograde and retro-
grade transport of wheatgerm-agglutinated
horseradish peroxidase (HRP) following its
injection into lobule HVI. HRP is an enzyme
that is taken up by neurons and transported
from one end to the other thus allowing one
to trace neuronal projections from one brain
area to another. Strong retrograde transport
to the interpositus nucleus was observed with
evidence of anterograde transport to many
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brainstem areas including the pontine nuclei
and the inferior olivary complex. In another
study, Steinmetz and Sengelaub (1992) in-
fused choleratoxin-conjugated HRP into the
interpositus nucleus and observed antero-
grade transport to the pontine nuclei and
inferior olive as well as strong retrograde
labeling to lobule HVI. Together these studies
provide support for the idea that the pontine
nuclei and inferior olive send projections to
the interpositus nucleus and lobule HVI, and
that lobule HVI projects axons to the inter-
positus nucleus. These studies provided ana-
tomical evidence for connectivity in the neural
network that has been hypothesized to un-
derlie classical eyeblink conditioning, includ-
ing connectivity of lobule HVI with other areas
of the brain hypothesized to be involved in
conditioning.

Lobule HVI Recording Studies

Since unit recording techniques were de-
veloped to explore the involvement of the
brain in learning and memory (e.g., Olds,
Disterhoft, Segal, Kornblith, & Hirsh, 1972),
unit recording studies have contributed im-
mensely to our understanding of the neural
substrates of learning and memory. In these
studies, insulated recording electrodes with
small exposed recording tips are lowered
into discrete brain regions and the activity
of neurons are sampled during acquisition
and performance of learned behaviors. Neu-
ronal recordings have been mainly of three
types: multi-unit recording that involves
sampling a population of neurons simulta-
neously; extracellular single unit recording
that involves isolating the activity of one
neuron at a time and recording the activity
from outside of the neuron; and intracellular
cell recording that involves recording neuro-
nal currents with an electrode placed inside
the cell. For several reasons, classical eye-
blink conditioning has proven to be an ideal
paradigm for the application of unit recording
techniques. For example, the trial lengths are
relatively short, usually 500-2000 ms, thus
limiting the sampling period that must be
examined; the presentations of stimuli are
under the control of the investigator so the
time of their occurrences are known; and
discharge patterns of neurons can be correlat-
ed with the discrete eyeblink (CR or UR) that
is executed.
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Typically, neural recordings of brain activity
during the learning and/or performance of
the conditioned eyeblink response are used to
identify changes in firing patterns that may
drive or produce the behavior or at least
contribute to some aspect of its occurrence.
Several patterns of action potentials may be
observed during the course of conditioning. If
a change in firing rate is observed after CS or
US presentation and appears to be time locked
to the CS or US presentation and not to the
eyeblink response, then it is likely that this
brain region is involved in sensory processes
related to the CS or US. This pattern is seen
when recordings are taken from the dorsal
cochlear nucleus during CS presentations and
from the trigeminal nucleus during US pre-
sentations (Clark & Lavond, 1996; Steinmetz
et al., 1987). Sometimes firing patterns prove
to be time-locked to UR onset and also seem to
encode response amplitude as well as timing.
This pattern can be seen when recordings are
taken from the facial nucleus, which contains
motor neurons that are related to eye-blinking
(Young, Cegavske, & Thompson, 1976).

Most often, investigators are interested in
changes in firing patterns that are somehow
related to variations in CRs such as changes in
amplitude, timing, and topography. These are
brain regions that may contain neurons that
change their excitability as learning occurs
(i.e., the so-called learning-related ‘‘plastic’
neurons). If changes in firing patterns in
a brain region occur at the same time as CR
onset or follow CR onset it is likely that the
neurons are not responsible for driving or
generating the behavioral response (e.g.,
cellular responses that follow a CR may be
receiving feedback information concerning
execution of the behavioral response). Brain
sites that have neurons that show firing pattern
changes that precede the execution of the CR
are candidate brain sites for learning-related
plastic cells that form the cellular basis of the
learning. Studies have shown that the inter-
positus nucleus contains cells that meet this
requirement (McCormick & Thompson,
1984).

Several studies have examined the activity of
lobule HVI neurons during eyeblink condi-
tioning in hopes of delineating further the
role this cerebellar area plays in motor
learning. One of the earliest studies was
conducted by Berthier and Moore (1986),
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who wused electrophysiological methods to
examine HVI Purkinje cells during retention
of the classically conditioned nictitating mem-
brane response. They conducted extracellular
recordings from single Purkinje cells in well-
trained animals to determine if HVI Purkinje
cell activity was related causally to CR pro-
duction. Their procedures employed discrim-
ination training where a CS+ and a CS— were
presented, to better isolate neural activity
associated with CR production from activity
related to stimulus presentations. Of the
Purkinje cell activity associated with condi-
tioned responding, the most frequent out-
come was an increase in firing in anticipation
of the CR. Other cells showed decreases in
activity after CS presentation. The observation
of both excitatory and inhibitory units is
interesting when the influence that cerebellar
cortex has on the deep cerebellar nuclei is
considered. As we described above, Purkinje
cells inhibit the deep cerebellar nuclei. There-
fore, cells that increased their firing rate in
relation to the CR inhibited neurons in the
interpositus nucleus, while cells that decreased
their firing rate increased the excitability of
the interpositus nucleus neurons. In other
words, the inhibitory lobule HVI Purkinje cells
should promote CR-related interpositus activ-
ity, while excitatory lobule HVI Purkinje cells
should depress CR-related interpositus activity.
The Berthier and Moore data suggested that
more cells in lobule HVI may be involved in
CR suppression than CR promotion.

Other studies also have used electrophysio-
logical methods to explore how Purkinje cells
in area HVI respond during eyelid condition-
ing procedures. Gould and Steinmetz (1996)
gathered both single- and multiple-unit re-
cording data from cells in area HVI and the
anterior interpositus nucleus while animals
received forward-paired training, backward-
paired training, explicitly unpaired training,
or CS-alone presentations. Interestingly, cells
in the interpositus nucleus and HVI did not
respond uniformly to the various conditioning
procedures. Interpositus cells showed learn-
ing-related activity (i.e., as CRs developed)
exclusively to forward CS-US pairings, whereas
changes in Purkinje cell activity were much less
specific and could be seen after forward
pairing, backward pairing, and even after
unpaired CS-US presentations, although re-
sponsiveness seemed much greater after for-
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ward pairing than after backward pairing. In
addition, cells in HVI continued to show
evidence of learning-related activity during
extinction, long after interpositus cells had
ceased responding to the CS-alone presenta-
tions. These data suggest that the cells in these
two cerebellar regions do not encode CS and
US information in the same manner. Indeed,
it appears that the interpositus nucleus tracks
behavioral responding well, whereas neurons
in lobule HVI are highly plastic and change
their firing rates in response to a variety of
stimulus arrangements (i.e., in both associative
and non-associative fashion).

In a series of studies, Bernard Schreurs and
his associates used intracellular recording
techniques to investigate plasticity of lobule
HVI Purkinje cells. Their research was based
on the conjoint mossy fiber/climbing fiber
activation models described above (e.g.,
Albus, 1971; Marr, 1969). In their initial
study, Schreurs, Sanchez-Andres, and Alkon
(1991) trained rabbits using a tone CS and
periorbital shock US. About 24 hr after
training, slices of lobule HVI were prepared
and intracellular recordings from Purkinje cell
dendrites were taken. A conditioning-specific
increase in the excitability of Purkinje cell
dendrites was observed suggesting that the
firing properties of these cells had changed
after training.

In a second study, Schreurs and Alkon
(1993) took intradendritic recordings from
Purkinje cells obtained from rabbit cerebellar
slices and reported that stimulation of climb-
ing fibers followed by stimulation of parallel
fibers produced significant decreases in Pur-
kinje cell responsiveness. This arrangement of
climbing fiber and mossy fiber stimulation has
been used in many other experiments to
produce LTD in cerebellar cortex (e.g., Ekerot
& Kano, 1985; Ito, 1989; Linden & Conner,
1991) but in essence constitutes a backward
conditioning arrangement for eyeblink condi-
tioning (assuming that the US activates climb-
ing fibers and the CS activates parallel fibers
via mossy fiber inputs). Relatively low frequen-
cy stimulation of mossy fibers followed by
climbing fiber stimulation (which mimics for-
ward CS-US pairing during eyeblink condi-
tioning) also produced a shortterm depres-
sion effect whereas higher frequency
stimulation of mossy fibers produced a more
lasting depression. Schreurs and Alkon con-
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cluded that although plasticity at the parallel
fiber—Purkinje cell synapse could be obtained,
the depression or LTD-like effect was not
specific to forward CS-US because depression
also could be seen with backward and un-
paired CS-US presentations.

Similar to the extracellular recordings of
Berthier and Moore (1986) and Gould and
Steinmetz (1996), Schreurs and Alkon (1993)
observed that both increases and decreases in
the dendritic excitability of Purkinje cells are
seen. Furthermore, increases in Purkinje cell
excitability were much more prevalent than
decreases. Similar to the in vivo recording
experiments, these studies provide intracellu-
lar evidence that Purkinje cells in Larsell’s
lobule HVI are capable of demonstrating
plasticity. And, as revealed in extracellular
single-unit recordings taken from intact rab-
bits, some cells in lobule HVI appear not to be
forward-pairing specific, and many do not fire
in a pattern that promotes CR acquisition and
performance. The extracellular and intracel-
lular recording studies provide solid evidence
that neurons in lobule HVI change their firing
patterns as a result of CS and US presenta-
tions, but these changes do not appear to be
limited to stimulus conditions that promote
CR formation.

Lobule HVI Stimulation Studies

Electrical stimulation delivered to discrete
brain regions has proven to be an effective tool
for studying brain-behavior relationships. Typ-
ically, insulated electrodes with relatively large
exposed tips are implanted into brain areas of
interest, and microstimulation is delivered in
hopes of exciting cells in that brain region.
This technique was used to study potential CS
and US pathways into the cerebellum for
eyeblink conditioning (Mauk, Steinmetz, &
Thompson, 1986; Steinmetz, Lavond, &
Thompson, 1989; Steinmetz, Rosen, Chap-
man, Lavond, & Thompson, 1986). In these
studies, electrodes were implanted into the
pontine nucleus, inferior olive, or both, and
electrical stimulation was delivered in lieu of
the presentation of peripheral stimuli like
tones or air puffs. Rabbits can readily be
conditioned when the stimulation is substitut-
ed for the peripheral stimuli. The general idea
of this method is that if conditioning occurs
with the electrical stimulation, then the brain
site being stimulated may be a structure in the
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pathway normally engaged during learning.
This technique is not without it problems,
however. The spread of current to adjacent
structures and pathways is always a possibility,
especially when current intensities are high.
Also, care must be taken to keep the stimula-
tion parameters within the range of physiolog-
ical possibility.

In a series of studies, Thompson and his
colleagues delivered stimulation in the region
of HVI in place of peripheral CSs and/or USs.
Swain, Shinkman, Nordholm, and Thompson
(1992) implanted stimulating electrodes in the
white matter beneath lobule HVI and observed
movements of facial and neck muscle when
electrical stimulation was delivered. They were
able to classically condition these movements
by pairing a tone CS with the cortical
stimulation US. No conditioning was seen in
rabbits that received unpaired CS-US presenta-
tions. In a subsequent study, Swain, Shinkman,
Thompson, Grethe, and Thompson (1999)
showed that lesions of the interpositus nucleus
abolished the conditioning produced by the
tone CS paired with a cerebellar-cortical-
stimulation US. In a third study, conditioned
movements were observed when stimulation
was delivered to two regions of cerebellar
cortex as a CS and US demonstrating that
activation of cortical sites in the region of
lobule HVI could produce conditioning
(Shinkman, Swain, & Thompson, 1996).

Although these studies are important in that
they show that local stimulation of regions of
the cerebellum is sufficient to induce classical
conditioning, some interpretation problems
exist. Exactly how stimulation of cerebellar
cortex results in movement is not clear. To
produce movements with the use of cerebellar
cortical stimulation, relatively large amounts of
current had to be delivered. Because the
spread of current would have been relatively
large due to the large current intensity, it is
possible that the stimulation activated axons
projecting to cortical areas, axons of Purkinje
cells headed toward the deep cerebellar
nuclei, or afferent fibers entering the deep
nuclei from pre-cerebellar nuclei. Stimulating
Purkinje cells or their axons should inhibit the
deep cerebellar nuclei, which runs counter to
the response generation shown by many
studies in which electrical stimulation of the
interpositus nucleus produces robust eyeblinks
and other movements.
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Rebound excitation of cells in the deep
nucleus after cerebellar cortical inhibition is
a possible mechanism for activating deep
nuclear neurons. Rebound excitation is a rath-
er largescale excitation of neurons that
follows a period of strong inhibition. This
phenomenon has been described and pro-
posed as an excitation mechanism in inter-
positus neurons (after strong inhibition of
Purkinje cells) and thus may be important for
conditioning (e.g., Aizenman, Manis, & Lin-
den, 1998; Andersson & Hesslow, 1987; Hes-
slow, 1994; Jahnsen, 1986; Katz, Tracy, &
Steinmetz, 2001; McCrea, Bishop, & Kitai,
1977). It also is possible that the cortical
stimulation directly activated pre-cerebellar
afferents to the interpositus nucleus, exciting
neurons in the structure. If this were the case,
then the roles of lobule HVI and other areas of
cerebellar cortex in conditioning would seem
less central.

Combining Brain Inactivation with Unit Recording:

Some New Lobule HVI Data
Combining the individual experimental
techniques that were described above is

a powerful means for exploring the brain
correlates of learning. We present here recent
data we have collected to illustrate this point,
and also to give the reader a relatively in-depth
look at how these brain-behavior experiments
are conducted. These experiments studied the
interactions between Larsell’s lobule HVI and
the interpositus nucleus during classical eye-
blink conditioning. Our strategy was to use
permanent chemical lesions (kainic acid) or
temporary inactivation (muscimol) in concert
with unit recording to assess the relative
interdependencies of the interpositus nucleus
and lobule HVI during the acquisition and
performance of eyeblink CRs. In the studies
described, the interpositus nucleus was le-
sioned or inactivated during or after condi-
tioning, while the activity of Purkinje cells in
lobule HVI was recorded. We hypothesized
that if the pattern of unit responses in cortex
was somehow dependent on normal interposi-
tus nucleus function, lobule HVI Purkinje cell
activity should be altered by the lesion or
inactivation.

The extent to which learning-related activity
in HVI is dependent upon normal interpositus
function was first examined by Katz and
Steinmetz (1997). In this study, rabbits were
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conditioned to criterion (75% CRs) before
receiving either infusions of kainic acid or
vehicle into the interpositus nucleus. The
kainic acid destroyed neurons in the inter-
positus nucleus and, as a result, abolished
eyeblink CRs. Postlesion single-unit record-
ings then were taken from Purkinje cells in
lobule HVI of the lesioned and control rabbits.
We found that conditioning-related activity
(i.e., learning-related excitatory and inhibitory
patterns of action potentials) was still evident
in HVI despite the fact that CRs had been
abolished by the kainic acid lesion of the
interpositus nucleus. At a few recording sites,
compared to sham controls, the HVI activity of
interpositus-lesioned rabbits appeared to be
not as well organized (e.g., timing of firing
patterns was disrupted and more units with
mixed excitatory and inhibitory patterns of
discharge were found). These data demon-
strate that the learning-induced plasticity that
develops in lobule HVI survives permanent
interpositus damage (and the resultant aboli-
tion of CRs), thus suggesting that condition-
ing-related plasticity in cerebellar cortex is
maintained somewhat independently of the
deep cerebellar nuclei.

Using a similar strategy, we examined the
effects of temporarily inactivating the inter-
positus nucleus on conditioning-related activ-
ity in lobule HVI. The advantage of the
inactivation approach is that the effects of
eliminating interpositus activity can be as-
sessed during both the acquisition and perfor-
mance stages of learning, given the reversible
nature of the method. In a preliminary study
(Baker, Tracy, Villarreal, & Steinmetz, 2002),
we used temporary inactivation methods in an
attempt to replicate the findings of the Katz
and Steinmetz (1997) study. Two groups of
rabbits were trained for five days then given an
additional five days of training during which
either muscimol or saline was infused in the
interpositus nucleus while lobule HVI record-
ings were taken. The activity of approximately
140 units was examined during acquisition and
retention training. We found that during
muscimol infusion, although production of
CRs was severely impaired, the pattern of unit
responses of muscimol-infused rabbits was very
similar to the control rabbits and thus similar
to what Katz and Steinmetz (1997) reported
after permanent kainic acid lesions. One
difference we noted when comparing the
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Baker et al. (2002) and Katz and Steinmetz
(1997) data was that there was no evidence for
an increased variability in the timing of the
activity of the HVI neurons during the
muscimol inactivation.

Here we present new data that provide
a more detailed look at how temporary in-
activation can be used in conjunction with
extracellular single-unit recording to study the
function of Lobule HVI. For this study, rabbits
were anesthetized with xylazine and ketamine,
and during an aseptic surgery procedure they
were chronically implanted with a 22-gauge
infusion cannula into the left interpositus
nucleus and an insulated tungsten microelec-
trode (3-b MQ) into the left Larsell’s lobule
HVI. After final positions of the cannula and
recording electrodes were determined, leads
from the electrodes were secured to a standard
plug assembly and cemented onto the rabbits’
skulls with dental acrylic. Also during surgery,
stainless-steel wires were implanted into the
musculature surrounding the left eye for
subsequent EMG recordings during eyeblink
conditioning.

Rabbits then were assigned to two groups
that were given 10 days of training. One group
received five days of eyeblink training with
muscimol infusions (0.7 nmol in 1 pl saline at
0.1 pl/min over 10 min) into the interpositus
nucleus followed by five days of training with
no infusions. The second group received
10 days of training with saline infusions into
the interpositus nucleus during the first five
days. The muscimol group allowed the assess-
ment of the effects on lobule HVI activity of
inactivating the interpositus nucleus during
the acquisition phase before CRs were estab-
lished. The saline control group provided
comparative HVI recording and behavioral
data from animals without interpositus in-
activation during acquisition. Rabbits were
placed in standard restraint boxes within
sound-attenuating chambers and trained using
a standard Pavlovian delay procedure. The CS
was a 600 ms, 85 dB, 1 kHz tone that co-
terminated with a 100 ms, 3 psi corneal air
puff US (creating a 500 ms ISI). The intertrial
interval was randomized between 20 and 40 s
and 120 training trials per day were given.
Recordings from lobule HVI were taken on
each training day.

The behavioral data that were analyzed
included percent CRs, CR amplitude, and CR
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timing (i.e., onset latency and peak latency).
The lobule HVI unit activity was amplified
(5000X), filtered (300-3000 Hz) and routed
to a neural data-acquisition system (Spike2,
CED Ltd) for storage and subsequent offline
analysis. Spike separation was accomplished
using waveform-matching algorithms that as-
sessed spike amplitude (at least 2X back-
ground signal) and action potential shape.
Typically, 2-3 spikes per session could be
isolated at each recording site. The activities
of the separated spikes then were summed
across the trial period for each session to form
peristimulus time histograms. For analysis
purposes, the neural activity was expressed as
standard scores (relative to pre-CS baseline
activity) so that the activity of lobule HVI
neurons of muscimol- and saline-infused rab-
bits could be compared. This standardization
procedure has been described in detail else-
where (see Katz & Steinmetz, 1997; Lavond &
Steinmetz, 2003). After the last session, the
rabbits were euthanized, perfused with saline
followed by 10% formalin, and their brains
removed for histological verification of cannu-
la and electrode placements.

Figures 2 and 3 show the behavioral data
from rabbits given five days of training while
muscimol was infused into the interpositus
nucleus, followed by five days of training with
no infusions (n = 5), and control rabbits that
were given 5 days of saline infusions (n = 4).
Figure 2 shows individual learning curves for
the nine rabbits while Figure 3 shows averaged
data for the control and muscimol animals. As
expected, no eyeblink CRs were evident in any
of the muscimol animals during the first five
days of training, whereas all the saline animals
acquired CRs. ANOVA revealed a significant
Group X Session interaction that confirmed
the lack of learning in the muscimol-infused
group (£(4,28) = 36.05, p = <.0001). During
sessions 6-10, CR acquisition was seen in the
muscimol group, and the saline group main-
tained its asymptotic level of conditioning. A
significant Group X Session interaction con-
firmed the learning in the muscimol group
during the saline infusion sessions (/7(4,28) =
16.96, p < .0001). In fact, performances of the
saline group during sessions 1-5 and the
muscimol group during session 6-10 were
virtually identical (p > .05), indicating that
we replicated the interpositus inactivation
result reported previously by Krupa et al.
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Fig. 2. Individual learning curves (percent CRs) observed in rabbits given 5 days of training with saline infusions
followed by 5 days of training with no infusions (top panel [a]; n = 4) and in rabbits given 5 days of training with
muscimol infusions followed by 5 days of no infusions (bottom panel [b]; n = 5).
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Fig. 3.

Mean percent CRs (£ S.E.M.) recorded in rabbits given 5 days of training with saline infusions followed by

5 days of training with no infusions (open circles) and in rabbits given 5 days of training with muscimol infusions

followed by 5 days of no infusions (filled circles).

(1993): i.e., inactivation of the interpositus
nucleus prevented the appearance of eyeblink
CRs and, more importantly, no savings of
training effects were noted when conditioning
was continued after the inactivation sessions.
This finding further demonstrates the critical
nature of plasticity in the interpositus nucleus
during eyeblink conditioning.

Based on a 2:1 signal to noise ratio,
relatively high spontaneous firing rates
(> 15 Hz), and verification of electrode
placement in the Purkinje cell layer of lobule
HVI, a total of 111 units were isolated from the
lobule HVI recordings (62 from muscimol
rabbits and 49 from saline rabbits). Given the
relatively large size of the spikes, it is assumed
that the majority of cells monitored were
Purkinje cells, although it is possible that
some of the recordings came from granule
cells. Similar to previous studies (e.g., Katz &
Steinmetz, 1997), we summed the unit activ-
ity across a given session and calculated
standard scores of activity for 100 ms bins of
the CS-US interval to determine if a significant
increase or decrease in firing rate occurred
between CS and US presentations. The stan-
dard scores are essentially difference t-scores
that are calculated by finding the differences
between mean spikes recorded in a 100-ms

CS-US period bin, and a 100-ms period before
CS onset, and dividing that difference by the
standard deviation of the pre-CS mean (see
Katz & Steinmetz, 1997; Lavond & Steinmetz,
2003).

After calculating five standard scores to
quantify the activity for a unit (a standard
score for each of the five 100-ms bins that
made up the 500-ms CS-US interval for each
session), we then classified each unit’s re-
sponse pattern in one of four categories:
nonresponsive (no significant change in firing
rate was seen); early CS-period units (signifi-
cant standard scores were found in only the
first or second 100-ms bin after CS onset); late
CS-period units (significant standard scores
were found in the third, fourth or fifth 100-ms
bin after CS onset); and early/late CS-period
units (changes in firing rate found in both the
first or second 100-ms bin and the third,
fourth, or fifth 100-ms bin). For ease of
presentation, we have combined recording
sessions to show four points in conditioning:
Days 1-2, 4-5, 6-7, and 9-10.

Table 1 provides a summary of the patterns
of activation of lobule HVI neurons observed
in the muscimol and control rabbits. Of the
total number of cells recorded, 82% showed
increases in firing rates during the CS-US
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Table 1

Percentage of units recorded from lobule HVI neurons in muscimol and control rabbits that
showed activation or inhibition in the early CS period, late CS period, both early and late CS

periods, or were nonresponsive.

Days 1 and 2 Days 4 and 5 Days 6 and 7 Days 9 and 10
Muscimol Control Muscimol Control Muscimol Control Muscimol Control

Early CS period 16 8 21 0 13 0 5 0
activity

Late CS period 11 8 0 0 13 13 14 0
activity

Early/late CS 26 61 58 90 74 56 52 50
period activity

Non-responsive 47 23 21 10 0 31 29 50

Total cells 19 13 14 10 8 16 21 10
recorded

interval while 18% showed decreases in firing
rates. Table 1 shows that control rabbits
demonstrated the pattern of lobule HVI
activity seen in previous studies—the presence
of relatively little neural activity confined to
the early CS period throughout training, but
a rather rapid formation of late and early/late
period activity as conditioning proceeds. To
date, we have made very few chronic record-
ings after as long as 9 or 10 days of training.
The present recordings revealed one poten-
tially interesting new finding: it appears that
there is a reduction in conditioning-related
activity in lobule HVI when training is extend-
ed. Of central importance to this experiment
is whether or not conditioning-related activity
is seen in rabbits undergoing muscimol in-
fusion into the interpositus nucleus. Inspec-
tion of Table 1 provides an answer to this
question: Although there appeared to be
a relatively large number of non-responsive
units on Days 1 and 2, by Days 4 and 5
a substantial number of units were responding
in both the early and latter portions of the CS-
period even though no CRs were executed. In
addition, there was a decrease in the number
of non-responsive units by Days 4 and 5. Past
studies (e.g., Berthier & Moore, 1986; Gould &
Steinmetz, 1996; Katz & Steinmetz, 1997) have
shown that many of the units that increase
their spiking during the latter portion of the
CS-US interval often do so in close relationship
with the onset of the CR. Therefore, these
units are good candidates for making con-
tributions to the execution of the CR. This
pattern was somewhat stable over the final five
days of training when muscimol infusion was
suspended. There were some differences

between the groups in response patterns.
The number of nonresponsive units was
greater in muscimol rabbits than saline rabbits
across training, as was the number of early CS
period neurons. And, unlike control rabbits,
a decrease in muscimol rabbits’ learning-
related activity was not seen in very late stages
of training.

Figure 4 provides a summary of average
standard scores for the two groups calculated
for the four phases of conditioning. Statistical
analyses of these data provide a verification of
the patterns of unit responding shown in
Table 1. Excitatory and inhibitory cells were
included in these averages to provide a sum-
mary of the activity of the population of lobule
HVI neurons from which recordings were
made. In essence, this figure shows the mean
within-trial pattern of activity present across
training sessions.

Analyses of variances conducted on these
data showed no group differences when
activity patterns during the first five days of
training were compared (ps > .05); both
groups showed CS-period activation at similar
levels during the first phase of conditioning.
Significant differences in lobule HVI activity
were seen when the second five days of
training were compared. A significant Group
X Bin interaction was found on days 6 and 7
[F(4,88) = 2.72, p < .05] due to a significantly
higher activation during the first 100-ms bin in
rabbits that had received muscimol during the
first five days of training. Significantly lower
levels of responding were seen in control
rabbits on Days 9 and 10 [F(1,29) = 10.49, p
< .05] reflecting the loss of CS- period activity
in the control rabbits.
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Fig. 4. Standard scores of unit activity recorded in control rabbits (panel a) and muscimol rabbits (panel b). For the
two groups, the sets of five bars represent four phases of training (days 1-2, days 4-5, days 6-7 and days 9-10). For each
set of bars, the activity in consecutive five 100-ms bins provides a summary of unit firing during the 500-ms CS-US interval.

We conclude from these data that eyeblink
conditioning-related plasticity in lobule HVI
can be established independently of activity in
the interpositus nucleus—conditioning-relat-
ed activity in lobule HVI was evident in spite of
the fact that CR acquisition and interpositus
nucleus activity was blocked by muscimol

infusions into the interpositus nucleus. In-
terestingly, our data indicate a relatively high
level of early CS-period activation during the
first two days of training without muscimol,
suggesting that the training with muscimol
infusions into the deep cerebellar nuclei may
affect subsequent processing of the condition-
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ing stimuli. This effect appears to be transient,
however, as CS-period lobule HVI activity
decreased with additional training.

LARSELL’S LOBULE HVI AND EYEBLINK
CONDITIONING: WHAT CAN WE
CONCLUDE FROM DATA GENERATED
THROUGH THE USE OF
CONVERGENT BEHAVIORAL
NEUROSCIENCE TECHNIQUES?

What can we conclude from the last 20 years
or so of research on the role of lobule HVI in
eyeblink conditioning? There are few, if any,
who would disagree with the statement that
lobule HVI is engaged and is involved in
eyeblink conditioning. Disagreement centers
on the extent of lobule HVI’s involvement.
Specifically, is lobule HVI the sole site of
plasticity that underlies eyeblink conditioning
or is plasticity formed in lobule HVI along with
other regions of cortex and/or the deep
cerebellar nuclei?

The permanent lesion data remain incon-
clusive as reports on the effects of lobule HVI
removal run the gamut from complete aboli-
tion, to partial effects, to little or no effect. The
difficulty in achieving consistent findings may
lie in the approach—Ilesion sizes have varied
greatly from study to study, and it is very
difficult to determine if underlying white
matter and parts of the deep nuclei (as well
as other cortical areas) are included in the
lesion. Further, variations in the basic delay
conditioning procedure may be an important
factor, certainly worth exploring further, in-
cluding the choice of stimulus modality used
as the CS (e.g., light versus tone), the length of
the ISI, the choice of response measurement
system employed (e.g., EMG versus use of
mechanical transducers), and the number of
training sessions given. And, assessing the
physiological response of interpositus neurons
after lobule HVI removal or inactivation has
yet to be done. Further studies using tempo-
rary chemical or pharmacological inactivation
methods would seem warranted, as the results
to date have been relatively consistent. This
approach also has the advantage of allowing
for an assessment of cellular mechanisms
involved in the learning. For example, AMPA
receptor involvement has been assessed using
CNQX infusions, while general inactivation
(leaving AMPA transmission intact) has been

RONALD P. VILLARREAL and JOSEPH E. STEINMETZ

explored using muscimol (Attwell et al., 1999;
Attwell et al., 2001; Attwell et al., 2002).

Microstimulation of cerebellar cortex has
provided some data concerning the involve-
ment of lobule HVI in conditioning. For
example, Hesslow and his colleagues have
shown that stimulation delivered on the
surface of lobule HVI above the appropriate
longitudinal zone can elicit eyeblinks, indicat-
ing that this region of cortex is connected
eventually to eyeblink musculature (e.g., Hes-
slow, Svensson, & Ivarsson, 1999). The ana-
tomical tract-tracing studies that have been
conducted support the connectivity between
lobule HVI and cranial motor nerve nuclei.
Also, research from the Thompson laboratory
has shown that stimulating the white matter
below lobule HVI produces discrete eyeblinks
(e.g., Swain et al., 1992). These studies suggest
that neurons in lobule HVI are “‘wired” in
a fashion that could participate in eyeblink
conditioning. However, not all laboratories
have been successful in eliciting eyeblinks with
lobule HVI stimulation, including our own
laboratory, when relatively high impedance,
small-tipped stimulating electrodes are used,
restricting the region of stimulation. In addi-
tion, because Purkinje cell output to the deep
nucleus is solely inhibitory, it is unclear exactly
what mechanism produces the eyeblinks that
are seen (i.e., are axons entering the inter-
positus nucleus activated, or does a rebound
from inhibition effect activate deep nuclear
neurons?).

Unit recording studies have consistently
revealed neurons in lobule HVI that display
firing patterns that change with learning and
also correlate highly with CR execution (as
well as encoding the CS and the US used in
training). These data strongly implicate lobule
HVI in eyeblink conditioning. However, some
complications in these data exist. Of note,
recording studies have consistently found
more cells that increase their firing rate with
conditioning than cells that decrease their
firing rate. Because Purkinje cells inhibit their
target neurons, the inhibitory cells are thought
to be the cells that contribute to activation of
the CR, yet they appear to be relatively fewer in
number. One possibility is that both popula-
tions contribute to the execution of the CR;
excitatory Purkinje cells suppress behavioral
responding while inhibitory Purkinje cells
activate behavioral responses during a given
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trial, thus accounting for initial response
inhibition, eyelid closure, and subsequent
eyelid opening. In addition, it is possible that
the population of excitatory cells inhibit deep
nuclear cells that are involved in non-eyeblink
response systems, in essence honing accuracy
of the discrete response. All of these possibil-
ities are testable.

Finally, our most recent studies that coupled
lobule HVI recordings with temporary inacti-
vation of the interpositus nucleus have shown
that plasticity in cerebellar cortex forms, and is
maintained, independently from the deep
cerebellar nuclei. Conditioning-related activity
in the cerebellum could be seen during
acquisition training even though the acquisi-
tion of CRs was blocked by muscimol infu-
sions. And, similar to previous studies, the
majority of units we recorded showed increases
in spiking during the CS-US interval. Al-
though lobule HVI unit activity seems largely
unaffected by inactivation of the interpositus
nucleus, we do not know if inactivation of the
cortex would have negligible affects on the
formation of activity in the deep nuclei. Some
models do predict an effect (e.g., Medina &
Mauk, 1999). Also, this approach has not been
used yet to study relationships between the
anterior lobe of cerebellar cortex and the deep
cerebellar nuclei. These two areas of studies
are ongoing in our laboratory.

THE NEURAL SUBSTRATES OF EYEBLINK
CONDITIONING: INTEGRATING
THE CIRCUITRY

This article has concentrated, for the most
part, on summarizing the results of experi-
ments that were designed to explore the role
of lobule HVI in eyeblink conditioning, but it
is important to remember that this simple
form of learning and memory appears not to
be based on plasticity established in a single
brain area. Rather, the neural substrates of
eyeblink conditioning are better described as
a network of interconnected brain areas that
each encode important features of the condi-
tioning process. The rudiments of this network
were shown in Figure 1.

Our current working model is that plasticity
that underlies the classically conditioned eye-
blink response is formed in lobule HVI and
the dentate/interpositus nucleus. Also, dis-
crete regions of the anterior lobe of cerebellar
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cortex contain neurons that appear to be very
important for eyeblink conditioning (e.g.,
Medina, Nores, Ohyama, & Mauk, 2000).
Our inactivation/recording data presented
above suggest that cortex and the deep nuclei
establish plasticity independently of one an-
other. However, we again note that studies
inactivating cortex while recording in the
interpositus nucleus have not been completed,
that would provide evidence against the
possibility that interpositus plasticity is some-
how dependent on cerebellar cortical plastic-
ity.

What are the respective roles of the cerebel-
lar cortex and the interpositus nucleus in
conditioning? For now, we assume that excit-
ability changes in the deep nucleus are critical
for driving activity in brainstem nuclei that
generate the behavioral CR by activating eye-
blink musculature. However, without cortical
input we believe that the activation is weak, at
best, and not particularly effective. Our model
contends that neurons in cerebellar cortex
(lobule HVI and the anterior lobe) provide
important modulating input to interpositus
neurons, that adds appropriate gain to the
response as well as the precise response timing
that is characteristic of eyeblink conditioning.
Again, all of these ideas are testable and are
the focus of our current research efforts. We
must also keep in mind that higher brain areas
like the cerebral cortex, hippocampus, stria-
tum, and amygdala appear to play roles in the
conditioning process. How these areas influ-
ence the brainstem and cerebellar circuitry
shown in Figure 1 (and vice versa) has gone
largely unstudied. It seems likely, however,
that these and other brain areas are impor-
tantly engaged during eyeblink conditioning,
especially when stimulus and response de-
mands are more complex, such as during
discrimination/reversal learning and trace
conditioning.

One central point that we want to emphasize
is that the combined use of behavioral and
neuroscience approaches to study learning
have complemented each other. That is, the
use of the eyeblink conditioning paradigm has
advanced our understanding of the brain
substrates of the behavior, and the use of the
neuroscience approach has advanced our un-
derstanding of learning. The research pre-
sented in this paper provides a number of
examples of how variations of the conditioning



650

procedure produce new insights into the
working of the brain, such as when shifts in
the ISI are used to perturb CR timing, and
changes in patterns of neuronal activity are
noted. Backward conditioning is an example
of how the study of the neurobiology of
eyeblink conditioning has aided our under-
standing of the behavioral processes involved.
Normally, when the US precedes the CS
during eyeblink conditioning, no CR is estab-
lished to the CS even though the stimuli are
presented closely in time. The connectivity of
the cerebellar and brainstem circuitry that is
proposed to be involved in the conditioning
may provide an explanation for why backward
eyeblink conditioning is not obtained. It
appears that mossy fiber input from the
pontine nuclei (the CS) must arrive in the
interpositus nucleus before climbing fiber
input from the inferior olive (the US) for
plasticity to occur (Gould & Steinmetz, 1996).
It appears that both forward and backward
pairing can produce plasticity in the cerebellar
cortex, but the forward procedure is much
more effective at producing cellular excitabil-
ity changes (Gould & Steinmetz, 1996). Thus,
it seems that the pattern of synaptic connec-
tivity between the brainstem and the cerebel-
lum limits the order of stimuli that can
produce behavioral learning. In this case, the
knowledge of the neural correlates of eyeblink
conditioning has offered an explanation for
the behavioral phenomenon that is observed.

In closing, we make the following observa-
tions. When some of us began working in this
area, we naively thought that the neural
substrates of eyeblink conditioning would be
quite simple—perhaps involving plasticity of
a single brain system and more akin to the
conceptualizations of Pavlov who thought of
conditioning as the simple linkage of a CS
neural center with a US neural center (Pavlov,
1927). This is certainly not the case, even for
simple delay conditioning. The circuit in-
volved in conditioning is relatively complex,
involving multiple sites of plasticity and feed-
back (and perhaps feed-forward) connections.
It also should be noted that this neuroscience/
behavioral approach has proven valuable for
studying more complex learning and memory
systems. For example, our understanding of
the neural substrates of fear conditioning has
been advanced significantly over the last
decade or so when these same basic neurosci-
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ence tools were used to study brain-behavior
correlates (see Fanselow, 2001, for review).
Indeed, it is our view that more significant
advances in our understanding of learning will
come when rigorous behavioral analyses are
combined with neuroscientific analyses.
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