
 

 

 

 

 

 

 

 

 

Copyright 

by 

Brenda Diane Houck 

2011 

 

 

  



The Dissertation Committee for Brenda Diane Houck Certifies 
that this is the approved version of the following dissertation: 

 

 

ADAPTABILITY OF DELAY EYELID CONDITIONING REQUIRES 
FOREBRAIN INPUT TO THE CEREBELLUM 

 

 

 

 

 
Committee: 
 

Michael D. Mauk, Supervisor 

Daniel Johnston 

Alexander C. Huk 

Theresa A. Jones 

Hitoshi Morikawa 



ADAPTABILITY OF DELAY EYELID CONDITIONING REQUIRES 
FOREBRAIN INPUT TO THE CEREBELLUM 

 

 

by 

Brenda Diane Houck, B.S.; B.S. 

 

 

 

DISSERTATION 

Presented to the Faculty of the Graduate School of  

The University of Texas at Austin 

in Partial Fulfillment  

of the Requirements 

for the Degree of  

 

DOCTOR OF PHILOSOPHY 

 

 

The University of Texas at Austin 
December 2011 



DEDICATION 

 
This work is dedicated to the following people for their non-academic 

contributions: 

 

To my mother, father, Mike and Kelly – thank you for your steadfast love, support 

and encouragement to follow my dreams over the years – whatever they may be. 

 

To past and present members of the lab: Jenni, Frank, Brian, Wen, Tatsuya, Joy, 

Tim, Hunter, Lori, Neto and Chris.  I am grateful for the motivation, discussions, 

and growth in my scientific thinking. 

 

To my advisor, Mike, for taking me in before the lab was even settled in Austin 

and for introducing me to the fascinating cerebellum.  Thank you for your 

patience and the opportunities! 

 

Finally, to my husband, Drew, thank you for your encouragement, friendship and 

love.  Thank you for your amazing support and understanding. 

 

 



 v 

ACKNOWLEDGEMENTS 

 

I would like to acknowledge the following people for their individual 

contributions to this work:  Dan Johnston, Hitoshi Morikawa, Alex Huk, Theresa 

Jones, Kristen Harris and Mike Mauk.  Students, Post-docs and Technicians: 

Jenni Siegel, Brian Kalmbach, Tatsuya Ohyama and Frank Riusech. 



 vi 

ADAPTABILITY OF DELAY EYELID CONDITIONING REQUIRES 
FOREBRAIN INPUT TO THE CEREBELLUM  

 

Brenda Diane Houck, Ph.D. 

The University of Texas at Austin, 2011 

 

Supervisor:  Michael D. Mauk 

 
     The cerebellum is a region of the brain responsible for an organism’s ability to 

perform precise, coordinated movements.  An abundance of research has 

characterized the anatomy of the cerebellum, and provides the foundation of 

current theories regarding the circuitry that supports motor learning.  Delay eyelid 

conditioning is a form of motor learning.  It is the learned association of a neutral 

stimulus and the reflexive response of an eyelid closure resulting in a well-timed 

eyelid closure in anticipation of the reflexive response.  Two aspects of this 

learning are: different-conditioned stimulus savings and savings of timing.  

Different-CS savings is a rapid re-learning to a new, different neutral stimulus 

that occurs more quickly than learning to the original stimulus.  Savings of timing 

is a phenomenon in which the timing of a response is preserved from a prior 

training experience.  This dissertation presents evidence that forebrain input to 

the cerebellum is required for these aspects of delay eyelid conditioning.  We 

trained animals with electrical stimulation as our neutral stimulus and thereby 

engaged a specific input pathway to the cerebellum, limiting forebrain inputs.  In 
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Chapter 2 we implement this technique and eliminate different-CS savings.  

These data suggest that forebrain input mediates this phenomenon.  We then 

proceeded to investigate if the prefrontal cortex (PFC) is the forebrain region 

involved in supporting this aspect of delay eyelid conditioning.  We administered 

electrolytic lesions to the PFC of animals and found their ability to express 

different-CS savings was impaired.  Evidence from these two chapters suggests 

the PFC provides input to the cerebellum necessary for different-CS savings.  

Finally, in Chapter 4 we examine savings of timing.  We again limit forebrain 

input to the cerebellum and implement electrical stimulation as our neutral 

training stimulus.  With stimulation as the neutral stimulus, animals do not exhibit 

savings of timing.  The data suggest that a forebrain region is necessary to 

sustain this phenomenon as well.  This dissertation provides two lines of 

evidence strongly supporting forebrain involvement in these modifications of 

delay eyelid conditioning - savings and savings of timing.  These results convey 

the importance of accommodating forebrain-cerebellum interactions when 

developing theories of cerebellar function. 
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CHAPTER 1:  

GENERAL INTRODUCTION 
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     A complete, functioning nervous system is extraordinarily intricate and vital for 

our existence.  Neuroscience research enables us to better understand and 

apply functional processes to the nervous system structure.  From the 

microscopic, cellular level to the systems level of an intact organism, numerous 

models have been incorporated to determine how neurons perform their task.  

One well-described model - consisting of an identified circuit that supports an 

overt behavior - is delay eyelid conditioning.  This type of associative learning 

illustrates how the brain learns to respond to paired stimuli - not normally found in 

nature - transforming a reflex into a learned behavior.  We can infer how the 

learning occurs based on the changes within parts of the system.  Delay eyelid 

conditioning is extremely useful because it is a behavior that is easily tractable in 

experimental conditions and the location and processes underlying the behavior 

are well known. 

     Delay eyelid conditioning trains an organism to respond to an innocuous 

stimulus through repeated presentations of the conditioned stimulus (CS), usually 

a tone or a light, at least 100 ms prior to an unconditioned stimulus (US), 

commonly a puff of air or a harmless electrical stimulation to the eye muscles [1-

6].  The time between the onset of the CS and the US onset is known as the 

interstimulus interval (ISI) [7].  Initially, only an unconditioned response (UR) is 

elicited by the US, in this case a blink.  After several paired CS/US presentations 

with a fixed ISI, associative learning occurs and the animal exhibits a conditioned 

response (CR) upon presentation of the CS and prior to the arrival of the US.  
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The CR is closure of the eyelid in response to the tone or light CS appropriately 

timed in anticipation of the US.  See Figure 1.1a. 

DELAY EYELID CONDITIONING IS MEDIATED BY THE CEREBELLUM   

 
     A culmination of research suggests that the plasticity underlying delay eyelid 

conditioning occurs in the cerebellum [5, 6, 8-16].  For instance, lesions to the 

cerebellum prevent acquisition of novel CRs and expression of existing CRs 

without affecting the UR [17].  Decerebrated rabbits retain unaltered CR 

expression indicating that learning occurs in the brainstem/cerebellum and 

eliminating the necessity of forebrain contributions [18].  Inactivation of the red 

nucleus, the site immediately downstream of the cerebellum, eliminates CR 

expression but does not prevent learning or the expression of learning-related 

activity in the interpositus nucleus (IN) [12, 14, 19].  Data show that CS input is 

carried to the cerebellum through mossy fibers of the pontine nucleus [20].  

Stimulation of regions afferent to the cerebellum, the pontine nucleus as a CS 

and the inferior olive as a US carrying mossy fibers and climbing fibers, 

respectively, to the cerebellum, are sufficient to support learning and acquisition 

of CRs [11, 21-24].  Electrophysiological experiments provide further evidence 

that CS and US inputs are carried by these same fibers to synapses of the 

cerebellar cortex and nuclei [25].  The ability to replace the use of a peripheral 

CS and US with direct stimulation to these regions suggests that learning-
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Figure 1.1 Delay eyelid conditioning requires the cerebellum 

a) Delay eyelid conditioning training requires paired trials of a conditioned 
stimulus (CS) co-terminating with an unconditioned stimulus (US). Initially the 
animal closes their eyelid in response to the US, expressing an unconditioned 
response (UR). After several pairings the animal closes their eye upon 
presentation of the CS and prior to the arrival of the US. This is considered a 
learned conditioned response (CR). b) The anatomy and physiology of the 
cerebellum support delay eyelid conditioning. CS and US information is relayed 
through mossy fibers (MF) and climbing fibers (CF), respectively. Pkj = Purkinje 
cells; + = excitatory synapse; red lined with blunt end = inhibitory synapse.  c) 
Enlargement of cerebellar cortex and its circuitry. Go = Golgi cells 
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induced plasticity occurs downstream of mossy and climbing fibers, respectively.  

This has been supported by studies revealing plasticity induced from long-term 

depression of parallel fiber to Purkinje (Pkj) cell synapses with concurrent 

stimulation of both pathways [26-31].  Together, these studies provide evidence 

that the cerebellum is required to support the learning and expression of 

converging CS and US inputs.   

CEREBELLAR SYNAPTIC ORGANIZATION AND PHYSIOLOGY 

 
     The well-characterized anatomical organization of the cerebellum has 

provided a foundation for elucidating how the cerebellum establishes CRs to an 

innocuous stimulus, and the following is a simplistic model of what has been 

determined with several years of research [32-34].  Stimulation of mossy fibers 

alone serves as an effective substitute for a CS, and adds to the evidence that 

mossy fibers of the pontine nucleus carry CS input to the cerebellum [21, 22, 24, 

35-39].  In addition, stimulation and lesion studies reveal climbing fibers of the 

inferior olive as necessary and sufficient to carry US input to the cerebellum [21, 

23].  Mossy fibers make excitatory synapses onto granule cells of the cerebellar 

cortex whose axons form parallel fibers that make excitatory synapses onto 

inhibitory Pkj cells.  Pkj cells thereby receive indirect input from mossy fibers 

through granule cells and at the same time direct excitatory input from climbing 

fibers of the inferior olive.  Climbing fiber input exerts a potentially strong 

influence over Pkj cell activity with one climbing fiber making hundreds of 
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synapses onto one Pkj cell [40].  Pkj cells are the sole output of the cerebellar 

cortex whose terminals inhibit cells of the deep cerebellar nuclei, which includes 

the IN [32, 41-43].  Climbing and mossy fibers also project collaterals that make 

excitatory synapses onto cells of the IN [42].  There are few collateral inputs but 

evidence of plasticity exists with recordings and cellular electrophysiology, 

revealing long-term potentiation from mossy fiber to deep nucleus synapses in 

rats [44].  In spite of the excitatory input IN cells receive from mossy and climbing 

fiber inputs, their firing rates are suppressed by continuous input of Purkinje cell 

inhibition [34].  A release of Pkj cell inhibition, allows these cells to fire.  Nucleus 

cell excitation completes the circuit by providing the cerebellar output with 

excitatory projections to the red nucleus, which then lead to a motor response 

[14, 42].  There is also a set of inhibitory projections onto cells of the inferior olive 

which provide feedback and are thought to contribute to extinction [45-50].  Refer 

to Figure 1.1b.  

Cerebellar cortex 

     The cerebellar cortex contains a network of neurons that serve as a type of 

‘sub-circuit’ within the cerebellum.  Even though the connectivity is fairly well 

described, how the interconnections between these different cell types support 

overall function is not fully understood.  Individual mossy fibers excite multiple 

granule cells [40, 51].  Mossy fibers carrying the CS input terminate in glomeruli 

of the granular cell layer with each mossy fiber making several synapses onto 

50-100 excitatory granule cell dendrites [52, 53].  At the same time hundreds of 
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release sites from inhibitory Golgi cells terminate in each glomerulus and provide 

the sole inhibition of granule cell activity (Fig.1.1.c) [52, 53].  Granule cells 

themselves have excitatory synapses onto Golgi cells and Pkj cells through 

parallel fibers [32, 51, 54].  Refer to Figure 1.1c.   

     The CS also affects Golgi cell activity through excitatory mossy fiber synapses 

onto Golgi cells.  Connectivity of the mossy fiber-Golgi-granule cell triad presents 

two types of inhibitory loops.  1) A feed-forward inhibitory loop: mossy fibers onto 

Golgi cells, which then inhibit granule cells.  And 2) a feedback inhibitory loop: 

mossy fibers exciting granule cells, which excite Golgi cells that in turn inhibit 

other granule cells [40].  However, variability in the level of inhibition at the Golgi 

to granule cell synapses indicates this sole inhibition could be sufficient to control 

granule cell activity in such a way as to vary their overall functional output [55].  

These data in conjunction with recent work describing cellular aspects of the 

feed-forward inhibitory loop [56] provide evidence in support of models that 

suggest differences in granule cell activity during CS presentation can encode 

timing [57].  These are the components thought to be involved for the correct 

timing of a CR.  

     An additional region of the cortex, the molecular layer, contains interneurons 

such as stellate and basket cells as well as excitatory climbing fiber terminals 

[40, 58].  It is not known what role these interneurons might play with delay eyelid 

conditioning processes, but they have been suggested as possible contributors 

to timing of responses because of their inhibitory input onto Pkj cells [32, 59, 60].  
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When climbing fiber excitation coincides with excitation of parallel fibers at Pkj 

cell synapses, long-term depression of Pkj cells is thought to result at the parallel 

fiber to Pkj synapses [26, 61].  Long-term depression is theorized to be the 

mechanism behind Pkj cell pauses.   

     This anatomy and physiology has been critical in the formation of 

computational theories that have led to the research uncovering mechanisms of 

plasticity consistent with a cerebellar learning hypothesis and supporting models 

of cerebellar function [57, 62, 63].  These models propose that Pkj cells act as a 

place of convergence for climbing and mossy fiber inputs, which when their 

activity from the CS and US arrives at the same time, results in learning.  These 

inputs influence Pkj cell activity which, in turn, alters activity of the IN.  Work of Ito 

confirms the nature of this relationship with long-term depression silencing Pkj 

cells and thereby increasing activity of the deep nucleus cells [26].  However, it is 

not certain that this increased activity is solely responsible for the learning-

induced plasticity behind CR expression, leaving the possibility that other inputs 

may contribute.  In fact, current data suggest that increased activity in IN cells 

from a release in Pkj inhibition, in conjuction with synaptic input from mossy fiber 

collaterals, supports plasticity at these synapses [64, 65].  Even climbing fiber 

collaterals have been suggested as playing a role in developing this plasticity 

[66].  Determining the inputs required for plasticity induction is necessary to 

explain how the cerebellum learns to generate and express a CR.  
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SPECIFYING THE SITES OF PLASTICITY FOR DELAY EYELID CONDITIONING - 
CORTEX AND INTERPOSITUS NUCLEUS 

 
     Currently, at least two sites within the cerebellum are considered necessary to 

establish correctly timed CRs in delay eyelid conditioning - the cerebellar cortex 

and IN [8, 10, 12, 14, 16, 67-70].  Some evidence for cortex involvement comes 

from recordings of Pkj cells during CRs that reveal a suppression of firing - while 

increasing Pkj cell activity with stimulation during CS presentation prevents CR 

expression [71, 72].  In addition, lesions to the cortex result in an inability to 

acquire new CRs, to extinguish existing CRs and to express retained CRs with 

correct timing and amplitude [8, 10, 68, 73].  Infusions of the GABA antagonist 

picrotoxin into the cerebellar cortex prevent inhibition of Pkj cells and pauses in 

their activity, consequently abolishing CRs.  While infusions of lidocaine into the 

cerebellar cortex silences Pkj cells and unmasks incorrectly-timed CRs, known 

as short latency responses (SLRs) (Fig 1.2a) [74]. 

     The presence of SLRs in the absence of Pkj cell activity is thought to be 

driven by an increase in IN cell activity and provides evidence for a second site of 

plasticity supporting CR acquisition and expression (Fig. 1.2) [8, 67].  Research 

confirms the IN of the cerebellum is this second critical region of plasticity behind 

conditioned eyelid responses [10, 12, 14, 69, 75, 76].  Inactivation of the IN 

abolishes CRs [10, 21, 22, 37, 76, 77].  Recordings of IN cells reveal firing 

patterns that develop with the learning of nictitating-membrane responses and 

CRs, and stimulation to these cells evokes responses [10, 70]. 
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Figure 1.2  A model for cerebellar learning in delay eyelid conditioning. 

a) With an intact cerebellum, CRs are expressed after several CS/US pairings 
(left). However several experiments involving lesions and reversible inactivations 
with GABA antagonists to the cortex or interpositus nucleus, respectively, result in 
short-latency responses (right) which are considered indices of nucleus plasticity.  
b) A well-accepted model of how cerebellar firing activity might support cerebellar 
learning. Repeated pairings of a US (increased climbing fiber activity) with CS 
(increased mossy fiber activity) results in a pause in Purkinje cell activity such 
that interpositus nucleus cells increase their firing to support plasticity at mossy 
fiber to nucleus synapses. Removing Purkinje cell activity following acquisition 
training with lesion or reversible inactivation is thought to allow for increased firing 
of interpositus nucleus cells which result in the SLR. 
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     The relationship between the cells of these two regions is thought to drive the 

IN plasticity necessary for CR expression.  This theory is strongly supported by in 

vivo Pkj cell recordings during training in which Pkj cell activity was indicative of 

pre-acquisition, acquisition and extinction phases of training [78].  When the 

GABA antagonist picrotoxin is infused into the IN, removing Pkj cell input, CRs 

exhibit disrupted timing and amplitude as is seen with the SLRs.  Conversely, 

infusion of the GABA agonist muscimol acts similarly to Pkj cell activity onto 

nucleus cells and abolishes CRs [16, 79].  Additionally, in experiments using two 

separate ISIs, CRs were not exhibited to a long, minimally trained ISI until 

nucleus plasticity developed with training to a shorter ISI, revealed with the 

presence of SLRs [80].  This presents strong evidence in favor of the cortex 

learning first, followed by plasticity in the IN.   

     Computer simulations developed in accordance with experimental results 

suggest that pauses in Pkj cell activity allow for plasticity and/or synaptic growth 

of mossy fiber collaterals onto IN cells [81, 82].  Using the simulation as a model, 

induction of a physiologically-based stimulation protocol in cerebellar slices 

confirms that pauses of Pkj cell activity induce synaptic plasticity at mossy fiber 

synapses in the IN [64, 83].  Additional in vitro work suggests that excitatory 

mossy fiber synapses onto nucleus cells are potentiated with a calcium influx 

when correctly timed with rebound excitation from the Pkj cell inhibitory input 

[64].  It is the combination of these analyses which supports the theory that 

plasticity does indeed occur at cells of the IN, through a mechanism requiring 
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protein synthesis, and shows the interaction of activity in Pkj and IN cells as 

responsible for the learning and expression of correctly-timed CRs in delay eyelid 

conditioning.  See Figure 1.2b. 

CORRECT TIMING OF RESPONSES IS ENCODED IN THE CEREBELLAR CORTEX. 
 
     Theoretical models suggest that plasticity in the cerebellar cortex is 

responsible for the correct timing of the CRs.  Expression of SLRs – responses 

with inappropriately timed latencies to onset and peak compared with control 

animals – are elicited with cerebellar cortex lesions, infusions inhibiting Pkj cells 

and infusions blocking Pkj cell output [67, 69, 74, 84].  These studies present 

compelling evidence for the cortex as a mediator of timing.  Manipulations of the 

experimental paradigm, such as changes in ISI or reacquisition training, in 

conjunction with pharmacological inactivations to the cortex or its output have 

provided results reflecting the need for cortical input to the IN to maintain precise 

timing of CRs [80, 85].  Current theories suggest that the mechanisms behind 

timing result from interactions of cerebellar cortex neurons, specifically inhibitory 

Golgi and excitatory granule cells paired with climbing fiber input to influence Pkj 

cell activity. 

SHORT-LATENCY RESPONSES ARE CONSIDERED INDICES OF NUCLEUS 
PLASTICITY. 
 
     Nucleus plasticity can be detected with the expression of SLRs as they occur 

by blocking Pkj cell inhibitory input to the IN.  Upon characterization of SLRs, 
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data suggest that such responses are a result of plasticity at mossy fiber 

collateral to IN synapses whose induction requires CS/US paired training thought 

to be driven by glutamatergic activity when Pkj cell input is paused [69, 84].  

SLRs have been shown to withstand up to 45 days of extinction, suggesting 

nucleus plasticity is slower to change than that of the cerebellar cortex [88].  

SLRs show a lack of generalization between stimuli, which further supports the 

idea that IN plasticity is not only necessary in conjunction with cortical plasticity to 

develop a learned response, but also that the plasticity is not solely due to a 

change in the intrinsic excitability of IN neurons [64, 80, 83].  Expression of SLRs 

therefore provides an ‘index of plasticity’ in the nucleus dependent on pauses in 

Pkj cell activity.   

USING FEATURES OF DELAY EYELID CONDITIONING TO ANSWER EXISTING 
QUESTIONS 

 
     Because this type of learning has been extremely well studied, we have 

several means to infer changes in the cerebellar input-output circuit through 

changes in behavior.  In the work presented here, we have implemented 

experimental designs that include two phenomena seen with delay eyelid 

conditioning - savings of the CS-US association and savings of the timing of the 

CS-US relationship.  These behavioral phenomena, the ability to reversibly 

inactivate the cerebellar cortex and the use of stimulation to mossy fibers as an 
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effective CS, provide us with instruments to determine what exactly the 

cerebellum computes and how.  

     Through behavioral output and the well-characterized physiological circuit, we 

illustrate a more thorough understanding of cerebellar function using delay eyelid 

conditioning.  We have determined more about how this type of learning occurs 

and how it invokes extracerebellar regions of the brain.  We provide data 

supporting a theory for forebrain regions such as prefrontal cortex to deliver input 

to the cerebellum, providing a mechanism for rapid reacquisition of correctly-

timed eyelid conditioning.  Additionally, we show that some of the correct timing 

seen with rapid reacquisition is solely dependent on the cerebellum.  This 

associative learning has given us a tool to understand how the simple input-

output circuit in the cerebellum can translate form into function.     
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  CHAPTER 2: 

DIFFERENT-CS SAVINGS IS MEDIATED BY CEREBELLUM AND 

FOREBRAIN INTERACTIONS 
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INTRODUCTION 
 

     Relearning how to ride a bicycle or play an instrument, usually occurs more 

quickly than when it was originally learned.  This type of learning is extremely 

beneficial in many aspects of life.  Even in commonplace situations such as when 

you are faced with walking up a new set of stairs, you ‘relearn’ to walk up them 

much more quickly than when you first learned how to walk up a stair case.  This 

type of accelerated relearning occurs with the associative learning paradigm, 

delay eyelid conditioning (DEC), and is referred to as savings.  DEC requires 

repeated pairings of a conditioned stimulus (CS), usually a tone co-terminating 

with an unconditioned stimulus (US), such as an innocuous stimulation to the eye 

[2, 35].  Training results in a conditioned response (CR) - the animal learns to 

close their eye at the presentation of the CS and prior to the arrival of the US 

(Fig. 2.1a).  Savings in DEC is exhibited when an organism is trained to a CS; 

responses are then extinguished and then with retraining, the organism exhibits 

learning much more quickly [7, 87, 89, 90, 94, 95].  Savings can occur with 

retraining to the same CS (same-CS savings) [86-89], and with retraining to a 

different CS (different-CS savings) [90-95].   

     DEC has been localized to the input-output circuit of the cerebellum and 

requires plasticity in both the cerebellar cortex and the deep cerebellar nucleus 

[8, 10, 12, 14, 16, 67-70].  The CS and US inputs are thought to enter the 

cerebellum through mossy and climbing fibers, respectively [25].  These inputs 
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coincide on Purkinje (Pkj) cells of the cerebellar cortex and are thought to result 

in inhibition of Pkj cell activity [26, 96].  Because Pkj cells inhibit cells of the 

interpositius nucleus (IN), their inhibition subsequently causes disinhibition of 

downstream targets, inducing plasticity at the mossy fiber to IN synapses (Fig. 

2.1b) [57, 64, 81, 83, 88, 97].  The cerebellar output from the IN then drives the 

behavioral response, i.e. closure of the eyelid [10, 12, 14, 69].  The well-defined 

circuitry of DEC provides an exceptional opportunity to determine the 

mechanisms behind savings. 

     One such mechanism is based on evidence that plasticity in the cerebellar 

cortex changes more quickly than plasticity in the cerebellar nucleus [80, 88].  

Through extinction trials that involve presentation of the CS without 

reinforcement of the US, CR expression is reduced [1, 98].  Data from 

experiments involving cortex lesions and reversible inhibition of climbing fibers 

provide support for theories which suggest that this ‘reversal’ of learning involves 

changes in plasticity at granule-Pkj cells which in turn increases Pkj cell activity 

and decreases the ability for nucleus cells to fire [68, 98, 99].  Because evidence 

indicates that changes occur more quickly in the cortex, extinction processes are 

thought to result in residual plasticity in the IN [80].  The remaining plasticity is 

thought to support same-CS savings by requiring only the (re)induction of 

plasticity in the cerebellar cortex during reacquisition to produce Pkj cell pauses, 

which allow neurons of the IN to be excited [88].  Nucleus plasticity can be 

revealed by short-latency responses (SLRs) observed when disconnecting the
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Figure 2.1  The delay eyelid conditioning paradigm requires a cerebellar 
circuit.   

a) Delay eyelid conditioning training requires the presentation of a conditioned 
stimulus (CS), such as a tone, to co-terminate with an unconditioned stimulus 
(US), such as a puff of air to the eye or innocuous stimulation to the periorbital 
muscles of the eye.  After several pairings the animals begins to close their eye 
upon the presentation of the CS and prior to the arrival of the US. This is 
considered a learned conditioned response (CR).  b) Mechanisms supporting 
delay eyelid conditioning have been localized to plasticity occurring in the 
cerebellar cortex and deep cerebellar nucleus in response to CS and US 
information relayed through mossy and climbing fibers, respectively. Green lines 
represent excitatory projections. Red lines represent inhibitory projections. 
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cerebellar cortex from the IN.  SLRs have been shown to be stimulus 

specific,suggesting it is therefore input specific [69, 84].  If plasticity in the IN is 

indeed specific to the CS input to which it is trained then this mechanism of 

residual nucleus plasticity supporting savings cannot by itself explain different-CS 

savings. 

     Considering that the cerebellum is necessary for the expression of different-

CS savings [92], we explain this contradiction with the hypothesis that different-

CS savings are mediated by an extra-cerebellar input that implements existing 

mechanisms within the cerebellum such as residual nucleus plasticity.  To test 

this hypothesis, we developed experimental paradigms in which animals were 

trained to a tone of either a 1 or 9.5 kHz to establish robust CRs, underwent 

extinction through unpaired extinction trials and then retrained to the opposite 

tone to test for different-CS savings (faster relearning to the opposite tone).   

     Stimulation of mossy fibers has been shown to serve as a sufficient CS, and 

allows for precise control of mossy fiber input to the cerebellum [21, 22, 24, 35-

39].  We used this technique to replace tones in this experimental paradigm with 

mossy fiber stimulation and thereby have better control over the input used to 

elicit learning.  Two electrodes were implanted into the middle cerebellar 

peduncle to stimulate two separate bundles of mossy fibers and mimic two 

separate CSs.  We then trained animals to a CS of mossy fiber stimulation 

producing robust CRs.  Following extinction of CRs to the stimulation with 

unpaired extinction trials, animals were retrained to stimulation of the opposite 
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mossy fiber bundle to test for different-CS savings.  Reversible inactivations of 

Pkj cell input to the IN revealed SLRs that were specific to the electrode that was 

stimulated, confirming that there was no overlap in the bundles of mossy fibers 

being stimulated between the two electrodes.  

     Even though same-CS savings was observed within a single electrode, 

different-CS savings was clearly absent between the two electrodes.  The results 

demonstrate that the use of mossy fiber stimulation to replace tone CSs is unable 

to express different-CS savings.  This precise control of CS input for learning 

suggests that different-CS savings requires an additional input from outside the 

cerebellum to mediate this behavior.  

MATERIALS AND METHODS 

 
Subjects  
 
     Data was obtained from 25 male New Zealand albino rabbits (Oryctolagus 

cuniculus), each weighing 2.5-3.5 kg.  The rabbits were individually housed in an 

environmentally-controlled room, kept on a 12:12 light/dark cycle and given food 

and water ad libitum.  Treatment of animals and surgical procedures were in 

accordance with the National Institutes of Health Guidelines and The University 

of Texas at Austin IAUCUC approved protocol. 

Infusion and Stimulation Apparatus  

     Dual-electrode/guide-cannula units were constructed for the delivery of 
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 stimulation to mossy fibers and chemical infusions to the IN of the rabbit 

cerebellum.  Each unit consisted of a 26-gauge stainless steel guide cannula 

(Plastics One, Roanoke, VA) secured 2 mm in front of two tungsten electrodes 

(A-M Systems, Carlsborg, WA) with dental acrylic.  The two electrodes were 

spaced 1 mm apart and the tips were 2.7 mm below the tip of the cannula.  Tips 

of the tungsten electrodes were stripped to an impedance of 150-200 kΩ.  

 

Surgical Procedure  

     All rabbits were anesthetized with an initial injection of Ketamine 

Hydrochloride (45 mg/kg) mixed with Acepromazine (1.5 mg/kg).  Pre-operative 

injections included Glycopyrrolate (0.1 mg/kg) an antimuscarinic to reduce 

secretions, Dexamethasone sodium phosphate (1 mg/kg) as an anti-

inflammatory agent, Buprenorphine (0.03 mg/kg) as an analgesic, Baytril (10 

mg/kg) as antibiotic and Bupivicaine (1 mL) as a local anesthetic for the incision 

site.  Rabbits were then placed in a stereotaxic apparatus.  Anesthesia was 

maintained with isofluorane (1.5 - 3.5% mixed in oxygen).  Sterile procedures 

were maintained throughout the surgery.  Fifteen rabbits had four holes drilled in 

the skull for anchor screw placement and a head bolt secured to the skull with 

dental acrylic.  

     Ten rabbits underwent stereotaxic surgery for placement of the dual-

electrode/guide-cannula unit.  The skull was positioned with lambda 1.5 mm 

ventral to bregma.  The tip of the medial electrode was stereotaxically positioned 
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2.8 mm anterior to lambda, 5.0 mm lateral to midline ipsilateral to the training 

eye, and 16.0 mm ventral to the skull.  This placed the guide cannula above the 

left IN and the two tungsten electrodes in the middle cerebellar peduncle.  A 

headstage was then formed when the guide cannula/electrode unit, four anchor 

screws and headbolt were all secured with dental acrylic.  Finally, all animals 

received stainless steel wire electrodes placed rostral and caudal to the left eye 

for periorbital stimulation to produce the UR.  Rimadyl (4 mg/kg) and Baytril (10 

mg/kg) were administered as the post-operative anti-inflammatory and antibiotic, 

respectively.  All rabbits received at least one week of recovery before beginning 

training. 

Conditioning Apparatus 
 
     Rabbits were conditioned in two sound-attenuating chambers, which hold two 

rabbits each.  Each chamber was equipped with a speaker connected to an 

audio source module (Coulborn Instruments, Allentown, PA; model V85-05) used 

to generate pure tones for tone-CS experiments.  Experiments involving tungsten 

electrodes placed in the middle cerebellar peduncle received constant current 

pulses (100 Hz, 0.1 msec pulses, 100-150 µA) from digital stimulus isolators (A-

M systems, Carlsborg, WA; model 2300) driven by isolated pulse stimulators (A-

M systems, Carlsborg, WA; model 2100).  Isolated pulse stimulators were also 

used for all animals to deliver a train of cathodal current pulses to the periorbital 

electrodes as the US (50 Hz, 1 ms pulse width, 1.5-3.0 mA for 50 ms).  The 
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audio source module and custom-designed computer software (BunTrain) were 

programmed to deliver the US 500 ms after the start of the CS (tone or electrode 

stimulation), co-terminating at 550 ms. An infrared emitter and detector were 

secured to the chronically implanted headbolt of each rabbit to record 

movements of the left eyelid.  Maximum eyelid closure was calibrated daily prior 

to each session by eliciting full eyelid closure with application of an electric pulse 

through the periorbital electrodes.  Full eyelid closure was calibrated to 6 mm and 

used to determine the voltage-mm relationship.  

Conditioning  
 
     All rabbits received five days of habituation prior to exposure of any training 

trials.  During this phase, rabbits were placed in restrainers within the training 

chambers for the length of a standard training session in the absence of any 

stimulation to accustom the rabbits to the training environment and apparatus.  

Each daily conditioning session was comprised of 12 blocks of 9 trials (one CS 

alone trial, 8 CS/US paired trials) with a CS of a 1 kHz tone, a 9.5 kHz tone (85 

dB) or cathodal stimulation to one of the two tungsten electrodes of the implanted 

unit.  During the paired conditioning trials, the CS was presented for 550 ms and 

the US was presented for 500 ms after the start of the CS.  Intertrial intervals 

were pseudo-randomly assigned by the computer program with a mean of 30 (+/-

10) seconds.   
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     Each unpaired extinction session was comprised of 12 blocks of 17 trials for a 

total of 204 trials.  Trials were pseudo-random presenting either the CS (550 ms) 

or US (50 ms) alone.  Intertrial intervals were pseudo-random with a mean of 15 

(+/-5) seconds.  Conditioning sessions involving an infusion were paused after 18 

trials and the drug was infused for 2-4 minutes (see below).  Following the 

infusion, the session was resumed after 10 minutes.  These sessions were 

comprised of 12 blocks of 9 trials, and the CS of cathodal stimulation would 

randomly alternate between the two electrodes. 

Drug Infusions 
 
     Infusions of 20 µM of a GABA antagonist, gabazine (Sigma-Aldrich, St. Louis, 

MO.) in artificial cerebrospinal fluid (ACSF) were administered through a 33-

gauge internal guide cannula extending 1.2-2.0 mm beyond the guide cannula.  

The length of the internal guide cannula was determined by the behavioral result 

of the infusion.  An abolishment of CRs and absence of SLRs suggest that the 

infusion was in the cerebellar cortex, while presence of SLRs indicated the 

infusion was in the IN.  ACSF was composed of the following (in mM): NaCl 

119.0, KCl 2.5, NaH2PO4 1.2, NaHCO3 26.0, CaCl2 2.0, MgCl2 2.0, Dextrose 

10.0, HEPES 10.0, pH 7.36-7.43. 

     The internal cannula was connected to a 50 µL Hamilton syringe with 

Polyethylene 50 tubing (Intramedic, Becton Dickinson and Company, Sparks, 

MD).  The syringe was mounted on an automated injector system (Bioanalytical 
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Systems, West Lafayette, IN; model MD-1001) and driven by an electronic pump 

(Bioanalytical Systems, West Lafayette, IN; model MD-1020).  Drug was infused 

above the IN at a rate of 0.5 µL/min for 2 or 3 minutes depending on animal 

behavior, resulting in a total volume of 1-1.5 µL. 

Data Analysis 
 
     Using custom software, digitized sweeps were analyzed for eyelid movements 

200 ms prior to and 2300 ms following CS onset.  A conditioned response was 

defined as having an onset latency following CS onset and an amplitude of at 

least 0.3 mm prior to the US onset during both probe and paired trials.  Trials 

with greater than 0.3 mm of movement during 200 ms prior to CS onset were 

excluded from analysis.  Percent CRs were determined for each block by dividing 

the number of CRs by the number of valid trials (maximum of 9).      

     Statistical analysis included repeated measures analysis of variance (ANOVA) 

to test for within- and between-subject differences on percent CRs.  SLR 

percentages were compared using the nonparametric Wilcoxon Signed Ranks 

Test on median responses to each mossy fiber stimulation CS.  Nonparametric 

tests were performed to avoid violating assumptions about population 

distributions due to the small sample size (n=10 first infusion; n=6 second 

infusion). 

Histology  

     Following the last conditioning session, histological procedures were 
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performed to confirm cannula and electrode placement in the animals that had an 

implanted unit.  First, a 200 µA anodal current was applied for 15 seconds to both 

electrodes and through a wire (cut to the length of the internal cannula) placed in 

the guide cannula to mark the infusion and stimulation sites for each animal.  

Rabbits were then overdosed with Euthasol and perfused intracardially with 0.9% 

saline followed by 10% formalin.  Brains were removed and stored in 10% 

formalin for at least two days.  The cerebellum was then blocked and embedded 

in albumin gelatin.  80 µm coronal sections were made using a freezing 

microtome. Slices were mounted and stained using cresyl violet.  Figure 2.5 

provides an image of coronal slices from a representative individual. 

RESULTS 
 
Different-CS savings using tones  
 
 To initiate mechanistic studies of different-CS savings and to provide a 

basis for comparison for later results, we began by testing different-CS savings 

under our experimental conditions.  Fifteen rabbits were initially trained with 

either a 1 kHz or a 9.5 kHz tone CS (counterbalanced) that was designated as 

CS1 for each rabbit (with the other tone serving later as CS2).  After five days of 

training during which robust conditioned responding was acquired to the CS1, the 

CRs were extinguished with five daily sessions that involved unpaired 

presentations of the CS1 and the US (Fig. 2.2b).  To test for different-CS 

savings, the rabbits were then retrained using the CS2.  As shown in Figure 2.2, 
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the relearning displayed robust savings: the rate of relearning to CS2 was 

significantly faster in the first session than the original rate of learning to CS1 

(F(11,154)= 5.48, p < 0.001; session by block) with no effect of tone.  To test for 

same-CS savings, 7 of the 15 animals underwent three additional days of 

retraining to the original CS1.  Robust same-CS savings was exhibited in all 7 

animals (F(1,6)=599.03, p < 0.001).  These results replicate different-CS savings in 

delay eyelid conditioning between two tone CSs [92] and same-CS savings [82, 

86-89].  Previous data from reversible inactivations of Pkj cell input to the IN 

show stimulus specificity of SLRs, suggesting that these two tones activate non-

overlapping subsets of mossy fiber inputs to the cerebellum [69, 84].  As such, 

the proposed mechanism of savings in the cerebellum cannot explain different-

CS savings observations.  As a first step toward identifying the mechanisms 

involved, we began by asking whether different-CS savings is mediated solely by 

processes within the cerebellum.   

Tests for savings using stimulation of mossy fibers as the CS 
 
     Tests for savings require direct activation of separate sets of mossy fibers as 

the CS1 and CS2 to eliminate the potential for non-cerebellar contributions to 

mossy fiber activation.  Using tones as CSs will not suffice, as recent evidence 

from trace eyelid conditioning reveals the potential for contributions from mossy 

fibers that are driven by projections from mPFC [100-102].  Thus, to obtain strict 

control over mossy fiber activation, we conducted savings experiments in which 
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the two CSs involved direct electrical stimulation of two separate sets of mossy 

fiber inputs to the cerebellum.  This involved implanting two stimulating 

electrodes within the ipsilateral middle cerebellar peduncle, which contains only 

axons of mossy fibers entering the cerebellum.  Stimulating the source of these 

axons using electrodes implanted in the pons would provide less control over 

mossy fiber inputs, given the potential for activation of fibers of passage which 

could provide inputs to cerebellar cortex and thus open the potential of unwanted 

activation of other mossy fibers. 

     Rabbits were given five days of training to acquire conditioned responses to a 

CS of stimulation to one of two electrodes (medial and lateral electrodes were 

counterbalanced), designated MF1.  This was followed with five sessions of 

unpaired MF1 and US trials to extinguish the conditioned responses and then 

five sessions of paired training using stimulation of MF2 as the CS (Fig. 2.3).  

This training produced rates of acquisition that were not different from the initial 

rates of acquisition using MF1 (Fig 2.3b, gray box, dark blue and gray lines; 

F(11,99)=0.583, p > 0.05).   

     Eight of the subjects were then trained for three additional days to the original 

MF1 to test for same-CS savings (electrodes in two of the subjects had become 

nonfunctional at that point).  Retraining using the original MF1 revealed robust 

same-CS savings as indicated by a much faster rate of relearning to MF1 when 

compared to original learning to MF1 (Fig 2.3b, gray box, light blue and gray 

lines; F(11,99)=4.765, p < 0.001).    
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Figure 2.2 Animals trained to two different tone CSs, express different-CS 
savings. 

(a) Raw data from the first sessions of an individual animal during acquisition to 
the first tone CS (black-CS1) and to the second tone CS (red-CS2). In this and 
subsequent figures, each sweep represents an individual trial where the colored 
region is the presentation of the CS and an upward deflection of the trace 
represents when the animal closed its eyelid.  In this and subsequent figures 
trials are stacked from first on the bottom to last on the top. (b) Group data of 
percent CRs from acquisition and extinction training. Gray box - The average 
percentage of CRs during the first acquisition session to a second tone CS (CS2, 
red)is significantly greater than that of the first acquisition session of the original 
tone CS (CS1, gray). Error bars represent SEM. 
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     To verify that this absence of different-CS savings was not due to a difference 

in mossy fiber stimulation as a CS compared to tone, we compared the 

acquisition rates of animals trained to both CS types.  Animals trained to a CS of 

mossy fiber stimulation acquired at a rate similar to those trained with a tone CS 

during the first two sessions (Fig. 2.4; F(1,23)=2.642, p > 0.05).  There was a 

significant difference on the third session, but this difference is not pertinent to 

the study at hand, which is primarily concerned with savings occurring on the first 

retraining session. 

     These data clearly demonstrate the presence of same-CS savings and the 

absence of different-CS savings when stimulation of separate bundles of mossy 

fiber inputs to the cerebellum is used as the two CSs.  This result suggests two 

possible mechanisms for different-CS savings: 1) there is a region outside of the 

cerebellum which learns to the second CS or 2) cerebellar learning occurs to a 

mossy fiber input that is shared by the two CSs, which engages the previously 

proposed same-CS mechanism of residual plasticity in the deep cerebellar 

nuclei.   

 

Tests for plasticity in deep cerebellar nucleus 

     We wanted to confirm that mossy fiber inputs activated by the stimulating 

electrodes are non-overlapping and, therefore, serve as two separate CSs.  One 

way to do this and confirm there is no generalization between stimuli within the 

cerebellum is to test for stimulus specificity of SLRs similar to previous studies 
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Figure 2.3 The use of MF stimulation as CSs results in same-CS but not 
different-CS savings. 

(a) Raw data of an individual animal’s first session of each acquisition phase - 
acquisition to MF1; acquisition to MF2; reacquisition to MF1. (b) Group data of 
percent CRs expressed during acquisition to MF1, extinction to MF1, acquisition to 
MF2 and reacquisition to MF1. Gray box highlights the absence of significant CR 
expression to MF2 (different-CS savings) and the presence of significant CR 
expression during reacquisition to MF1 (same-CS savings) when compared to the 
original acquisition of MF1. Red arrows indicate experiment time points of sessions 
including gabazine infusions (data shown in Fig 2.5). Error bars represent SEM. 
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[84].  To that end, we infused a GABA antagonist in the IN, temporarily 

inactivating cerebellar cortex input to the IN to elicit SLRs.  We then were able to 

test for stimulus-specificity of nucleus plasticity by presenting each CS in 

alternating trials, which in this case the CSs were MF1 and MF2.  The ability to 

elicit SLRs to a CS during an infusion indicates whether plasticity from the 

corresponding mossy fiber to nucleus synapses is present.   

     Animals were tested for SLRs to MF1 and MF2 during a session administered 

at two time points during the experimental paradigm (Fig 2.3b, red arrows). 

Following training to MF1, infusion of gabazine into the IN resulted in SLR 

expression to presentations of MF1 stimulus, but not to probe trials of stimulation 

to the second, untrained electrode designated MF2 (Fig 2.6a).  SLR expression 

in response to MF1 presentations suggests plasticity is present at mossy fiber to 

nucleus synapses specific to those mossy fibers.  The absence of SLRs to the 

intermittent MF2 probe trials suggest that this same plasticity expressed through 

SLRs to MF1 is indeed specific to the stimulus it was trained to – MF1. 

     Subsequent training to MF2 resulted in SLRs to presentations of both MF1 

and MF2 during a final gabazine infusion performed in six animals (two of the 

animals could not be tested due to ineffective electrodes and two did not have 

successful infusions) (Fig 2.6b).  These results provide additional evidence for 

stimulus specificity in that SLRs could not be elicited to both CSs until they had 

been implemented in training sessions.  Statistical analysis revealed a significant 

effect of mossy fiber stimulation training on SLR expression (Fig 2.6c; First  
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Figure 2.4 Animals trained to mossy fiber stimulation learn similarly to 
those trained with a tone CS. 

There was no significant difference in the percent of CRs expressed in four out 
of five sessions during original acquisition to the first CS of either a tone 
(diamond) or mossy fiber stimulation (square). Error bars represent SEM. A 
significant difference in expression did occur during the third session. This 
session does not pertain to savings tests. 
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Figure 2.5  Coronal slices from a representative individual 

Histology of a representative individual that received mossy fiber 
stimulation to the middle cerebellar peduncle and infusions to the IN. Top 
figure confirms cannula placement above the IN. Bottom figure confirms 
placement of two electrodes in the middle cerebellar peduncle. 
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Infusion: Z=-2.805, p < 0.01; Second Infusion: Z=-0.314, p > 0.05). 

     These data confirm that stimulation of two electrodes placed 1 mm apart in 

the middle cerebellar peduncle do not produce a significant overlap in mossy 

fiber inputs to the cerebellum and, thus, are effective as separate CSs.  Similar to 

the use of tone CSs, mossy fiber stimulation requires paired training to develop 

nucleus plasticity that does not generalize to other mossy fiber inputs.  This is 

consistent with previous findings in which SLRs to tone CSs were also stimulus 

specific - only expressed to the tone to which they were trained.  Collectively, 

these results further support the hypothesis that different-CS savings cannot be 

mediated by the cerebellum alone.  

DISCUSSION 

Using behavioral analysis and electrical stimulation of mossy fibers as a CS, we 

have shown that different-CS savings is not mediated solely by cerebellar 

mechanisms.  Using tones and electrical stimulation of mossy fibers as CSs, both 

types of savings (same-CS and different-CS) can be elicited during DEC.  Our 

data reveal that a previously proposed cerebellar mechanism of savings – 

residual plasticity in deep cerebellar nucleus that survives extinction training – is 

sufficient to explain same-CS savings [88].   This support comes from the 

presence of same-CS savings even when stimulation of mossy fibers is used as 

the CS.  In contrast, different-CS savings is not seen when mossy fiber 

stimulation is used as the CS, and thus no cerebellar mechanism can, by itself,  
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Figure 2.6  Gabazine infusions in the Interpositus Nucleus reveal MF 
specific plasticity. 

(a) Raw data from an individual animal for infusions administered following 
training to MF1 and (b) training to both MF1 and MF2. Trial sweeps reveal SLRs 
are only expressed to a mossy fiber stimulus if the animal has received training to 
that stimulus. (MF trials = black; MF2 trials - blue) (c) Group data of median 
percentage of SLRs during the first (after MF1 training) and second (after MF1 & 
MF2) infusions. Error bars represent interquartile range. 
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 account for different-CS savings. 

     Additionally, SLRs show stimulus specificity with mossy fiber stimulation as a 

CS, in agreement with previous work using tone and light CSs [84].  Our results 

provide additional evidence that each CS stimulus has its own mossy fiber input 

with which to develop plasticity at mossy fiber to IN synapses.  Based on 

previous work that characterized SLRs as requiring paired training, we can 

conclude that these same, stimulus specific SLRs also require paired training in 

order to be established.  Our data confirm this because SLRs could be elicited 

only to a mossy fiber stimulation CS that it had been trained to.  

     Different-CS savings was abolished with the use of mossy fiber stimulation as 

a CS.  Because mossy fiber stimulation provides precise control over the input 

for DEC, these results suggest that an extracerebellar input normally involved 

with the use of tone CSs was no longer involved.  Such an input would 

presumably enter the cerebellum through mossy fibers.  Furthermore, the 

stimulus specific SLRs suggest that such an extracerebellar input might also 

require its own nucleus plasticity in order to support the rapid reacquisition seen 

with different-CS savings.  Based on these findings, we hypothesize that an 

extracerebellar input activates a set of mossy fibers separate from the tone CS 

and develops plasticity at the mossy fiber-IN synapses simultaneously with the 

tone CS pathway.  We propose that such plasticity can withstand extinction and 

thereby be able to support different-CS savings through residual nucleus 

plasticity.  The proposed extracerebellar input would also need to be activated  
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upon presentation of the new CS.  See Figure 2.7.  

      A way to determine what forebrain region(s) might be involved would be to 

perform experiments determining mossy fiber input pathways in a stepwise 

manner.  Possible experiments include recording from different brain regions 

such as the hippocampus or auditory cortex during reacquisition training to a new 

CS in search of changes in firing activity that might support the different-CS 

savings behavior.  Also, reversible inactivations to regions of the pons during 

retraining to a new CS could be performed to test for an effect on savings.  This 

would require knowledge of the correct region of the pons to inactivate without 

affecting the tone-CS pathway.  Based on recent evidence that persistent activity 

from the prefrontal cortex supports trace eyelid conditioning, the region of the 

pons which receives projections from the prefrontal cortex would be a good place 

to start with infusions [100].  It is this prior work that we took into consideration for 

our next experiments in which animals with lesions administered to the prefrontal 

cortex were trained to two tone CSs to test for different-CS savings.



 39 

 

Figure 2.7 A model for different-CS savings explained by a forebrain input to the 
cerebellum. 

MF = mossy fiber; triangles = MF to interpositus nucleus synapses; FB = forebrain; 
enlarged triangles represent facilitated synapses  a) Same-CS savings is thought to 
occur through plasticity at MF-nucleus synapses that withstands extinction such that 
reacquisition occurs more quickly than original learning. b) 1. In CS1-Acquisition a 
similar process as in (a) occurs but with simultaneous plasticity at MF-nucleus 
synapses occurring in response to a separate set of MFs specific to a FB input. 2. 
Upon reacquisition with a new CS2 the forebrain region generalizes between the CSs 
and activates its previously facilitated synapses through its set of MF inputs. Only 
cerebellar cortex plasticity is required to invoke existing plasticity at the FB set of MF-
nucleus synapses. Once cortex plasticity develops the Purkinje cell pause, FB inputs 
can sustain CR expression until plasticity develops at the separate set of MF-nucleus 
synapses driven by CS2. 
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CHAPTER 3: 

PRE-FRONTAL CORTEX INPUT TO THE CEREBELLUM 

MEDIATES DIFFERENT-CS SAVINGS 
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INTRODUCTION 

 
     Even though the word cerebellum translated from Latin means ‘little brain’, 

unlike the brain it cannot by itself sustain an organism.  In order for motor 

responses to be initiated and carried out, the cerebellum requires interactions 

with other components of the central nervous system.  Nevertheless, a type of 

learning that is sustained by the cerebellum alone is delay eyelid conditioning 

(DEC).  For instance, decerebrated animals are able to express existing 

conditioned responses (CR), closing their eyelid upon presentation of a 

conditioned stimulus (CS).  Such a response is generated through several 

training trials which consist of the CS, such as a tone, paired with an 

unconditioned stimulus (US), a puff of air to the eye or periorbital stimulation (Fig. 

3.1a)  

     Given that DEC is a type of associative learning that can be maintained in the 

absence of an intact forebrain, it seems an unlikely model for studying 

cerebellum-forebrain interactions.  However, in characterizing savings (a 

behavioral aspect of DEC in which relearning occurs more quickly than original 

learning, see Chapter 2) we discovered a requirement for extracerebellar input.  

Two types of savings exist.  Same-CS savings is faster relearning within the 

same CS, and different-CS savings is faster relearning between two different 

CSs.  A putative mechanism for same-CS savings relies on residual plasticity in 

the deep cerebellar nucleus.  While it has been shown that the cerebellum in
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Figure 3.1 Training and Lesion Schematics 

a) and b) Delay and trace eyelid conditioning require different timing of the CS and 
US presentation. c) Schematic representation of the stereotaxic locations of 
administered current for producing PFC tissue lesion. 
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general is necessary for the expression of different-CS savings, this mechanism 

cannot support different-CS savings because nucleus plasticity is stimulus 

specific [84, 92].  Instead, as the work just described in Chapter 2 reveals, it is in 

part dependent on an input from outside the cerebellum.   

     In contemplating what brain regions might contribute to different-CS savings, 

we considered recent evidence which shows trace eyelid conditioning to be 

mediated by interactions between medial prefrontal cortex (mPFC) and 

cerebellum [100, 101].  Trace eyelid conditioning differs from DEC in that the CS 

is presented several hundred milliseconds before the US, producing a stimulus-

free interval termed the trace interval (Fig. 3.1b).  Evidence suggests that this 

type of learning depends on input from a region of PFC.  Recent work with 

anterograde tracers further supports this theory revealing neurons projecting 

from the PFC to the pontine nucleus – the source of mossy fibers in the 

cerebellum [102].  

     Drawing upon this evidence that trace eyelid conditioning is mediated by 

inputs to the cerebellum driven by mPFC, we tested same- and different-CS 

savings in rabbits with mPFC lesions.  Electrolytic lesions produce no 

measurable effect on same-CS savings but can prevent different-CS savings.  

Our data suggest that while cerebellar mechanisms are sufficient to explain 

same-CS savings, different-CS savings involves interactions between the 

cerebellum and mPFC.  From these data we propose that 1) DEC involves 
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cerebellar learning driven by separate mossy fiber inputs, one activated by the 

CS and the other by projections from mPFC, and 2) while tone-driven inputs are 

sufficient for acquisition and expression of delay eyelid responses, mPFC-driven 

inputs (and the way the mPFC responds to the introduction of the new CS) are 

necessary for different-CS savings.  These results add to recent evidence that 

learning in the mPFC can contribute to various, more complex behavioral 

properties of cerebellar-mediated motor learning. 

MATERIALS AND METHODS 

 
Subjects  
 
     Data was obtained from 30 male New Zealand albino rabbits (Oryctolagus 

cuniculus), each weighing 2.5-3.5 kg.  The rabbits were individually housed in an 

environmentally-controlled room, kept on a 12:12 light/dark cycle and given food 

and water ad libitum.  Treatment of animals and surgical procedures were in 

accordance with the National Institutes of Health Guidelines and The University 

of Texas at Austin IAUCUC approved protocol. 

Surgical Procedure  
 
     All rabbits were anesthetized with an initial injection of Ketamine 

Hydrochloride (45 mg/kg) mixed with Acepromazine (1.5 mg/kg).  Pre-operative 

injections included Glycopyrrolate (0.1 mg/kg) an antimuscarinic to reduce 

secretions, Dexamethasone sodium phosphate (1 mg/kg) as an anti-
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inflammatory agent, Buprenorphine (0.03 mg/kg) as an analgesic, Baytril (10 

mg/kg) as antibiotic and Bupivicaine (1 mL) as a local anesthetic for the incision 

site.  The rabbits were then placed in a stereotaxic apparatus.  Anesthesia was 

maintained with isofluorane (1.5 - 3.5% mixed in oxygen).  Sterile procedures 

were maintained throughout the surgery.  15 rabbits served as control animals 

and had four holes drilled in the skull for anchor screw placement and a head bolt 

secured to the skull with dental acrylic.  

     The remaining 15 rabbits underwent stereotaxic surgery for administration of 

electrolytic lesions to the mPFC.  The skull was positioned with Lambda 1.5 mm 

ventral to Bregma.  Lesions were made using insect pins (BioQuip Products, 

Rancho Dominguez, CA) with 1 mm of insulation removed from the tip and 

secured with dental acrylic to a guide cannula (Plastics One, Roanoke, VA) for 

placement in the stereotaxic arm.  Bilateral lesions were made at the following A-

P coordinates, anterior to Bregma:  2.5 mm, 3.0 mm, 3.5 mm, 4.0 mm.  The 

lesion electrode was lowered into the tissue at each A-P coordinate at four 

separate M-L coordinates: +/-1.0 and +/-2.0 mm.  This created a total of 16 

coordinates at which the pin was moved ventrally into the brain tissue to 

bilaterally lesion the PFC.  Each A-P/M-L combination had a maximum depth at 

which the pin was placed ventrally.  Current (3 mA for 15-20 seconds) was 

applied at the ventral most point, and at 1.0 mm increments moving dorsally until 

the brain surface was reached.  All coordinates +/-2.0 mm lateral of the midline 

had a maximum ventral depth of 2.0 mm.  The maximum ventral depth at 
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coordinates +/-1.0 mm medial of the midline was dependent on the A-P 

coordinate. (2.75 mm AP = -3.0 mm DV; 3.0 mm AP = -4.0 mm DV; 3.5 mm AP = 

-4.0 mm DV; 4.0 mm AP= -5.0 mm DV).  Figure 3.1c shows a schematic of lesion 

sites.   

     Following electrolytic lesions, a headstage was formed securing the four 

anchor screws and headbolt with dental acrylic.  Finally all animals received 

stainless steel wire electrodes placed rostral and caudal to the left eye for 

periorbital stimulation to produce the UR.  Rimadyl (4 mg/kg) and Baytril (10 

mg/kg) were administered as the post-operative anti-inflammatory and antibiotic, 

respectively.  All rabbits received at least one week of recovery before beginning 

training. 

Conditioning Apparatus 
 
     Rabbits were conditioned in two sound-attenuating chambers, which hold two 

rabbits each.  Each chamber was equipped with a speaker connected to an 

audio source module (Coulborn Instruments, Allentown, PA; model V85-05) used 

to generate pure tones.  Isolated pulse stimulators were used for all animals to 

deliver a train of cathodal current pulses to the periorbital electrodes as the US 

(50 Hz, 1 ms pulse width, 1.5-3.0 mA).  The audio source module and custom-

designed computer software (BunTrain) were programmed to deliver the US 500 

ms after the start of the CS, co-terminating at 550 ms.  An infrared emitter and 

detector were secured to the chronically implanted headbolt of each rabbit to 
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record movements of the left eyelid.  Maximum eyelid closure was calibrated 

daily prior to each session by eliciting full eyelid closure with application of an 

electric pulse through the periorbital electrodes.  Full eyelid closure was assumed 

to be 6 mm and used to determine voltage-mm relationship.  

Conditioning  
 
     All rabbits received five days of habituation prior to exposure of any training 

trials.  During this phase, rabbits were placed in restrainers within the training 

chambers for the length of a standard training session in the absence of any 

stimulation to accustom the rabbits to the training environment and apparatus. 

     Each daily conditioning session was comprised of 12 blocks of 9 trials (one 

CS alone trial, 8 CS/US paired trials) with a 1 kHz (85 dB) tone as CS1 or a 9.5 

kHz (85 dB) tone as CS2.  Tones were not counterbalanced based on previous 

data showing no difference in acquisition rates between these two tones (See 

Chapter 2).  During the paired conditioning trials, the CS was presented for 550 

ms and the US was presented for 500 ms after the start of the CS so that the CS 

and US co-terminated (Fig. 3.1a).  Intertrial intervals were pseudo-randomly 

assigned by the computer program with a mean of 30 (+/-10) seconds.   

     Each unpaired extinction session was comprised of 12 blocks of 17 trials for a 

total of 204 trials.  Trials pseudo-randomly presented either the CS (550 ms) or 

US (50 ms) alone.  Intertrial intervals were pseudo-random with a mean of 15 (+/-

5) seconds.  Finally, 11 of the 15 animals with electrolytic lesions to the PFC 
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received ten days of conditioning to trace eyelid conditioning.  Each trace session 

was comprised of 12 blocks of 9 trials (one CS alone trial, 8 CS/US paired trials) 

with a CS of a 1 kHz tone.  In each paired conditioning trial the CS was 

presented for 500 ms, followed by 500 ms stimulus-free trace interval and 

terminating with a 50 ms US (Fig. 3.1b).  Intertrial intervals were again assigned 

by computer program with a mean of 30 (+/-10) seconds. 

Data Analysis 
 
     Using custom software, digitized sweeps were analyzed for eyelid movements 

200 ms prior to and 2300 ms following CS onset.  A conditioned response was 

defined as having an onset latency following CS onset and an amplitude of at 

least 0.3 mm prior to the US onset during paired trials.  Trials with greater than 

0.3 mm of movement during 200 ms prior to CS onset were excluded from 

analysis.  

     The percent CRs were determined from the number of CRs divided by the 

number of valid trials (maximum of 9).  Statistical analysis included repeated 

measures analysis of variance (ANOVA) to test for within- and between-subject 

differences of percent CRs.  The Bonferroni correction was used to limit Type 1 

errors associated with multiple comparisons in simple effects tests.  All tests had 

a significance level of 0.05.  An independent t-test was performed to compare 

lesion volumes between the two groups that exhibited either no savings or some 

savings behavior.  



 49 

Histology  

     Following the last conditioning session, histological procedures were 

performed to determine the extent of damage in animals that had received 

electrolytic lesions.  Rabbits were overdosed with Euthasol and perfused 

intracardially with 0.9% saline followed by 10% formalin.  Brains were removed 

and stored in 10% formalin as a 30% sucrose solution for at least two days.  The 

forebrain was blocked and sliced into 80 µm coronal sections using a freezing 

microtome.  Slices were mounted and stained using cresyl violet.  

     Lesion damage on each coronal slice was hand-traced using the computer 

program Reconstruct (courtesy of Kristen Harris Lab).  Areas were considered 

damaged if there were burn marks (indicated by darker tissue), areas with circles 

of missing tissue or obvious destruction to cell body layers.  Once traces were 

complete, coronal slices from each animal were divided into three groups based 

on A-P coordinate determined by the rabbit atlas.  Lesion traces from each group 

of sections were then collapsed onto a single representative, intact brain slice at 

the corresponding A-P coordinate.  

 

RESULTS 
 
Prefrontal cortex is required for different-CS savings 
 
     In light of recent evidence indicating that the cerebellum is necessary for 

different-CS savings [92], we demonstrated in Chapter 2 that the cerebellum 
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alone is not sufficient for different-CS savings.  Together, these findings suggest 

the involvement of a supplementary pathway by which CSs can activate mossy 

fiber inputs to the cerebellum in addition to the relatively direct pathways that 

mediate the ability of tone and light CSs to activate mossy fibers [103, 104].  

Recent work in the lab shows that trace eyelid conditioning requires a mossy 

fiber input from the lateral pontine nucleus that appears to be activated by a 

region of PFC [100, 101].  Based on these findings we tested the hypothesis that 

different-CS savings requires this same region of PFC. 

     Prior to training fifteen rabbits underwent surgery in which electrolytic lesions 

were made in the PFC.  The focus of each lesion was to damage main 

components of the medial PFC (anterior cingulate, agranular matter, prelimbic).  

Lesion coordinates were derived by mapping these regions from the rat atlas 

onto a rabbit atlas [115, 116].  Following recovery from surgery and habituation to 

the chamber, these animals as well as the fifteen control animals underwent five 

delay conditioning sessions to acquire robust CRs to a 1 kHz tone as CS1 (Fig. 

3.2).  Five subsequent sessions of unpaired extinction training fully extinguished 

responses to CS1.  Rabbits were then trained for five sessions using a 9.5 kHz 

tone as CS2.   

     Group data in Figure 3.2b shows relearning in animals with mPFC lesions 

displayed some savings: the rate of relearning to CS2 was significantly faster in 

the first session than the original rate of learning to CS1 (F(11,154)= 4.406, p < 

0.01; main effect of training session on block).  However, this rate of relearning 



 51 

was significantly less than the rate expressed with control animals that had not 

received an electrolytic lesion (F(1,28)= 5.145, p < 0.05; simple effects on blocks 

5,8,9 and 12).  The group data reveal that different-CS savings was not 

completely abolished in animals that received mPFC lesions.  This partial effect 

is explained by a bimodal distribution of the behavior that we further analyze and 

discuss below.  These results suggest that lesions to the mPFC reduce the 

animals’ expression of different-CS savings and provide evidence in support of 

the theory that mPFC input to the cerebellum mediates different-CS savings. 

 

Prefrontal cortex lesions do not affect same-CS savings 

     The proposed mechanism for same-CS savings is residual plasticity in the 

cerebellar nucleus.  Given that evidence from the previous chapter confirms that 

this aspect of DEC relies on the cerebellum alone, we hypothesized that robust 

same-CS savings would still be expressed by animals that had received 

electrolytic lesions to the mPFC.  The next step was to then test for same-CS 

savings in animals with mPFC lesions.  After training animals to CS2 to test for 

different-CS savings, eight of the rabbits with mPFC lesions and seven control 

animals were tested for same-CS savings with reacquisition sessions to the 

originally trained CS1, a 1 kHz tone.  Both control and lesioned animals exhibited 

robust same-CS: relearning to the originally trained 1 kHz tone occurred more 

quickly than original learning (control: F(1,6)= 599.030, p < 0.001; lesioned: F(1,11) 

= 203.638, p < 0.001, main effect of training session).  This was observed  
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Figure 3.2  Electrolytic lesions to the PFC impair different-CS savings 
expression. 

(a) A representative animal’s trial sweeps from the first and last session of each 
acquisition phase. Each column is composed of sweeps representing individual 
trials in which the session begins with the bottom sweep and ends with the last 
sweep at the top of the column. The color region indicates when the tone was on 
and an upward deflection is closure of the animal’s eyelid. Left two columns are 
sessions of acquisition to CS1 (1 kHz tone - black); middle two columns are 
sessions of acquisition to CS2 (9.5 kHz tone - dark green), showing no different-
CS savings in Session 1; right two columns are sessions of reacquisition to CS1 
(1kHz tone - light green) which exhibit same-CS savings. (b) Group data (n=15) 
with average percent CRs for acquisition to CS1 and CS2 and reacquisition to 
original CS1. Left gray box highlights different-CS savings in animals with lesions 
to the PFC (dark green) when compared to original acquisition to CS1 (gray) and 
CS2 acquisition in naive animals (red). Right gray box emphasizes animals with 
PFC lesions (light green) and control animals (red) show robust same-CS 
savings when compared to original acquisition of CS1 (gray).  Error bars 
represent SEM. 
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whether or not an animal had previously expressed different-CS savings (Fig 

3.2b, right gray box).  This further indicates that the mPFC is not involved in the 

mechanism behind same-CS savings. 

 
Extent of PFC lesion does not explain levels of different-CS savings 
 
     Detailed analysis of the acquisition behavior to CS2 during different-CS 

savings experiments revealed a bi-modal distribution in animals with mPFC 

lesions (Fig. 3.3).  Eight of the animals received lesions that completely 

abolished the different-CS savings behavior.  The remaining seven animals 

exhibited some level of different-CS savings.  We set out to determine if there 

was a similarity amongst these lesions within each of the two groups that might 

explain the contrasting levels of savings.  We performed detailed histological 

analysis of the lesion for each rabbit.  The visible extent of the lesion on each 80 

µm section was traced by hand as input to the 3-dimensional program 

Reconstruct (courtesy of Kristen Harris lab) to determine total lesion volume for 

each animal.  We were then able to compare the volume and location of the 

lesion damage amongst all 15 animals.  There was no significant difference in 

the lesion volumes between the group that exhibited no savings and those that 

did exhibit savings behavior (Independent t-test: P > 0.05).  For each animal we 

plotted their lesion volumes on the y-axis and the percent CRs expressed during 

the first session of acquisition to the new, CS2 on the x-axis.  It is clear from 
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these animals with mPFC lesions, that there are two groups – one group with 

similar lesion volumes that do not express different-CS savings and a separate 

group with similar lesion volumes that do express different-CS savings (Fig. 

3.3a).   

      Using the lesion traces we compared the locations of damage between the 

groups that expressed contrasting levels of different-CS savings.  In Figure 3.4 

we summarize each animal’s lesion area at three coordinates to compare the 

extent of damage between these two groups.  The black regions are damage 

common to all animals and this is only seen around coordinate A-P +3.75.  

Common to most animals of each group are the areas of damage represented by 

the cross-hair regions.  The two-most extreme lesioned regions from each group 

are indicated with the diagonal lines.  There was no clear difference between 

these two groups based on this histological comparison.  The most consistently 

damaged area amongst all of the rabbits was the caudal anterior cingulated 

cortex.  The second most consistently damaged region was the agranular cortex, 

while the prelimbic region of the mPFC was the least consistently damaged. 

     Even though a single region could not be isolated, it is possible that there 

exists an area that was not damaged sufficiently to completely abolish the 

savings behavior in those particular animals.  For instance, if a key area for 

savings behavior was adjacent to the coordinates we were focusing on for the 

lesion, it would be possible to damage that region in some animals and not in 

others.  It is also possible that more than one region is necessary or sufficient to 
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produce different-CS savings.  In this case some animals would have had both 

regions sufficiently damaged to abolish savings while others did not.  Another 

possibility exists for other regions of the brain able to compensate for such 

learning, which was invoked in some animals but not in others.  Finally, the 

mPFC may not be responsible for different-CS savings behavior.  We consider 

this last point unlikely since there were eight animals in which the procedure 

clearly abolished savings.  

 

Prefrontal cortex lesions on trace conditioning 

     Evidence in support of a role for mPFC input to the cerebellum as supporting 

trace eyelid conditioning includes reversible inactivations to the mPFC which 

abolished trace eyelid conditioning responses [100].  Accordingly we 

hypothesized that electrolytic lesions to the mPFC would prevent these animals 

from learning trace eyelid conditioning.  We tested this by doing a final 

experiment in which 12 of the 15 animals with mPFC lesions were trained to a 

1kHz tone using a trace eyelid conditioning paradigm (Fig. 3.1b), following the 

savings experiments.  Unexpectedly, nine out of the twelve animals tested did in 

fact exhibit CRs to trace eyelid conditioning in spite of having an electrolytic 

lesion to the mPFC.  Figure 3.5 shows the raw data for three out of the nine  

individuals that met criterion for trace conditioning (greater than 60% CRs) and 

one out of the three individuals that did not meet criterion.  Graphing lesion size 

to the percent CRs exhibited during the tenth and final trace conditioning session 
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Figure 3.3  Animals with mPFC lesions exhibit different-CS savings 
in a bi-modal manner, while almost all exhibit trace 
conditioning. 

a) A scatter plot of the percentage of CRs during session 1 of acquisition 
training to a new CS (x-axis) against the lesion volume (y-axis) for each 
animal. The bi-modal distribution is evident in that animals with 
responses are grouped to the right side, while animals with no savings 
are grouped to the left side. Both groups contain lesion volumes which 
overlap. The red dashed line indicates the average percent CRs 
expressed by control animals during the first session of acquisition 
training to the new CS (n=15). b) A scatter plot of the percentage of CRs 
during session 10 of trace conditioning (x-axis) against the lesion volume 
(y-axis) for each animal. This plot does not show a bi-modal type of 
distribution. Irrespective of the lesion volume, most of the animals were 
able to learn trace (n=9 out of 12). 
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Figure 3.4  mPFC damage traced onto representative slices – group 
comparison based on different-CS savings 

a) Animals with abolished different-CS savings (n=8) only had traces 
overlapping for all 8 animals at A-P +3.75 and 2.5 (black shading).  Areas 
with hash marks represent damage common to 6 out of 8 animals. And 
diagonal marks represent the largest lesion areas in 2 out of 8 animals.  b) 
Animals that exhibited some different-CS savings (n=7) only had common 
damage at A-P+3.75 (black shading). Areas with hash marks represented 
damaged area common to 5 out of 7 animals, while diagonal shading 
represents the largest lesions in 2 out of the 7 animals. 
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shows no obvious relationship (Fig. 3.3b).  However, the results were not of a bi-

modal nature as was seen with savings.  Unlike the previous lesion size 

comparison to different-CS savings behavior, these data contradict earlier work 

in which infusions of muscimol to the mPFC abolish trace eyelid conditioning. 

There are several reasons that can account for this discrepancy, which we 

discuss below.   

 DISCUSSION  

       We have shown that electrolytic lesions to the mPFC can abolish different-

CS savings without affecting same-CS savings.  Similar to recent work providing 

evidence for a region of mPFC to be responsible for trace eyelid conditioning, our 

data suggest that PFC input also supports different-CS savings.   

     The fact that electrolytic lesions to the mPFC resulted in a bimodal distribution 

of different-CS savings behavior is highly suggestive that inputs from the mPFC 

support a mechanism for different-CS savings.  We attribute such a distribution to 

several possible explanations.  First, there is animal variability that could account 

for difference in behavior.  Secondly, it is possible that regions adjacent to mPFC 

help support different-CS savings behavior.  In some of the animals these 

regions could have been damaged while remaining intact in others.  Finally, in 

some of the animals other brain regions may have been able to compensate for 

the learning normally accomplished by the mPFC. 
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Figure 3.5  Electrolytic lesions to the PFC did not prevent animals from 
acquiring CRs to trace eyelidconditioning. 

 
Raw session data from individuals with lesions to the PFC is shown in each 
column.Traces from bottom to top represent the beginning to end of each 
session, respectively. The color region represents the tone while the black 
region denotes the trace interval. Upward deflection of a sweep represents 
closure of the animal’s eyelid. Sessions 1 and 10 of trace eyelid conditioning 
are shown for each animal. The three animals with red colors marking the tone 
(7805, 7987, 7989) are animals that learned to express CRs during the trace 
interval. 7794 with blue color for tone is one of three animals that did not learn 
to trace conditioning. 
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     Interestingly, trace conditioning was not prevented in most of the animals that 

had received lesions to the mPFC which is a finding in conflict with other studies. 

Previous work involving aspirations to the caudal mPFC were found to eliminate 

acquisition of responses to trace eyelid conditioning [117, 118].  Aspirations to 

the mPFC have also been shown to prevent the retention of responses over 

specific time intervals following learning to trace conditioning [119].  Finally, 

experiments involving muscimol infusions to the mPFC eliminate existing trace 

conditioning responses [100].  We now discuss some of the possible 

explanations for this contradiction in results.   

     The first possibility is that there might be separate regions of the mPFC 

involved for each task – an area more involved in supporting trace eyelid 

conditioning and a somewhat separate region that supports different-CS savings.  

We provide data to support this idea.  An animal’s ability to acquire responses to 

trace eyelid conditioning was unrelated to whether or not they expressed 

different-CS savings.  In conjunction with the fact that two of the animals 

exhibited a difference in rostral-caudal damage, correlating with trace and 

savings behavior, suggests that different regions of mPFC may be required for 

each behavior. 

     This was supported from a lesion comparison of two specific individuals from 

the current experiment.  Interestingly, one subject that exhibited trace 

conditioning responses did not exhibit savings behavior and did not have 

damage at the rostral most coordinates.  Another subject did not exhibit learning 
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to trace conditioning, but did exhibit the savings behavior and did not have 

damage at the caudal most coordinates.  Taken together these results would 

suggest that more rostral regions of the mPFC area support trace conditioning 

while the more caudal region is required for different-CS savings.  However, this 

was not consistent amongst all of the animals, specifically an outlier that had one 

of the largest lesion areas.  This idea also contradicts the previously mentioned 

study in which aspirations to the more caudal region of mPFC prevented 

acquisition of responses to trace conditioning [117].  Therefore, it is likely that an 

overlap of the areas could contribute in varying degrees to each of these 

behaviors.   

A second explanation for the divergent results includes an absence of 

extinction training to delay eyelid conditioning.  Upon completion of the same-CS 

savings experiments, animals were exhibiting robust CRs to a 1 kHz tone.  

Animals did not receive extinction training of delay eyelid conditioning to ‘unlearn’ 

the behavior prior to trace eyelid conditioning.  Additionally, the delay and trace 

conditioning trials implemented the same 1 kHz tone as the CS.  CRs to delay 

conditioning did extinguish after two to three sessions of trace conditioning and 

were fully extinguished in all animals prior to any expression of trace CRs.  It is 

possible, however, that unknown processes occurred with the extinction of delay 

CRs while training to trace or that prior exposure to the same tone with the delay 

acquisition training, facilitated learning to trace conditioning.  Because so little is 



 62 

known about the mechanisms of extinction within and outside of the cerebellum, 

it is difficult to conjecture much regarding this last possibility. 

          A third interpretation would be that a large electrolytic lesion results in 

compensation from other brain regions, and so the behavior could be rescued via 

another pathway to the cerebellum, or perhaps even another motor pathway.   

Previous work with aspirations to the mPFC that prevented acquisition of trace 

conditioning may have inadvertently included adjacent regions necessary to 

support compensation [117].  A more probable explanation for the difference is 

that in the experiments presented here, there was a longer time interval between 

the surgery in which the lesions were made and when trace conditioning began.  

In addition that time interval included multiple delay conditioning training sessions 

providing the animals with exposure to the 1 kHz tone CS.  This could provide 

ample opportunity for regions surrounding affected mPFC to adapt, repair and be 

capable of compensation upon commencement of trace conditioning.  Finally, in 

the infusion experiments, existing CRs were abolished.  In those experiments, 

infusions were not performed to test for an animal’s ability to acquire such 

responses.  In the current experiments because the mPFC was damaged prior to 

trace conditioning trials and based on the ideas just described, it is possible that 

another region of the forebrain was able to compensate for the acquisition of CRs 

to trace conditioning.  For instance, the hippocampus has been shown to be 

necessary for trace eyelid conditioning and could act in a compensatory role 

[120, 121]. 
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     The prefrontal cortex functions as part of a network.  Therefore, it is entirely 

possible that a region or regions of mPFC that are not specified within 

traditionally established boundaries could support different-CS savings.  Any 

region adjacent to the lesions performed here would be difficult to remove 

entirely in order to completely abolish different-CS savings or prevent trace 

acquisition.  As previously discussed, it is also difficult to rule out any 

compensatory mechanisms.  Animal variability could also explain the difference 

between the individuals’ ability to express different-CS savings and trace 

acquisition. 

     One way in which to address both the presence of different-CS savings in 

some animals and the inability to prevent trace acquisition in the presence of a 

mPFC lesion would be to perform the same conditioning experiments in 

conjunction with muscimol infusions to the mPFC.  Such an experiment would 

require a muscimol infusion during the first day of reacquisition to CS2 to test for 

different-CS savings.  Additional infusions would then be administered during 

subsequent trace conditioning sessions to test for CR acquisition.  Results could 

be analyzed in search of a pattern such as those who exhibited different-CS 

savings could not acquire trace responses and vice versa.  These results could 

then be analyzed for a correlation to infusion location.  A similar set of 

experiments could be done but with infusions aimed at different sub-regions of 

the mPFC. 
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     Recent evidence has shown the cerebellum to be necessary for different-CS 

savings [92].  Our results further support this work through a mechanism in which 

the PFC provides an input that invokes the cerebellar mechanisms required to 

express different-CS behavior.  We hypothesize that upon presentation of a tone 

CS, two inputs to the cerebellum ‘learn’ in parallel (Fig 3.6).  Neurons of the 

mPFC respond to presentation of the tone and activate their inputs to the pons, 

thereby activating cerebellar mossy fibers simultaneously with mossy fibers 

activated by the tone CS pathway. In this way nucleus plasticity to two inputs 

develops in parallel to mossy fiber collaterals excited by both 1) the tone CS 

pathway and 2) the mPFC pathway.  Evidence suggests that during extinction 

plasticity occurs more quickly in the cerebellar cortex leaving residual plasticity in 

the IN [80, 88].      

     We hypothesize that mPFC neurons excited by the tone presentation can 

generalize between tones.  Therefore, it is the strengthened mossy fiber to 

nucleus synapses developed in response to the mPFC input during original 

conditioning to CS1 that is accessed during the presentation of a new tone, CS2, 

and enables an animal to exhibit different-CS savings (Fig. 3.6).  In this way even 

though the direct CS tone pathway has not produced nucleus plasticity to the 

new tone, activity from the mPFC input can support rapid reacquisition through 

its previously established synapses.  Only a pause in Purkinje cell activity would 

be required for activity at these synapses to increase and express CRs to the 

new tone, requiring only a few paired trials with the new CS.  In fact it is a 
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minimal number of trials that we observe in different-CS savings that make this 

learning so distinct.   
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Figure 3.6  A model for different-CS savings explained by input from 
prefrontal cortex (PFC) to the cerebellum. 

MF = mossy fiber; triangles = MF to interpositus nucleus synapses; enlarged 
triangles represent facilitated synapses  a) Same-CS savings is thought to 
occur through plasticity at MF-nucleus synapses that withstands extinction 
such that reacquisition occurs more quickly than original learning. b) 1. In 
CS1-Acquisition a similar process as in (a) occurs but with simultaneous 
plasticity at MF-nucleus synapses occurring in response to a separate set of 
MFs specific to PFC input. 2. Upon reacquisition with a new CS2 the fPFC 
generalizes between the CSs and activates previously facilitated synapses 
through its set of MF inputs. Only cerebellar cortex plasticity is required to 
invoke existing plasticity at the PFC set of MF-nucleus synapses. Once 
cortex plasticity develops the Purkinje cell pause, PFC inputs can sustain 
CR expression until plasticity develops at the separate set of MF-nucleus 
synapses driven by CS2. 
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CHAPTER 4: 

SAVINGS OF TIMING IS MEDIATED BY INPUT FROM OUTSIDE 

THE CEREBELLUM 
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INTRODUCTION 

 
     Jumping at the right moment to catch a ball, lifting a leg higher to prevent 

stubbing a toe, and even moving out of a car’s path to avoid death are all 

examples of the importance of a correctly timed motor response.  Delay eyelid 

conditioning (DEC), a type of associative learning, is a valuable tool for studying 

response timing because it produces a tractable behavior that is easily analyzed.  

DEC trials pair a conditioned stimulus (CS), such as a tone or light, with the 

unconditioned stimulus (US), for instance a puff of air to the eye.  Initial training 

trials activate the reflex pathway and the animal closes its eye in response to the 

US.   Learning is reflected in conditioned responses (CRs) that are appropriately 

timed - closure of the eyelid upon presentation of the CS and prior to the arrival 

of the US.  Precise timing indicates a learned behavior and is measured by the 

latency to onset of the CR.  Evidence shows that correct timing is a response 

appropriate for the interstimulus interval (ISI) - the interval between the onset of 

the CS and the onset of the US [7, 105].  Learning can be supported by ISI 

ranges of 100 to 2000 ms, but timing of the responses and the ability to learn is 

inconsistent and weak at ISIs outside the range of 250-750 ms [35, 106, 107].  

     DEC is particularly advantageous for studying response timing because the 

circuit and mechanisms supporting the learning are well described.  Learning 

relies on the CS and US input to the cerebellum through mossy and climbing 

fibers, respectively [20-24, 37, 108].  These inputs induce plasticity first in the 
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cerebellar cortex followed by plasticity in the deep cerebellar nucleus, both of 

which are necessary and sufficient for well-timed CRs [10, 70, 80].  Convergent 

evidence from computer simulations, recordings, lesions and pharmacological 

manipulations suggest that the cerebellar cortex is responsible for the correct 

timing and amplitude of the CRs [16, 67, 68, 85, 109].  For instance evidence 

suggests Purkinje (Pkj) cell activity during training encodes learned timing and 

reflects behavioral savings of learning and of timing [110-113].  Permanent and 

reversible lesions to the cerebellar cortex prevent CR acquisition, extinction of 

existing CRs and result in incorrect timing of already acquired responses [8, 12, 

16, 67, 68, 74].  This disrupted timing is evident in the expression of short latency 

responses (SLRs) – responses with inappropriately timed latencies to onset and 

peak compared with control animals.  SLRs can also be elicited with infusions of 

GABA agonists to the cortex or GABA antagonists to the cerebellar nucleus [69, 

74, 84].  This disconnection of Pkj cell input to the nucleus results in a loss of 

timed responses and suggests mechanisms of timing exist in the cerebellar 

cortex. 

     Neurons of the cerebellar cortex include a network in which excitatory input 

from mossy fibers synapse onto inhibitory Golgi cells and excitatory granule cells.  

Golgi and granule cells inhibit other granule and Golgi cells, respectively, 

creating inhibitory feedback and feedforward loops.  Axons of granule cells also 

form parallel fibers which synapse onto and alter Pkj cell activity.  A model based 

on data and computer simulations proposes that mechanisms behind precise 
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response timing involve the reciprocity of Golgi and granule cell inhibition.  This is 

thought to create subsets of granule cells that become active at different times 

during the CS presentation.  The ISI then dictates the temporal component of the 

response by reinforcing certain granule to Pkj cell synaptic activity with the US 

[57].  

     Even though exact cellular mechanisms have yet to be determined, one way 

in which to better understand how timing occurs is to characterize the behavioral 

output with changing DEC tasks.  Changes in the ISI result in a behavioral 

phenomenon known as savings of timing.  This phenomenon occurs following 

asymptotic learning to a CS with a short ISI (Fig 4.1a).  After CRs to the shorter 

ISI are extinguished, retraining begins to the same CS with a longer ISI.  Initial 

CRs during reacquisition exhibit incorrect timing for the new ISI – initially, 

latencies to onset are appropriate for the previously trained short ISI (Fig 4.1).   

Additional training can improve CR onset such that the latency is lengthened and 

eyelid closure occurs just prior to the presentation of the US.   

     It has not been determined if the phenomenon is due to interactions of 

cerebellar cortical cells alone, or if there is an extra-cerebellar input that may 

modulate savings of timed responses.  Current literature supports a mechanism 

for savings of timing within the cerebellar cortex.  Work in the previous chapters 

proposes forebrain involvement with the cerebellum in a way that supports 

different-CS savings.  Even though savings of timing involves the same CS, it is 

possible that the cerebellum might engage the forebrain in a similar manner.  
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Based on current literature we hypothesize that the mechanism for this 

phenomenon exists within the cerebellum.  And we test this by precisely 

controlling input to the cerebellar cortex through the use of mossy fiber 

stimulation and changing the ISIs used for training.       

      As previously described in Chapter 2, we determined that different-CS 

savings (relearning to a new CS occurs more quickly than original learning) 

requires the involvement of a region outside the cerebellum, while same-CS 

savings (learning to the same CS occurs more quickly the second time around) 

appears to be supported solely by the cerebellum.  We placed an electrode at the 

coordinates for mossy fiber axons of the middle cerebellar peduncle.  This 

allowed us to directly control CS input by applying current stimulation as the CS.  

The data presented in Chapter 2 reveals that this type of CS prevents non-

cerebellar activity that can occur with the use of a tone CS.  Following extinction 

of responses trained at a shorter ISI, reacquisition to a longer ISI surprisingly did 

not exhibit savings of timing with stimulation as a CS.  These results suggest an 

extra-cerebellar component mediates savings of timing. 

     Interestingly, the use of mossy fiber stimulation in combination with the 

change to a longer ISI did not result in same-CS savings as was previously 

observed when the same ISI was used (see Chapter 2).  This was unexpected 

because the mechanism for same-CS savings described in Chapter 2 and 

proposed by Medina et al, 2001 depends on residual plasticity in the deep 

cerebellar nucleus.  Elimination of same-CS savings with mossy fiber stimulation
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Figure 4.1  Delay eyelid conditioning shows behavioral changes in 
responses with changes in the interstimulus interval. 

(a) Schematic of conditioning paradigm with an ISI of 250ms (top, left); a 
sweep of an individual animal’s conditioned response, trained to the ISI of 
250ms (bottom, left). The blue region represents the length of the CS 
presentation.  Upward deflection of the sweep during the blue region shows 
learning through closure of the eyelid prior to the arrival of the US.  
Lengthening the ISI to 750ms (top, middle) results in the individual’s eyelid 
closure to have an earlier onset (bottom, middle). b) A naive animal trained 
to an ISI 750ms only, exhibits a well-timed CR (bottom, right) when 
compared to the CR of an animal previously trained to a shorter ISI (bottom, 
middle). 
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when a different ISI is used introduces a modification for this mechanism.  The 

data indicate that residual nucleus plasticity could only support same-CS savings 

when the ISI is the same for original acquisition and reacquisition.  This suggests 

that a change in the ISI requires new plasticity in the cerebellar cortex to elicit CR 

expression. 

MATERIALS AND METHODS 

 
Subjects  
 
     Data were obtained from 33 male New Zealand albino rabbits (Oryctolagus 

cuniculus), each weighing 2.5-3.5 kg.  The rabbits were individually housed in an 

environmentally-controlled room, kept on a 12:12 light/dark cycle and given food 

and water ad libitum.  Treatment of animals and surgical procedures were in 

accordance with the National Institutes of Health Guidelines, an approved animal 

welfare protocol and The University of Texas at Austin IAUCUC committee 

guidelines for sterility and post-operative recovery.  Data from eight of the 

animals were obtained from a previous lab member and served as control data 

for tone CS training to an ISI of 750ms.  These animals were treated similarly 

and in accordance with the approved animal welfare protocol and The University 

of Texas Medical Center at Houston.  
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Stimulation Apparatus  

     Dual-electrode units were constructed for the delivery of stimulation to mossy 

fiber axons.  Each unit consisted of a plastic guide to place in the stereotaxic 

holder (Plastics One, Roanoke, VA) secured 2 mm in front of two tungsten 

electrodes (A-M Systems, Carlsborg, WA) with dental acrylic.  Two electrodes 

were implanted to ensure at least one functional electrode for experiment use.  

The two electrodes were spaced 1 mm apart.  Tips of the tungsten electrodes 

were stripped to an impedance of 150-200 kΩ.  

 
Surgical Procedure  
 
     All rabbits were anesthetized with an initial injection of Ketamine 

Hydrochloride (45 mg/kg) mixed with Acepromazine (1.5 mg/kg).  Pre-operative 

injections included Glycopyrrolate (0.1 mg/kg) an antimuscarinic to reduce 

secretions, Dexamethasone sodium phosphate (1 mg/kg) as an anti-

inflammatory agent, Buprenorphine (0.03 mg/kg) as an analgesic, Baytril (10 

mg/kg) as antibiotic and Bupivicaine (1 mL) as a local anesthetic for the incision 

site.  Rabbits were then placed in a stereotaxic apparatus.  Anesthesia depth 

was maintained with isofluorane (1.5 - 3.5% mixed in oxygen).  Sterile 

procedures were maintained throughout the surgery.  Nine rabbits had four holes 

drilled in the skull for anchor screw placement and a head bolt secured to the 

skull with dental acrylic.  Sixteen rabbits underwent stereotaxic surgery for 

placement of the dual-electrode unit.  The skull was positioned with lambda 1.5 
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mm ventral to bregma.  The tip of the medial electrode was stereotaxically 

positioned 2.8 mm anterior to lambda, 5.0 mm lateral to midline, ipsilateral to the 

training eye, and 16.0 mm ventral to the brain surface for stimulation of the 

mossy fiber axons (Fig. 4.3d).  A headstage was then formed when the electrode 

unit, four skull screws and headbolt were all secured with dental acrylic.  Finally 

all animals were implanted with a pair of stainless steel wire electrodes placed 

rostral and caudal to the left eye for periorbital stimulation to produce the UR.  

Rimadyl (4 mg/kg) and Baytril (10 mg/kg) were administered as the post-

operative anti-inflammatory and antibiotic, respectively.  All rabbits received at 

least one week of recovery before beginning training. 

Conditioning Apparatus 
 
     Rabbits were conditioned in two sound-attenuating chambers, which hold two 

rabbits each.  Each chamber was equipped with a speaker connected to an 

audio source module (Coulborn Instruments, Allentown, PA; model V85-05) used 

to generate 85 dB tones for tone-CS experiments.  Isolated pulse stimulators (A-

M systems, Carlsborg, WA; model 2100) were used for all animals to deliver a 50 

ms train of cathodal current pulses to the periorbital electrodes as the US (50 Hz, 

1 ms pulse width, 1.5-3.0 mA).  The audio source module and custom-designed 

computer software were programmed to deliver the US at 200 ms (four 

experimental animals), 250 ms (four experimental animals) or 750 ms (one 

control animal and eight experimental animals) after the start of the tone CS. 



 76 

Experiments involving mossy fiber stimulation as the CS used chronically 

implanted tungsten electrodes to deliver constant current pulses from digital 

stimulus isolators (100 Hz, 0.1 msec pulses, 100-150 µA; A-M systems, 

Carlsborg, WA; model 2300) that were driven by isolated pulse stimulators and 

custom-designed computer software.  

     An infrared emitter and detector were secured to the headbolt of the chronic 

implant on each rabbit to record movements of the left eyelid.  The amount of 

infrared light reflected from the eye determined these eyelid movements which 

were transformed into individual sweeps with computer software.  Maximum 

eyelid closure was calibrated daily prior to each session by eliciting full eyelid 

closure with application of an electric pulse through the periorbital electrodes.  

Full eyelid closure was calibrated to 6 mm, which is the width of a rabbit’s eye.  

Conditioning 

     All rabbits experienced at least two days of habituation prior to exposure to 

any training trials.  During this phase, rabbits were placed in restrainers within the 

training chambers for the length of a standard training session.  This was done in 

the absence of any stimuli to acclimate the rabbits to the training environment 

and apparatus. 

     Each daily conditioning session was comprised of 12 blocks of 9 trials (one 

CS alone trial, 8 CS/US paired trials) with a CS of a 1 kHz tone or cathodal 

stimulation to one of the two tungsten electrodes of the implanted unit.  For short 
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ISI training in tone experiments the US was presented 200 (n=4) or 250 ms (n=4) 

after the start of the CS.  Short ISI training with stimulation as a CS included 

pulses delivered to the electrode for 300 ms and the US presented 250 ms after 

the start of the pulse train.  Long ISI training included CS presentation for 800 ms 

and the US presented 750 ms following CS onset for both tone and stimulation 

CS.  Intertrial intervals were pseudo-randomly assigned by the computer 

program with a mean of 30 (+/-10) seconds.  All tone trained animals received 

CS alone extinction sessions.  Animals trained with mossy fiber stimulation as 

the CS received five sessions of either CS alone extinction or unpaired extinction 

(trials randomly presenting the CS or US alone).  No differences were seen 

between the different types of extinction the rabbits received. 

 

Data Analysis 

     Using custom software, digitized sweeps were analyzed for eyelid movements 

200 ms prior to and 2300 ms following CS onset.  A CR was defined as having 

an onset latency following CS onset and an amplitude of at least 0.3 mm prior to 

the US onset during paired trials.  Onset latency was determined by comparing 

changes in the points of the eyelid sweep that were greater than the baseline for 

that sweep.  Trials with greater than 0.3 mm of movement during 200 ms prior to 

CS onset were excluded from analysis.  Percent CRs were calculated by dividing 

the number of CRs in a block by the number of valid trials (maximum of 9). 
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     All statistical analyses involved comparison of latencies to onset for savings of 

timing analysis and comparison of percent CRs for acquisition rate.  

Nonparametric tests were implemented to avoid making assumptions regarding 

probability distributions due to the smaller subject number.  Statistical tests 

included the nonparametric Wilcoxon Mann-Whitney tests to compare data 

between two independent groups and the Wilcoxon Signed Rank Test to test for 

a significant difference between repeated measures.   

 

Histology  

     Following the last conditioning session, histological procedures were 

performed to confirm electrode placement in the animals that had an implanted 

unit.  First a 200 µA, anodal current was applied for 20 seconds to both 

electrodes to mark the stimulation sites for each animal.  Rabbits were then 

overdosed with Euthasol and perfused intracardially with 0.9% saline followed by 

10% formalin.  Brains were removed and stored in a 10% formalin/30% sucrose 

solution for at least two days for cryoprotection.  The cerebellum was then 

blocked and embedded in albumin gelatin.  80 µm coronal sections were made 

using a freezing microtome.  Slices were mounted and stained using cresyl 

violet.  
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RESULTS 

Savings of timing using a tone CS 

     To better characterize the savings of timing phenomenon we began by 

replicating previous work training animals to tone CSs.  Eight animals were 

trained for 5 sessions with a 1kHz tone to a short ISI – 4 rabbits were trained at 

an ISI of 200 ms and 4 rabbits were trained at an ISI of 250 ms.  Following five 

extinction sessions, all 8 animals received training to a longer ISI of 750 ms to 

test for savings of timing in CR onset (Fig. 4.2).  The first 216 trials containing 

CRs were obtained for both groups and divided into 2 sets of 108 trials each.  

The median CR latency to onset was then compared between the two short ISI 

groups.  A significant difference between the animals trained to 200 ms ISI and 

those trained at the 250 ms ISI was only found in the first set of 108 trials (Set 1: 

Wilcoxon Mann-Whitney U = 0.00, p < 0.05; Set 2: Wilcoxon Mann-Whitney U = 

4.0, p > 0.05).  Because of this difference in CR timing, we analyzed latencies to 

the 750 ms ISI separately for each group.  In both instances, analysis confirmed 

that the 50 ms difference in the two ‘short’ ISIs used did not impact the latency to 

onset between the groups’ responses to the longer 750 ms ISI (Set 1: Wilcoxon 

Mann-Whitney U = 4.0, p > 0.05; Set 2: Wilcoxon Mann-Whitney U = 4.0, p > 

0.05).  Significant savings of timing occurred in both groups and in the first 108 

trials in which CRs were elicited, onset latencies were similar to those seen with 
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Figure 4.2  Animals trained with a tone CS show savings of timing with 
two different ‘short’ ISIs. 

(a) Raw data from an individual trained to a short ISI of 200ms (left column) and subsequently 
trained to the longer 750ms ISI (right column). (b) Raw data from an individual trained to a short 
ISI of 250ms (left column) and then to the 750ms ISI (right column). Both individuals express 
responses during the 750ms training with timing similar to their previous training.  (c) Left Panel - 
Comparison of the latencies to onset for all four animals with original acquisition to a 200ms ISI 
(light blue) followed with reacquisition to a 750ms ISI (dark blue). These latencies were not 
significantly different. Right panel - Comparison of the latencies to onset for all four animals with 
original acquisition to a 250ms ISI (orange) followed by reacquisition to a 750ms ISI (red). These 
latencies are not significantly different. (c) Left panel - graph of the latencies to onset for the first 
216 conditioned responses in four animals first trained to an ISI of 200ms (light blue), then to an 
ISI of 750ms following extinction (dark blue). Right panel - latencies to onset for the first 216 
conditioned responses in four animals trained to an ISI of 250ms (orange), then to a 750ms ISI 
(dark red). The black line in both graphs represents the average latency to onset in naive 
animals trained to a tone at a 750ms ISI. 
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training to the shorter ISI (Figure 4.2c; Group 200-750: Wilcoxon signed-rank Z = 

-1.10, p > 0.05; Group 250-750: Wilcoxon signed-rank Z = -0.73, p > 0.05) and 

significantly different from latencies seen with naïve animals trained only to an ISI 

of 750 ms (Figure 4.2d; Group 200-750:  Wilcoxon signed-rank Z = -2.78, p < 

0.01; Group 250-750: Wilcoxon signed-rank Z = -2.78, p < 0.01).  The difference 

in short ISIs did not affect subsequent onsets to 750 ms acquisition of CRs and 

significant savings of timing was present in both groups (Fig. 4.2d;e). 

 
Savings of timing using mossy fiber stimulation as a CS 
 
     Since evidence suggests projections from the prefrontal cortex activate mossy 

fibers with tone CSs during trace eyelid conditioning [100, 101], strict control of 

input to the cerebellum is required to determine if savings of timing is mediated 

by the cerebellum alone.  An electrode placed at the coordinates for the middle 

cerebellar peduncle provides a precisely controlled CS through stimulation of 

mossy fiber axons that carry CS input to the cerebellum.  This technique limits 

forebrain input that may occur with the use of a tone CS.  Following recovery 

from surgery, sixteen animals were trained using mossy fiber stimulation in place 

of the tone CS.  Nine of the animals served as controls and were trained only to 

an ISI of 750 ms for five days.  One animal’s electrode became non-functional on 

the fifth day of training and therefore only received four days.  The seven 

additional animals were trained to a short ISI of 250 ms for five days, and then 

underwent extinction training to extinguish CRs.  
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     Reacquisition sessions to the same stimulation CS with the longer 750 ms ISI 

were performed to test for savings of timing.  Onset latencies of responses to 750 

ms ISI were compared between animals that had received prior training to 250 

ms ISI and naïve animals, only trained to the longer ISI.  Wilcoxon Mann-Whitney 

analysis revealed no difference between onset latencies of animals with prior 

training to a shorter ISI and naïve control subjects (Fig. 4.3; U = 19, p > 0.05).  

But Wilcoxon signed-rank test showed a significant difference between the 

latencies to the longer 750 ms ISI and previously trained responses to the 250 

ms ISI (Fig. 4.3; Z = -2.37, p < 0.01).  These data clearly demonstrate that 

savings of timing is absent when mossy fiber stimulation is used as the CS in 

DEC and strongly supports the idea of an extracerebellar input to the cortex as 

mediating this phenomenon.  In an attempt to understand how the cerebellar 

circuitry might accommodate such an input, we analyzed a separate aspect of 

the behavior, CR acquisition.   

 
Same-CS savings is absent in animals trained with mossy fiber stimulation to a 
new ISI 
 
     As described in Chapter 2, we provided evidence supporting a mechanism 

proposed by Medina et al, 2001 in which same-CS savings (relearning to the 

same CS following extinction occurs more quickly than original learning) is 

mediated through residual plasticity of the deep cerebellar nucleus.  Because our 

previous work supports this mechanism by exhibiting same-CS savings using 

both tone and mossy fiber stimulation as CSs, we expected that same-CS  
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Figure 4.3  Animals trained with mossy fiber stimulation as a CS do not show 
savings of timing. 

(a) Raw data of an individual’s responses with training to 250ms ISI (light green 
sweeps, left column) and then to 750ms ISI following extinction (dark green sweeps, 
right column). (b) Raw data from an individual animal that received training only to 
an ISI of 750ms. (c) Median conditioned response onset latencies compared within 
individual animals are significantly different when trained to 250ms ISI (light green) 
and then trained to 750ms ISI (dark green) using a stimulation CS. Median CR 
onset latencies compared between naive animals trained at 750ms ISI (black) and 
those with prior 250ms ISI training (dark green) shows no significant difference. (d) 
Coronal section of a representative individual with placement of the electrodes for 
stimulation in the MCP (middle cerebellar peduncle. (e) Comparison of group data 
of animals tested for savings of timing. Animals trained with mossy fiber stimulation 
show similar latencies to onset at ISI 750ms regardless if they received previous 
training to a shorter ISI (dark green, diamonds) or not (black, triangles). These 
latencies are significantly different from their prior training at the shorter, 250ms ISI 
(light green, diamonds) and from animals trained to tone at 750ms ISI (red, 
squares). 



 84 

savings would be expressed to the original CS even with the change in ISI.  

Given that in the present work the same CS is used to test for savings of timing 

with both short and long ISIs, we expected same-CS savings to occur upon 

retraining to the longer, 750 ms ISI trials.  To test this hypothesis we compared 

percent CRs expressed over the first sessions of 250 ms ISI acquisition training 

and 750 ms reacquisition training.  We expected to see rapid reacquisition of 

CRs to the longer ISI training within the first session, or same-CS savings.  

     We collapsed the tone data for animals trained to 200 ms ISI with animals 

trained to 250 ms ISI because the acquisition rates for the short and long ISI did 

not differ between these two groups (Short: Wilcoxon Mann-Whitney z=-1.51 p > 

0.05; Long: Wilcoxon Mann-Whitney U =6.0, p > 0.05).  All animals trained to a 

tone exhibited robust same-CS savings when the ISI was increased to 750 ms - 

responses were acquired  more quickly during reacquisition than during original 

acquisition to the shorter ISI (Fig 4.4a; Wilcoxon signed-rank test: Z=-2.52, p < 

0.01).  Reacquisition to the longer 750 ms ISI also occurred more quickly than 

the rate of acquisition seen with the group of control animals that had only 

received training to an ISI of 750 ms and no prior training to a shorter ISI (Fig 

4.4a; Wilcoxon Mann-Whitney: U=0.00, p < 0.01).   

     Animals trained to mossy fiber stimulation as a CS acquired CRs at a 

significantly different rate to the longer 750 ms ISI, but did not show robust 

savings.  Instead acquisition rates were opposite of what we expected and CRs 

reacquired to the longer ISI more slowly than initial CR acquisition to the shorter 
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ISI (Fig 4.4b; Wilcoxon signed-rank: z=-1.859, p < 0.05).  However reacquisition 

to the longer ISI revealed learning at a rate similar to naïve animals trained to 

mossy fiber stimulation using a 750 ms ISI (Wilcoxon rank test: z=-1.06, p > 

0.05). 

     These data fail to support our hypothesis of same-CS savings with mossy 

fiber stimulation as a CS and contradict data presented in Chapter 2 in which 

robust same-CS savings was obtained with mossy fiber stimulation using the 

same ISI.  However, current experiments involved an additional alteration in the 

DEC paradigm – a change in the ISI between original acquisition and 

reacquisition.  Even though we show robust same-CS savings occurs with a tone 

CS, the ISI switch eliminates same-CS savings when using mossy fiber 

stimulation as the CS.  This suggests that a mechanism involving residual 

plasticity in the cerebellar nucleus could only support same-CS savings when the 

ISI remains unchanged during reacquisition.  

 

DISCUSSION 

     DEC is a tractable learning model that enables us to apply behavioral 

characteristics of a motor response onto the well-described anatomy of the 

cerebellum.  We have shown one feature of DEC, savings of timing, to be 

mediated by a region outside the cerebellum.  Replacing a tone with mossy fiber 
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stimulation as a CS during ISI changes reveals a difference in savings of timing 

expression.  Savings of timing was expressed with a tone CS in animals 
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Figure 4.4  Animals tested for savings of timing exhibit same-CS 
savings with a tone CS and not with mossy fiber stimulation 
as a CS.   

(a) Comparison of percent CRs with tone CS between original 250ms ISI 
(gray) and 750ms ISI (red) training. Robust same-CS savings occurs with the 
tone even though the ISI has been changed.  (b) Comparison of percent CRs 
with mossy fiber stimulation between original 250ms ISI (light green) and 
750ms ISI (dark green) training. There is no same-CS savings with the 
stimulation of the same electrode, and in fact the rate of original acquisition to 
the shorter 250 ms ISI occurs more quickly than the later acquisition rate to 
the longer 750 ms ISI. This result is opposite of what we expected. 
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previously trained to a shorter ISI – initial CR onsets had ‘incorrect’, shorter 

latencies when training to a new, longer ISI.  However, mossy fiber stimulation as 

a CS resulted in response timing appropriate to the longer ISI to which they were 

being trained, regardless of prior training.  These data fail to support our 

hypothesis that savings of timing is mediated within the cerebellum.      

   A possible mechanism that could explain these data involves granule to Pkj cell 

synapses that are thought to undergo long-term depression during original 

acquisition from mossy fiber input.  During extinction sessions these synapses 

are thought to ‘reverse learning’ and undergo long-term potentiation.  The 

absence of savings of timing that we show with mossy fiber stimulation as the CS 

suggests an additional forebrain input may also be involved.  It is possible that 

this forebrain input also affects activity at granule to Pkj cell synapses, but is 

somehow able to avoid the ‘reversal’ of plasticity during extinction.  A way in 

which these synapses would avoid such a reversal would be for the forebrain 

input driving activity at those synapses to be silent during extinction.  In this 

manner those particular synapses would not undergo long-term potentiation. 

Upon reacquisition training the same forebrain region could regain activity, again 

driving the activity at the corresponding granule to Pkj cell synapses.  In this way 

forebrain input could support the previously acquired shorter latency to onset that 

until new plasticity develops to the tone inputs at the longer ISI.   

     In both the different-CS savings experiments of Chapter 2 and the savings of 

timing experiments presented here, a single CS of either a tone or mossy fiber 
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stimulation was used to test for savings of timing.  A prediction based on data 

presented in Chapter 2 is that plasticity in the deep cerebellar nucleus will 

develop during original training to the CS at a short ISI and remain unchanged 

during extinction of CRs at that ISI.  We hypothesized that this residual plasticity 

will support same-CS savings upon reacquisition even with the new, longer ISI of 

750 ms.  With the use of a tone CS, same-CS savings occurred in response 

expression despite a change in ISI.  However, the same was not observed during 

the first session of reacquisition with mossy fiber stimulation, during which same-

CS savings was absent.  Mossy fiber stimulation as a CS not only prevents 

savings of timing, but also eliminates same-CS savings when the ISI is changed.   

     These findings can be accounted for with two possible explanations: 1) 

training with a short ISI such as 250 ms does not support nucleus plasticity to 

invoke the same-CS savings mechanism, or 2) there is a form of plasticity in the 

cerebellar cortex that remains unchanged by extinction and supports the timing 

specific to same-CS savings.  The first mechanism is unlikely because reversible 

inactivations have revealed the presence of nucleus plasticity through SLRs 

following CR acquisition at a short ISI of 250 ms (preliminary data, unpublished; 

[114].  However, it is possible that this plasticity is easily reversed and is not 

resilient enough to withstand extinction in order to support same-CS savings.  

     The second possibility is a mechanism of plasticity in the cerebellar cortex.    

Such a mechanism would have to accommodate the forebrain input our data 

show are necessary for savings of timing.  A potential locus for this plasticity 
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could be the mossy fiber-granule-Golgi cell triad.  As previously described in 

Chapter 1, mossy fibers make excitatory synapses onto both granule and Golgi 

cells in the cerebellar cortex.  In turn, granule cells inhibit Golgi cells and Golgi 

cells inhibit other granule cells producing both inhibitory feedback and 

feedforward loops, respectively.  Evidence exists for plasticity at mossy fiber to 

granule cell synapses [122, 123].  Therefore it is possible that a forebrain-

activated mossy fiber input alters activity in granule cells, Golgi cells or both in 

such a way as to develop plasticity at any or all of these synapses:  mossy fiber 

to granule cells, mossy fiber to Golgi cells, granule to Golgi cells, Golgi to granule 

cells.  Because aspects of mossy fiber activity resulting from forebrain input is 

unknown (such as length of activation and frequency), it is also possible that this 

input might create plasticity at one or more of these synapses and engage the 

triad in such a way that granule to Pkj cell synapses are unaffected by extinction.  

Thereby upon reacquisition, the plasticity at the triad would allow for more rapid 

learning with a ‘memory’ for previous the prior ISI. 

     Plasticity within the mossy fiber-granule-Golgi triad of synapses is a likely 

candidate that would satisfy both savings of timing and same-CS savings 

behavior.  A forebrain input invoked by using tone CSs could develop plasticity at 

one or more of these synapses separate from tone driven mossy fibers during 

original training.  This could result in the retention of shorter onset latencies 

during retraining to a longer ISI.  In the absence of a forebrain input, as with 

mossy fiber stimulation, a portion of this plasticity would be absent, changing 
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which set of granule cells were active based on the Golgi-granule cell 

connectivity.  A change in the granule cells that are active would cause a change 

in which granule to Pkj synapses are potentiated resulting in a change in Pkj cell 

activity.  In turn, Pkj cell activity would require potentiation of other granule to Pkj 

cell synapses.  This would eliminate the pauses in Pkj cell acitivity required to 

express CRs with previously ‘learned’ shorter onset latencies and the residual 

plasticity for same-CS savings.  
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CHAPTER 5: 

CONCLUSIONS
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     Eyelid conditioning is an experimentally tractable form of motor learning that 

provides an excellent approach to unraveling the neurological mechanisms 

behind motor control.  The dissertation work presented here better defines the 

nature of the inputs that affect the well-described circuitry known to support delay 

eyelid conditioning.  Years of research on delay eyelid conditioning has led to 

current views that the neural plasticity underlying this form of motor learning 

exists in the cerebellum – specifically the cerebellar cortex and the deep 

cerebellar nucleus.  The process of understanding circuitry of the cerebellum has 

provided us with scientific techniques, tools and experimental approaches that 

we continually build upon.  For instance in the majority of the work presented 

here, we implemented a technique proved to be successful years ago - 

stimulation to mossy fibers of the pontine nucleus serves as a sufficient 

conditioned stimulus (CS) [11, 21, 22, 35].   This provided us with a means to 

better control CS input and in turn, more precisely attribute changes in behavioral 

output to changes in aspects of cerebellar activity.   

     By training animals with stimulation of an electrode placed in the middle 

cerebellar peduncle as the CS, we were able to limit activity from additional 

forebrain-modulated inputs that may occur with the use of a peripheral CS such 

as a tone.  In this manner we were able to minimize potential inputs from other 

brain regions that could confound our interpretations of the results.  The 

alteration in the behavioral output of the cerebellum that we observed indicated a 

need to refine our hypotheses about the mechanisms underlying specific 
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phenomenon – savings and savings of timing.  Implementing these methods 

revealed how other regions of the brain might engage the cerebellum to support 

certain aspects of associative learning.  Knowing that the cerebellum requires 

input from other areas of the brain to allow for flexible changes in learned 

behavior provides opportunities for determining cerebellar-forebrain interactions.  

In concluding the dissertation work presented here, we supply yet another 

building block in understanding how the brain as a network functions as a whole.  

DIFFERENT-CS SAVINGS – A ROLE FOR EXTRACEREBELLAR INPUT 

 
     The first task was to address a conflict in existing literature and better define a 

hypothesis to explain the phenomena of different-CS savings.  The disagreement 

originates with data suggesting that cerebellar nucleus plasticity is stimulus 

specific [69, 84].  This evidence precludes a previously proposed mechanism of 

residual nucleus plasticity thought to mediate savings from explaining different-

CS savings [11, 21, 35, 88].  We were able to resolve this conflict and provide 

support for our hypothesis that savings between two conditioning stimuli is 

mediated by a region outside the cerebellum.  Implementing mossy fiber 

stimulation as a CS and reversible inactivations to the cerebellar nucleus allowed 

us to test for both same- and different-CS savings.  We elicited short latency 

responses by pharmacologically blocking Purkinje cell input to the nucleus and 

determined that nucleus plasticity was specific to the mossy fiber stimulus it had 

been trained to. Therefore changes in behavior were observed in the absence of 
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any additional inputs from other brain regions that could occur when training to a 

tone CS. 

     Precise control of the CS input with the use of mossy fiber stimulation 

precluded different-CS savings and did not alter same-CS savings.  Our data 

suggest same-CS savings is supported by mechanisms within the cerebellum 

while different-CS savings is not.  Because it has been shown that different-CS 

savings requires the cerebellum [92] we hypothesized that an extracerebellar 

input invokes mechanisms within the cerebellum, such as residual plasticity in 

the nucleus, in such a way as to mediate different-CS savings. 

     These data necessitate an expansion of cerebellar hypotheses to include the 

possibility of contributions from other brain regions when considering cerebellar 

function, particularly when learning needs to be flexible.  For our hypotheses 

regarding different-CS savings, we must consider several possible 

extracerebellar brain regions that could support this type of accelerated learning.  

A place to start searching for such input would be projections to the pons.  Our 

theory predicts that a forebrain mossy fiber input facilitates its own plasticity at 

cerebellar nucleus synapses and generalizes between CSs.  Such input would 

arrive through mossy fibers via the pons and develop plasticity simultaneously 

with tone CS inputs.  In a way this input could be seen as a brain region whose 

cellular activity responds to presentation of the CS in such a way as to ‘prime’ the 

cerebellum for future reacquisition. 
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     Working backwards, anatomical projections to the pons would indicate which 

regions of the brain might be involved.  Reversible inactivations of input from 

these regions at the pons during savings tests would reveal their involvement.  

Additionally, recording experiments from candidate brain regions during savings 

paradigms might reveal firing activity that could also support this behavior.  Our 

model predicts that an example of such firing patterns would reflect a 

generalization between the two CSs.  The ability to increase activity in the 

presence of a CS, whether it is new or previously used, would invoke the same 

pathway of input to the cerebellum.  Brain regions that might be involved include 

auditory cortex, hippocampus, or based on recent work in our lab, the medial 

prefrontal cortex (mPFC) [100, 101].  It is because of the recent findings of mPFC 

involvement with trace eyelid conditioning that we investigate the possibility of a 

role for mPFC in different-CS savings.  

PREFRONTAL CORTEX INPUT MEDIATES DIFFERENT-CS SAVINGS 

 
     Previous work involving reversible inactivations of the mPFC demonstrated 

that trace eyelid conditioning expression could not be mediated by the 

cerebellum alone [100, 101].  Consideration of this evidence led us to begin our 

search for an extracerebellar contribution to different-CS savings with a region of 

the mPFC.  We administered electrolytic lesions to substantially damage the 

mPFC in animals and then tested for their ability to express different-CS savings.  

In Chapter 3 we show that severe damage to the mPFC through electrolytic 
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lesions can impair an animal’s ability to show different-CS savings without 

affecting same-CS savings.   

     Interestingly, lesions resulted in a bimodal distribution of the different-CS 

savings behavior – it was abolished in half of the animals and not in the other 

half.  We performed a detailed analysis of the histology in search of a region 

damaged in animals that failed to show different-CS savings and intact in the 

animals that did show savings.  Despite all efforts, no common region(s) could be 

determined.  This difference could be explained by an area adjacent to the focal 

point of the mPFC lesions that is involved with the savings behavior.  If such a 

region exists in some animals the adjacent area may have received enough 

damage to abolish different-CS savings behavior and not in others.  This would 

be difficult to determine from reconstructing the damage because more than one 

damaged region could have a similar effect on an apparently spared region that 

provides the necessary input for different-CS savings.  Additionally, 

compensation from other brain regions may be able to support different-CS 

savings under certain conditions.  The difference in the animals could reflect the 

variability in such a region’s ability to compensate for the mPFC damage. 

     To our surprise most of the animals with mPFC lesions were able to learn to 

trace eyelid conditioning.  This was unexpected, as previous studies eliminated 

trace conditioning acquisition and expression with aspirations and reversible 

inactivations within this region of mPFC [117-119, 100, 124].  A key difference 

between our work and the reversible inactivation study is that we test for the 
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ability of mPFC-lesioned animals to acquire responses while the previous work 

only looked at CR expression.  Additionally, in the current work it is possible that 

such a large lesion prior to any training gives other brain regions an opportunity 

to engage certain compensatory mechanisms for tasks that cannot be recruited 

during the short time-scale of a reversible lesion.  For instance, the hippocampus 

might be able to ‘learn’ the CS/US association in the absence of an intact PFC.  

Additionally, animals had received substantial exposure to the tone CS during 

previous training to the different-CS savings paradigm.  This might also aid brain 

regions in compensating for mPFC in acquiring trace responses.  Regions 

adjacent to damaged mPFC regions might also be engaged with initial learning 

and therefore can accommodate the input to the cerebellum required to support 

trace eyelid conditioning.  

     Three key observations of behavior were observed from the work in Chapter 3 

based on lesion damage to the mPFC.  First, same-CS savings was spared in 

animals with mPFC lesions.  These data provide further evidence for a 

mechanism that exists within the cerebellum that is forebrain-independent.  

Second, different-CS savings was completely impaired in a subset of mPFC-

lesioned animals.  And finally, the ability to acquire trace conditioning was not 

impaired.  

     These last two results share a possible explanation.  The ability of other brain 

regions to compensate for aspects of eyelid conditioning (different-CS savings 

and trace conditioning) in the absence of an intact PFC is possible.  The brain is 
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a network of highly functioning and adaptable neurons.  Even early neuroscience 

research that revealed changes in what neurons encode in the sensory cortex 

following the loss of a limb provides us with an example of what the brain can 

adapt to in the presence of damage. The data presented in this chapter suggest 

that the brain can adapt to learning tasks even in the absence of the region that 

under intact conditions would support it entirely.  However, compensation of 

other brain regions makes it difficult to know with absolute certainty to what 

degree the PFC affects different-CS savings.  As we have shown, another 

drawback with large lesion techniques is determining everything that was 

damaged and to what degree.  It is for these reasons that permanent lesions are 

useful tools in first determining if a region might be involved, but for more specific 

questions other techniques are better suited. 

     We must also consider another possibility that results of previous studies 

might not be accurate – specifically the reversible inactivations of the mPFC and 

neural recording studies.  First, infusion experiments can physically stress an 

organism in such a way as to create behavior that can be mis-interpreted.  They 

might lead to a ‘shut-down’ of behavior in response to an increase in activity of 

other brain regions due to the experimental manipulation.  Additionally, data from 

neural recording studies are largely correlational, which also limits our 

conclusions about the interactions of brain regions.  Taken together, the results 

shown here emphasize that several things need to be considered when 

implementing such techniques. 
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SAVINGS OF TIMING 

 
     One of the characteristics that define delay eyelid conditioned responses as 

learned is the correct timing that results in closure of the eyelid prior to the arrival 

of the unconditioned stimulus.  Research indicates that the cerebellar cortex is 

responsible for the correct timing of conditioned responses.  This timing depends 

on the interstimulus interval (ISI) of the training trial and not simply CS onset.  In 

this set of experiments we again implement mossy fiber stimulation as a CS to 

test the hypothesis that savings of timing is mediated within the cerebellum.  With 

tone CSs this phenomenon is demonstrated during training to a long ISI whose 

responses are timed to a previously trained ISI.  However, with mossy fiber 

stimulation as a CS, savings of timing was not expressed.  Because mossy fiber 

stimulation allows for precise control of CS input, this result suggests that a 

forebrain input to the cerebellum supports savings of timing.  This fails to support 

our hypothesis for a cerebellar mechanism behind this phenomenon. 

     Interestingly, a separate result emerged from the use of mossy fiber 

stimulation while changing the ISI.  In both Chapters 2 and 3 we show savings 

with the same CS is robust even if the CS is mossy fiber stimulation or if the 

mPFC has been lesioned.  However, with mossy fiber stimulation, a change in 

the ISI abolished the same-CS savings behavior.  As previously described and 

supported from our data in Chapters 2 and 3, a proposed mechanism for same-

CS savings is residual plasticity in the nucleus [88].  Because this appeared to be 
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sufficient, we did not expect to see a loss of same-CS savings by simply 

changing the ISI.  Because the behavior was eliminated with a change in ISI, it 

suggests that a form of plasticity is facilitated within the cerebellar cortex during 

original learning and is implemented to support the resumption of correct timing 

in addition to nucleus plasticity required for same-CS savings.  A change in the 

ISI would then require new plasticity to develop in the cortex in order to create a 

pause in Purkinje cell activity at the appropriate time to allow for nucleus cells to 

fire.  This new plasticity would be required regardless if nucleus plasticity was 

present from prior training to the same CS.  There are several synaptic junctions 

where such plasticity could be facilitated.  For instance the mossy fiber to granule 

cell synapse, mossy fiber to Golgi synapses, the granule to Golgi synapses or 

the Golgi to granule synapses.  Plasticity at one or more of these synapses could 

in turn affect the feedforward or feedback inhibitory loops within this network that 

we believe supports the timing of learned behavior in this task.  A mechanism at 

these junctions could account for the plasticity that appears to be required to 

maintain correct timing even with the same CS during savings of timing 

experiments. 

OVERALL CONCLUSIONS 

 
     The work that comprises this dissertation provides insight into overall 

cerebellar function.  With the well-described anatomy and physiology that make 

up the circuit defining delay eyelid conditioning, we show that further aspects of 
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this well-studied behavior actually require activity outside of the characterized 

cerebellum.  Even though decerebrated animals can express delay eyelid 

conditioning, aspects that fully encompass this type of learning – such as savings 

of timing and savings between different CSs - appear to rely on communication 

with other regions of the brain.  This suggests that when the task of delay eyelid 

conditioning is required to be flexible, for instance reacquiring responses or 

learning a new time of when to respond, it needs assistance from the forebrain.  

Specifically for different-CS savings, this region appears to be the mPFC. 

     The work here is just the beginning of understanding cerebellum-forebrain 

interactions.  There is much more to learn about how and when these 

interactions occur and what forebrain regions might be involved.  For instance, 

how does feedback from the behavior seen in the forebrain with conditioned 

responding affect the activity of the forebrain?  We have also shown that within 

the cerebellum there is much more to learn.  Interactions between the cells that 

compose the network within the cerebellar cortex are largely unknown.  

Furthermore how the cerebellar cortex would incorporate forebrain input to 

express savings of timing would also need to be understood.  The work in this 

dissertation provides substantial evidence that for future studies involving delay 

eyelid conditioning, the possibility of forebrain involvement cannot be ruled out. 
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