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Learning and memory are the most important mechanisms by which the environment 
alters our behavior. Learning is the acquisition of knowledge itself, while memory is 
the encoding, storage and retrieval of the learned knowledge. Throughout develop-
ment we learn for example the motor skills necessary to master our environment and 
in addition we learn to adapt them when the environment changes. We learn how 
to interact with other human beings by complex forms of communication and we 
learn how to avoid objects or situations that are harmful. Learning and memory is 
displayed throughout the whole animal kingdom down to the simplest forms of life 
such as that of C. elegans. These nematodes with a nerve system of a few hundred 
cells are already capable of adjusting their behavior based on previous experiences 
(Rankin et al. 1990). When the process of learning and memory itself is studied, sev-
eral questions come up: What are the different types of learning? Do different types 
of learning result in different memory processes? How and where is memory stored? 
How is it retrieved?  
From the neurobiological point of view memory can be categorized as implicit or 
explicit. Implicit memory is a memory that is recalled unconsciously and is mostly 
involved with training of motor and perceptual skills. This type of memory is rath-
er rigid and directly related to the stimulus conditions during the learning period. 
Implicit knowledge is also called non-declarative memory, procedural memory or 
know-how memory; you know how to do a particular task, but you do not have the 
explicit knowledge that would allow you to explain it to a young child trying to learn 
the task.  Explicit memory is involved with factual knowledge of the individualôs 
surrounding (e.g. people, things or places) and can be recalled consciously and delib-
erately. In contrast to implicit memory, explicit memory is much more þexible and is 
usually a result of a combination of bits and pieces of information. In analogy with 
know-how memory, explicit memory (or declarative memory) can be called know-
that memory, because you can put the phrase óóI know thatôô in front of it.  Many tasks 
involve both types of memory but they do seem fundamentally different and often 
display different time courses of acquisition (proceduralization of a complex skill 
takes much longer than learning of a complex piece of knowledge). Further subdivi-
sions of both forms of memory can be made (see ýgure 1.1).
Figure 1.1 Memory taxonomy. 
Explicit memory includes memory 
for facts and events; This type 
of memory requires awareness. 
Implicit memory refers to a 
heterogeneous group of learning 
and memory abilities, which can 
change performance  but without 
awareness of what has been learned. 
The types of memory addressed in 
this thesis are adaptation of the 
vestibulo-ocular reþex, classical 
conditioning of the eyelid reþex 
and classical conditioning of fear. 
These types of learning are all 
dependent of associative processes. 
(Adapted from Squire 1992)
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Explicit memory can be either semantic or episodic. Semantic memory is merely 
a memory for facts (e.g. Matlab is cool). Episodic memory, also called ópersonalô 
memory is memory for experienced events and episodes such as a bike ride this 
morning or a trip to Africa a few years ago. These personal memories can be memo-
ries of more or less extended periods in time. 
Implicit memory comes in different forms and is actually more a group of het-
erogeneous learning phenomena than an actual memory type. The forms are each 
mediated by different brain regions and acquired through different forms of learn-
ing. Four types of implicit learning have been observed; priming, learning of skills 
and habbits, non-associative learning and associative learning.  Priming refers to 
an increased facility for detecting or identifying words or other stimuli as a result 
of their prior presentation. Skills are typically acquired gradually without notice-
able conscious memory of what information has been acquired. Non-associative 
learning occurs when a single stimulus is presented to a subject once or repetitively. 
Two forms can be distinguished: habituation and sensitization. With habituation a 
response to a particular stimulus decreases after repetitive exposure, and with sensi-
tization a subject responds more heavily to a wide variety of stimuli after exposure 
to an intense or noxious stimulus.  Associative learning also comes in two forms: 
operant conditioning; where the subject learns about relations between behavior and 
the results of that behavior and classical conditioning where the relationship between 
two stimuli is learned.
In this thesis I will focus on the associative memory types. Classical conditioning 
will receive the main focus, divided over classical conditioning of the eyelid reþex 
and classically conditioned fear. In addition, adaptation of the vestibulo-ocular reþex 
will be adressed.

1.1 Classical conditioning
Everybody who has a dog knows that you do not have to show food to your dog for 
it to start slobbering. Just the hint that food might be a possible event in the near 
future makes your dog run into the kitchen with a wagging tail, leaving a trail of 
anticipatory dribble. Dogs salivate when they think they are going to eat.  During the 
early 1900ôs, a Russian physiologist by the name of Ivan Pavlov was studying the 
digestive tracks of dogs. Pavlov was interested in the role of saliva in the digestive 
process, and dogs proved to be quite effective subjects for the study of this topic.  
To get his dogs to salivate, Pavlov would present them with food, placing the target 
piece on the canineôs tongue. After working with a particular dog for a few days, 
Pavlov noticed that the dog would salivate before being presented with food.  The 
dogs drooled when Pavlov entered the room. Later they already slobbered at the 
mere sound of his approaching footsteps. What got Pavlovôs attention was the fact 
that salivation is a reþex and the dogs were displaying that reþex in the absence of a 
natural stimulus.  This idea, that a natural reþex could be affected by learning, inter-
ested Pavlov so much that he abandoned his studies of digestion and spent the next 
30 years, the remainder of his career and life, investigating this phenomenon.  
With his classical conditioning, Pavlov (1927) investigated the capacity of animals 
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to learn new stimuli and connect them to natural reþexes; allowing non - natural cues 
to elicit a natural reþex. Pavlov developed categories and terminology to study and 
describe the results of his experiments.  In one set of experiments, Pavlov would ring 
a bell, what he referred to as a neutral stimulus.  The dogs could care less about the 
bell and nothing happened.  Then, after ringing the bell Pavlov would feed his dogs, 
food being the unconditioned stimulus (US).  Initially, the dogs would drool only 
after presenting the unconditioned stimulus (US); salivation representing the uncon-
ditioned response (UR).  But after this paired stimulus procedure was repeated for a 
while, the dogs would start to salivate at the sound of the bell alone.  At this point, 
Pavlov referred to the dogs as being classically conditioned to salivate to the bell.  
Pavlovôs bell now became a conditioned stimulus (CS), because it elicited salivation, 
the conditioned response (CR). 
Pavlov postulated that further research would reveal some focus of convergence of 
sensory inputs with a related output and consequently spent a lot of time searching 
for the physical representation of memory in the nervous system that created the 
association between the conditioned and unconditioned stimuli. Despite the numer-
ous cerebral lesions he made, he did not ýnd a location in the hemispheres that, 
when lesioned, permanently abolished conditioned responses.  Later Lashley (1950) 
popularized with his work on localization of memory the name ñengramò for such a 
theoretical site of memory.
The classical conditioning paradigm has since then been applied to a wide variety of 
different responses, ranging from autonomic responses to ýne motor responses such 
as the eyelid reþex.  This thesis will describe two of the most widely used paradigms  
, i.e. eyeblink conditioning and fear conditioning.

1.2 Eyeblink conditioning 
Gormezano and associates developed in the 1960ôs a robust animal preparation that 
could provide the data needed to elucidate the mechanism behind classical condition-
ing of motor responses and the underlying associative processes (Gormezano 1960).  
In this model a tone is used as a CS and a puff of air aimed at the cornea of a rabbit is 
used as an US. The US always caused a reþexive fast closure of the eyelid (UR) and 
thereby a passive sweep of the nictitating membrane (NMR) over the cornea.  The 
movement of this nictitating membrane was transduced via a small suture and a lever 
system to a torque free potentiometer so as to acquire accurate analog recordings of 
the nictitating membrane position during the trials.  Repetitive presentation of the 
CS, temporally paired with the US resulted in the generation of a CR, a closure of the 
eyelid upon presentation of the CS. With the use of the rabbit eyeblink conditioning 
setup (or similar setups) several researchers started searching for the engram, i.e. at 
least the one responsible for classical conditioning of somatic muscle responses to 
an aversive stimulus.  Two types of conditioning have been used extensively in this 
search. The ýrst type is called delay conditioning, which is the simplest form. In a 
delay paradigm the CS precedes the US in time and both stimuli terminate together. 
Thus, at the moment of US presentation the CS is still active. 
The second type is called trace conditioning and is somewhat more demanding in 
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that it requires the memory of the CS to 
be retained in its absence for associa-
tion with the US. In trace conditioning 
the CS also precedes the US but is 
only presented brieþy, followed by a 
stimulus free interval before the US 
is presented. Association can only be 
made when the CS event is held into 
memory until presentation of the US 
(ýgure 1.2).

1.2a - The search for the engram
Searching for a learning and memory locus in the brain typically involves lesion 
studies. However, when lesions are used as a means to study whether certain brain 
areas are critical for a particular task one has to realize a couple of important is-
sues. Lesions can have no effect, a temporal effect or a permanent effect. If a lesion 
has no effect ideally this would mean that the lesioned structure has no essential 
involvement with the studied behavior. This does not mean that in the normal intact 
brain this structure does not have any function associated with the studied behav-
ior. For instance, the hippocampus contains neurons that show a remarkable CR 
predicting activity during simple delay conditioning (Berger et al. 1976). However, 
when the hippocampus is lesioned no apparent effect on delay conditioning has been 
described (Schmaltz and Theios 1972). If the lesion only has a temporary effect it 
becomes more complicated. After some time the initial loss of function recovers. 
Four mechanisms, not mutually exclusive, have been described to explain recovery 
of function: functional takeover, sparing, reorganization and substitution. The func-
tional takeover hypothesis in accordance with the vicariation theory ýrst stated by  
Munk (1881), postulates that after larger lesions, adaptive reorganization takes place 
in other regions of the same area or in other areas that may not have been originally 
involved in the function mediated by the injured zone. The result is a takeover of the 
lost function by a surviving brain area at the expense of its original function.
The idea of sparing (Lashley 1939) following the diaschesis theory of Monakow 
(1914) states that normal functioning of a particular brain area can be altered due to  
shock (loss of circulation, connectivity) caused by a lesion in an area of the brain 
unrelated to the studied behavior. Recovery of function then occurs when the ef-
fects of shock are reducing, since the area responsible for the studied behavior was 
not damaged. For example Welsh and Harvey (1989) suggested that lesions of the 
cerebellum induce loss of neural and muscle tone and in such a way cause a loss of 
learning effect on classical eyelid conditioning.
Reorganization is actually a group of mechanisms that the brain might employ to 
correct the damage of the lesion. In this idea the structure involved with the studied 

Figure 1.2 Eyeblink conditioning paradigms. In a 
delay paradigm the CS precedes the US and both stimuli 
terminate together. In trace conditioning the CS also 
precedes the US but is only presented brieþy, followed by 
a stimulus free interval before the US is presented.
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behavior was actually damaged by the lesion but repaired by the brain resulting in 
a recovered behavior similar to the original behavior. These mechanisms include 
regeneration, sprouting, supersensitivity, unmasking and adult neural mitosis (see 
Chen et al. 2002; Hall 1989; Kuhn et al. 1996; Liu and Chambers 1958; Rice et al. 
2003; Yarbrough and Phillis 1975).
Substitution is the idea that the original behavior is permanently damaged by the 
lesion but substitution of sensory cues, motor behavior or strategies can stand in for 
the lost function (Xerri et al. 1998).
The mechanisms described above all can result in recovery of function. This means 
that if, after making a lesion, an initial loss of function occurred followed by recov-
ery, it is almost impossible to determine whether the lesion did or did not damage the 
essential brain area for the studied behavior.  When the lesion caused a permanent 
loss of function, it is very tempting to assume that the lesioned brain area was critical 
for the studied behavior. It is, however, still possible that the lesion merely damaged 
passing ýbers or caused some sensory, motor or motivational impairment rather than 
a direct loss of function. Additionally, when recovery of function does not occur one 
could always ask the questions: shouldnôt we just wait longer? Could the behavior 
have been recovered, if only the conditions were better suited to promote recovery?
In short, using lesion studies as inclusion or exclusion criteria for an essential brain 
tissue search is much more prone to false positive and false negative conclusions as 
one might initially think. Deýcits induced by a lesion could be due to either a lack 
of a speciýc function normally supplied by the lesioned structure or a nonspeciýc 
functional change in the remaining system. Accordingly, the existence of normal 
function after a lesion could mean an absence of involvement of the structure in the 
studied behavior or could reþect parallel and redundant organization of the system 
or could simply be a consequence of not monitoring the parameter controlled by the 
lesioned structure.
The search for the engram resulted in experiments to determine the minimal brain 
tissue that was necessary to support a classical conditioned eyeblink reþex. Norman, 
Buchwald and Villablanca (Norman et al. 1977; Norman et al. 1974) made a variety 
of radical lesions in the cat, after which these cats were tested on their ability to learn 
conditioned eyelid responses.  Even after complete severance of the lower brain-
stem via a midcollicular transection, thereby eliminating all brain functions above 
the brainstem, cats still learned simple delay classical conditioning. The learning 
however, could have been the result of a transfer of function so as to compensate 
for the lesion damage by using brain areas that are normally not involved. In 1987 
it was shown  that well trained rabbits showed a retention of classical conditioned 
responses after midbrain decerebration (Mauk and Thompson 1987), thus the re-
maining tissue contained the previously established memory.
Lesions of several brainstem and cerebellar regions have produced severe and per-
manent deýcits in the acquisition and retention of classically conditioned eyeblink 
responses (McCormick et al. 1981; Norman et al. 1977; Welsh 1992; Welsh and 
Harvey 1989). However, the literature on the effects of these lesions and their im-
plications is rather controversial.  The difýculties with lesion studies as mentioned 
above might at least partly explain the large body of conþicting arguments and re-
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sults in the ýeld of classical eyeblink conditioning.
A large advance in the search for the engram was made in the 1980ôs.  Thompson 
and colleagues made large unilateral lesions in the cerebellum and noted that CRôs 
disappeared on the lesioned site without an apparent effect on UR performance (Mc-
Cormick et al. 1981). Later, using very small lesions (Clark et al. 1984; Lavond et 
al. 1985) narrowed the location down to the deep cerebellar nuclei by demonstrating 
that focal lesions in the anterior interposed nucleus permanently abolished the ipsi-
lateral CR, whereas training the unlesioned site resulted in CRôs. UR performance 
on both eyes was similar. Interestingly the signature of the CR that can be recorded 
in the hippocampus was also abolished by the lesion and returned after training the 
unlesioned site.  Lesions of the hippocampus in well-trained animals using a trace 
conditioning paradigm caused the learned eyeblink responses to become mal-adapt-
ed to the interval between the CS and the US (Solomon et al. 1986). This indicated a 
critical role for the hippocampus in trace conditioning. However, lesions of the cer-
ebellum completely abolished trace conditioning (Woodruff-Pak et al. 1985). This, 
combined with the observation that hippoccampal lesions have no effect on simple 
delay conditioning (Schmaltz and Theios 1972), led to the proposition that the basic 
association for classical conditioning occurs at the lower basic levels of the nervous 
system and when the complexity of the task increases, higher brain regions become 
involved (Lavond et al. 1993).
The importance of the cerebellum in classical conditioning  was further strength-
ened by studies demonstrating that lesions in the pathway between the interposed 
nuclei and the motor neurons innervating the eyelid muscle caused deýcits similar 
to lesioning the nuclei itself (Desmond et al. 1983; Rosenýeld and Moore 1983; 
Rosenýeld and Moore 1985).
Meanwhile strong criticism emerged against the hypothesis that the cerebellum is a 
critical structure for classical eyeblink conditioning.  Some scientists reported that 
conditioning was actually possible without a cerebellum. Furthermore, it was argued 
that the effects of lesions on classical conditioning where due to the fact that the le-
sions caused deýcits in motor performance and that the observed learning deýcits 
were secondary to these (Kelly et al. 1990; Norman et al. 1977; Welsh 1992; Welsh 
and Harvey 1989; Welsh and Harvey 1991).  Adding to the controversy is the fact 
that people who believe(d) in the cerebellum being the site of the engram were, and 
still are, hotly  debating whether the engram is located in the deep nuclei, the cer-
ebellar cortex or, divided over both (for review see Yeo 1991; Bloedel and Bracha 
1995; Thompson and Krupa 1994). Despite the controversy, it is safe to assume that 
the cerebellum at least has an important role in the learning mechanisms underlying 
classically conditioned eyelid responses.

1.2b - The cerebellum
The cerebellum takes up only 10% of the total brain volume but contains more neu-
rons than the rest of the brain. The cerebellar cortex contains seven types of neurons 
(i.e. Purkinje cells, granule cells, brush cells, Golgi cells, stellate cells, basket cells 
and Lugaro cells) divided over three layers. The top layer or molecular layer contains 
the stellate/basket inhibitory cells. The bifurcated granule cell axons run parallel 
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to the folia in this layer and are called parallel ýbers. They span a large number of 
Purkinje cell dendrites which are arranged perpendicular to the parallel ýber ori-
entation. The large cell bodies of the Purkinje cells are located in the intermediate 
layer, therefore called the Purkinje cell layer. Purkinje cells provide the sole output 
of the cerebellar cortex and inhibit their target neurons in the deep cerebellar nuclei 
and vestibular nuclei. The granule cell layer contains a vast number of granule cells 
(estimated at 1011) and a few larger Golgi interneurons, Lugaro cells and brush cells. 
See ýgure 1.3 for more details, or see Voogd and Glickstein (1998) for review.
The output of the cerebellar cortex is organized in parasagittal zones (for review see 
Voogd and Glickstein 1998). Purkinje cells of a particular zone project to a particular 
cerebellar or vestibular nucleus. Climbing ýbers of a particular olivary subnucleus 
project to a single Purkinje cell zone or to a pair of zones that share the same target 
nucleus. These target nuclei in turn provide an inhibitory projection to the corre-
sponding olivary cells. Zones that receive peripheral input have been demonstrated 

Figure 1.3 Cerebellar architecture. The sole output of the cerebellar cortex is formed by the Purkinje cells. They 
project to the deep cerebellar nuclei and receive input from two entirely different and distinct sources. The mossy 
ýbers arise from a variety of sources including the pontine nuclei, spinal cord and dorsal column nuclei. They 
terminate on the granule cells, which then give rise to the parallel ýbers innervating the þat, fan-shaped Purkinje 
cell dendritic tree. Each Purkinje cell may have up to 250,000 (in man) parallel ýber synaptic inputs. The climbing 
ýbers arise exclusively from the inferior olive in the medulla. Each adult Purkinje cell has but one climbing ýber 
input, but this single ýber makes multiple synaptic contacts with one Purkinje cell. The mossy ýber inputs drive the 
Purkinje cell to generate simple spikes at high rates. The climbing ýber input is excitatory too, but causes a very 
large complex spike which dominates the Purkinje cell and temporarily silences its simple spike output. brush and 
Lugaro cells are left out for reasons of simplicity. 
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to show a somatotopical climbing ýber microzonation (Andersson and Oscarsson 
1978; Ekerot et al. 1991; Garwicz et al. 1992). The cerebellum consists of discrete 
modules, each having its own connections with the inferior olive. Ekerot and col-
leagues have proposed (see Garwicz et al. 1998) that each microzone, or ensemble 
of microzones with similar climbing ýber receptive ýelds control a set of muscles 
that constitute an elemental output synergy and that the climbing ýbers signal about 
particular aspects of activities of this set of muscles. They demonstrated that the 
organization of corticonuclear and nucleofugal projections of the intermediate cer-
ebellum in cats is compatible with this hypothesis. Such a scheme would also be 
compatible with some hypotheses on the potential roles of the cerebellar circuitry in 
eyeblink conditioning. 
The striking organization of the cerebellar cortex has put forward theories of cerebel-
lar function that implicated the cerebellum as a pattern learning machine that could 
guide the learning of speciýc motor tasks (Albus 1971; Gilbert 1974; Marr 1968).
The general idea of the Marr-Albus hypothesis is that activity in one input system 
(climbing ýbers) alters the responsiveness of the Purkinje cell to activity in the sec-
ond input system (mossy/ parallel ýbers). Because a climbing ýber has a one to 
one relation with a Purkinje cell while the same Purkinje cell receives input from 
thousands of parallel ýbers, this system is suitable for associating a large variety 
of different inputs with a single error event. Feedback information about ongoing 
movement is conveyed to the Purkinje cell via the mossy ýber/parallel ýber system. 
If the movement is incorrect the error will be translated in climbing ýber activity. 
The effectiveness of the active parallel ýber input will then be weakened by the co-
active climbing ýber.  It was only after Ito and Kano (1982) described the process of 
long term depression (LTD) that experimental evidence for the MarrïAlbus theory 
was found.
Thus, the cerebellum is well designed to mediate associatitve learning processes, 
and its architecture has guided modelers and experimentalists to uncover its role in 
learning.

1.2c - Long Term Depression (LTD)
Cerebellar parallel ýber LTD is a long lasting reduction in synaptic efýcacy that 
occurs speciýcally at the parallel ýber- Purkinje cell synapses and can be induced 
by pairing parallel ýber activity with climbing ýber activity (for review see Linden 
and Conner 1995, Ito 2001). The process of LTD can be summarized as follows (see 
ýgure 1.4). Parallel ýber activation leads to activation of both the ionotrophic, Ŭ-ami-
no-3-hydroxy-5-methylisoxazolproprionate (AMPA) receptor and the metabotropic 
glutamate receptor (mGluR1) on the dendritic synapses of Purkinje cells. Climbing 
ýber activation leads to a massive depolarization of the Purkinje cell and a large in-
crease in intracellular free Ca2+. Activation of mGluR1 leads to a G-protein coupled 
activation of phospholipase C (PLC), which produces di-acyl-glycerol (DAG). In 
addition, it converts phosphatidyl-inositol-phosphate (PIP2) into inositol-tri-phos-
phate (IP3). IP3 mediates release of Ca2+ from the intra-cellular Ca2+ stores. Increased 
free Ca2+ together with DAG activates protein kinase C (PKC), which acts on AMPA 
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receptors by phosphorylating a serine residue on the intracellular c-terminal end of 
Glur2/3 subunits. AMPA receptors with phosphorylated serine residues are internal-
ized by a clatherin mediated endocytosis. Thus, LTD causes a reduction in selected 
parallel ýber synapse efýcacy by down-regulating the number of AMPA receptors 
on the postsynaptic membrane. A second pathway is mediated by nitrous oxide (NO) 
(Daniel et al. 1993; Lev-Ram et al. 1995). This pathway cannot be  shown in Pur-
kinje cell cultures (Linden et al. 1995) since NO synthesase is produced by granule 
cels. NO is a short-living gas that through diffusion can inþuence about 4000 syn-
apses in 10 ms. As such, NO has been proposed as a possible candidate for the yet 
unidentiýed mediator  of heterosynaptic LTD (Reynolds and Hartell 2001). NO acts 
on guanylyl-cylase (GC) which in turn converts guanosine-tri-phosphate (GTP) into 
cyclic guanosine-mono-phosphate (cGMP). cGMP then activates PKG which re-
sults in inhibition of protein phosphatases (PP), thereby blocking dephosphorylation 
of AMPA receptors. AMPA receptors are continuously phosphorylated and depho-

Figure 1.4. Simpliýed schematic of parallel ýber LTD. LTD normally requires simultaneous activation of AMPA 
and MGluR1 receptors together with a high intracellular free Ca2+.  The latter is achieved by both the mGluR1 
activation as well as climbing ýber induced depolarization. MGlur1 activation also leads to production of DAG which 
together with high free Ca2+ activates PKC.  The activation of PKC results in phosphorylation and internalization 
of AMPA receptors thereby making the Purkinje cell less excitable through this particular parallel ýber contact. 
AMPA, Ŭ-amino-3-hydroxy-5-methylisoxazolproprionate; cGMP, cyclic guanosine-monophosphate; DAG, di-acyl-
glycerol;  G, G-protein; GC, guanylyl-cyclase; GTP, guanosine-tri-phosphate;  IP3, inosi tol-tri-phosphate; MGlur1, 
metabotrophic glutamate receptor;  PIP2, phosphatidyl-inositol-biphosphate; PKC, protein kinase C; PKG, protein 
kinase G; PLC, phospholipase C; PP protein phosphatase; NO , nitrous oxide.  



General introduction

17

sporylated. LTD shifts the balance towards phosphorylation by activation of PKC 
and PKG. 
In conjunction, the Marr-Albus model, the existence of LTD induction at the parallel 
ýber to Purkinje cell synapse and the impacts of the cerebellar lesions can be merged 
into a model for classical conditioning; in which the CS input is relayed by the mossy 
/ parallel ýber system and the US by the climbing ýber input. Much of the work on 
LTD has been done in vitro, using stimulation protocols that would normally not 
induce classical conditioned responses in intact animals. However, evidence that in 
vivo, LTD at the parallel ýber/ Purkinje cell synapse indeed might be responsible 
for parts of the learning process underlying classical conditioning of the eyelid re-
sponses arose from the work of Schreurs and colleagues who showed that in rabbit 
using both in vivo and slice preparations 1) LTD occurred speciýcally when CS and 
US where temporally paired using natural stimulations that supported classical con-
ditioning in intact animals; 2) membrane bound PKC is upregulated after training in 
vivo; and 3) this LTD induced by natural stimulations could be blocked by blocking 
PKC or intracellular Ca2+ (Freeman et al. 1998; Freeman et al. 1998; Schreurs et al. 
1996). 

1.2d ï pathways
This chapter reviews the pathways involved with the UR and the CR. First, the UR 
pathway will be described. Second, the CR pathway, or at least a summary of the 
most plausible suggestions will be mentioned. 

- The unconditioned response pathway
The unconditioned response (UR) in classical eyeblink conditioning is one of the 
main nociceptive reþexes. The blink reþex was initially described in 1896 by the 
British human physiologist Overend. He described that tapping the forehead skin 
above the eyes with a stethoscope caused ipsilateral eyelid twitching while tapping 
the midline caused bilateral eyelid twitching. In 1901 McCarthy redeýned the reþex 
by noting that tapping the skin overlying the supraorbital nerve with a reþex hammer 
elicits a usually bilateral response of the orbicularis oculi muscles. The underlying 
mechanisms remained uncertain until Kugelberg analysed the blink reþex in 1952 
using electrophysiological techniques. He demonstrated two components in the hu-
man blink reþex. An early response, R1, which is ipsilateral to the stimulation side 
and has a latency of about 10 ms. The second, later response (R2) is bilateral and has 
a latency of about 30 ms. R2 is responsible for the actually closure of  the eyelids in 
primate species. 
The UR circuit has extensively been studied in rabbit (van Ham and Yeo 1996; van 
Ham and Yeo 1996), guinea pig (Pellegrini et al. 1995), cat (Holstege et al. 1986; 
Holstege et al. 1986) and rat (Morcuende et al. 2002) but not in mice. The neuroana-
tomical circuitries that have been proposed to underly the R2 component may vary 
among species, i.e. the circuitry proposed for cats differs from that proposed for rab-
bits and guinea pigs. However, they are not mutually exclusive. Figure 1.5 shows the 
circuitry as has been described for rabbit. Neurons receiving periocular and corneal 
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primary afferent input are located in the principal trigeminal nucleus (Vp), spinal 
trigeminal nucleus (Vs) and rostral levels of the cervical spinal cord (C) (van Ham 
and Yeo 1996). The R1 component is mediated by a di-synaptic pathway involving 
neurons in the trigeminal nucleus (principal Vp and spinal Vs) and the intermediate 
sub-area of the facial (VII) nucleus. The intermediate sub-area of VII contains the 
motoneurons innervating the musculus orbicularis oculi (MOO) which is a circular 
muscle around the eyes and responsible for eyelid closure. Blink related neurons lo-
cated in the paratrigeminal reticular formation (RET) extensively project in a similar 
way as neurons in Vp. Therefore the existence of a rostral trigeminal blink area is 
suggested involving Vp, RET and Vs-pars oralis (not shown, for full description see 
van Ham and Yeo 1996)  

The eyeblink does not only result from excitation of the MOO muscle. In addition, an 
inhibition of the antagonistic levator palpebrae muscle (i.e. the muscle that elevates 
the upper eyelid) is needed as well as activation of the accessory abducens nucleus 
(VIacc), responsible for retraction of the eyeball into the orbit. Motoneurons control-
ling the levator palpebrae muscle are located in the caudal contralateral oculomotor 
nucleus (LPIII). Inhibition of LPIII neurons is achieved by either activating local 
inhibitory interneurons or by separate inhibitory neurons in the trigeminal nucleus 
(van Ham and Yeo 1996). Neurons in Vp ,Vs-pars oralis and RET are thought to 
provide monosynaptic connectivity to motoneurons in VII, VIacc as well as LPIII. 
Neurons in Vs provide connectivity to neurons in Vp and RET but also directly to 
motoneurons in VII. Interestingly these projections to VII are not restricted to the 
intermediate sub-area but included other facial sub-areas, thereby subserving other 

Figure 1.5 Unconditioned response pathway as described for rabbit (simpliýed and adapted from van Ham and 
Yeo 1996). Neurons receiving periocular and corneal primary afferent input are located in the principal trigeminal 
nucleus (Vp), spinal trigeminal nucleus (Vs) and rostral levels of the cervical spinal cord (C). R1 is disynaptic via 
Vp or Vs and blink motoneurons. Primary afferent receiving neurons in Vp activate motoneurons in the intermediate 
sub-area of VII and VIacc, but inhibit those in LPIII. The afferent receiving neurons in Vs project only to VII and 
are not restricted to the intermediate sub-area but include other facial sub-areas, thereby subserving other facial 
musculature. R2 is suggested to be mediated by interconnectivity between various parts in the trigeminal nucleus 
and rostral areas of the cervical cord.
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facial musculature. In addition, these projections do not collateralize to VIacc. The 
primary afferents receiving neurons located in the rostral levels of the spinal cord do 
not project directly to motoneurons, but they exert their effects via neurons in Vs and 
Vp thereby creating polysynaptic pathways, that may mediate the R2 component.
Based on a number of anatomical studies, Holstege and colleagues have suggested 
a more complex R2 pathway in the cat (ýgure 1.6; for full description see Holstege 
et al. 1986). This pathway contains two areas, one in the medulla oblongata and one 
in the pons that provide strong projections to the intermediate sub-area of VII. These 
areas are called the medullary and pontine blink premotor areas (Holstege et al. 1986; 
Holstege et al. 1986). These areas do not receive a direct input from the trigeminal 
nucleus and therefore cannot contribute to the disynaptic R1 component of the blink 
reþex. According to Shahani and Young (1968), the R2 component is responsible for 
actual closure of the eyelids (humans). Since a robust input to the blink motoneurons 
is necessary for such a performance, the pontine and medullary blink premotor areas 
are putative sources for this input (Holstege et al. 1986). Projections to these premo-
tor areas involving the red nucleus and superior colliculus are depicted.

In addition, areas projecting to the MOO motoneurons but not to VIacc motoneurons 
have been found at all levels of the bulbar lateral tegmental ýeld. They probably re-
lay input from somatic and emotional motor systems to muscles around the eye. 
The essential blink circuit is probably the same across mammalian species, but may 
be differently utilized. In rodents the R1 component contributes substantially to 
eyelid closure (Pellegrini et al. 1995). This difference between higher and lower 
mammals might be due to a stronger synaptic weighting of R1 circuitry. As in the 
cat it has been shown in rat that speciýc areas of medullary, pontine and mesence-
phalic reticular formations project onto MOO motoneurons. These projections were 

Figure 1.6 R2 circuitry proposed for cat, (by Holstege et al. 1986). Most of the sites and projections have been 
described or suggested in rabbit and rat as well. These pathways are superimposed on the R1 circuitry (not shown 
for simplicity).
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frequently monosynaptic and larger in number than those from the trigeminal nuclei. 
Some of those pathways may be involved in the genesis of premotor signals related 
to the expression of internal emotional states, because limbic structures project to 
these areas through the central amygdala and hypothalamus (Holstege et al. 1986).  
Finally, rats display a strong monosynaptic input from auditory pathways to blink 
motoneurons which may explain the much more noticeable eyelid component in the 
auditory startle response in these animals. (Morcuende et al. 2002),

- The conditioned response pathway 
It is generally agreed that the cerebellum has at least an important role in classical 
conditioning of the eyelid response (see ýgure 1.7). Besides the lesion studies this 
notion is not only supported by lesion studies, but also by electrical stimulation stud-
ies and electrophysiological recording. Microstimulation experiments of the inferior 
olive have  shown that the olivary climbing ýbers can mediate the US, while the neu-
rons in the pontine nuclei can well function as the CS (Mauk et al. 1986; Steinmetz 
et al. 1986; Steinmetz et al. 1989). Trained animals show CRôs when the brachium 
pontis (BP, the bundle of mossy ýbers entering the cerebellum) is stimulated, even 
when all ýbers passing through the BP are lesioned before the stimulation site (Hes-
slow et al. 1999; Svensson et al. 1997). 
The parts of the inferior olive that receive US related input from Vp and Vs are the 
medial portion of the dorsal accessory olive (mDAO) and the ventral leaf of the prin-
cipal olive (Van Ham and Yeo 1992). Which cerebellar cortical areas are involved in 
classical conditioning of the eyelid response and to what extent the cerebellar cortex 
is responsible for CR expression is still under debate. The question remains to what 
extent plasticity in the cerebellar cortex and/or plasticity in the deep cerebellar nuclei 
(i.e. anterior interposed nucleus, AIN) are critical for classical conditioning of the 
eyelid response (Attwell et al. 2002; Yeo 1991; Lavond 2002; Lavond and Steinmetz 
1989; Mauk and Donegan 1997; Medina et al. 2000; Medina et al. 2002). 
Conditioned eyelid responses not only need to be acquired, to be effective they also 
need to peak at the right moment (i.e. just before the US would arrive). Different 
theories as to how this learning dependent timing comes about have been proposed. 
Learned timing could occur in the cerebellar cortex and/or in regions that project to 
the cerebellum via mossy ýber CS inputs. Moore and colleagues (Blazis and Moore 
1991; Desmond and Moore 1991; Moore et al. 1989; Moore et al. 1986) have sug-
gested that response timing may be mediated by mechanisms in the brainstem that 
lead to the timed activation of different mossy ýbers at different times during the 
CS. This temporal code could he conveyed to the cerebellum where appropriate syn-
apses are altered to obtain appropriately timed conditioned responses. Under certain 
conditions lesions of the hippocampus can alter the timing of conditioned responses 
(Orr and Berger 1985; Port et al. 1986), suggesting that the hippocampus can pro-
vide appropriately timed input to the cerebellum. Further, hippocampal pyramidal 
cells develop conditioned increases in activity that parallel the amplitude and time 
course of the learned behavioral responses (Berger et al. 1976; Mauk et al. 1982). 
These data have promoted suggestions that the hippocampus forms a ñneural modelò 
of the conditioned response and suggest the possibility that hippocampal-cerebellar 
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interactions of some sort could inþuence the timing of conditioned responses. How-
ever, strong evidence has been presented that argues against this hypothesis. First, 
tonic activation of mossy ýbers using electrical pontine stimulation as the CS results 
in normal response timing (Steinmetz et al. 1989; Svensson et al. 1997). Since this 
mossy ýber stimulation activates a fairly constant subset of mossy ýbers throughout 
the duration of the CS, this normal timing occurs in the absence of the temporally 
coded mossy ýber inputs postulated by Moore and colleagues. Second, since mossy 
ýbers send collaterals to cerebellar nuclei (Matsushita and Ikeda 1976; McCrea et al. 

Figure 1.7 Conditioned response pathway. Information about the US is conveyed to the cerebellum via the 
trigeminal nucleus, the inferior olive and its climbing ýber system. Information about the auditory CS is transported 
to the cerebellum via the cochlear nucleus, pontine nuclei and the mossy ýber system. Plastic processes at sites 
of convergence (i.e. cerebellar nuclei, Purkinje cell) are hypothesized to underlie various aspects of the learned 
response. The inhibitory pathway from the deep nucleus back to the inferior olive has been claimed to mediate 
behavioral extinction (Kitazawa 2002; Medina et al. 2002) .
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1977; Steinmetz and Sengelaub 1992), it seems likely that timing information would 
be conveyed there also. This is inconsistent with short-latency (i.e. ill timed) re-
sponses observed following cerebellar cortex lesions (Perrett et al. 1993). Together, 
these observations provide support for the hypothesis that the temporal discrimina-
tion involved in learned timing of conditioned responses is mediated by mechanisms 
within the cerebellum. Within the cerebellum two possible sites of where learned 
timing could develop have been proposed. Based on permanent and temporal lesion 
studies as well as electrophysiological recordings Yeo and colleagues argued that 
all aspects of conditioned responses are learned through plasticity in speciýc mul-
tiple cerebellar cortical areas (Attwell, 2002). In contrast, Lavond and colleagues 
(2002) argued that learning in the interposed nuclei can account for all the observed 
results of experiments on conditioning using lesions, recordings, stimulation and 
pharmacology. The more distributed explanation from the group of Mauk, based 
on experimental evidence and computer modeling (Medina et al. 2000) states that 
the capacity for temporally speciýc learning appears to be a speciýc property of the 
cerebellar cortex. In their view proper response timing would be the result of three 
interacting factors. 1) Connectivity in the cerebellar cortex produces variations in 
the different subsets of active granule cells during CS presentation; 2) parallel ýber 
ï Purkinje cell synapses active around the moment of the climbing ýber activation 
will be depressed by LTD, eventually leading to a decrease in Purkinje cell activity 
and disinhibition of the cerebellar nuclear cell; and 3) Active parallel ýber ï Purkinje 
cell synapses during other moments of CS presentation will be enhanced via LTP, 
thereby leading to an increase in Purkinje cell activity and a stronger inhibition of 
the cerebellar nuclear cells. Together these three phenomena would be responsible 
for the response shape of the conditioned response. 
The acquisition and growth of the CR during the training time then would be the 
result of additional plasticity in the interposed nuclei, induced by the timed disinhibi-
tion through the Purkinje cells.
Thus, the CR pathway supports a prominent role of parallel ýber LTD but at the 
same time it also permits multiple other plastic processes to be involved in eyeblink 
conditioning.

 

1.3 Fear conditioning
Fear is a complex emotion, but can be objectively measured in the laboratory using 
classical conditioning procedures in which a conditioned stimulus such as a tone is 
paired with an aversive stimulus, such as a footshock. Only a very small number of 
pairings (depending on US strength) is needed to elicit a constellation of behavior 
that is typically used to deýne a state of fear in animals. This includes a change in 
heart rate, blood pressure increase, vocalization, cessation of ongoing behavior and 
hyper-responsiveness to sensory stimuli (see ýg 1.8). In a laboratory setup the most 
frequently used measures of fear are freezing behavior as well as the acoustic startle 
response.



General introduction

23

1.3a - behavioral freezing
In rodents freezing behavior, which is a sudden arrest of all ongoing movement 
(except breathing) after exposure to fearfull event, is a frequently used measure to 
study and compare states of fear. Typically the animal is observed for a ýxed period 
of time and behavior is scored. The state of fear is then determined as a ratio between 
the time the animal was freezing and the time the animal was not freezing. Since fear 
inþuences the acoustic startle response (think about the effect that watching a scary 
movie has on your reactivity to sudden sounds) this phenomenon has also been fre-
quently used as a measure to study fear, usually in larger animals and humans.

1.3b - The acoustic startle response
The startle response is a rapid contraction of facial and skeletal muscles evoked by 
sudden intense acoustic, tactile or vestibular stimuli. It is the most extensive of all 
reþexes and can be easily observed across many mammalian species, including man. 
The startle response pattern consist of eyelid closure and a contraction of facial, neck 
and skeletal muscles, as well as an arrest of ongoing behaviors and an acceleration 
of the heart rate. The response pattern is suggestive of a protective function of startle 
against injury and of preparation for þight or ýght. The startle response can be modu-
lated by emotional states and is therefore frequently used as a tool to study a variety 
of aspects of emotions and emotional disorders (Davis et al. 1997; Koch 1999). The 
startle response can also be modiýed by many different forms of learning; as such 
it provides a meaningful tool to study cellular and molecular mechanisms of learn-

Figure 1.8 The fear response. Uncondi-
tioned and conditioned aversive stimuli 
proceed from sense receptors to sensory 
cortex and/or sensory thalamus (see 
LeDoux 1992). The lateral nucleus of 
the amygdala receives input signals from 
the thalamus, transmitting them to the 
amygdalaôs central nucleus. There are 
three important connections efferent to the 
amygdala: a) a projection from the central 
amygdala to the lateral hypothalamic area 
that mediates the autonomic emotional 
response; b) projections to the midbrain 
central gray region, which mediates 
coping behaviors (see Keay and Bandler 
2001); and c) a direct projection to the 
nucleus reticularis pontis caudalis, which 
modulates the startle circuit (adapted from 
Lang et al. 1998).
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ing and plasticity in mammals (Davis et al. 1993; Lang et al. 1998). The neuronal 
structures underlying the startle response to acoustic stimuli have been studied in-
tensively and include the cochlear root nucleus, the caudal pontine reticular nucleus 
and the output motoneurons located in the spinal cord and the facial nucleus (ýgure 
1.9; see Koch, 1999 for review). The central sensorimotor interface of the startle is 
located in the pontine caudal reticular formation (PnC), which contains giant neu-
rons that receive multimodal sensory input and project directly to facial, cranial and 
spinal motoneurons.  Electrophysiological recording and stimulation experiments 
have shown that for facial components of startle, the gigantocellular nucleus of the 
medullary reticular formation also plays a role (Pellet 1990). 

Extracellular and intracellular single unit recordings from the rat PnC in vivo dur-
ing acoustic stimulation revealed short latency excitatory post synaptic potentials 
(EPSP) of 2.6 msec and spike latency of 4.4 msec, which ýt well with the short la-
tency of the acoustic startle response (8-10 msec) (Ebert and Koch 1992; Lingenhohl 
and Friauf 1992; Lingenhohl and Friauf 1994). The PnC giant neurons appear to 
have a relatively low ýring threshold and a capacity to temporally integrate various 
synaptic inputs. The EPSP amplitude of PnC neurons after acoustic stimulation is 
enhanced after electrical amygdala stimulation and reduced by a prepulse (short low 
amplitude acoustic stimulation < 50ms prior to the loud acoustic stimulus) or by in-

Figure 1.9 basic simpliýed circuitry of the auditory startle response. The black arrows show the fastest probable  
route of transmission of acoustic information to the blink motor output. The startle blink is an early component of 
the general startle response. The grey arrows show projections proposed to be involved in the startle response. These 
correlate with the multiple peaked excitatory post synaptic potentials (EPSP) recordings with constant latencies in 
the caudal pontine reticular nucleus.
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creasing the amplitude rise time of the acoustic stimulus. Interestingly, intracellular 
recordings have demonstrated that EPSPôs from PnC neurons show multiple peaks 
that occur at constant latencies. This is suggestive of excitatory input to the PnC with 
different latencies from multiple afferent systems. Various auditory inputs to the PnC 
from the dorsal and ventral cochlear nucleus as well as the lateral superior olive and 
cochlear root nucleus have been revealed with the use of tracing studies. In addition, 
inputs from various other nuclei of the reticular formation have been described (for 
review see Koch 1998).

1.3c - contextual and cued fear conditioning
As mentioned above fear can be classically conditioned. In a typical fear condition-
ing experiment, a rat or mouse is placed into an apparatus and receives pairings of a 
phasic auditory cue and electrical shock to its feet. Subsequently, when the auditory-
cue conditioned stimulus is presented, the rodent will display a natural defensive 
response termed freezing, i.e. it becomes immobile.  In addition to displaying condi-
tioned freezing to the auditory cue (cued fear conditioning), the rodent also displays 
freezing to the situation or place in which the shock occurred. This phenomenon 
is usually referred to as contextual fear conditioning.  Fear conditioned responses 
generally manifest themselves much more quickly than classically conditioned eye-
lid responses. After just 1 pairing of the CS with the US fear conditioned responses 
can have a profound magnitude, with retention of more than 2 weeks.  Generally, 
cued fear conditioning seems critically dependent on the amygdala, while contextual 
fear conditioning additionally involves the hippocampus (for review see Medina et 
al. 2002; Phillips and LeDoux 1992). Lesions of the amygdala interfere with the 
conditioning of fear responses to both the cue and the context, whereas lesions of 
the hippocampus interfere with conditioning to the context but not to the cue. The 
amygdala seems involved in the conditioning of fear responses to simple, modal-
ity-speciýc conditioned stimuli as well as to complex, polymodal stimuli, while the 
hippocampus appears to be only involved in fear conditioning situations involving 
complex, polymodal events. These ýndings suggest a speciýc associative role for the 
amygdala and a sensory relay role for the hippocampus in fear conditioning.
The difference between cue-explicit fear and a more generalized fear of the context 
in which shock occurs (e.g., the experimental chamber) is very interesting. A further 
distinction between cue-explicit and more generalized fear has been made by Mi-
chael Davis and colleagues. He demonstrated that potentiated startle that normally 
occurs in the presence of fear cues is eliminated by lesions of the central nucleus of 
the amygdala. Potentiated startle is also observed when rodents are placed in a natu-
rally species-speciýc dangerous environment such as a brightly lit cage, analogous 
to humans placed in a total dark environment (Davis et al. 1997). In contrast to fear 
conditioning, where an initial harmless context or cue is associated with fear only af-
ter exposure to a fearfull event, this potentiaton effect is not dependent on training.  
In addition when corticotropin-releasing hormone (CRH) is injected into the cerebral 
ventricles of the rat, it induces a generalized state of arousal, resembling anxiety 
(Swerdlow et al. 1986). Unlike conditioned fear, however, CRH potentiated startle is 
not eliminated by lesions of the amygdalaôs central nucleus. Instead, this anxietylike, 
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CRH-driven potentiated startle appears to depend on a different structure, the bed 
nucleus of the stria terminalis (Lee and Davis 1997). This same bed nucleus (and not 
the amygdalaôs central nucleus) is also critical to potentiated startle occurring when 
rats are exposed to a brightly lit experimental chamber (Walker and Davis 1997). In 
short, the neurophysiological circuit for unconditioned anxietylike reactions appears 
to involve a different pathway from that engaged by explicit, conditioned fear cues.

1.3d - CS pathways
The pathways through which CS inputs reach the amygdala have been studied exten-
sively in recent years. Much of the work has been focused on the auditory modality, 
which will be described brieþy. The amygdala is a complex structure, consisting of 
about 12 subnuclei, each with different inputs and outputs and each with different 
functions. Although a number of different schemes have been used to label amygdala 
areas the scheme for the rat brain suggested by Pitkanen et al (1997) is followed 
here. The areas of most relevance to fear conditioning are the lateral, basal, acces-
sory basal and central nuclei as well as the connections between these nuclei (Figure 
1.10). The connections between the nuclei are indicated. However, it is important to 
note that connections are organized on a subnuclear level within each nuclear region. 
The main input from the sensory cortex and sensory thalamus terminate in the lateral 
nucleus; and the basal and accessory basal nuclei receive a strong projection from 
the ventral hippocampus (CA1 and subiculum).

Auditory CS information reaches the lateral nucleus of the amygdala through con-
nections from auditory processing areas in both the thalamus (medial geniculate 
body) and the auditory cortex (LeDoux et al. 1990; Mascagni et al. 1993)(ýgure 
1.11). Of these two projections the direct projection from the thalamus is probably 
the more important one. The exact conditions under which the cortical projection is 
required are not known, probably they come into play when more complex auditory 
cues are used (Jarrell et al. 1987). Further evidence for the involvement of the lateral 
amygdala is given by the demonstration that damage to the lateral amygdala indeed 
interferes with auditory fear conditioning (Campeau and Davis 1995). As mentioned 

Figure 1.10. Intra-amygdalar 
connections involved with 
fear conditioning. The areas 
of most relevance to fear 
conditioning are the lateral 
(La), basal (B), accessory basal 
(AB),  central nuclei (C) and 
the connections between these 
nuclei. The lateral nucleus 
projects to the central, the basal 
and acessory basal nucleus. 
The basal and accessory basal 
nucleus both project to the 
central nucleus as well. Lateral, 
basal and accessory basal 
nucleus are frequently also 
termed basolateral complex or 
basolateral amygdala.
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above, rodents also show conditioned fear after reexposure to the context where the 
unconditioned fear evoking stimulus was presented. Besides the amygdala, the hip-
pocampus is also critically involved in this contextual fear conditioning (Phillips and 
LeDoux 1992). Ventral hippocampal areas, more speciýcally the CA1 and subiculum 
regions project to the basal and acessory basal nucleus of the amygdala (Canteras 
and Swanson 1992; van Groen and Wyss 1990). Damage to these areas in both the 
amygdala and the hippocampus is known to interfere with contextual conditioning 
(Maren and Fanselow 1995; Bannerman et al. 2003; Richmond et al. 1999). Figure 
1.11 sumarizes the auditory CS and contextual CS pathways into the amygdala as 
well as the US pathways

1.3e - US pathways
If the amygdala is the learning site for classical fear conditioning then there must 
be a convergence of CS and US information. Since the lateral nucleus seems to be 
the important target area for acoustic CS input, this would be the most obvious site 
where such a convergence and plasticity could exsist.
The thalamic posterior intralaminar nuclei receive somatic pain inputs from the spi-
nal cord (Cliffer et al. 1991; Ledoux et al. 1987) and in turn project to the amygdala, 
particularly the basolateral amygdaloid nucleus (Ledoux et al. 1987; Yasui et al. 
1991). Electrical stimulation of this area is an effective unconditioned stimulus for 
fear conditioning similar to foot shock (Cruikshank et al., 1992). Thus, this thala-
mo-amygdaloid pathway may serve as a US pathway during emotional learning. 
However, lesions in this thalamic region did not prevent fear conditioning to a foot-
shock US (Campeau and Davis 1995). Therefore parallel US pathways have been 

Figure 1.11 Contextual and cued fear conditioning circuitry. Conditioning to a tone (CS) involves projections from 
the auditory system to the lateral nucleus of the amygdala (La) and from La to the central nucleus of the amygdala 
(C, black arrows). For simplicity, single US pathways are depicted (dashed arrows). The US is transmitted to the 
thalamus via the spinothalamic tract and conveyed to La, B and probably AB. In contrast to tone CS, conditioning 
to the apparatus and other contextual cues present when the CS and US are paired involves the representation of 
the context by the hippocampus and the communication between the hippocampus and the basal (B) and accessory 
basal (AB) nuclei of the amygdala, which in turn project to C (grey arrows). As for tone conditioning, C controls 
the expression of the responses. 
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suggested, probably involving the parietal insular cortex (see Shi and Davis 1999). 
Furthermore, cells in the amygdaloid lateral nucleus are responsive to nociceptive 
stimulation, and some of the same cells respond to auditory inputs as well (Roman-
ski et al 1993). Thus, the substrate for conditioning (convergence of CS and US 
information) exists in the lateral nucleus, and as shown below, conditioning induces 
plasticity in CS-elicited responses in this area. Cortical areas that process somato-
sensory stimuli, including nociceptive stimuli, project to the lateral and some other 
amygdala nuclei (see McDonald 1998). Parallel to the CS inputs, there is evidence 
that conditioning can be mediated by US inputs to the amygdala from either tha-
lamic or cortical areas (Shi and Davis 1999). Although the basal and accessory basal 
nuclei of the amygdala do not receive direct CS inputs from auditory systems, they 
do receive inputs from the hippocampus (Canteras and Swanson 1992). The hippo-
campus, as described above, is necessary for forming a representation of the context, 
and these contextual representations, transmitted from the hippocampus to the basal 
and accessory basal nuclei, may be modiýed by the US inputs to these regions. The 
central nucleus of the amygdala receives nociceptive inputs from the parabrachial 
area (Bernard and Besson 1990) and directly from the spinal cord (Bernard and 
Besson 1990). Although the central nucleus does not receive inputs from sensory 
areas processing acoustic CSs, it is a direct recipient of inputs from the lateral, basal 
and accessory basal nuclei. US inputs to the amygdaloid central nucleus could be 
involved in higher-order integration. For example, associative responses created by 
CS-US convergence in the lateral or context-US convergence in the basal and /or ac-
cessory basal nucleus, after transfer to the central nucleus, might converge with and 
be further modiýed by nociceptive inputs to the central nucleus. 
Finally, with respect to the intra-amygdalar pathways (see ýgure 1.10) it is important 
to note that the direct pathway from the lateral to the central nucleus is the most im-
portant for the transmission of tone CS information. Evidence for this is given by the 
demonstration that lesions of the basal and accessory basal nucleus do not interfere 
with tone CS fear conditioning (Nader et al. 2001). Thus, the basolateral amygdala 
is well equipped for mediating the plasticity underlying contextual and cued fear 
conditioning. 

1.3f - plasticity related to fear conditioning
Plasticity related to fear has been studied using three methods, i.e. single unit record-
ings, induction of long term potentiation (LTP) and blockage of LTP. Some cells in 
the lateral amygdaloid nucleus are responsive to both CS and US inputs; In addition 
CS induced responses in these cells can be modiýed after pairing with the US (Quirk 
et al. 1997; Quirk et al. 1995). CS-US related plasticity has also been observed in 
other areas such as the thalamus, auditory cortex and central nucleus, but induction 
of plasticity in these areas all needed more training trials and had longer response 
latencies than observed in the lateral amygdala (Pascoe and Kapp 1985; Quirk et al. 
1997; Weinberger et al. 1995). LTP is a physiological procedure pioneered in studies 
of the hippocampus (Bliss and Lomo 1973) and is believed to engage the cellular 
mechanisms similar to those that underlie natural learning (see Bliss and Collin
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gridge 1993). The most extensively studied form of LTP occurs in the CA1 region 
of the hippocampus and involves the interaction between presynaptic glutamate and 
two classes of postsynaptic receptors. First, glutamate binds to AMPA receptors and 
depolarizes the postsynaptic cell. The depolarization allows glutamate to bind to the 
N-methyl-D-aspartate (NMDA) class of receptors. Calcium then þows into the cell 
through the NMDA channel and triggers a host of intracellular events that ultimately 
result in gene induction and synthesis of new proteins (Kandel 1997). These then 
help to stabilize the changes over long periods of time.
There have been a number of studies of LTP in the amygdala, mostly involving in 
vitro brain slices and pathways carrying information from the cortex to the lateral 
and basal nuclei (Chapman and Bellavance 1992; Huang and Kandel 1998). These 
studies have led to mixed results regarding the possible role of NMDA receptors in 
cortico-amygdala LTP, with some studies ýnding effects (Huang and Kandel 1998) 
and some not (Chapman and Bellavance 1992). LTP has also been studied in vivo 
in the thalamo-amygdala pathway using recordings of extracellular ýeld potentials 
(Clugnet and LeDoux 1990; Rogan et al. 1997). These studies show that LTP occurs 
in fear processing pathways, that the processing of natural stimuli similar to those 
used as a CS in conditioning studies is facilitated following LTP induction, and that 
fear conditioning and LTP induction produce similar changes in the processing of 
CS-like stimuli. Although exploration of mechanisms is difýcult in these in vivo 
studies, they nevertheless provide some of the strongest evidence to date in any brain 
system of a relation between natural learning and LTP (Barnes 1995; Eichenbaum 
1995; Stevens, 1998). LTP has been found in vivo in the hippocampal-amygdala 
pathway, which is believed to be involved in context conditioning (Maren and Fan-
selow 1995). 
The fact that blockade of NMDA receptors with the drug D,L-2-amino-5-phospho-
novaerate (APV) prevents hippocampal LTP from occurring inspired researchers to 
attempt to prevent fear conditioning by infusion of APV into the amygdala. Initial 
studies were promising (Miserendino et al. 1990). NMDA receptors seemed to be 
involved in the plasticity underlying learning and not in the transmission of signals 
through the amygdala. However, subsequently both in vivo (Maren et al. 1996) and 
in vitro (Weisskopf and LeDoux 1999) studies have suggested that NMDA receptors 
also make signiýcant contributions to synaptic transmission in pathways that pro-
vide inputs to the amygdala. Furthermore, several studies have found that blockade 
of NMDA receptors affects both the acquisition and the expression of fear learning 
(Lee and Kim 1998; Maren et al. 1996), which is more consistent with the transmis-
sion rather than the plasticity hypothesis, but others have conýrmed that acquisition 
could be affected independently from expression (Gewirtz and Davis 1997). The 
contribution of NMDA receptors to fear conditioning and its underlying plasticity, as 
opposed to synaptic transmission in amygdala circuits, remains unresolved. 
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1.4 Scope of this thesis
The enormous amount of literature and decades of hot debate among research groups 
does not seem to ýt the much advertized simplicity of both the classical conditioning 
procedure and the circuitry involved. However, it is becoming increasingly clear that 
the simplicity of the cerebellar circuitry should not be overestimated. 
Recently, Ekerot and colleagues have demonstrated that parallel ýber receptive 
ýelds of cerebellar cortical interneurons can be adaptively modiýed through parallel 
ýber ï climbing ýber conjunctive stimulation (Ekerot and Jorntell, 2003; Jorntell and 
Ekerot 2003). In addition, in vitro studies have demonstrated long-term plasticity at 
multiple sites in both the cerebellar cortex and deep cerebellar nucleus (see Hansel 
et al. 2001 for review). Plasticity has been described for parallel ýber, interneuron 
and climbing ýber synapses. LTD and its reverse, long term potentiation (LTP) have 
been shown in the Purkinje cell to nuclear cell synapse and additionally, cerebel-
lar granular cells and nuclear cells exhibit activity dependent changes in intrinsic 
excitability that are non-synaptic. The totally plastic cerebellar circuit is becoming 
more and more likely. Attempts to solve the questions regarding if, when and how 
the cerebellum contributes to classical eyeblink conditioning in the normal behaving 
animal with techniques that involves mechanical lesions (including cooling and lo-
cal infusion/injections of chemicals) will very likely be unsuccesful in such a plastic 
circuit. In order to truly understand what is happening with the cerebellum during 
classical conditioning the lesioning technique should be advanced to the molecular 
level. Genetic techniques nowadays make it possible to genetically alter single pro-
teins. Such a genetic approach, combined with electrophysiology and behavioral 
experiments might give further insights into cerebellar functioning in associative 
motor learning.
This thesis primarily attempts to solve some long standing issues regarding classical 
eyelid conditioning. More speciýcally, what is the speciýc role of cerebellar LTD in 
classical eyeblink conditioning, and how does the answer change the view on cer-
ebellar functioning on associative motor learning? The approach used in this thesis 
is a combination of the above mentioned genetic approach with classical condition-
ing experiments. The genetic techniques are by far best possible in mice because 
of their fast breeding and the availability of genetically well characterized inbred 
strains. Often gene function is tested by creating transgenic or knockout mice. In 
transgenic mice, artiýcial DNA is introduced in the genome of a mouse, which will 
lead to expression of the transgene in the animal. In knockout mice a targeted gene 
is completely deleted from the genome. The protein that was coded by this gene will 
no longer be expressed. When working with genetically manipulated mice potential 
problems might occur, not unlike those discussed above for lesion experiments. It is 
clear that behavior of a null mutant or transgenic animal is not only inþuenced by the 
altered or deleted gene but probably also by a number of secondary or compensating 
developmental or physiological changes. Therefore when a null mutant or transgenic 
animal has a behavioral phenotype, this does not necessarily mean that the changed 
behavior is indicative for the normal functioning of the altered or deleted gene. 
Fortunately, it is possible by using tissue speciýc enhancers (DNA sequences that 
promote gene transcription) to make e.g. cell type speciýc gene deletions. Although 



General introduction

31

this is very attractive, the ýnal results might still be inþuenced by developmental 
compensatory mechanisms, since the gene will be missing throughout development. 
Recently, inducible gene promoters have been added to the genetic toolbox. This 
means that it is possible to make cell-type speciýc gene modiýcations that can be 
turned on or off when needed. It would then be possible to e.g. do behavioral experi-
ments in a mouse and compare results before and after the gene was turned on. This 
would greatly improve the statistical power of the experiments.
In short, the genetic lesion technique suffers from similar mechanisms as the me-
chanical lesion studies but at least for the genetic lesion technique the technology 
today and in the future will provide great improvements to compensate these prob-
lems. 
To be able to study the effect of genetic lesions on classical conditioning we needed 
a system that could reliably measure the performance of a mouse on such a learning 
task. Some studies using mice in eyeblink conditioning tasks already existed (Aiba 
et al. 1994; Bao et al. 1998; Chen et al. 1996; Kim et al. 1997; Shibuki et al. 1996). 
All these studies used electromyographic (EMG) recordings of the MOO muscle to 
assess responsiveness on the training paradigm. Attempts to repeat this procedure 
led to the realization that to obtain reliable EMG recordings of the MOO muscle in 
a mouse over a number of consecutive days is close to impossible, simply because 
of the small size of a mouse eyelid. We therefore developed a new system that could 
reliably measure eyelid position over time in mice. Since it makes use of magnetism 
we called it the magnetic distance measurement technique (MDMT). Chapter 2 
describes the developmental process and validation of the technique. 
The previous studies using various knockout mice (mGluR1, GluRŭ2, glial ýbrillary 
acidic protein) have supported the claim that LTD was underlying several forms of 
motor learning; however, this work has suffered from the limitations that the knock-
out technique lacks anatomical speciýcity and that functional compensation can 
occur via similar gene family members.  To overcome these limitations, a transgenic 
mouse (called L7-PKCi) has been produced in which the pseudosubstrate PKC in-
hibitor, PKC [19-31], was selectively expressed in Purkinje cells under the control of 
the pcp-2(L7) gene promoter. The creation of this mouse, the effect of the transgene 
on LTD, normal motor behavior and VOR adaptation is described in Chapter 3. 
Chapter 4 demonstrates what the lack of cerebellar LTD means for the performance 
of L7-PKCi mouse on classical eyelid conditioning.
Chapter 5 reports the cerebellar deýcits included in the Fragile X syndrome. The 
syndrome is caused by a lack of a single protein called Fragile X mental retardation 
protein (FMRP). Hippocampal studies on a mouse model which lacks FMRP have 
suggested an enhancement of hippocampal LTD next to morphological differences 
in dendritical spines in these mice. Therefore we tested this mouse model to study 
the effect of lack FMRP on cerebellar morphology and tested whether also cerebellar 
parallel ýber LTD was enhanced. In addition, the effect of this enhanced LTD on the 
performance on the eyeblink conditioning task is described. 
Our studies in mice using MDMT for classical eyelid conditioning indicated that only 
part of the behavior could be explained by the standard classical eyeblink condition-
ing circuitry. This realization led us to investigate and take into account the processes 
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and phenomenon of classical conditioning of the fear response. Large similarities 
between the two procedures i.e. both the stimulus presentations and behavioral mea-
sures are actually easy to recognize. We therefore created a fear conditioning setup 
(adapted from Anagnostaras et al. 2000) and subjected a variety of mice to this test. 
In Chapter 6 we provide evidence that mice with haploinsufýciency for Cyln2 
have features reminiscent of Williams syndrome, including mild growth deýciency, 
brain abnormalities, hippocampal dysfunction and particular deýcits in motor co-
ordination. Disfunction of hippocampal dependent learning was tested both at the 
electrophysiological level and at the behavioral level by investigating LTP-induction  
, contextual fear conditioning and cued-fear conditioning, respectively.
In Chapter 7 the implications of the results from this thesis will be discussed. In ad-
dition, Important differences between mice and other animal models with regard to 
the eyeblink conditioning task will be discussed, as well as possible effects of fear 
related processes on the eyeblink performance of mice.
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2.1 Abstract
Classical eye-blink conditioning in mutant mice can be used to study the molecular 
mechanisms underlying associative learning. To measure the kinetic and frequency 
domain properties of conditioned (tone - periorbital shock procedure) and uncondi-
tioned eyelid responses in freely moving mice, we developed a method that allows 
adequate, absolute, and continuous determination of their eyelid movements in time 
and space while using an electrical shock as the unconditioned stimulus. The basic 
principle is to generate a local magnetic ýeld that moves with the animal and that is 
picked up by either a ýeld-sensitive chip or coil. With the use of this magnetic dis-
tance measurement technique (MDMT), but not with the use of electromyographic 
recordings, we were able to measure mean latency, peak amplitude, velocity, and 
acceleration of unconditioned eyelid responses, which equaled 7.9 Ñ 0.2 ms, 1.2 Ñ 
0.02 mm, 28.5 Ñ 1 mm/s, and 637 Ñ 22 mm/s2, respectively (means Ñ SD). During 
conditioning, the mice reached an average of 78% of conditioned responses over 
four training sessions, while animals that were subjected to randomly paired condi-
tioned and unconditioned stimuli showed no signiýcant increases. The mean latency 
of the conditioned responses decreased from 222 Ñ 40 ms in session 2 to 127 Ñ 6 ms 
in session 4, while their mean peak latency increased from 321 Ñ 45 to 416 Ñ 67 ms. 
The mean peak amplitudes, peak velocities, and peak acceleration of these responses 
increased from 0.62 Ñ 0.02 to 0.77 Ñ 0.02 mm, from 3.9 Ñ 0.3 to 7.7 Ñ 0.5 mm/s, 
and from 81 Ñ 7 to 139 Ñ 10 mm/s2, respectively. Power spectra of acceleration re-
cords illustrated that both the unconditioned and conditioned responses of mice had 
oscillatory properties with a dominant peak frequency close to 25 Hz that was not 
dependent on training session, interstimulus interval, or response size. These data 
show that MDMT can be used to measure the kinetics and frequency domain prop-
erties of conditioned eyelid responses in mice and that these properties follow the 
dynamic characteristics of other mammals.

2.2 Introduction
Important insights have been obtained on the mechanisms underlying learning and 
memory by investigating the abilities of animals to condition their eyelid responses. 
Eyelid responses can either be conditioned in the standard way in which a condi-
tioned stimulus (CS) such as a tone continues until the unconditioned stimulus (US) 
such as a corneal air-puff or an electrical shock ceases, or one can acquire so-called 
traceconditioned eyelid responses in which the CS and US are separated by a trace 
interval. The main area for memory formation and storage underlying classical eye-
blink conditioning is probably the cerebellum (Hesslow and Yeo 1998; Kim and 
Thompson 1997; McCormick and Thompson 1984), while the critical brain regions 
involved in trace conditioning also include higher structures such as the hippocam-
pus (Disterhoft et al. 1999; Thompson et al. 1996). 
Initially, most of the classical conditioning studies were done in rabbits and cats see 
e.g., (Attwell et al. 2001; Gruart et al. 1997; Steinmetz et al. 1992). These studies 
did not only elucidate which parts of the brain stem and cerebellum contribute to the 
formation and/or storage of conditioned responses, but they also provided insight 
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into the framework of kinetic and frequency domain properties of both conditioned 
and unconditioned eyelid movements (Becker and Fuchs 1988; Evinger et al. 1991; 
Gruart et al. 1994, 2000a,b). Based on these ýndings it has been suggested that there 
must be a common oscillator that underlies eyelid movements (Domingo et al. 1997) 
and that the dominant frequency of this oscillator shows an inverse logarithmic rela-
tionship with the body weight of the type of species (Gruart et al. 2000a,b). To date 
the kinetic properties of eyelid movements in mice have not been described yet, and 
it is not known whether their eyelid oscillations follow the same relationship.
With the advent of transgenic technologies, it has become feasible to investigate 
the underlying mechanisms of eye-blink conditioning at the molecular level. Be-
cause the mouse is the only mammal of which embryonic stem cells are presently 
available that can be readily genetically manipulated for homologous recombina-
tion, this mammal is at present the preferred species to investigate the molecular 
mechanisms underlying learning and memory formation including those associated 
with eye-blink conditioning. For example, recent studies in mouse mutants were 
aimed at identifying the roles of mGluR1 and glial ýbrillary acidic protein in the 
induction of cerebellar long-term depression and eye-blink conditioning (Aiba et 
al. 1994; Conquet et al. 1994; Shibuki et al. 1996).  These studies have adopted 
the electromyographic (EMG) recording methods that were successfully applied for 
eye-blinkvbconditioning in rabbits and cats. However, the question is whether this 
methodology is optimal for recording eyelid responses in mice. The much smaller 
size of the mouse and its facial musculature may make this preparation much more 
susceptible for picking up EMG activities of muscles that are not involved in the 
eye-blink response. For example, due to chewing or whisker  movements during 
conditioning trials, EMG eye-blink recordings that are thought to result from activi-
ties in the musculus orbicularis oculi (MOO) may be contaminated by activities of 
larger surrounding muscles like the musculus masseter or musculus levator labii su-
perior (MLLS). Such a spill-over of electrical signals may be particularly detrimental 
if one needs to obtain accurate recordings with an optimal spatiotemporal resolution. 
Moreover, for measuring position, velocity, or acceleration of conditioned and un-
conditioned eyelid responses, EMG recordings do have the disadvantages that they 
reþect muscle activities rather than directly the actual eyelid movement and that 
stimulus artifacts are picked up if the unconditioned stimulus (US) is delivered by an 
electrical shock. An alternative could be to implant a search coil in the eyelid so as 
to detect an inductive current during eyelid rotation by placing the subject in a ho-
mogenous magnetic ýeld. This method has been successfully applied for eye-blink 
conditioning in cats and humans (Becker and Fuchs 1988; Delgado- Garcia et al. 
1990; Gruart et al. 2000a; Schicatano et al. 2002), but this approach is also unlikely 
to be optimal for mice as this method requires the subject to be restrained. Because 
mice are relatively sensitive for ýxation, which can evoke various sorts of unwanted 
emotional, nonassociative, and even associative reactions during the process of eyelid 
conditioning, it appears particularly relevant for mice to do eye-blink conditioning in 
the freely moving preparation (see also following text). We have therefore attempted 
to develop a method for eyeblink conditioning in mice that allows us to record their 
eyelid responses with a high spatiotemporal resolution in a freely moving state while 
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applying conditioned and unconditioned stimuli without inducing artifacts in the 
recording. The basic principle is to generate a local magnetic ýeld that moves with 
the animal and that is picked up by either a ýeld sensitive chip or coil; we refer to 
this method as the magnetic distance measurement technique (MDMT). The spatio-
temporal resolution of conditioned eyelid responses recorded in mice with the use of 
MDMT will be directly compared with that of EMG recordings, and the use of both 
methods in mice will be evaluated with the use of high speed video recordings. In ad-
dition, using MDMT we will provide for the ýrst time the framework of kinetic and 
frequency domain properties of conditioned and nonconditioned eyelid movements 
of mice that can serve as a basis for further studies in transgenic mutants.

2.3 Methods
2.3a - MDMT
MDMT can be applied with the use of either two local coils or a magnet and a locally 
placed ýeld-sensitive chip. The electronic circuitries of both possibilities are depicted 
in Fig. 1. In the ýrst possibility, the magnetic ýeld is generated by a transmitter coil 
(60 turns of 30 mm enameled copper wire, 1.2 mm in diameter, 0.3 mm thickness, 
IET, Marly, Switzerland) placed above the upper eyelid, while a eyelid receiver coil 
(20 turns of 30 Õm enameled copper wire, 0.8 mm in diameter, 0.2 mm thickness, 
IET) implanted in the upper eyelid relays an induction signal, which is dependent 
on the changes of the mutual position of these two coils (Fig. 2.1A). The transmitter 
and receiver part of the system are situated on the same electronic print layout. The 
transmitter part consists of a sinus oscillator serving as a current source (100 mA, 
50 kHz) and an ampliýer that supplies the ýeld generating coil. The transmitter coil 
is connected to the ampliýer via a high-frequency transformer to prevent leakage of 
current to the coil. The small induced voltage (Ñ 0.5 mV) in the receiver coil is fed 
into the receiver part via a high-frequency transformer after which the signal is am-
pliýed (40ï90 dB). To reduce the noise of the signal it is band-pass ýltered before it 
is single phase rectiýed, low-pass ýltered, and fed into a logarithmic ampliýer. 
Because the ampliýer delivers a signal proportional to the natural logarithm of the 
amplitude of the induced voltage, the inductance in the receiver coil changes with 
displacement of the eyelid (Arts and Reneman 1980; Renterghem 1983). The data 
are captured with the use of a CED power1401 AD converter sampling at 1 kHz 
coupled to an Axon Instruments Cyberamp 360 and analyzed off-line using custom 
written Matlab scripts.  In the second possibility, the magnetic ýeld is generated by a 
magnet (neodymium iron borium; 0.8 x 0.5 x 0.2 mm in size, 3 mg weight, machined 
using 0.8 mm disk-type magnets (Wondermagnet: www.wondermagnet.com) implant-
ed in the lower eyelid, while a giant magnetoresistive (GMR) sensorchip (NVE; 
AA004-MSOP) ýxed above the upper eyelid picks up the strength of the magnetic 
ýeld and delivers thereby a signal that depends on the position of the magnet, which 
has its north-south pole orientation across the width of the magnet (Fig. 1.1B). The 
application use of GMR sensors is comparable to that of so-called ñHall-effectò sen-
sors (Hamiel et al. 1995; Korhonen 1991; Rodriguez et al. 2001). For details on 
GMR technology, see GMR technology sheet (NVE 2002). When a voltage is ap-
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plied to the sensor, it returns a voltage that is determined by the strength of the 
magnetic ýeld. Thus if the system is calibrated correctly, the voltage directly reþects 
the distance between the magnet and the sensor. System analysis of a dummy setup 
shows that following logarithmic conversion the sensor signal is linearly related to 
distances between 1.8 and 3.7 mm (< 5% deviation). The signals are captured and 
analyzed as described below.
The surgical procedures to prepare the animals for MDMT were as follows. Adult 
male (6ï10 wk) C57/B6 mice were anesthetized using an oxygenated mixture of 

nitrous oxide and halothane delivered through a cap ýtting the snout (n = 18). A pre-
made connector converted from a miniature connector (SamTec; www.samtec.com) to 
hold 12 dual-pin connections on a 3 x 8 mm surface and a height of 3 mm was placed 
on the skull with the use of a pedestal of dental cement and 5 M1 screws. A coil or 
an in silicon embedded magnet was implanted in a pocket dissected in the eyelid. A 
suture wire glued to the coil or magnet was used to ýxate this structure in the pocket.  
The pocket was closed with tissue glue. The transmission coil or sensor chip was 
carefully placed with the use of dental cement in an optimal position over the upper 
eyelid. For example, in case of the GMR sensor, optimal position was obtained when 
the distance between the magnet and sensor in the eyelid closed situation was 2 mm 
and the axis of sensitivity was aligned with the north-south axis of the magnet in the 

Figure 2.1. Organization of magnetic distance 
measurement technique (MDMT) devices 
using either 2 minicoils or a GMR sensor chip 
with magnet. A: the MDMT device with mini-
coils is divided in a transmitter part and a 
receiver part, both of which are situated on the 
same print layout. The transmitter part consists 
of a current source (100 mA, 50 kHz) and an 
ampliýer that supplies the ýeld generating coil. 
This coil is connected to the ampliýer via a 
high-frequency transformer to prevent leakage 
of current to the coil. The small induced voltage 
of the receiver coil is fed into the receiver part 
via a high-frequency transformer after which the 
signal is ampliýed (40ï90 dB). To reduce noise, 
the signal is band-pass ýltered. Subsequently, 
the signal is single phase rectiýed, low-pass 
ýltered and fed into a logarithmic ampliýer, 
which delivers a signal proportional to the 
natural logarithm of the amplitude of the induced 
voltage. B: the MDMT device with GMR 
sensorchip and a magnet is less complicated 
than the inductive system. A magnet provides 
an eyelid ýxed constant magnetic ýeld, which 
is detected by a GMR sensorchip. The chip 
consists out of a wheatstone bridge formed by 
4 GMR resistors. Axis sensitivity (white arrow) 
is achieved by magnetically shielding 2 of the 
4 resistors (NVE  product sheet). The input 
voltage is provided by a 9-V battery pack, which 
in this conýguration provides a signal change of 
30 mV during eyelid closure. Ampliýcation (x 
100) and low-pass (500 Hz) ýltering is done by 
an Axon Cyberamp 360.
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halfway closed position. Fully opened, fully closed and halfway opened positions 
were repetitively measured and stored for calibration purposes. Two insulated copper 
wires with a diameter of 30 Õm and 0.5 Õm tinned tips were placed underneath the 
skin to provide the US. The tips of the wires were located close to the lateral corner 
of the eyelids, one in the upper and one in the lower lid. The US electrode was con-
nected to computer controlled stimulus isolation units (Dagan S910; www.dagan.com), 
which created biphasic constant current electrical shocks (30 ms, 166 Hz pulses; 
max, 1 mA).  The strength of the stimulus was controlled by an UR-based feedback 
mechanism so as to prevent potential induction of fear conditioning processes (Phil-
lips and LeDoux 1992). This UR-based feedback was achieved by monitoring each 
UR and adjusting the stimulus strength to the minimal necessary to get full eyelid 
closure. The connecting cable including all wires was attached to a silicone mouse 
harness (Instech; www.instechlabs.com), which allowed the mice to move around during 
the experiment with relatively little discomfort since there is no torque or strain on 
the head. After the general surgery the animals were allowed to recover and adjust to 
their harnesses for > 4 days.
MDMT data were analyzed according to the following criteria.  Eyelid movement 
larger than the mean + 3 times SD of the 500 ms pre-CS period was considered sig-
niýcant (minimal of 0.2 mm threshold was included). Trials with signiýcant activity 
in the pre-CS period were excluded, and trials with signiýcant activity in the CS-on-
set to 75 ms post CS-onset period were counted as startle responses. A conditioned 
response was counted if there was signiýcant activity in the 75 ms post CS-onset 
to US-onset time period. During CS alone trials, this period was extended with 200 
ms.  Unconditioned blinks (40 trials) obtained from session 1 and conditioned blinks 
(40 trials) obtained from sessions 2ï4 were used for response properties analysis. 
Velocity and acceleration traces were digitally computed. After low-pass ýltering 
(-3 dB cutoff at 75 Hz), the ýrst and second derivative of eyelid position traces were 
calculated.  To estimate the relative strength of the different frequencies contained in 
eyelid responses. The power of the spectral density function of selected acceleration 
traces was calculated as described by Domingo et al. (1997).

2.3b - EMG
Electromyographic recordings were obtained with the use of 30 Õm Teþon-coated 
90%/10% platinum/iridium wires (Advent Research Materials, Halesworth, U.K.) 
that were implanted in the MOO and MLLS (n = 6). The tips of the electrodes 
(< 0.5 mm) were stripped from their Teþon coating, tinned, and hooked, and their 
leads were led underneath the skin toward the head connector. As a guideline for 
placement of the MLLS electrodes, we used the middle of the second lateral row of 
whiskers. Signals from the EMG electrodes were fed into two AI402 preampliýers 
connected to a Cyberamp 360 (both Axon Instruments; www.axon.com). The Cyber-
amp was attached to a CED (www.ced.co.uk) power1401.
EMG data were analyzed off-line using custom-written software (Spike2 and Mat-
lab). The raw signals, which were sampled at 5,000 Hz for 1.5 s, were rectiýed and 
the 100 ms before the CS presentation to 500 ms after the CS presentation were 
integrated over 5-ms bins (120 bins). The detection level was deýned as the mean of 
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the ýrst 20 bins plus ýve times the SD. A constant value of 1 unit/bin was included 
as a conditioned response threshold (Chen et al. 1995). The trial was excluded if 
one of the bins in the control period exceeded the detection level. When the average 
unit count of the ýrst six bins after CS onset was higher than the detection level, the 
response was considered to be a startle response and the trial was excluded. When 
at least one of the bins between bin 31 and the bin at which the UR started crossed 
the detection level, the response was marked as a conditioned response. The start of 
the ýrst bin that crossed the level was taken as conditioned response onset, and the 
start of the bin with the highest value determined peak-latency. The mean value of 
the bins from conditioned response onset to the unconditioned response was used as 
a measure of conditioned response strength. In contrast to MDMT, the strength of the 
US was not controlled by a feedback mechanism because of the stimulus artifact.
The anesthesia and surgery were as described in the preceding text for MDMT ex-
cept that the ýfth screw of the pedestal was attached to pin 12 and functioned as a 
ground for the EMG recordings.

2.3c - Video
A Kodak Ektapro HS motion analyzer was used to record the eyeblinks with 1,125 
frames/s (fps) at a spatial resolution of 256 x 256 pixels (n = 3). The camera, which 
produced 750 numbered bitmap ýles per blink (TIFF format), was triggered so as to 
start 250 ms before CS presentation and to stop 416 ms after CS onset (250 ms ISI). 
During the video recordings, the head of the mouse was ýxed by attaching its con-
nector to a male connector, which in turn was ýxated to a restrainer that was placed 
on a small platform inside a shielded box. A circular cold light source provided sufý-
cient lighting for the camera. Two light-emitting diodes (LEDs), which were visually 
shielded from the mice, functioned as visual indicators for the presence of the CS and 
US. The images were analyzed using custom written software (Matlab). Each frame 
was color coded into 255 colors and smoothed by replacing the color value of each 
pixel with the average color value of that pixel and the eight immediately surround-
ing pixels. Of each recorded blink, the color range of the eyeball was determined, 
and each frame of that particular blink was and each frame of that particular blink 
was subsequently transformed into a binary picture in which all pixels had a value 
of 0 unless its color value was within the predeýned color range of the eyeball; in 
that case it got a value of 1.  The percentage of visible eye surface was deýned as the 
number of 1ôs divided by the total number of pixels in the box area. This percentage 
plotted against frame time represented eyelid closure over time during the eyeblinks.  
With the use of another analysis program custom written in Matlab we produced a 
differential video sequence that was superimposed on the original images.  This pro-
cess resulted in a video of 50 frames (every 10th frame, starting at frame 200, ending 
at frame 700) where each frame showed the original image plus a color-coded image 
that represented changes in surface activity during the preceding 8.9 ms (10 frames 
at 1.125 fps). The anesthesia and surgery were as described above for MDMT except 
that the pedestal was adjusted for a head-ýxed condition.



Chapter 2

50

2.3d - Conditioning procedures. 
The mice (C57/B6 males) were subjected to either a paired (n = 8) or a randomly 
paired procedure (n = 3).  Both procedures lasted 4 days during each of which only 
1 session was conducted.  During one session the subject received 100 trials grouped 
in 10 blocks.  The trials were separated by a random inter-trial interval (ITI) in the 
range of 20 to 40 sec.  The conditioned stimulus (CS) was a 1 kHz tone with an 
intensity of 78 dB and a duration of 380 ms (ISI + 30ms shock duration).  The US 
electrical stimulus delivery was evaluated by analyzing the amplitude of the uncon-
ditioned response, and its strength was, if necessary, adjusted so as to obtain a full 
eyelid closure without a head-turn response.  In the procedure of paired training each 
block consisted of 1 US-alone trial, 8 paired trials and 1 CS-alone trial (the 10th trial).  
After 4 sessions of paired training the subject was allowed to rest for 1 day, followed 
by 4 sessions of extinction (1 session per day).  In the extinction procedure each 
block consisted of 1 US-alone trial (1st trial) and 9 CS-alone trials.  In the randomly 
paired procedure the US occurred randomly in the ITI.  
To reduce experimental stress and unwanted associative or non-associative respons-
es 1) the boxes in which the training took place were sound proofed with the use of 
double walls ýlled with ýne grained sand; 2) the lighting, ventilation and speakers 
were installed outside the electrically shielded inner layer;  3) the mice were kept in 
their own cages during the training process in the box; and 4) trials were performed 
only when the eyelid was fully opened and the mouse was not occupied with facial 
activities such as grooming or snifýng (during the experiment the eyelid and head 
were continuously monitored).  A custom made script controlled the monitoring of 
eyelid and head, capturing of data, presentation of triggers and stimuli, and the han-
dling of the ýle-system.

2.4 Results 
2.4a - Kinetic and frequency domain properties of conditioned and non-
conditioned eyelid responses as determined with the use of MDMT.  
The data given below have been obtained with the use of both coil-MDMT and 
chip-MDMT.  These two approaches differed somewhat on some practical issues 
such as the stability of implantation in the eyelid (coil > magnet) and the voltage 
signal to noise ratio (magnet-chip system > coil), but they did not show any signiý-
cant difference with respect to any of the experimental data.  This similarity showed 
that the basic technical principle of MDMT on which both approaches are based is 
applicable in a reliable fashion, and that the results can be pooled as done below.  
Eleven unrestrained C57/B6 mice were conditioned to a tone (CS) with the use of a 
small electrical shock as the US.  The interstimulus interval (ISI) between the CS and 
US was 350 ms.  The average percentage of conditioned responses in the CS alone 
trials gradually increased from 6 Ñ 2.6 % (mean plus SEM) to 78 Ñ 10.1 % (mean 
plus SEM) over four days of training (see T1 - T4 in Fig. 2.2A).  In contrast, none 
of the animals (n = 3) that were subjected to randomly paired conditioned and un-
conditioned stimuli for control showed signiýcant increases in their percentages of 


