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ABSTRACT OF THE DISSERTATION

The Role of the Basolateral Amygdala in Affective Associative Learning, Arousal

and Adaptation.

by

Irina Y Merzlyak
Doctor of Philosophy in Cognitive Science
University of California, San Diego, 2006
Professor Andrea A. Chiba, Chair

Affect is a highly adaptive and complex organismal state controlled by neural
processes involved in all levels of brain function from autonomic reflexes to learning,
memory, and complex behavioral outputs. One of the structures strongly implicated in

affective processing is the basolateral amygdala.
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The basolateral amygdala complex (BLA) has a well established and important
role in learning the associations between neutral stimuli and rewards or punishments.
BLA is also an intrinsic part of subcortical circuitry involved in reward and stress
processing, including downstream projections to the brainstem autonomic nuclei. A set of
studies have been conducted to examine the extent of involvement of the amygdala in
several paradigms that encompass associative learning and behavior. First the effects of
neurotoxic BLA lesions were tested during an associative learning task in which neutral
visual objects were paired with either positive or aversive food pellets. Formation of
preferences for the objects based on the associated affective value was correlated with
behavioral outcomes during this task. In two different chapters of this thesis, the role of
the BLA is explored in overt choice behaviors and in instrumental response learning.
The relationship between learning behavior and autonomic responses was tested in a
separate study designed to further elucidate the role of BLA in affect. Blood pressure
was measured during contingent and non-contingent behavioral contexts. The results
were indicative of the interaction between a role for the BLA in place preference and
physiological response.

In this thesis a number of hypotheses on associative learning, affect, arousal and
organismal function in the environment were tested and integrated. The findings
presented here are in support of a theoretical construct emphasizing a pivotal role for the
extended amygdala and related subcortical structures in associative learning and

adaptation to the environment.
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Introduction

Life in the ever changing world continually presents new challenges and
unfamiliar obstacles. When faced with novel situations organisms can either fluidly
evolve and adapt their actions or face unpleasant circumstances. This process of
adaptation occurs on many distinct levels of organismal function. Depending on the
presented obstacle, the analysis of the situation may happen on the level of perception,
cognition, behavior, on various physiological levels, or, more likely, involve a
combination of these functions unique to that obstacle.

The topics discussed in this thesis address how some of these functions, including
behavior, physiology, and, potentially, cognitive processing, interact when an organism is
faced with learning novel stimuli and situations. Some of the neural structures driving
these adaptive learning responses are manipulated and explored with regard to their
functional contribution.

The work presented here also includes a theoretical synthesis of what happens to
the neural control of learning and responding when an organism fails to adapt
successfully to the environment. The process of maladaptation to the external
environment is explored with regard to the alterations imposed on the neural structures

important for the proper regulation of cognitive, behavioral, and physiological functions.

1. Rationale and Theoretical Framework
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One encounters external environmental stimuli constantly, some old, some novel.
The process of evaluation of a neutral stimulus, or "appraisal", involves making an
affective or evaluative judgment. Affective judgments entail making an association
between a stimulus and its proximal hedonistic value. “Judgments” can take multiple
behavioral forms. Overt choices are typically taken to represent a judgment, but more
covert selection of one stimulus over another can emerge as approach to or avoidance of
a stimulus. The evolutionary and cognitive theoretical frameworks of the study of affect
converge on the notion that appraisal serves as an interface between input and output,
input being sensory information and output being appropriate behavior. This appraisal is
what enables interpretation and associability of stimuli for making decisions about them
or otherwise fitting them into a rational framework.

Forming affective associations plays a great role in how people live their lives.
Linking two sensory stimuli, where one stimulus has an inherent affective value,
appetitive or aversive, gives grounds for salience of the second stimulus. A stimulus that
used to be neutral or meaningless, through repeated pairing with an affectively laden
stimulus, gradually acquires value and becomes important. This salience of a stimulus
can serve to attract attention or to motivate behavior. A choice can be made based on this
affective value, a choice further capable of guiding behavior. Thereby, goal directed
behavior can arise from associative learning. These concepts: motivation, attention,
decision making, and goal directed behavior influence our lives to a great degree. This is
why affect is a cornerstone in guiding behavior.

Extensive research suggests that a brain structure deep in the temporal lobe, the

amygdala, plays an important role in acquiring the key link between positive or aversive
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affective value and a given stimulus (Everitt et al., 1989; Everitt et al., 1991; Hiroi &
White, 1991; Davis, 1992: Gallagher and Chiba, 1996; Hatfield et al., 1996; LeDoux,
1996; Balleine et al., 1997; Killcross et al., 1997; Malkova et al., 1997; Whalen, 1998; ).
The amygdala is anatomically situated to serve as an interface between sensory input and
learned behavioral output. The amygdala is comprised of a set of intercalated nuclei that
receive direct sensory input and provide output to a variety of cortical and subcortical
structures. The basolateral complex of the amygdala (BLA) receives most of the sensory
input to this structure, while the central nucleus of the amygdala (CeA) receives most of
its input from the BLA and provides the bulk of the output from the amygdala.

The first two chapters of this thesis are primarily focused on the role the
basolateral nucleus of the amygdala plays in the affective appraisal of visual sensory
cues. Animal models and novel behavioral tasks were designed to characterize this role.
Incorporated in the behavioral design was the use of neutral visual stimuli paired with
reinforcers that range from positive to negative. Ultimately, this served to encourage the
formation of preferences for the visual cues paired with these reinforcers.

Numerous theoretical perspectives attempt to explain the way in which stimuli
acquire value and guide behavior. Whereas many of these perspectives invoke associative
learning as the basic mechanism of value acquisition, the subtleties of the theories give
rise to controversy regarding what is being associated.

According to Lang (1995), affect in humans is composed of two key components:
valence and arousal. Here, valence is described as a continuum, with different positive
and negative sensory values corresponding to different points on an axis (see Figure 1).

In order to survive, any given animal needs to respond with an appropriate behavior to a
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given sensory stimulus. This response often requires that the sensory stimulus be
evaluated based on its rewarding or aversive qualities. This evaluation in turn requires an
association of the stimulus and a given reward value, i.e. “reward currency” (Rolls,
1999). It would not be evolutionarily adaptive to grossly overestimate or underestimate
the reward value of a given sensory stimulus. Thus, from a natural selection perspective,
it pays to recognize that a more evolutionarily fit organism is going to have a full grasp of
this "reward currency" on a valence continuum (Rolls, 1999).

This kind of associative learning is known as "stimulus-affect" learning, since it
involves a component of appraisal. Stimulus — affect learning is a subtype of more
general stimulus — stimulus learning, which does not necessarily have an affective
component, for example visuospatial associations, or discrimination of visual stimuli
(Baxter and Murray, 2002). This type of learning is qualitatively different from the older
"stimulus - response" learning, which is not based on cognitive appraisal, but on direct
transfer of incentive value from the stimulus to the response (Everitt and Robbins , 1992,
Furedy, 1992).

Appropriate behavioral output elicited in accordance with the emotional appraisal
of sensory input has also been described as a type of goal oriented, motivated behavior
(Derryberry and Tucker, 1994). Thus, importantly, affect is inextricably linked with
decision making processes that include attending to stimuli, choice selection, and
perceptual processing.

During the associative learning process, the accurate perception of the sensory
qualities of a salient stimulus is just as important as the accurate perception of the

incentive value of that stimulus (Everitt and Robbins, 1992; Balleine et al., 1997).
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Sensory qualities such as auditory, visual, or tactile qualities are inherent properties of a
stimulus. Such sensory qualities are associated with the motivational value of a
reinforcer, such that the sensory qualities alone gain significance (Balleine, 2005).

Theoretically, the amygdala has been assigned numerous roles in affective
learning and memory. Many theoretical views of the way in which a stimulus acquires
value have been mapped directly onto the amygdala and its associated circuitry.

It has been shown that the amygdala is involved differentially in neural
mechanisms underlying a) negative affect (Armony et al., 1995; Davis, 1997; LeDoux,
1992), b) positive affect (White and McDonald, 1993; Kesner and Williams, 1995;
Salinas and McGaugh, 1995), ¢) memory enhancement based on physiological arousal
(McGaugh et al., 1992; Cahill et al., 1995), and d) modulation of the cardiovascular
response (Gallagher and Kapp, 1982; Buchanan and Powell, 1993; Powell et al., 1997),
which is a direct correlate of physiological arousal, the second key component of affect
according to Lang (1995). The valence dimension of affect, described by the degree to
which a sensory stimulus is positive or aversive, may actually be tightly intertwined with
the arousal component of affect, described by the degree of autonomic neural activation
as well as the central nervous system mechanisms of arousal (Lang, 1995). This link of
arousal and valence may not be dissociable, as suggested by Lang (1995 ), but may occur
in concert, so that stronger preferences or aversions have both more valence and more
arousal involved in their formation, while the formation of weaker preferences involves
less of these dimensions (see Figure 1). There are a number of new experimental studies,
on both humans and animals that support the existence of this arousal — valence

interaction (Balleine, 2005; Winston et al., 2005).
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While the valence dimension of affect contributes more to the sensory aspect of
stimulus — stimulus associations, the arousal dimension of affect participates more in
modulating these associations through central nervous system arousal mechanisms which
involve stress factors, noradrenaline, and associated neural structures. The amygdala is
involved in the appraisal of stressful information (Davis, 1992), and is directly involved
in CNS arousal modulation (McGaugh et al., 1996, Roozendaal, 1999a; Roozendaal et
al., 1999b; Ferry et al., 1999c, Miyashita and Williams, 2002; Curtis et al., 2002; Koob
and Le Moal, 2001). Furthermore, amygdalar nuclei have been shown to participate
directly in the modulation of heart rate and blood pressure (Gallagher and Kapp, 1982;
Powell et al., Soltis et al., 1997, Sajdyk and Shekhar, 1997, Lewis et al., 1989). Thus, the
amygdala is a prime structure for further investigation of its concurrent involvement in
both the valence and arousal dimensions of affect. The explanation of how the amygdala
differentially contributes to such a variety of processes may lie in its varied patterns of
neuronal projections through which it connects to the rest of the brain and body (see
Figure 2).

The functional significance of the central and basolateral amygdala nuclei
includes a multitude of behavioral and autonomic regulatory mechanisms. The amygdala
is involved in forming stimulus — stimulus (SS) associations when one of the stimuli is
laden with affective value. This thesis provides support for the hypothesis that the
basolateral amygdala has a dual function in associative learning, subserving regulatory
mechanisms for both the valence and the arousal dimensions of affect and linking the two

together to assign affective value to stimuli.
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The basolateral amygdala receives sensory input from cortical sensory processing
areas as well as from thalamic sensory nuclei (Amaral et al., 1996, Heimer et al., 1997,
McDonald, 1998; McDonald and Mascagni, 1996). These inputs enable the amygdala to
assess the valence dimension of affect. The amygdala, including the basolateral complex
of the amygdala, also has access to information about the level of arousal through
feedback circuits from the autonomic nuclei in the brainstem (Liang and Chiang, 1994;
Miyashita and Williams, 2002). Processing of sensory and physiological information in
the same anatomical locus, namely the BLA, stimulates the formation of associations and
improves memory processing for arousing information (McGaugh et al., 1996).

The distinct associative learning paradigms which have been implemented and
tested in this thesis influence both the behavioral and the physiological output of the
animal. The physiological regulatory functions of the amygdala are potentially subserved
by the extensive interconnectivity between the amygdalar subnuclei, the hypothalamus,
and the autonomic nuclei in the brainstem (NTS, NA, DMV) that may serve to modulate
physiological response (Buchanan et al., 1994; Ricardo and Koh, 1979; Price, 2003).

The regulation of learning and behavioral functions of the amygdala is potentially
influenced by the projections back to sensory cortices, as well as by the
interconnectivity with motivational striatal and executive frontal cortices (Vuilleumier et
al., 2004; McDonald, 1998; Amaral et al., 1996; Heimer et al., 1997).

Both the basolateral and the central amygdala nuclei have important functions in
stimulus — stimulus learning. The CeA is more involved in acquiring both appetitive and
aversive classical conditioning, which is more closely related to stimulus-response (SR)

learning. This might be due to the high degree of CeA interconnectedness with the
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BNST, and the substantial involvement of this nucleus in the striatopallidal circuitry
which subserves simple SR learning (Robbins and Everitt, 1992; Heimer, 1997). The
BLA is more involved in acquiring both appetitive and aversive instrumental
conditioning, which is more closely tied to the concept of goal oriented behavior and
associating actions with outcomes (Gallagher and Chiba, 1996). These associations are
important in subsequent cognitive appraisals of stimulus value, which are potentially
subserved by amygdala — OFC interactions (Gallagher and Chiba, 1996; Schoenbaum et

al., 1998, Schoenbaum et al., 1999).

2. Current Studies

The overarching hypothesis that is tested herein is that the encounter of
affectively significant learning situations elicits fast adaptive responses regulated by
subcortical associative learning loci. In this hypothesis, affective evaluation of
information and feedback to the brain about physiological arousal play a central part in
neural control of organismal functions.

We have completed a series of experiments that address the involvement of the
BLA in the regulation of associative learning, and the influence of associative learning in
cardiovascular regulation. Employing a behavioral task with both appetitive and aversive
stimuli that has previously elicited differential activation in BLA neurons (Quinn et al., in
preparation), we have assessed the effect of neurotoxic lesions on the formation of
preferences for visual objects. We also examined how preferences for these objects
affect both overt, goal directed choice behavior, as well as more covert, instrumental

learning measures.
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Additionally, we measured cardiovascular response in rats during baseline non-
contingent appetitive behavior, and during a switch to an appetitive contingent context.
The modulation of cardiovascular response by the BLA, through the use of transient BLA
inactivation, was explored with respect to the potential role for this modulation on the
interaction between physiological arousal and behavioral output.

The regulatory role that the BLA plays in associative learning and in the
modulation of physiological arousal has important implications for the neural control of
organismal adaptation to the environment. The discussion in the following chapters also
focuses on the integration between this amygdalar function and what is known about the

neural control of the adaptive process.
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High
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Figure 1.1 A schematic representation of the two dimensions comprising
affect 1) the valence dimension, with different positive and negative values
corresponding to different points on this continuum, also described by the degree to
which a sensory stimulus is positive or aversive, and 2) the arousal dimension,
described by the degree of activation of the central nervous system mechanisms of
arousal. This link of arousal and valence may not be dissociable (Lang, 1995).
Schematically drawn by LY. Merzlyak
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Figure 1.2 The circuitry underlying the cognitive, behavioral, and the
physiological responses discussed in this thesis includes learning, motivational, and
physiological neural connections This figure depicts the interconnectivity between the
amygdala components (BLA and CeA) and the cognitive (PFC — Prefrontal cortex),
motivational (BNST — Bed Nucleus of Stria Terminalis), and physiological (LC — locus
coeruleus, NTS — nucleus of the solitary tract) loci that participate in the elicited
physilogical and behavioral effects. There are numerous structures (some not shown) also
associated with these loci that together coordinate and exert these effects. (Abbreviations:
DVM - dorsal motor nucleus of the vagus, PGi — nucleus peri-gigantocellularis, rVLM —
rostral ventro lateral medulla, AA — aortic arch, CS — carotid, ANS — autonomic nervous
system). Schematically drawn by 1.Y. Merzlyak
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II

Basolateral Amygdala in choice behavior

1. Abstract

The basolateral amygdala complex (BLA) has a well established and important role in
learning the associations between neutral stimuli and rewards or punishments. This
chapter is primarily focused on explicating the role the BLA plays in the affective
appraisal of visual sensory cues. Basolateral amygdala sends upstream bidirectional
projections to sensory cortical areas and to the prefrontal cortex, underscoring its
influence on learning and decision making. Basolateral amygdala directs a large portion
of its output through the central nucleus to the brainstem motor effector nuclei,
underscoring its control over behavioral outcomes. The current experiment tested the
effects of neurotoxic BLA lesions during an associative learning task in which neutral
visual objects were paired with either positive or aversive food pellets. It was
demonstrated that the BLA contributes to the elicitation of overt choice behavior when
picking between pairs of affectively significant visual objects. It was found that the BLA
plays an important role in early learning of the distance relationships on a spectrum of

affective values associated with objects.

2. Introduction
The amygdala is conveniently located with respect to neural connectivity, to serve as
an interface between sensory input and learned behavioral output. Furthermore, it is

suggested here that the amygdala is a processing hub of both sensory and affective
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information. The current study examined the role of the amygdala in learning multiple
visual stimuli of varied affective significance. This approach allows for the integration
and dissociation of multiple theoretical perspectives regarding the functional role of the

amygdala.

2.1 Anatomical Connectivity

The amygdaloid complex and the closely associated family of nuclei called the
extended sublenticular amygdala are categorized by their afferent and efferent
projections. The nuclei in the basolateral complex, as well as associated extended
structures, receive most of the extra-amygdalar afferents. The central and medial nuclei,
in addition to some extra-amygdalar afferent projections, receive most of their input as
intrinsic connections from the basolateral complex and serve as the origin of most, but
not all efferent projections from the amygdala. There are other amygdalar sub-nuclei that
do not fit into these divisions, among them the cortical nucleus which has the distinction
of receiving input directly from the main olfactory bulb as well as the primary olfactory
cortex (McDonald, 1998).

The basolateral complex (BLA) includes the lateral, basolateral, basal, and
basomedial nuclei, and is made up of excitatory pyramidal neurons and inhibitory GABA
mediated interneurons. This cellular composition is reminiscent of the cortex, which is
evidenced by the specification of this part of the amygdala as an “archicortical” structure
from both evolutionary and developmental perspectives (Swanson and Petrovich, 1998;
Heimer et al., 1997). The maturation of BLA in rats is complete by postnatal day 14 as

judged by the number of cells, cell density, and the number of subdivisions of BLA, all
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measured with morphometrical methods (Berdel et al, 1997). In adult rats, cats, and
monkeys the BLA projects to a variety of primary sensory cortices, including occipital
area 1, Al, and primary gustatory cortex (Price et al., 1987). The BLA also receives
direct projections from occipital area 2, insular cortex, and many other higher order
associative sensory areas, including area Te2 in a rat, anterior cingulate, piriform, and
auditory cortices. (Amaral et al., 1996, Heimer et al., 1997, McDonald, 1998; McDonald
and Mascagni, 1996) Thus, the BLA receives both unimodal and putative polymodal
input from sensory cortices. An alternative route by which BLA receives sensory
information is from the thalamic nuclei. It also projects bidirectionally to the ventral
striatum, and unidirectionally to both shell and core of the nucleus accumbens, as well as
dorsal striatum (Heimer et al., 1997; Swanson and Petrovich, 1998).

Both the basolateral complex and the central nucleus also receive direct
noradrenergic projections from the locus coeruleus (LC) and from the nucleus of the
solitary tract (NTS) (Fallon and Ciofi, 1992; Liang and Chiang, 1994; Ricardo and Koh,
1978; Valentino and Aston-Jones, 1995). The CeA also sends projections to both NTS
and LC (Van Bockstaele et al., 1998; Koob, 1999). Projections from LC play a major
role in affective memory modulation in BLA (Liang and Chiang, 1994). The projections
from NTS may play a role in autonomic cardiovascular feedback in addition to their
established effect on memory modulation (Roozendaal et al., 1999; Williams and
McGaugh, 1993, Miyashita and Williams, 2002). There is a functionally significant
bidirectional projection from the BLA to the orbitofrontal part of the prefrontal cortex
(OFC or OFC equivalent) in rats, cats, and monkeys (Price et al., 1996, Amaral et al.,

1997, McDonald, 1998).
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There is a very high degree of interconnectivity within the basolateral complex,
with the flow of information generally coursing from the lateral to the basal and
accessory basal sub-nuclei. There are multiple pathways interconnecting these sub-
nuclei, and all of them project separately to the central and medial nuclei of the amygdala
(Pitkanen and Amaral, 1991; Stefanacci et al., 1992).

The central and medial amygdalar nuclei (CeA and MeA) send projections to the
hypothalamus, and the central nucleus sends downstream projections to the autonomic
and somatosensory areas of the brainstem where it can elicit a sympathetic nervous
system response. The conventional borders of CeA and MeA extend
neurohistochemically into the sublenticular substantia inominata (SI) and to the bed
nucleus of the stria terminalis (BNST) (Heimer et a., 1997). It is through these
connections that the CeA has access to the entire cortical mantle. The interconnections
between CeA, MeA, bed nucleus of the stria terminalis, and the sublenticular areas are so
prominent that the sublenticular and bed nucleus of stria terminalis regions are often
referred to as “extended” or “sublenticular” amygdala (Heimer et al., 1997). The
connectivity pattern of the sublenticular amygdala is similar to that of the CeA and MeA.
Through the direct brainstem and sublenticulo-cortical connections, the CeA is able to
modulate neurochemical systems in much of the brain.

Amygdalar subdivisions have also been viewed from the perspective of functional
and structural divisions of the rest of the brain (Swanson and Petrovich, 1998). Under the
structural criteria, the BLA is a cortical structure, while CeA and McA are striatal
structures, which may be relevant to their degree of involvement in stimulus — stimulus

versus stimulus — response learning strategies. Under the functional criteria, the
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basolateral complex is part of the frontotemporal system, except the basomedial nucleus
which is part of the olfactory system (Swanson and Petrovich, 1998). The anatomical
information reviewed serves to inform us that the amygdala is optimally situated to serve
a proposed role in acquiring stimulus-stimulus associations, in addition to modulating

physiological states.

2.2 Role of the amygdala in aversive associative learning

There is a large body of work mapping learning of stimulus — stimulus association
onto the amygdala and associated circuitry. The majority of this work has focused on the
neural circuitry underlying fear associations. It has been well established that the
described connectivity of the amygdala plays a significant role in one aspect of
associative learning involving affective appraisal of a stimulus, fear. (Davis, 1992:
LeDoux, 1992 ; Kim & Fanselow, 1992; Davis and Whalen, 2002) Fear conditioning, as
one form of aversive conditioning, has been broadly applied to investigate the formation
of a fear response to a stimulus. The functional significance of this is that an aversive
stimulus, such as electrical footshock, becomes associated with a sensory cue, such as an
auditory tone or a visual light flash through repeated simultaneous exposure to both. As a
result of this “training” the rat reacts to the tone or light alone in a similar way as it reacts
to the footshock alone. This response is called “startle response” and it involves freezing,
jumping up in the air, and exhibiting an appropriate autonomic response. The circuitry
supporting this form of conditioning has been well laid out: the lateral nucleus receives
sensory input from the thalamus and from the cortex, while the basal nuclei receive

sensory input only from the cortex. These nuclei are highly interconnected. The
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basolateral complex relays the information to the central nucleus which in turn sends
projections to the brainstem. Animals with bilateral amygdala lesions (either BLA or
CeA) do not learn to associate a sensory cue with footshock. (LeDoux, 1990) The
aversive stimuli used in fear conditioning are always extreme in valence and elicit
physiological arousal.

Research on the fear circuitry has established that direct thalamo-amygdalar
connections are as important for fear conditioning as the indirect thalamo-cortico-
amygdalar connections. Fear conditioning is only completely abolished when the entire
auditory thalamus is removed (Romanski and LeDoux, 1992). The amygdala receives
other types of sensory input through the thalamus as well, including somatosensory and
visual information. Although auditory fear conditioning is thalamus dependent, visual
fear conditioning persists following elimination of visual thalamic input (LeDoux et al.,
1986). This emphasizes the significance of direct projections to the amygdala from the
visual cortex, and from the associative sensory cortices. This also underscores the
importance of using various sensory cues in associative learning paradigms since the
neural circuitries could be sense specific with respect to the amygdala.

The literature discussed above established the notion that the BLA is responsible
for all types of associative fear learning. However, an elegant within subject study looked
at the influence of selective BLA or CeA lesions on both classical and operant fear
conditioning simultaneously (Killcross et al., 1997). This study replicated the findings of
the traditional fear conditioning experiments; it showed the necessity of BLA for
classically conditioned fear. The implementation of an alternative paradigm within an

operant conditioning framework revealed that the extent to which fear conditioning relies
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on the integrity of BLA is dependent on whether or not the rat is allowed to exert
influence over the delivery of the aversive stimulus. The more influence the rat could
exert, the more BLA lesion interfered with performance (Killcross et al., 1997). Rats
with CeA lesions demonstrated the opposite effect, so that a double dissociation was
found between the effects of BLA and CeA lesions. These findings demonstrate that the
neural circuitry of fear conditioning is more complex than a serial input-output pathway
described above. The BLA projections to the pre-frontal cortex and the striatum may
make the BLA a part of an alternative affective associative neural pathway which is
directly involved in goal oriented behavior. Specifically, making a choice to avoid a
punisher and then executing appropriate avoidance behavior is an important mechanism,
with stimulus —affect association at its heart. The series of experiments proposed here
suggests that BLA is critical to the neural pathways underlying this “cognitive”

mechanism.

2.3 Role of the amygdala in appetitive associative learning

Although the majority of current research implicates the amygdala in fear
associative learning, it also plays a substantial role in mediating positive affective
appraisal of sensory stimuli. The amygdala is an integral part of the neural circuitry
underlying numerous appetitive associative learning tasks (Kesner et al., 1989; Cador et
al., 1989; Everitt and Robbins, 1992; Hamann et al., 1999; Parkinson et al., 2000). There
has been a wealth of research in recent years examining the selective involvement of
BLA and CeA in positive affective conditioning paradigms (Holland et al., 2001,

Balleine et al., 2003, Blundell et al., 2001, Schoenbaum et al., 1998, Chiba et al., 2002).
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The literature on this subject seems to agree that in parallel to aversive conditioning, in
appetitive conditioning the BLA bears more influence in instrumental conditioning
paradigms, while the CeA seems more involved in Pavlovian responses (Everitt et al.,
2000). Furthermore, there are some aspects of appetitive conditioning that do not seem to
depend on amygdalar processing, such as simple food cup approach, where rats learn to
approach a food receptacle after food delivery (Everitt and Robbins, 1992). The striatal
and ventral pallidum circuitry is hypothetically involved in this latter type of learning,
described as stimulus-response (SR) learning (Everitt and Robbins, 1992, Alheid and
Heimer, 1988, Parkinson et al., 2000).

The basolateral complex of the amygdala has been implicated in processing
information about the current reward value of a sensory stimulus following a reward
devaluation process (Hatfield et al., 1996). In a selective reward devaluation paradigm,
rats with BLA lesions learned that two different instrumental responses predicted two
equally tasty foods with different sensory qualities (solid and liquid of equal sweetness)
(Blundell et al., 2001). However, BLA lesioned animals could not learn to discriminate
between these taste outcomes after one of them was devalued (Blundell et al., 2001). The
central nucleus of the amygdala, unlike BLA, is more important for increased orienting to
the stimulus (CS) that becomes associated with rewarding outcome (Holland et al., 2001).
It is still somewhat controversial whether the amygdala is important in linking specific
sensory qualities of the stimuli or the motivational value of the stimuli (Blundell et al.,
2001; Baxter and Murray, 2002; Everitt and Robbins, 1992; Everitt et al., 2000). A more

likely outcome is involvement in both, suggested by the amygdalar interconnectivity with
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CNS arousal mechanisms (Williams and McGaugh, 1993; Van Bockstaele et al., 1998)

alongside its feedback to the sensory cortices (McDonald, 1998).

2.3.1 Involvement of amygdala in memory for reward magnitude

The research described below focuses specifically on the role of the amygdala in
differentiating magnitude of reward in associative learning and memory paradigms, one
aspect of amygdala research that has not gained much attention in the recent years.

One appetitive learning experiment demonstrated that the amygdala is necessary
for accessing information about previously formed relationships between affectively
laden stimuli (food at the next trial) and different reward magnitudes. This study
involved forming associations between food stimuli of different reward magnitude (high
versus low sugar) and the availability of food on the following test trial. (Kesner and
Williams, 1995) The rats learned that the high sugar food was always followed by reward
at the next trial, while the low sugar food was never followed by reward at the next trial.
The time it took the rats to look for the reward at the next trial was used as a measure of
whether they learned this task. After the rats mastered this task, they underwent selective
amygdala lesions. The results showed that amygdala lesioned rats were unable to
remember postoperatively which food was followed by reward.

It is important to note that both stimuli in this experiment were affectively laden,
and there was no neutral stimulus in this paradigm. The lesioned rats still had the same
food preferences as the normal rats, however, the lesioned rats could not act to their

advantage based on the difference in reward value of the stimuli (Kesner and Williams,
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1995). This indicates that the amygdala is involved in differentiating the reward values
of stimuli after the values are learned, i.e. at the performance stage.

Using Conditioned Place Preference (CPP) appetitive paradigms, it has been
shown that the amygdala is necessary for remembering a location preference based on a
magnitude of reward delivered at that location (White and Packard, 1991; White and
McDonald, 1993; Fuchs et al., 2001). While exploring an eight arm maze, rats
demonstrate a preference for those arms of a maze where they find more food relative to
the other arms (White and Packard, 1991; White and McDonald, 1993). During the test
stage the food was no longer present; the rats got to freely explore the maze, and the time
spent in each arm was recorded. Rats prefer the places previously associated with high
reward (more food). Rats with amygdala lesions no longer differentiate between the
places previously associated with high reward versus the previously low reward
locations.

A related study demonstrated that rats with BNST lesions are impaired at learning
the differences in costs of a reward (Brown et al., 1996). Rats learned to press a bar to
get a food reward, but with each trial the number of bar presses necessary to obtain the
same reward increased. Normal rats will press the bar with more pauses between presses
as the number of necessary presses increases. Rats with bilateral lesions of sublenticular
extended amygdala (SEA or BNST), which is highly interconnected with CeA, will press
the lever with the same urgency whether they need to press it once to obtain a food pellet
or if they need to press it 16 times to obtain the same pellet. The rats still remember that
bar pressing is associated with food reward, but they no longer can differentiate between

the relative difficulties of obtaining this reward. This experiment has components of both
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stimulus-stimulus and stimulus-response learning, and while SR is preserved (bar
pressing for a reward), SS seems to be impaired. If the cost of a reward is indirectly
correlated with affective valence, then the BNST lesioned rats cannot tell the difference

between different valence distances on the affect scale, an incentive value deficit.

2.3.2 Involvement of amygdala in the learning of appetitive associations

Several experiments show how amygdala nuclei influence the formation of affect
— stimulus associations. For example, rats with BLA lesions are impaired at acquiring
preferences for a location in a cocaine reinforced CPP task (Fuchs et al., 2002). In an
appetitive instrumental task, when rats with excitotoxic BLA lesions are taught to
perform different actions for foods that differ only in sensory qualities (liquid versus
solid with same degree of sweetness), they are not impaired in acquiring this task
(Blundell et al., 2001). However, if one of the appetitive stimuli is devalued by selective
satiation, the performance of the operant actions is not adjusted selectively in lesioned as
opposed to sham operated rats (Blundell et al., 2001). This provides further support for
the BLA’s role in associating appetitive stimuli with specific instrumental responses. On
the other hand this study again brings up the importance of SR learning in appetitive
paradigms. It is possible that the rats are able to correctly learn the initial responses to
get the rewards because the striatopallidal pathways that largely mediate SR learning are
intact.

A series of experiments involving the differential cost of reward was run by
Salinas and McGaugh. Rats learned to expect a reward of a given magnitude (10 sugar

pellets) at the end of a walkway, which made them reach the end of the walkway with a
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certain latency. Following learning, if the amount of reward was reduced the rats would
take longer to reach the food dish. Full amygdala lesions abolished the memory for
reward change. An alternative interpretation of this phenomenon is that processing in the
amygdala was necessary for learning the association between the new magnitude of
reward and reaching the end of the walkway. While the animals had learned to exert a
certain amount of effort in reaching this large reward, lesions of the amygdala prevented
them from updating the value of reaching the end of the walkway, so the degree of effort
stayed the same even while the magnitude of reward changed. This effect was also
influenced by GABAa agonists and antagonists infused into the amygdala. Muscimol, a
GABAa agonist, infused into the amygdala interfered with affective memory, while
bicuculline, a GABAa receptor blocker, enhanced the memory for change in reward
magnitude. Propranolol, a beta adrenergic antagonist, also interfered with affective
memory enhancement for reward change in the same paradigm when infused into the
amygdala. These experiments demonstrate clear involvement of several neurochemical
systems in processing rewarding associations, or memory for reward magnitude, in the
amygdala.

In sum, the amygdala is necessary for both acquisition and performance (learning
and memory) stages of affect dependent associative learning. Also, both the amygdala
and the extended amygdala are necessary for differentiations of reward values in
associative learning. Controversy remains regarding the specific involvement of BLA
and CeA in this appetitive circuitry, in part due to the lack of variety in sensory cues used
in appetitive associative learning, as well as the specificity of the lesion techniques

employed.
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2.3.3 Electrophysiological recordings in the amygdala during associative
learning tasks

To compliment the lesion studies, electrophysiological recordings of amygdala
cells in freely behaving animals have been performed (Ono et al., 1995; Schoenbaum et
al., 1998, Schoenbaum et al., 1999; Chiba et al., 2002). The firing data shows that
neurons in the BLA quickly acquire selective firing properties to stimuli associated with
either positive or aversive outcomes (Schoenbaum et al., 1999; Chiba et al., 2002).

One task involved using different odors to predict the availability of either a
positive (sucrose solution) or a negative (quinine solution) consequence. The authors
found that cells in amygdala begin to selectively fire in anticipation of either rewarding or
aversive stimuli early in the learning process, before the rat overtly learns the correct
behavior. Specifically, neurons in the BLA fired selectively in anticipation of these
events after detecting the distinct olfactory stimuli. Further, the timing of these predictive
firings preceded a similar firing pattern in the orbitofrontal cortex (Schoenbaum et al.,
1999).

Another study that recorded single unit firing data in the basolateral amygdala of
awake behaving rats used a task almost identical to the one used here (Chiba et al., 2002).
Rats had to learn the motivational significance of Lego objects paired with rewarding and
aversive food stimuli. This learning process was examined across six days of training and
testing. Approaching the object in the pair of two objects that was associated with a
tastier food pellet demonstrated successful acquisition of the motivational significance of

the objects. During this task, a proportion of single units in the BLA fired selectively to
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different objects based on the associated outcome of each object. These findings further
implicate a role for the amygdala in encoding the associative significance of cues and
highlight the use of valence information in the selection of a behavioral response (Chiba
et al., 2002). This evidence is strongly supportive of BLA being a learning hub in the

brain for stimulus — stimulus associations that have a component of affective appraisal.

2.4 The Current Investigation

In the current project we implemented a novel behavioral task that enabled us to
examine the valence dimension of affect at discrete points on a continuum from positive
to negative. This task involved looking at stimulus - stimulus associations between
neutral objects and food stimuli of gradated valence (from positive to aversive) that result
in formation of an affective preference scale for the objects. This task also had elements
of stimulus — response learning which needed to be teased apart from the stimulus —
affect learning during behavioral analysis. This experiment is without a precedent for
several reasons: 1) we are looking at the associations between a series of visual/tactile
stimuli and both positive and aversive reinforcers, 2) we are investigating the effect of
selective BLA lesions on the learning of preferences for differential magnitude of reward,
and 3) we are testing the involvement of the BLA in the acquisition, not performance, of
affective associations.

To assess the necessity of the basolateral amygdala in establishing positive and
negative object valence associations within the same learning paradigm, the experimental

group of rats underwent bilateral basolateral amygdala lesioning prior to the acquisition
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stage of a preference formation task wherein neutral objects were paired with outcomes
of differing valence.

In order to investigate the role of the BLA in discrimination between stimuli that are
close on the valence scale versus stimuli that are far apart on the valence scale, we used
several levels of behavioral analysis to examine how behavioral and learning patterns

differ between lesioned and non-lesioned rats.

3. Materials and methods
3.1 Subjects
All procedures and animal care adhered strictly to Society for Neuroscience, and
institutional TACUC guidelines for experimental animal health, safety, and comfort.
Subjects were 19 adult (4 month old at the beginning of experiment) hooded male rats
(Long Evans), housed individually and weighing 350-450g at the beginning of the
experiment. They were fed ad libitum until three weeks prior to training, then brought
down to and maintained at 93% free feed weight, with water and food intake monitored
and recorded daily. Water was available ad libitum throughout the experimental
procedures. Rats were maintained on a 12 hour/12 hour light dark cycle. Rats were
obtained from Charles Rivers Laboratories (Portage, ME). 9 animals were included in
the experimental group and had BLA lesions, and 10 animals underwent vehicle

infusions and served as controls.

3.2 Surgical Procedures: BLA lesions The experimental group had the BLA

removed bilaterally, while the control group underwent the same surgeries but with
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vehicle (acsf) infusions. Neurotoxic lesions of the basolateral amygdala complex were
made under antiseptic conditions using N-methyl-D-aspartate (NMDA). Each rat was
anesthetized with 2% isoflurane in an O, carrier. Each rat was then placed in a
stereotaxic apparatus. An incision was made along the midline of the rat's head, and the
underlying periosteal fascia was scraped to the side. Two holes were drilled through the
skull, and a small slit was made in the underlying dura at each location to assist needle
penetration. A Hamilton syringe (10 pl) with a 28 gauge permanent needle was used to
make four injections of NMDA (diluted to 12 pg/ul in a 0.01M Phosphate Buffer
solution, pH 7.4) Neurotoxic injections, or equal volume injections of vehicle (0.01M
PBS alone), were made at stereotactic coordinates -2.8 mm posterior to bregma, 5.0 mm
lateral from the midline (on either side), and ventral from the skull surface at -8.1 mm
and -8.4 mm, respectively. Following the completion of all injections, the skull was
cleaned, the wound sutured, and a topical antibiotic was applied to the exterior of the
wound site. Upon completion of surgery, the rat was given intramuscular injections of
Penicillin-G (30,000 units, Sigma, St. Louis, MO) and buprenorphine (0.05 mg/kg). Each
rat was placed on a warm heating pad in a recovery cage and monitored during recovery
from anesthesia. Following the surgeries, the rats were allowed 7 days of post-operative

recovery before the initiation of behavioral training.

3.3 Behavioral Apparatus
An open field circular wood platform equipped with 177 food wells was used for
testing rats on all tasks. This platform consists of three round layers of wood, the bottom

one is solid, while the two top ones have 177 geometrically positioned round holes that
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are 1 inch in diameter and go all the way through the boards. The two top boards are
separated by wire netting which makes it impossible to reach the holes in the middle
wood layer when the whole platform is assembled. The edible pellets (Noyes/Research
Diets) used as stimuli in the experiment are placed in the holes of the top layer. All four
kinds of pellets used in the experiments were placed in each food well under the netting
(middle wood platform layer) to eliminate olfactory cueing. This open field apparatus,

also called the "cheeseboard" was used for all of the experiments described here.

3.4 Behavioral Training3.4.1 Taste discrimination and consumption test

Initial training involved taste discrimination consumption tests for the rats. A
basic taste discrimination control experiment was performed in order to ensure that both
groups of rats (BLA lesioned and controls) were able to differentiate one taste from
another and to demonstrate normal flavor preferences. In accordance with our pilot
work, the custom Noyes pellets (PJ Noyes Inc./Research Diets, NH) were ordered and
manufactured at concentrations such that rats responded most preferentially to pellets
with the highest sucrose concentration (100%), relative to pellets with the low sucrose
concentration (25%), low Quinine HCI concentration (0.002%), and least to pellets with
the highest Quinine HCl concentration (0.02%). All pellets were manufactured with
cellulose base. Sweet pellets with the 100% and 25% sucrose concentrations had no
Quinine HCI, and bitter pellets with 0.002% and 0.02% Quinine HCI had no sucrose in
their composition. In accordance with previous research on taste reactions among
species, the rats were observed for universal hedonistic ("yum") and aversive ("yuck")

reactions to the pellets (Berridge, 2000).
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The rats were given consumption tests to determine their preferences for different
kinds of food reinforcements. The same pellets as described above were used in this
experiment. In order to test the ability of each rat to discriminate between the pellets,
each rat had free access to two piles (equal in quantity) of the pellets. After 60 seconds
the amount remaining in each pile was measured and compared. The piles of pellets were
counterbalanced for side of presentation (Left v. Right) and presented on an exhaustive
pairwise schedule.

Given that BLA lesioned rats have the same food preference patterns as controls,
as well as appropriate behavioral reactions, it is assumed that any deficits observed in the
main behavioral task are not due to the rats’ inability to discriminate between rewards or

alterations in basic taste preferences.

3.4.2 The affective preference formation, 4 object taskDuring this task, rats are
trained to associate a Lego object with a particular food pellet. An object set consists of
four different Lego objects, one for each kind of pellet. The rats are trained with a given
object set for six days, then given a break followed by a switch to a new object set.

This preference formation task consists of two kinds of trials: training, or
acquisition, and test, or performance. The test and training trials are interspersed
throughout the task. There are 10 training trials total, 5 before and 5 after the first test
trial, and 6 test trials total. The training trials involve the exposure of the rat to all four
Lego objects involved in the experiment, one at a time. The object is placed on the board
five holes away from the door of the start box, with the suitable edible pellet underneath,

then the rat is made to orient its nose to the door by the experimenter lightly tapping the
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door from the outside. The start box is opened, and the rat has to run up to the object and
push it over in order to reach the edible pellet. The rat spends time examining the object
and eating or examining the pellet. As soon as the rat turns away from the object, the rat
is returned to the start box, or alternatively, returns to the start box on its own volition.
Then the object is taken off the board, and the next object out of the four is placed on the
board instead, with the appropriate edible pellet underneath. The four objects are
presented to the rat in random order, for five training trials total, so that the rat sees each
object five times before the commencement of the test trials.

Each test trial is immediately preceded by a training trial which serves a dual
purpose. First, the rat is given an opportunity to see all of the four objects immediately
before a test trial, which serves to eliminate the need to keep the objects in memory.
Second, each training trial that precedes a test trial is constructed in a way that places the
two objects involved in that test in the middle of the training presentation. For example,
if the test trial is Object 2 versus Object 3, the order of the object presentation in the
training trial would be 1,2,3,4 or 4,2,3,1, but not 2,1,3,4 or 1,3,4,2. This feature of the
experiment is designed to minimize the proactive and retroactive interference that might
play a role in selecting the objects during a test trial.

Each test trial involves a presentation of two of the four objects to the rat at the
same time. Both objects in the test trial, picked according to a set schedule, are placed on
the board 12 holes away from the start box door, equidistant from the center of the start
box and covering adjacent holes where the appropriate food pellets are placed (See
Figure 3). The rat is oriented to the door of the start box in the same manner as in a

training trial, and a test trial starts out exactly the same as a training trial. The rat had to



36

approach the two objects and pick one of the two to push over and examine or eat the
pellet underneath. The rat was consistently prevented from pushing over the other object
during the initial training for the experiment, and by the onset of data collection the rats
generally do not try to push over both objects. As soon as the rat turns away from the
object that was pushed, it is returned to the start box, or the rat returns to the start box on
its own volition.

The rats completed training on at least six, and at most eight different objects sets.

3.4.3 Fear conditioning

At the conclusion of the behavioral testing on the preference task, the rats underwent
training and testing on a delayed tone fear conditioning paradigm, adapted from Davis,
1992. Briefly, the animals were put in a behavioral chamber, with the house light on, and
subjected to a 10 second tone, paired with a brief (1 sec) electrical shock, for 10 separate
trials, within a single 12 minute training session. On the following day, the animals were
put in a contextually different behavioral chamber, and subjected to a testing session,
where the tone alone was presented for 10 seconds, in 10 separate trials, in a single 12
minute test session. The activity of the animals was measured throughout with an
infrared sensor and the resulting activity data was output to a computer using the
Graphics State software. The results of the fear conditioning experiment were used to
verify the efficacy of the BLA lesions, and used to determine the inclusion criteria for the

lesioned and the vehicle infused animals in the preference task behavioral analysis.

3.5 Histological methods
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At the conclusion of behavioral training, each rat was euthanized using Nembutal
(120 mg/kg, i.p. sodium pentobarbital). Following lethal injection, rats were perfused
transcardially with 0.9% saline followed by 4% paraformaldehyde fixative. Brains were
then removed and stored in the same 4% paraformaldehyde fixative solution used for
perfusion. Three days before the brains were further processed, they were transferred to a
20% sucrose in phosphate buffer solution. Then the brains were frozen with dry ice,
sectioned coronally (40 um) using a sliding microtome, and every section was mounted
onto gelatinized glass slides, and Nissl-stained. To ensure that a majority of fibers of
passage are left intact, alternate sections were stained using a silver stain for visualizing
fibers. The extent of lesions was determined by visual inspection of the slides under the
microscope. The lesions were characterized according to size and location and used to

determine which animals would be included in statistical analysis.

3.6 Statistical Analysis

The behavioral data from the open field object preference formation experiment
were analyzed using JMP 4.0.2 (SAS institute, Cary, NC). For the “choice” data (which
object out of a pair the rat picks), a three way repeated measures ANOVA was performed
— two within variables (time blocks of training (4) and choices(6)), one between variable
(lesion/vehicle group). Once the main effects became apparent, the choices were grouped
into categories according to either valence (within versus between) or nearness of objects
on the valence continuum (adjacent versus separate). Then two three way repeated
measures ANOVA were performed on the different groupings of choices — two within

variables (time blocks of training (4) and valence(2) or proximity (2)), one between
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variable (lesion/vehicle group). Subsequently, step down ANOVAs and post-hoc
comparisons were performed on choice data variables with significant main effects.

Microchoice and latency data analyses will be discussed in detail in Chapter 2.

4. Results

4.1 Histological results

Upon histological analysis of the infusion sites, the extent of the BLA lesions was
quantified and rated according to the specific amgydalar subnuclei site of damage. A
representative extent of the NMDA lesion site, as well as a representative vehicle infused
BLA section, are shown in Figure 1A. At the completion of the experiment, after
histological analysis of the brain sections, 4 out of the 19 rats were eliminated from the
analysis based on either insufficient or too much incidental BLA damage (all 20%
unilateral or bilateral BLA lesioned subjects were not included in the final analysis).
Another 3 rats were eliminated based on erroneous lesion targeting. One more vehicle
infused rat was eliminated based on aberrant endogenous gliosis in the BLA. At the
conclusion of the analyses, there were 6 animals included in the control group and 5

animals included in the experimental group.

4.2 Behavioral results
4.2.1 Fear Conditioning
A one way ANOVA, with the lesion/vehicle group as the between variable, was

performed on the rate of activity during the aversively conditioned tone. Rats with the
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BLA lesions were significantly less likely to fear condition successfully than the vehicle

infused animals (as shown by the main effect of group: F=(9,51), p=0.018; see Figure 2).

4.2.2 Preference Formation Task

In the behavioral analysis for this experiment it was found that the rats with intact
basolateral amygdalae learned to choose objects according to preference significantly
better than the rats with lesioned basolateral amygdalae (main effect of group:
F(1,9)=23.86, p=0.0009; see Figure 3). The performance of the vehicle infused and the
BLA lesioned animals differed both with respect to time (main effect of time block:
F(3,138)=9.57, p<0.0001), and with respect to the type of choice learned (main effect of
choice type: F(5,138)=12.94, p<0.0001). Once these group differences became apparent,
the step down analyses allowed for the examination and comparison of each group, time
block and choice type separately. With subsequent step down ANOVA’s for each group
(two way repeated measures ANOVA with block (4) and choice type (6) as within
variables) it was found that the vehicle infused rats demonstrated significant
improvement in choosing objects according to preference over the course of time (main
effect of block: F(3, 73)=12.2; p<0.0001). On the other hand, rats with lesioned
basolateral amygdala did not demonstrate learning over time (main effect of block: F=I,
59; p=0.2618).

One of the most important differences that can be seen between the performance
of the vehicle infused and the BLA lesioned animals is the difference in learning distance
relationships on a spectrum of affective values associated with objects over time.

Specifically, the formation of preferences between a set of objects associated values that
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are set closely on the valence continuum, such as the “Good vs. Bad” choice type, was
compared with the preference formation between a set of objects associated values
further spaced out, such as the “Best vs. Worst” choice type (two way repeated measures
ANOVA with block (4) and proximity (2) as within variables for each group). There is a
distinct dissociation between the performance of vehicle infused and BLA lesioned rats
on these choice types (see Figure 3A and 3B). Rats with an intact BLA are able to learn
to choose objects according to preference on both “Good vs. Bad” and the “Best vs.
Worst” choices over time (vehicles, main effect of block: F(3,361)=9.32, p<0.0001; see
Figure 3C). Rats with the lesioned BLA are not able to improve in their behavioral
choices, “Good vs. Bad” and “Best vs. Worst” according to food preference over time
(lesions, main effect of block: F(3,295)=0.83, p=0.48; see Figure 3D). However, while
the lesioned rats show a marginal improvement in the “Best vs. Worst” choice type
behavior (lesions, post hoc contrast comparison of the “adjacent” proximity variable by
block: F(1,295)=3.54, p=0.06), they demonstrate no such improvement for the “Good vs.
Bad” choice (lesions, post hoc contrast comparison of the “separate” proximity variable
by block: F(1,295)=0.023, p=0.88; see Figure 3D).

This pattern of behavior is consistent with the different distances between the
affective values on the valence continuum. While the “Good vs. Bad” choice type is not
separated by any other food values, the “Best vs. Worst” choice type values are separated
by the 25% sucrose pellet and the 0.002% Quinine HCI pellet values on the valence
continuum.

In line with this method of choice data analysis, it was logical to compare the

performance of both the experimental and the control groups of animals on all six



41

different types of choices according to the distance between associated values on the
affect continuum (Adjacent vs. Separate value points, see Figure 4A and 4B). In support
of this hypothesis, the vehicle infused rats performed significantly better on the choice
types between objects associated with separate value points on the continuum
(F(1,32)=30.16, p<0.0001). The BLA lesioned rats, on the other hand, did not differ in
their choice performance according to the distance between the associated value of
objects (F(1, 63)=1.89, p=0.17).

The six different choices between objects presented to rats in this experiment can
also be grouped according to the appetitive or aversive qualities of the associated food
pellets. In this case, the analysis is based on looking at choices between objects
associated with opposite valence values (any positive vs. any negative food value), and
the choices between objects associated with the similar valence values (positive vs.
positive and negative vs. negative choice types). When the choices are grouped
according to these categories (Within vs. Across valence), interesting similarities emerge
between the experimental and the control groups of animals. The learning patterns for
association of values with objects according to valence categories are different for both
vehicle infused and the BLA lesioned rats (see Figure 4B and 4D). The vehicle infused
rats are far better at learning the Across valence choice type responses than the Within
valence choice types (F(1,32)=50.08, p<0.0001). However, the BLA lesioned rats are
also better at learning the Across valence choices (F(1,63)=6.58, p=0.01).

The rats with intact BLA showed significant improvement over time in all choice
types, with the possible exception of the “Best vs. Good” choice type, where the vehicle

rats’ choice behavior was not significantly above chance over time. The rats’
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performance shows that they were not able to learn to pick object 1 (100% sucrose pellet)
over object 2 (25% sucrose pellet) by the end of training. The consumption tests (data
omitted here) show that both lesioned and non-lesioned rats prefer whole sucrose pellets
over 25% sucrose pellets every single time. However, the demands and conditions of the
task may be such that it is exceedingly difficult for the rats to learn the distinction
between the two positive objects. Alternatively, the 25% pellet may be “good enough”
within the constraints of this task simply because it is not an aversive pellet. In an
alternate, earlier version of this preference task, data were collected in the same manner
as described above, with only distinction being that instead of the 25% sucrose pellet we
used a 10% sucrose pellet. Also, the data was collected over 5 days of training for each
object set instead of 6 days. It was evident from the data (omitted here) that rats
improved performance on the choice between two “positive” objects. Furthermore, in an
electrophysiological experiment based on this preference task, but executed with three
objects instead of four, the rats were successfully able to learn the difference between the

25% sucrose and a 100% sucrose pellet in a similar choice format.

5. Discussion
When the behavior of both groups of rats, vehicle infused and lesioned, was
examined carefully according to different parameters, several important points about the
global role of the basolateral amygdala in affective associative learning could be

discerned.
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5.1 Are valence comparisons differentially disprupted according to separation on
the valence continuum?

First, our findings in this task support the hypothesis that the BLA is undeniably
important for the manifestation of learned affective goal directed choice behavior
(Kesner et al., 1989; Holland et al., 2001, Balleine et al., 2003, Blundell et al., 2001,
Schoenbaum et al., 1998, Chiba et al., 2002). This hypothesis also finds support in
literature on human research that explores the role of the amygdala in affect, association
and choice behavior using fMRI techniques (Arana et al., 2003; Coricelli et al., 2005).

Some of the other aspects of this task, such as the late emergence of instrumental
learning, discussed in detail in chapter 2, did not depend so robustly on the BLA being
intact, as does the behavior discussed here. Rats with an intact BLA demonstrated
different rates and patterns of learning according to choice types, performing best on the
choice types between objects that were both separate in distance on the value continuum
as well as opposite in valence. These data support the idea that the dimension of valence
is likely to be quite relevant to ongoing processing in amygdala circuitry.These results
also support the theory of “pattern separation” for affective associations that was
described and predicted by Kesner in relation to the specific role for the amygdala in
learning and memory (Gilbert and Kesner, 2002). Several studies on magnitude of
reinforcement in 8 arm maze place preference paradigms supported the role for the
amygdala in being able to remember the location consistent with the size of reward
(Kesner and Williams, 1995).

The results of the current experiment allow for the evolution of this hypothesis

into one with a broader and better defined role for the BLA in affective associative
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learning. The BLA participates in the linking of affective values with previously neutral
visual objects, in the process integrating both the valence and the intensity of the
associated affective values. There is a new study in human literature that supports this
kind of integrative role for the amygdala (Winston et al., 2005). However, while the
authors of the human study explored the interaction of various levels of intensity and
gradations of affective valence of stimuli and their effects on the amygdalar activation
during fMRI, the subjects in the study were never asked to choose between or associate
previously neutral stimuli with these values (Winston et al., 2005).

The vehicle infused rats performed better on the choice types with more
resolution (separated by other values on the valence continuum) than on the choice types
with less resolution (see Figure 4A and 4B). Also, the vehicle infused rats were slower to
improve and did not improve as much on the choice types with less resolution (see Figure
4A and 4B). These findings are fully consistent with the evidence presented above on the
potential interaction between levels of intensity and valence, proposed by Winston et al,
2005.

Conversely, none of the BLA lesioned rats improved significantly on any of the
choice types over time. However, the choice behavior of the BLA lesioned rats showed
definite trends toward improvement that were evident by the last day of training,
especially when compared to chance levels. The BLA lesioned rats showed the most
improvement in choices between objects associated with opposite valence, positive

versus negative, in a post-hoc analysis of choice types (p=0.062).
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5.2 Does an absence of the putative “arousal stamp” provided by the BLA
account for deficits in choice performance?

A number of studies from the McGaugh laboratory point to the basolateral
amygdala as an important structure in the modulation of affective memory (Cahill and
McGaugh, 1990; McGaugh et al., 1992; McGaugh et al., 1996). This modulation is
demonstrated to occur through the additional arousal provided by the affective
component of the stimulus. The integrity of the amygdala is proposed to be critical to the
function of this arousal stamp, such that amygdala lesioned rats do not demonstrate the
ordinary memory benefit provided by affectively laden material. The current study
results are consistent with the BLA playing a role in modulating behavior based on
affective associations. However, despite their overall poor performance, BLA lesioned
rats eventually demonstrated some ability to appropriately choose between the two most
arousing stimuli (positive vs. negative) presented in the experiment (p=0.06). In contrast,
an experiment by Cahill, using a single positive and two gradations of negative
reinforcements, found that the amygdala lesioned rats were not impaired in the memory
of the positive and the lesser negative location (Cahill and McGaugh, 1990). (Here it is
important to note that memory for our objects was not tested. In our study we did not test
whether the rats remember the objects, but rather whether they can discern which of two
objects leads to a better outcome.) Thus, this inconsistency with the present results could
be due to a disctinction between memory for an item and the comparison of relevance
between two items. Reliance of the present study on testing the ongoing formation of
multiple associations provides a methodological difference that might also account for

differences in interpretation. A majority of studies by McGaugh and colleagues assess the
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involvement of the BLA in the consolidation of single events that are very high in
intensity, which could potentially lead to the lack of effect when the same measure is

used on events of lesser intensity.

5.3 Does some redundancy of function between BLA and OFC provide for some
preserved learning, in the absence of BLA?

Electrophysiological studies from the Chiba laboratory showed that the single unit
firing properties of the BLA cells assume selectivity very early in response to particular
object — value pairings (Quinn et al., in preparation). The basolateral amygdala is
bidirectionally interconnected with the orbitofrontal portion (OFC) of the prefrontal
cortex, and there is evidence that the BLA is important for tuning the selectivity of
neurons in the OFC (Schoenbaum et al., 2003). The OFC has been shown to be extremely
important in overt emotional decision making and learning (Schoenbaum et al., 1999;
Chiba et al., 2002; Bechara et al., 1999). It has also been shown that single cells in the
BLA assume distinct firing patterns in response to stimuli of different affective values
earlier than the cells in the OFC (Schoenbaum et al., 1999; Chiba et al., 2002).

For different choice types vehicle rats demonstrate proficiency at different rates
across blocks of training. The choice type (best vs. worst) in which vehicle rats most
rapidly demonstrate proficiency is the same choice type on which BLA lesioned rats
demonstrate a trend toward learning, only at a later time point. Given an aspect of
redundancy in the roles of amygdala and OFC in choice behavior (Bechara et al., 1999),
it is possible that OFC can support this learning and simply does so more slowly without

the input of the amygdala. The fact that the BLA lesioned rats in our experiment start
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learning some of the more distinct choice types at a later time point is consistent with the
OFC guiding this function without the input from the amygdala. Thus, it is entirely
possible that learning of other choice types would emerge at even later time points, if

BLA lesioned rats were trained extensively on a set of objects.

5.4 Is the amygdala specialized only for making associations between stimuli and
negative outcomes?

In full support of the theories brought forth on the role of the basolateral amygdala in
fear conditioning (Davis, 1992: LeDoux, 1992 ; Kim & Fanselow, 1992; Davis and
Whalen, 2002), rats with BLA lesions were completely unable to improve their
performance on the negative to negative (Bad vs. Worst) object choice type. That is, the
BLA seems to bear crucial influence in learning to choose correctly the lesser of two
evils, once those evils are associated with their evil values and are no longer neutral and
innocent.

Why are the choice data presented in this chapter not merely a demonstration of
rats learning something relative to how “bad” it is (Amaral et al., 1992; LeDoux et al.,
1990)? Are the lesioned rats just unable to learn the significance and associability of
“bad” objects? One of the answers lies in examining the rats’ behavior while choosing
between objects of relatively different acquired values. Rats with an intact BLA learn the
difference between objects that are far away from each other on the “good to bad”
spectrum, as well as the difference between objects that are relatively close to each other
on this spectrum. While the rats with lesioned BLA demonstrate a trend toward learning

the difference between objects that are far apart on the valence continuum, they are
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absolutely not able to learn the difference between the objects that are close to each other
on this continuum.

If the learning was occurring only on the level of “relative to bad”, the rates and
successes in learning these two different relationships should be comparable. Instead,
what can be observed, is the effect of learning relative to any value on the continuum: not
only to the negative, but to the relative degree, or gradation, of both positive and negative
value(see Figure 3C, 4A, and 4B).

This result is closely aligned with the electrophysiological data from a similar
experimental paradigm accomplished by Quinn et al., which shows that individual cells
in the BLA acquire selective firing patterns in response to gradations of positive value
associated objects, as well as with negative value associated objects (Quinn et al., in
preparation).

Thus, the BLA seems to play a significant role in learning a spectrum of affective
object — value associations, that are not linked with extreme levels of physiological
arousal such as that elicited to cues in fear conditioning experiments (Iwata and LeDoux,
1988). Still, the data received from the delayed acute tone fear conditioning paradigm in
the current study are consistent with the performance of BLA lesioned and intact rats on

the preference formation task (see Figure 2).

5.5 Does the BLA support categorical learning (good vs. bad) or is there evidence
that gradations of learning are differentiated?
Vehicle infused BLA rats, as opposed to the BLA lesioned rats learn the “Good v.

Bad” choice over time, with a learning rate consistent with the other between valence
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comparisons (see Figure 3C). Lesioned animals not only do not improve on this choice
selection over time, there is a distinct learning rate difference in their performance of this
particular choice from the other between valence choice types (see Figure 3D for a
representative comparison with the “Best vs. Worst” choice type behavior). This serves
as partial evidence of considerable disruption in the normal learning mechanisms that
subserve affective associative learning. Furthermore, this is concrete evidence that the
basolateral amygdala plays an important role in learning affective value relationships that
include relationships between good and bad, as well as gradations of bad values, as
opposed to learning distinct and independent value points (Kesner et al., 1989).

When the lesioned and the vehicle groups are examined separately, it becomes
apparent that both groups are able to distinguish choice types based on the global valence
difference of the value associations — either positive or negative. This is indicated in our
analysis of the between and within valence object associations for each of the groups (see
Figure 4B and 4D). Both the vehicle infused and the BLA lesioned rats demonstrate
differences in how they learn the between and the within valence types of choices. This
is irrespective of the fact that while vehicle infused rats improve over time, the lesioned
rats do not.

However, when the lesioned and the vehicle groups are examined according to the
choices they make between objects based on the associated value proximity on the
valence continuum, a different picture emerges. While the vehicle infused rats are
learning different types of choices at different rates — with separate and adjacent choice
types clearly separating over time, the BLA lesioned rats demonstrate only partial

separation of learning patterns for these disctinct types of choices.
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These results indicate that the BLA influences the learning of relative values
between objects disproportionately more so than the learning of global positive versus
negative valence in the given experimental task. Even though the BLA lesioned rats are
unable to improve their performance over time on the valence choices, their performance
is still differentiated according to choice types in the between and within valence choice
types. The BLA lesioned rats, thus, show covert learning for the difference between the
positive and negative values of the objects, without the accompanying difference in overt
behavior. This result is partially consistent with the role the amygdala exerts in choices
between decks of different affective values in a gambling task in humans (Bechara et al.,
1999). In this task, humans with amygdala damage were unable to choose
advantageously based on the positive or aversive values associated with gambling cards.
However, these humans also did not demonstrate any covert indication of knowing the
difference between the cards, as measured by autonomic responses. Conversely, in our
experiment the BLA lesioned animals show marginal improvement on more explicit
choice types involving opposite valence comparisons.

The BLA lesioned rats seem unable to differentiate between the relative distances
between objects associated with separate and adjacent values on the valence continuum.
From this, it can be inferred that the BLA has a disproportionately larger role in learning
relative values of neutral objects, versus acquiring the associations for negative or for
positive values separately.

On the other hand, there are a number of neural structures discussed in the
literature, other than the BLA, that are also important in appraising the negative or the

positive qualities of stimuli. The central nucleus of the amygdala, as well as the BLA,
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has been implicated in the learning of the aversive associations (Davis, 1992: LeDoux,
1992 ; Kim & Fanselow, 1992; Davis and Whalen, 2002). There are also a number of
structures that are important through their interaction with the BLA, for learning the
motivational and rewarding properties of stimuli, such as the ventral striatum and the
striatopallidal circuitry (Everitt and Robbins, 1992, Alheid and Heimer, 1988, Parkinson
et al., 2000; Everitt et al., 1989; Everitt et al., 1991). While the BLA is also important in
these kinds of positive and negative appraisals, what ultimately separates it from the roles
of these other structures is the importance that it assumes in the execution of goal
directed choice behavior toward the objects.

The prefrontal cortex, which receives input from the BLA, has been shown to
bear overt influence on choice behavior and decision making, evident in both animal and
human literature (Schoenbaum et al., 1999; Chiba et al., 2002; Bechara et al., 1997;
Bechara et al., 1999; Bechara et al., 2000; Parkinson et al., 2000; Rolls, 1999). However,
as can be seen in the Bechara gambling task experiments with the amgydala and the
ventromedial prefrontal cortex patients, the amygdala exerts powerful covert influence on
the choice behavior exhibited on a task between stimuli with different values (Bechara et
al., 1999). This is also consistent with the findings in the current studies, where the BLA
lesioned animals demonstrated trends toward learning of across valence choice types.
Putatively, if these animals were tested on the same object sets for a longer time, the
prefrontal cortex influence on choice behavior would enable these rats to learn. This is
also consistent with the electrophysiological single unit recording experiments in the
Chiba laboratory, which emphasize the early emergent selectivity in the BLA cells to

objects paired with distinct food values (Quinn et al., in preparation).
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In conclusion, the basolateral amygdala plays a crucial role in learning both
positive and aversive object — value associations. In this experiment we found that the
integrity of the BLA was necessary for successful instrumental goal directed behavior to
emerge with respect to the gradations of postitive as well as aversive values. The
discussion of the other aspects of conditioning present in this task, with relation to the
specific role of the BLA in instrumental learning, is continued in Chapter 2.

The BLA seems to play a more important role specifically in forming relative
value associations, versus global good versus bad value associations. As there is some
indication in the data that BLA rats begin to learn after extensive exposure to the same
stimulus set, further research is needed to explicate precise nature of the BLA

involvement in choice behavior over time and training.
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Figure 2.1 Open field behavioral apparatus Top view. Food stimuli are
placed in the holes underneath objects. The board has netting underneath the holes
where all types of food pellets were placed to avoid olfactory cueing. The object

set-up shown reflects both a training trial (A) and a test trial (B) set up for the

formation preference task.
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LESIONED BLA

@

Figure 2.1.A Representative histology of the basolateral amygdala The sections
on the left present a close up of the spared BLA pyramidal cells, representative for a
vehicle infused animal. The sections on the right present a close up of post-excitatoxic
gliosis, with sparing of some glia, but no pyramidal cells in a NMDA infused BLA,
representative for a BLA lesioned animal.
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Figure 2.2 Fear conditioning delay-tone paradigm: the rate of activity of the BLA
lesioned as compared to the vehicle infused rats during a fear conditioning test session.
The rate of activity (Y-axis) is limited to the time the rats experienced a previously fear
conditioned auditory cue (X-axis).
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Figure 2.3 Averaged performance of the vehicle infused (n=6) and the BLA

lesioned (n=5) rats on “choice” behavior over 4 time blocks of training (X-axis).

Performance is based on food preference. The performance is shown as percent correct
on a given “choice” or combination of choice types (Y-axis). This data has been averaged
over 4 to 8 Lego object sets for each animal. Objects paired with food as follows: 1

(100% sucrose), 2 (10% sucrose), 3 (0.002% Quinine HCI), 4 (0.02% Quinine HCI). (A)

The “Good v. Bad” choice type for the vehicle infused and the BLA lesioned rats, (B)
The “Best v. Worst” choice type for the vehicle infused and the BLA lesioned rats, (C)
The comparison between the “Good v. Bad” and the “Best v. Worst” choice type for the
vehicle infused rats, (D) The comparison between the “Good v. Bad” and the “Best v.
Worst” choice type for the BLA lesioned rats.
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Figure 2.4 Averaged performance of the vehicle infused (n=6) and the BLA
lesioned (n=5) rats on categorically grouped choice-types behavior over 4 time
blocks of training (X-axis). Performance is based on food preference. The
performance is shown as percent correct on a given ‘“choice” or combination of
choice types (Y-axis). This data has been averaged over 4 to 8 Lego object sets for
each animal. Objects paired with food as follows: 1 (100% sucrose), 2 (10%
sucrose), 3 (0.002% Quinine HCI), 4 (0.02% Quinine HCI). (A) Performance of the
vehicle infused rats on “Adjacent” choice types (including “Best v. Good”, “Good
v. Bad”, and “Bad v. Worst” choices) compared with “Separate” choice types
(including “Best v. Bad”, “Good v. Worst”, and “Best v. Worst” choices), (B)
Performance of the vehicle infused rats on “Within” choice types (including “Best
v. Good” and “Bad v. Worst” choices) compared with “Between” choice types (the
other four object combinations), (C) and (D) are the same comparisons for the BLA
lesioned rats.
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III

Basolateral Amygdala in instrumental learning

1. Abstract

The role of the basolateral amygdala in instrumental learning is multidimensional and
complex, as can be inferred from the large and diverse body of literature on the subject.
The last chapter explored how the BLA contributes to the elicitation of overt choice
behavior when picking between pairs of affectively significant visual objects. This
chapter focuses on the role of the BLA in the elicitation of specific types of instrumental
responses to individual visual stimuli. These responses, both covert and overt in nature,
emerge over the course of learning the affective values associated with the stimuli. The
basolateral amygdala significantly contributes to the rats behavior on approach/avoid, or
“microchoice”, responses to objects. The BLA also contributes to systematic differences
in approach latencies to reach the objects, based on gradations in positive and negative
associated values. The results demonstrate that the basolateral amygdala has a distinct
role specifically in the early learning of these responses. The implications of these results
for the incentive learning process are discussed here with respect to motivated motor
action planning and execution, to the preferential visual processing of salient stimuli in
the environment, and to the neural structures and circuitries likely to subserve early as

opposed to later stages of instrumental learning.

2. Introduction
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It is evolutionarily advantageous to devote more neural resources to processing
emotionally salient stimuli in the environment. For example, the visual symbol of the
golden arches is no longer neutral for nearly anyone in the industrialized society.
Depending on the affective state associated with McDonalds, this relevant stimulus can
serve to stimulate approach or avoidance behavior. The specificity of approach or
avoidance behavior toward stimuli in the environment underlies most of the instrumental
learning processing that allows organisms to exert a degree of control over their
environments.

An established line of research using both animal and human models has
demonstrated that the basolateral complex of the amygdala (BLA), lies at the heart of the
neural circuitry important for the regulation of these types of instrumental responses to
salient stimuli (Killcross et al., 1998; McGaugh et al., 1992; Balleine et al., 1997;
Winston et al., 2005; Balleine, 2005; Everitt et al., 1989; Wang et al., 2005).

The amygdala is also necessary for emotional face processing and is required for
top-down modulation of behaviorally relevant and irrelevant stimuli (Ishai et al., 2004a;
Ishai et al., 2004b; Vuilleumier et al., 2004). Basal and lateral parts of the amygdala
receive input from many sensory cortical areas, including visual and gustatory, making it
an ideal location for the association of food stimuli with visual stimuli (Swanson and
Petrovich, 1998, Heimer et al., 1997, Pitkanen et al., 1995; McDonald, 1998; McDonald
and Mascagni, 1996; see Chapter 1 for review).

The aspects of the experiment discussed herein focus on the evaluation of
instrumental response formation in rats to novel visual stimuli that are repeatedly paired

with differential food reinforcements. The use of value gradations of the food pellets
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spanning the valence continuum from positive to negative, provide a range of both
sensory and motivational (intensity) measures of stimuli that may help clarify the role of
the BLA in incentive learning.

An appraisal of a visual object as either rewarding or aversive confers affective
significance to this object, thus increasing its visual salience in the environment. This
evaluation enables further cognitive processing, such as action planning and execution.
The goal of this experiment was to elucidate how processing in the basolateral amygdala
contributes to the interaction of positive and aversive affective states and visual
associative learning to produce appropriate instrumental behavioral output.

There has been a lot of controversy in the literature regarding the nature of the
specific contribution of the BLA to instrumental learning. There is support for the
hypothesis that the BLA helps to encode values with respect to the sensory properties of
the reinforcements during instrumental learning (Balleine et al., 1997; Corbit and
Balleine, 2005). There is also extensive support for the role of the BLA in early memory
modulation for sensory events linked with a high degree of physiological arousal, or
intensity (McGaugh et al., 1992; Williams and McGaugh, 1993; Cahill at al., 1995).
Additionally, both animal and human studies have provided support for the theory that
the BLA is only coding stimuli with respect to the negative affective values (Davis, 1992:
LeDoux, 1992 ; Fanselow and Kim, 1992; Davis and Whalen, 2002).

Conversely, there are also a number of studies that explore the BLA’s
involvement in modulating instrumental responses in appetitively motivated paradigms
(Everitt et al., 1989; Everitt and Robbins, 1992; Everitt et al., 2000; Everitt et al., 2001;

Balleine, 2005). Most of the appetitive instrumental conditioning paradigms that
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illuminate the role of the BLA also implicate the interaction of the BLA with the ventral
striatal and the striatopallidal systems involved in incentive learning (Everitt et al., 1989;
Everitt and Robbins, 1992; Everitt et al., 2000; Everitt et al., 2001).

In addition, there are a number of research studies demonstrating that the
amygdala plays a significant role in the top-down modulation of visual sensory systems
during learning (Ishai et al., 2004a; Ishai et al., 2004b; Vuilleumier et al., 2004; Tabbert
et al., 2005).

The involvement of the visual system in stimulus detection is modulated by many
different cognitive processes, including attention and emotion. There is neuroanatomical
evidence for subcortical modulation of processing in the visual cortex of rats, as well as
primates and humans (Pegna et al., 2005; Dringenberg et al., 2004). Extensive neural
projections from the basal nucleus of the amygdala to V1 and V2 in monkeys and to
occipital area 1 in rats show that emotion and motivation may play a significant role in
modulating perception at the earliest levels (Amaral et al., 2003; Freese and Amaral,
2005; Price et al., 1987). It is very likely that learning about the relevance of a visual
stimulus leads to increased processing of this stimulus at some of the earliest stages in the
visual system, such as V1 and V2. In studies with humans, increased emotion-related
activation of the extended visual cortex was not only observed during actual emotional
stimulation, but also during mere anticipation of an unpleasant visual stimulus (Ueda et
al., 2003).

A novel behavioral task, discussed in detail in Chapter 1, was used here to
evaluate the role of the BLA in formation of approach and avoid behaviors to previously

neutral visual objects paired with different food values over time. Learning the
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association between these stimuli results in the formation of an affective preference scale
for the objects that can be measured by analyzing the behavior of the rats. We effectively
demonstrated that the BLA is important in early instrumental learning of affective
associations, and that processing in the BLA also affects both early and late aspects of
instrumental learning, as shown in latencies to approach both preferred and non-preferred
objects.

In light of the results from this experiment, the BLA plays multiple roles, coding
many different aspects of instrumental learning. Overall, the findings from the current
study support the hypothesis that the BLA is important for the early instrumental learning
and appropriate behavioral response to affectively significant stimuli (Everitt and

Robbins, 1992; Parkinson et al., 2000; Corbit and Balleine, 2005; Balleine, 2005).

3. Materials and methods

The “Methods and Materials” section of Chapter 1 discusses in detail the
experimental set up, the task, the subjects, the neural manipulations of the BLA, and the
behavioral training involved. Part of the behavioral training, relevant for the discussion in
this chapter, involved extensive training on several sets of objects that entailed
approaching each object individually and pushing it over in order to obtain the food pellet
underneath. These behaviors were digitally recorded and analyzed separately for the
approach (“Go”) and avoid (“No Go”) responses, as well as for the latency of approach in

case of a “Go” response.

3.1 ""Microchoice” scoring
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All of the rats’ performance in this experiment was recorded with a stationary
digital camera set up above the platform. The videos were analyzed for approach/avoid
or “go” — “no-go” behavior of the rats toward Lego objects during training trials. If the
rat pushed or nudged the object after approaching it, this was scored as a “go”.
Alternatively, if the object remained unmoved, this was scored as a “no-go”. The
"microchoice" analysis also involved scoring of “go” — “no-go” behavior toward the
pellets under the objects. If a rat made a "go" toward the object, it would be further
determined if the rat stuck its nose into the hole, which was scored as a “go” to the pellet,
or if the rat kept its head level with the object, which was scored as a “no-go” to the

pellet.

3.2 Latency Scoring

The videos were separately analyzed to determine the time it took for the rats to
get from the start box to the objects during training trials. These latencies were
determined by advancing the videos frame by frame until the rat reached the first row of
holes from the edge of the box. This was then recorded as the start time. The time point
when the rat pushed or nudged the object from its starting position was also determined
by advancing the video frame by frame. This was then recorded as the end point time.
The difference between these time points was calculated as the latency. The latencies
were scored for each training trial and averaged for each of the four objects for a given
day of training. Because of the early data showing very early effects of learning, the
latencies from the first day of a given object set were split into two blocks: the first block

of latencies was taken from the training trials before the first test trial, and the second
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block of latencies was taken from the training trials after the first test trial. To look at the
BLA effects on late instrumental learning, for the final day of training of a given object

set, the latencies were averaged over the entire day of training.

3.3 Statistical Analysis

All of the animals included in the data analyses for the BLA lesion group and for
the vehicle infused group are the same animals included in these group analyses in
Chapter 1. Microchoices and latencies were averaged by object for a given block of data
and were subsequently analyzed using a three way repeated measures ANOVA — two
within variables (time blocks of training (3), and the objects (4)), one between variable
(lesion/vehicle group). Subsequent step down ANOVAs and post-hoc comparisons were
performed on variables with significant main effects. The latency data was analyzed
separately for each time block of learning, with step-down analyses for the control group
and experimental group performed separately. The microchoice data was first analyzed
as outlined above, and then separate analyses were performed on correct responses for the
negative objects (the “bad” and the “worst” reinforcement paired objects). The correct
“g0”/”no-go” responses to the objects were analyzed using a three way repeated measures
ANOVA with group as between variable (2), and blocks of training (3), and the objects
(2) as within variables. Subsequent step down analyses and were used to analyze the

performance of the groups on microchoices and latencies separately.

4. Results

4.1 Microchoice Data
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In the analysis of approach/avoid microchoice data in this study, it was found that
the rats with intact basolateral amygdalae demonstrated a significantly different
distribution of responses toward the objects when compared with the BLA lesioned
animals (F(1,9)=55.64, p<0.0001; see Figure 1 and Figure 2). The distributions of the
microchoice approach responses to the pellets did not differ between the rats with vehicle
infused or NMDA lesioned basolateral amygdalae (data not shown). Although the object
approach response distributions are different in the BLA lesioned and intact rats, both
groups demonstrate a trend in behaviorally recognizing the objects as positive or negative
across time (F(2,81)=365.34, p<0.0001; see Figure 1 and Figure 2).

The microchoice data for the positive objects (those paired with the 100% sucrose
and the 25% sucrose pellets) show that both the BLA lesioned and the vehicle infused
rats have a “go” response nearly 100% of the time for all the time blocks examined
(Figure 1A,B,C and Figure 2A,B,C). However, this rate of approach decreases for the
microchoice data for the negative objects (those paired with the 0.002% and 0.02%
Quinine HCI) at the beginning of the 1% time block. This decrease in the number of
approaches to negatively associated objects is much more pronounced for the vehicle
infused rats than for the BLA lesioned rats (F(1,9)=104.81, p<0.0001), although the
change in the number of approaches to negative objects is significant for each group
(vehicle: F(3,23)=7.83, p<0.0001; see Figure 1A; lesion: F(3,19)=4.21, p=0.006; see
Figure 2A). By the end of training, both the vehicle infused and the BLA lesioned rats
demonstrate decreased approach to negative objects (56% to 57% rate of approach for the
BLA lesioned rats and 40% to 46% rate of approach for the vehicle infused rats; see

Figure 1C and 2C).
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Since the default response to visual objects was the “go”, or approach response
for all rats tested, subsequent analyses were completed separately for the “no go”
responses to the negative objects. In order to focus the analysis on the differential
approach behavior of the lesioned and the intact rats to the negative objects, step down
ANOVAs were used to analyze the early and late stages of training separately for each
group of animals (see Figure 3).

In the earliest stage of training, during the first half of time block one, the vehicle
infused rats appropriately demonstrated less approach (fewer “go” responses) to the most
aversive object (F(1,23)=5.56, p=0.019; see Figure 3A), while the BLA lesioned rats
demonstrated equivalent degrees of approach to both negative objects (F(1,19)=0.557,
p=0.455; see Figure 3A). In the subsequent stage of training, the second half of the first
training block, both the vehicle infused (F(1,23)=0.85, p=0.357) and the BLA lesioned
(F(1,19)=1.61, p=0.21) rats had equivalent levels of approach to negatively paired objects
(see Figure 3B). By the last day of training, time block 4, the vehicle infused rats again
demonstrated an appropriately decreased level of approach to the object associated with
the worst food value (F(1,23)=6.24, p=0.013; see Figure 3C), while the BLA lesioned
rats did not learn to distinguish between the negatively paired objects (F(1,19)=0.006,
p=0.936; see Figure 3C). All of the microchoice approach data that yielded a “go” result
over the first and the last training blocks for all animals was further analyzed for the time
it took the rats to reach each of the objects. These data analyses are described below, in

the “Latency Data” section of results.

4.2 Latency Data
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In the analysis of latency data in this study, it was found that the rats with intact
basolateral amygdalae demonstrated a significantly different distribution of latency
responses toward the objects when compared with the BLA lesioned animals
(F(1,9=13.27, p=0.005; see Figure 4). Although the object approach response
distributions were different in the BLA lesioned and intact rats, both groups demonstrated
a trend in behaviorally recognizing the objects as positive or negative across time
(F(2,87)=22.47, p<0.0001; see Figure 4). There was a significant interaction between the
objects and the training blocks(F(6,87)=20.05, p<0.0001), that served as evidence that
both the BLA lesioned and the vehicle infused rat groups had different rates of learning
objects based on affective value over time.

The significance of main effects allowed for the individual step down analyses of
the time blocks for each group. One of the most striking results was that for each of the
training time segments tested, the vehicle infused rats were consistently slower to reach
all four different objects than the BLA lesioned rats (1% Half Block 1: F(1,9)=12.73,
p=0.006; 2" Half Block 1: F(1,9)=13.37, p=0.005; Block 4: F(1,9)=16.62, p=0.003; see

Figure 4A, 4B, 4C respectively).

4.2.1 Post hoc comparisons: 1% Half of Time Block 1
Post hoc comparisons of the performance of each of the two experimental groups
on the latency to approach the different objects demonstrated that the vehicle infused rats
learned to differentiate their instrumental responses between the affective value paired
objects as early as the first half of the first training block (F(3,23)=3.85, p=0.009; see

Figure 4A). Furthermore, the vehicle infused rats took significantly longer to approach
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the two objects associated with intermediate values on the affective valence scale
(“Good” and “Bad”) than the two objects associated with the extreme values on the
valence scale (“Best” and “Worst”) (F(1,23)=9.69, p=0.002; see Figure 4A).
Additionally, this early training time segment is the only one when the vehicle infused
rats approached the “Best” object faster than the “Good” object, effectively
demonstrating a differential instrumental response between two positive value associated
objects (F(1,23)=7.84, p=0.005; see Figure 4A).

Conversely, the BLA lesioned rats approached all objects equally fast during the

1** half of the first training block (F(3,19)=1.54, p=0.202; see Figure 4A).

4.2.2 Post hoc comparisons: 2nd Half of Time Block 1

The vehicle infused rats continued to differentiate their instrumental responses
according to the affective values associated with the objects during the second half of the
first training block (F(3,23)=2.73, p=0.043; see Figure 4B). During this time segment, a
distinct latency difference emerged between the positive and the negative value
associated objects (F(1,23)=7.36, p=0.007; see Figure 4B). There were no latency
differences between approaching the two positively associated objects (“Best” compared
to “Good”: F(1,23)=0.21, p=0.65; see Figure 4B) or between approaching the two
negative value associated objects (“Worst” compared to “Bad”: F(1,23)=0.67, p=0.41;
see Figure 4B). In the BLA lesioned rat group, the rats approached all objects equally
fast during the second half of the first training block (F(3,19)=1.54, p=0.2; see Figure
4B).

4.2.3 Post hoc comparisons: Time Block 4
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By the final training block, time block 4, both the vehicle infused rats (F(3,23)=40.96,
p<0.0001) and the BLA lesioned rats (F(3,19)=37.73, p<0.0001) differentiate their
instrumental responses according to the affective values associated with the objects (see
Figure 4C). During time block 4, the latency gap between the positive and the negative
value associated objects widened for the vehicle infused rats (F(1,23)=121.69, p<0.0001;
see Figure 4C). The same latency gap between the positive and the negative value
associated objects was observed in the BLA lesioned animals (F(1,19)=83.69, p<0.0001;
see Figure 4C). There were no latency differences between approaching the two
positively associated objects (“Best” compared to “Good”) for the vehicle infused rats
(F(1,23)=0.047, p=0.83; see Figure 4C), as well as for the BLA lesioned animals
(F(1,19)=0.016, p=0.90; see Figure 4C). Markedly, there were no latency differences
between approaching the two negative value associated objects (“Worst” compared to
“Bad”) for the vehicle infused group of rats during the last time block (F(1,23)=3.1,
p=0.079; see Figure 4C). However, the BLA lesioned rats approached the object paired
with the most aversive food pellet (0.02% Quinine HCI) significantly slower than the
object paired with the mildly aversive food pellet (0.002% Quinine HCI) (F(1,19)=18.03,

p<0.0001; see Figure 4C).

5. Discussion
5.1 Microchoices: Approach and Avoidance.
The results of this experiment indicate that the basolateral amygdala bears
significant influence on the emergence of instrumental responses to the objects associated

with food reinforcements of gradated positive and negative affective values.
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Furthermore, the BLA may be differentially involved in separate types of instrumental
responses measured in this task. With respect to the microchoice responses, the vehicle
infused animals in this study avoided the negatively associated objects more, compared to
the BLA lesioned rats, who tended to approach negatively associated objects more often.
With respect to approach latencies, the vehicle infused rats began discriminating between
the objects according to associated values much earlier, and also consistently took a
longer time to approach the objects than the BLA lesioned animals.

At the beginning of training on each set of objects, the rats were exposed to novel
visual objects for the first time. The default response for both groups of rats was to
approach the objects, eliciting the “go” response. The approach response had to be
reversed for the negatively paired objects, as the rats learned the association between the
objects and the different food values on the gradated valence continuum. The rats with
an intact BLA were more successful at reversing their approach response to the bad
objects than the BLA lesioned rats (see Figure 3A, 3B, 3C). This implies that the BLA
lesioned animals were impaired at learning stimulus devaluation in an instrumental
paradigm. This is consistent with the known effects of the BLA in stimulus devaluation
and reversal of responses, described in many research studies with both animals and
humans (Malkova et al., 1997; Baxter et al., 2000; Baxter and Murray, 2000; Hatfield et
al., 1996; Gottfried et al, 2003). The evidence presented in Baxter et al. suggests that
communication between the amygdala and the orbitofrontal cortex is necessary for
adjusting the instrumental responses according to the change in the expected outcomes
(Baxter et al., 2000; Baxter and Murray, 2000). The results from the current study are

consistent with this hypothesis.
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The vehicle infused rats demonstrated a very early distinction between the no-go
responses to the two aversive objects. The consistent pairing with the bitter pellets seems
to bias the vehicle infused rats to no-go to the “Bad” and to the “Worst” objects
significantly more than the BLA lesioned animals. Early in training, specifically during
the first half of time block 1, the vehicle infused rats distinguish the “Worst” object by
avoiding it the most, an effect that is absent from the behavior of the BLA lesioned rats.
This early distinction between the negative objects that is spared in the vehicle infused
animals, is consistent with several different theories on the involvement of the BLA in
instrumental learning (Killcross et al., 1998; Schoenbaum et al., 1999; Chiba et al., 2002).
In the Killcross study, the authors discuss the disproportionate importance of the
basolateral, compared to central, amydala in changing response patterns during aversive
instrumental conditioning. In addition, single unit firing data shows that neurons in the
BLA acquire selective firing properties to stimuli associated with aversive outcomes very
early in training (Schoenbaum et al., 1999; Chiba et al., 2002).

The changes in the microchoice responses to negatively associated objects seem
to be partially driven by the incentive value of the pellets paired with these objects. The
incentive value has been construed in the literature to have both motivational (intensity)
and sensory (valence) components (Balleine et al., 1997; Balleine, 2005; Corbit and
Balleine, 2005). The pattern of changes in the microchoice responses of the vehicle
infused rats is in line with a number of studies that explore the relationship between
motivational values of stimuli, sensory properties of these stimuli, and the role of the
BLA in instrumental learning (Balleine et al., 1997; Balleine et al., 2003; Blundell et al.,

2003; Corbit and Balleine, 2005; Balleine, 2005).



81

The current findings on the differential approach to negative stimuli of different
values support the Balleine hypothesis that the BLA participates in the selective
sensitivity to the incentive value of the stimuli during instrumental responding (Corbit
and Balleine, 2005; Balleine, 2005). However, the microchoice results are also consistent
with the hypothesis that the motivational, or intensity, value and the valence gradations of
the sensory properties of the stimuli are inextricably linked, albeit not in a linear, but in
an interdependent manner (Winston et al., 2005; Balleine, 2005). A human fMRI study
by Winston et al., demonstrated the involvement of the amygdala in this intensity-by-
valence interaction in olfactory processing of affectively significant stimuli (Winston et
al., 2005). The fact that the BLA lesioned rats show a reduced, but nevertheless
significant reversal of approach response to the negatively associated objects, is also in
direct support for the Corbit and Balleine hypothesis which postulates a distinct role for
the central nucleus of the amygdala in motivated response learning.

Motor action planning and execution is inherent in the microchoice response to
the objects, and has many elements of motivated motor learning, implicating the
involvement of the connectivity between the basolateral amygdala and the striatal basal
ganglia pathways (Everitt and Robbins, 1992, Alheid and Heimer, 1988, Parkinson et al.,
2000). There is an established theory in literature that the BLA is important for early
instrumental learning and the elicitation of appropriate behavioral responses to
motivationally significant stimuli (Everitt and Robbins, 1992; Parkinson et al., 2000;
Corbit and Balleine, 2005; Balleine, 2005). The findings on the approach/avoid behavior

particularities of the BLA lesioned animals support the notion that the motivational
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significance of the visual objects is no longer processed normally by the ventral striatum
and the basal ganglia circuitry in these rats.

The overwhelming “Go” response to all objects displayed by the BLA lesioned
animals through the last time block of training (see Figure 2C) help emphasize the
importance of the interaction between the basolateral amygdala and the striatopallidal
pathways which is necessary for the learning and elicitation of appropriate instrumental
responses to learned stimuli (Everitt and Robbins, 1992; Parkinson et al., 2000; Corbit
and Balleine, 2005; Balleine, 2005; Killcross et al., 1998). Although the vehicle infused
rats also demonstrate a “Go” response to negative objects during the last training block
their rate of approach is at least 10% to 15% less than that of the BLA lesioned animals
(see Figure 1C).

The impulsivity of the microchoice behavior exhibited by the BLA lesioned rats,
was evident in both the faster approach to all objects during training, and in the higher
rate of object approach to negative objects (see Figure 2 and Figure 3). The absence of
interconnectivity between the basolateral amygdala and the ventral striatal / basal ganglia
circuitry potentially changed the way in which these structures normally influence
incentive learning. This aberrant influence of the ventral striatal and striatopallidal
circuits on the BLA lesioned rats’ instrumental response patterns could explain the
automaticity and impulsivity in their behavior (Everitt et al., 1989; Everitt et al., 2000;

Everitt et al., 2001; Parkinson et al., 2000).

5.2 Approach Latencies

5.2.1 Summary of results
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The results of this experiment show that the basolateral amygdala significantly
contributes to the response distribution of approach latencies to objects associated with
different affective values over time. The BLA is particularly important for the early
formation of affective associations, as evident from the latency distribution in vehicle
infused compared to the BLA lesioned rats in the first half of the first training block. For
the intact rats, the latencies to reach the different value associated objects during the first
half of the first training block visually resemble an inverse U-shaped learning curve (see
Figure 4A). The behavior of the intact rats on latency responses during this early time
segment shows that the rats can already distinguish some of the affective associabilities
for these objects, if not yet able to direct their responses accordingly (see Figure 4A).
This differential pattern of approach latencies to the affectively associated objects could
be due to the interaction of the valence and arousal values of the pellets and their
influence on visual processing (Vuilleumier et al., 2005; Winston et al., 2005). The
broad implications of this hypothesis are discussed in detail below.

During the same early training time segment, the BLA lesioned animals show no
changes in latencies with respect to object — valence associations, but they run to the
objects significantly faster, taking less time to explore the objects (see Figure 4A).

The latency distributions are also strikingly different between the intact and the
BLA lesioned animals in the 2™ half of the first training block. During this block, the
intact rats ran much faster to the positive value associated objects than to the negative
value associated objects (see Figure 4B), a very different pattern of instrumental
responses compared to the first half of this training block. This pattern of response

signals that the intact rats, even at this early time in training, can already associate the
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novel objects with appropriate affective values. The approach latency distribution for the
intact rats during the second half of the first training block was in accordance with the
sensory and the motivational properties of the stimuli on the valence continuum (see
Figure 4B).

Still, even with the faster running times to the positive objects, the intact rats took
longer to approach all of the objects compared to the BLA lesioned animals, who again

showed no change in any of the latencies in this time segment (see Figure 4B).

5.2.2 The role of the BLA in early associative learning

Thus, the BLA lesioned animals do not show any early learning on the latency of
object approach, as evidenced by equivalent latencies of approach to all objects
throughout the first time block of training. This is concrete evidence in support of the
crucial role that the basolateral amygdala plays early in the associative learning process
(Baxter et al., 2000; Baxter and Murray, 2000; Schoenbaum et al., 1999; Chiba et al.,
2002).

However, from the distribution of the approach latencies during the last time
block of training, it is evident that both the vehicle infused and the BLA lesioned rats are
able to differentiate between objects according to the values of associated food
reinforcements (see Figure 4C). During the last training time block the lesioned rats run
faster not only to two positively associated objects relative to the two negatively
associated objects, but they also run faster to the “Bad” object compared to the slowest

latency “Worst” object (see Figure 4C).
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The behavioral shift of the change in latencies to a later time point is also highly
consistent with the late emergence of instrumental learning in the BLA lesioned rats
compared to the vehicle infused rats. A number of structures, including the OFC, the
central nucleus of the amygdala and the basal ganglia circuitry are potential substrate
candidates for this redundant affective learning system (Killcross et al., 1998;
Schoenbaum et al., 1998; Schoenbaum et al., 1999; Everitt and Robbins, 1992; Everitt et
al., 2000).

Additionally, the fact that the BLA lesioned animals end up acquiring distinct
responses to objects paired with different affective values may also be due to the presence
of a stimulus - response component in the task, which is partially subserved by the striatal
circuitry. It has been shown that although rats and monkeys with amygdala lesions are
initially impaired at forming object — food associations, with extensive overtraining the
animals may acquire these associations through sensorimotor learning (Malkova et al.,

1997; Baxter et al., 2000; Baxter and Murray, 2002).

5.2.3 The role of the BLA in modulation of visual processing
Another aspect of the approach latency data revealed by the response differences
between the intact and the lesioned rats is sufficiently important to warrant a discussion
point. This is the prevalent tendency, throughout training, of the vehicle infused rats to
take a longer time to run to and explore the objects longer before pushing them over.
This significant difference in exploration time could be partially driven by the interaction
between the amygdalar activity and the perceptual processing of the stimuli at the level of

the visual cortex (Freese and Amaral, 2005; Adolphs, 2004; Vuilleumier et al., 2005).
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The implication is that the BLA may be biasing exploration of relevant visual stimuli by
altering visual sensory processing through the projections back to early visual cortical
areas (Adolphs, 2004; Freese and Amaral, 2005).

Primary visual cortex is specialized for detection of distinct boundaries and
contrasts in the visual fields. Through the process of lateral inhibition, neurons
processing visual stimili that are similar in color, contrast, and orientation receive more
inhibition, while neurons processing visual stimuli that are distinct in orientation, color,
and contrast receive less inhibition, and thus more processing. Models of V1 that take
into account most of the neural cortical attributes demonstrate natural enhancement of
processing for the salient visual stimuli, also evident in visual search tasks, where it takes
the model less time to find a dissimilar visual target among more homogeneous visual
background (Li, 2003).

Such models of machine learning often use properties of cortical dynamics in the
absence of modulation by the remote subcortical system. This is a very fundamental
question of relevance in visual learning since this property is not modulated by cortex
alone. There is evidence from both rats and monkeys that the basolateral amygdala sends
projections directly to the earliest sensory processing areas of the visual cortex, namely
V1 and V2 (Amaral et al., 2003; Freese and Amaral, 2005). The approach latency results
discussed here are fully consistent with the hypothesis that the virtue of having a
subcortical fast learning system, the basolateral amygdala, projecting directly to primary
visual cortex is to bias visual processing to relevant stimuli in the environment (Adolphs,

2004).
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The basolateral amydala could be selectively tuning the early visual areas to
respond more strongly to salient stimuli, such as affectively associated visual objects.
Although at the beginning of the first training block all rats encounter a novel set of
visual objects, previous salient experience with objects could lead the vehicle infused rats
to spend more time processing any visual object in the environment.

The longer running/exploration time of salient objects demonstrated by the vehicle
infused rats in the current study could be interpreted several different ways based on this
hypothesis. First, the selective BLA tuning of visual sensory areas in the intact rats could
result in more processing for salient objects and lead to more “looking/exploring time”
instead of pushing it over right away. Alternatively, without selective tuning, the visual
cortex of the BLA lesioned animals could be processing all objects equivalently and
suboptimally, resulting in poor visual recognition of affectively salient stimuli.

Ralph Adolphs wrote a brief review on the subject of emotional modulation of
visual perception in humans (Adolphs, 2004). This paper provides support for the idea
that emotional significance modulates visual regions of the brain through the amygdala
(Amaral et al., 2003; Vuilleumier et al., 2005; Freese and Amaral, 2005). The review is
concluded by some speculation as to the implications of recent evidence: do some people
quite literally see things differently and do we have any control over our perception of
visual stimuli? The results from the current experiment seem to provide support for
Adolph’s views.

This line of reasoning is also supported by the findings in a series of human fMRI
studies linking the activation in the amygdala regions to a subsequent boost in visual

cortex activation, and direction of visual resources to salient stimuli, such as fearful faces
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(Adolphs et al., 2005; Adolphs, 2004; Vuilleumier et al., 2005; Ishai et al., 2002; Ishai et
al., 2004; Ueda et al., 2003). This hypothesis is also consistent with human research on
the “race effect” — the prevalent inability of people to visually differentiate faces of
alternate racial origins — where amygdalar activation has also been implicated (Phelps et
al., 2000; Hart et al., 2000).

In support of this interpretation of the latency data, there is also evidence from
both human and animal studies that the amygdala receives visual information
independently from subcortical pathways, such as the inputs from the superior colliculus

and the thalamic visual inputs (Adolphs, 2004; Davis, 1993; Pegna et al., 2005).

5.3 Integration and Conclusion..

The vehicle infused animals alter both the speed and approach responses to
objects as early as the first half of the first trianing block, according to the associated
value of the food pellets paired with these objects. The approach response distributions
seem to influence the changes in latencies for the vehicle infused animals. The BLA
lesioned animals show no change in latencies to any of the objects for the duration of
time block 1, while the microchoices during the same time change significantly to start
avoiding the negatively associated objects. However, the changes in approach latency
responses seem to be largely independent from the approach responses in the BLA
lesioned animals.

The results show that while vehicle infused rats approach the “Worst” object
significantly less than the “Bad” object on the last day of training, during the same time

there is no difference between the approach latencies to these objects. This is another
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important outcome of the relationship between the microchoice and latency response
distributions — the relative values of the reinforcements potentially change if the animals
encounter these reinforcements in variable quantities (Baxter and Murray, 2000; Kesner
and Williams, 1995). Since the vehicle infused rats are overexposed to the less aversive
pellet, it might become more, or just as aversive as the “Worst” pellet, as measured by the
latency of approach in instrumental learning. This result is also strongly consistent with
the hypothesis that the approach responses are partially driving the changes in approach
latencies displayed by the vehicle infused rats.

The intact rats respond differently to the two negative objects with regard to the
microchoice behavior but still run equally fast to the two negative objects. However, the
BLA lesioned animals do not show the same kind of interaction between the microchoice
responses and the approach latencies on the last block of training. Instead, the BLA
lesioned animals approach both the “Bad” and the “Worst” object equally often, but run
faster to the more aversive, “Worst” object. This distinction in latency of approach
between two negatively associated objects could serve as further evidence that without
the basolateral amygdala, other structures, such as the orbitofrontal cortex, the central
nucleus of the amygdala, or the basal gangila circuitry are contributing to changes in
approach latencies to affectively significant objects (Killcross et al., 1998; Baxter et al.,
2002; Everitt and Robbins, 1992; Everitt et al., 2000).

On the other hand, the approach responding during late training is still more
prevalent in the BLA lesioned animals, indicating that these late learning systems are not
functioning normally in the absense of the basolateral amygala. This evidence is in

support of the great degree of interaction between the BLA and the basal ganglia/ventral
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striatal systems that has been discussed in literature (Everitt et al., 1991; Everitt and
Robbins, 1992).

In conclusion, the basolateral amygdala seems to be a rapid associator that recruits
and informs a number of other neural systems during learning of affectively significant
stimuli. Redundancy of responding at different time scales is well suited to adaptive
behavior. Without the amygdala, however, it would be difficult for an animal to adapt to

a rapidly changing environment.
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Figure 3.1 Object Approach: Vehicle Infused Rats
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Figure 3.2 Object Approach: BLA Lesioned Rats

Figure 3.1 and 3.2 Behavioral approach — “go” and avoid — “no-go” responses to
objects across time blocks of training by vehicle BLA infused (Figure 1) and NMDA in
BLA infused (Figure 2) animals. Microchoice data was massed over trials and
represented as percentage distribution of go and no-go responses (Y-axis) for each object
(X-axis; “Best” paired with 100% sucrose, “Good” with 25% sucrose, “Bad” with
0.002% quinine, and “Worst” with 0.02% quinine). Each masaic plot represents massing
of data from 6 vehicle infused (1A-C) and 5 NMDA infused (2A-C) animals over 4 to 8
different object sets for each animal. (A) Go — no-go responses each object from the 1%
half of the 1% block of training, (B) Same for the 2" half of the 1 block of training, (C)
Same for the 4™ (last) block of training.Each daily session began with the delivery of one
free sugar pellet into the reward tray (bottom-left) and continued for 100 experimental
trials. The release of the flap door, following either a reward or an error, triggered the
next stimulus after a 5 sec intertrial interval (ITI). A timely response into a briefly
illuminated port was rewarded with a sucrose pellet (a correct response) and an incorrect
response turned off the house lights for 5 sec (a time out). Incorrect responses include
responding before the presentation of a stimulus (a premature response), not responding
to the stimulus within 3 sec period (an omission error), responding into a port that was
not illuminated (incorrect response) and responding repeatedly into a port (a
perseverative error, not shown). Credit: Cambridge Cognition.
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Figure 3.3 Behavioral avoidance — “no-go” responses to negative objects across
time blocks of training for vehicle infused and BLA lesioned infused rats. The NoGo
avoidance data was massed over trials and represented as percentage (Y-axis) of total go
and no-go responses for each object (X-axis; “Best”(1) and “Good”(2) omitted, “Bad”(3)
paired with 0.002% quinine, and “Worst”(4) paired 0.02% quinine). Each plot represents
massing of data from 6 vehicle infused and 5 NMDA infused animals over 4 to 8
different object sets for each animal. (A) NoGo responses for negative objects from the
1° half of the 1% block of training, (B) Same for the 2™ half of the 1% block of training,
(C) Same for the 4™ (last) block of training.
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Figure 3.4 Latency of approach to objects for the 1* and the last time block of
object exposure in the BLA lesioned (5 animals) and vehicle (6 animals) infused rats.
The approach latency responses were pooled and averaged for each group. The average
latencies in seconds (Y-axis) were plotted by all objects for each group (X-axis;
“Best”(1) paired with 100% sucrose, “Good” with 25% sucrose, “Bad”(3) paired with
0.002% quinine, and “Worst”(4) paired 0.02% quinine). (A) In the 1* half of time block
1, control animals show longer approach latencies to novel objects relative to lesioned
animals, as well as a distinct pattern of approach latencies to each object. (B) In the ond
half of time block 1, control animals show a distinction between the positively and the
negatively associated objects, while the lesion animals demonstrate latencies similar to
(A). (C) In the 4™ time block, control animals show differential approach latencies to
good and bad objects, and longer approach latencies relative to lesioned animals who also
show a distinct pattern of approach latencies to different objects.
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v
Neural Mechanisms of Allostasis

1. Abstract

Allostasis and allostatic load have been discussed extensively in existing literature as
phenomena pertaining to neural disregulation inherent in stress, drug addiction, and a
variety of neural and behavioral disorders. This chapter aims not only to summarize and
generalize the statements and claims made about allostatic processing, but also to
incorporate findings on learning, memory, and cognition into the allostatic framework.
Works on aversive as well as appetitive stress and dysregulation are reviewed, along with
findings on the involvement of specific neurochemical systems. The neurochemical
systems reviewed are implicated in both routine as well as allostatic behavioral,
motivational, and cognitive processing. These findings are incorporated with what is
known about the extent of neuroanatomical interconnectivity of the relevant structures, in

order to present an integrated framework of the neural control of allostasis.

2. Introduction
Behavior can be viewed as a coherent stream of physiological output that is
initiated and coordinated by the brain. Behavior can be observed, measured, and
manipulated, and this makes behavior a very important source of information from which
the physiological and psychological levels of function in the brain can be inferred. The
physiological and psychological parameters in the brain are influenced and modulated by
changes in the environment that serve as input or stimuli to the organism. Interpretation

and appraisal of information from the environment takes place through cognitive
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mechanisms that result in memory or experience of this information. Organismal level
function is broadly coordinated across many different parameters to yeild cohesive
behavior in response to a given situation or environment. Through incorporating
experience, such as memory, the behavior is adjusted through feedback from both
environmental and neural demands.

The theory of homeostasis is based on the existence of specific set-points for each
physiological parameter of a given organ in an organism, where the function of this organ
is at the optimal level for living. Homeostasis is essentially a need of the organism to
reach this balanced state by adjusting the physiological parameters toward these set-
points.

In homeostasis there is no assumed communication between different organs.
Regulation occurs on a local level without preemptive or anticipatory change in the
physiological parameters.

Alternatively, allostasis implies that physiological parameters in an organism do not
necessarily need to remain within a specific range or always aim towards the set-points in
order to maintain stable function at organismal level (Koob and Le Moal, 2001; Schulkin
et al., 1994; Sterling and Eyer, 1988).

Allostasis was originally proposed by Sterling and Eyer as a hypothetical alternative
to homeostasis in order to explain arousal pathology (Sterling and Eyer, 1988).
Specifically, these authors applied the concept of allostasis to brain control of
cardiovascular activity. Their idea was to explain the variability in blood pressure, for
instance, as broadly coordinated and dependent on the environmental situations and

internal states, both physiological and psychological.
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Allostasis implies that physiology is adjusted according to demand, specifically
through evaluation and anticipation of demands, as opposed to automatically returning to
a pre-determined “set-point”. Thus, allostasis is an alternative regulatory theory to
homeostasis that takes environmental and internal neural stimuli into account to provide a
coordinated response on all levels of function, including cognitive and behavioral. The
feedback signals involved in neural control of allostasis are positive, as well as negative,
to accordingly inform the brain of the continuous change in demand (McEwen, 2000;
Koob and Le Moal, 2001). By virtue of the interconnectedness of the neural circuits that
receive this feedback (Heimer et al., 1997), there is opportunity for anticipating the
demand and, therefore, the planning of the physiological output is informed. Since past
experience of external stimuli, such as learning and memory, is incorporated into this
framework, allostasis represents a built-in mechanism for anticipatory change in
psychology and physiology in accordance with demand.

As a result, the organism is in a state of functional stability that is acheived
through continuous change in physiological parameters (Sterling and Eyer, 1988). The
model of allostasis, compared with homeostasis, allows for a more accurate resolution of
the brain-body relationship. The overarching hypothesis that is proposed here is an
intimate connection between the brain-behavior and the brain-body relationship. In this
hypothesis, cognitive appraisal of information and feedback to the brain about
physiological arousal play a central part in neural control of organismal functions.

In cases where there is continuous demand, the organism maintains apparent
functional stability only through the constantly changing physiology, yielding an

allostatic, instead of a homeostatic state (Koob and LeMoal, 2001). However, persistent



103

departure from the balanced homeostatic state is detrimental to the body, and yields
pathophysiological states that are no longer optimal for living (Schulkin et al., 1994;
McEwen, 1998). This has been termed “allostatic load” -- the cost to the brain and body
caused by extended activation of allostatic processes through extreme demands on the
organism (Schulkin et al., 1994; McEwen, 1998).

Short term allostatic processing is beneficial for keeping an organism in a
functional state (McEwen, 2000). A hypothesis set forth by McEwen is that allostatic
load is a result of dysfunction in normal allostatic processing, where four different types
of allostatic dysfunction are looked at: repetitive allostatic response in response to
repetitive stress, lack of adaptation in the repetitive allostatic response, inadequate
allostatic response to stress, and allostatic response to stress that is not shut off when the
stress is aleviated (McEwen, 2000). All of these can be summarized as dysregulation in
normal allostatic functioning.

According to McEwen, allostatic load can be assessed by looking at chronic
dysregulation of physiological parameters where a non-stressed, functional state is
assumed as baseline (2000). Deviation from this known baseline can be measured
through assessments of physiology, such as levels of stress hormones and/or
cardiovascular response (Seeman et al., 1997; Seeman et al., 2001). One of the most
important factors in dysregulation of allostasis, with respect to placing demands on the
organismal function, is stress (Sterling and Eyer, 1988; Schulkin et al., 1994; McEwen,

2000; McEwen, 2001).

3. Stress and Allostasis
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In order to understand allostasis and allostatic load, it is vitally important to
consider the involvement of stress in these processes. Stress engages allostatic processes,
and chronic stress leads to allostatic load (McEwen et al., 1999; Koob and LeMoal,
2001). Allostasis was originally proposed as a paradigm to explain arousal pathology
(Sterling and Eyer, 1988). Chronic stress leads to arousal pathology — where there is
constant deviation from baseline physiological parameters. The neural systems involved
in control of allostasis are also involved in regulating stress pathology (Koob and Le

Moal, 2001; McEwen et al., 1999).

3.1 Definition of Stress

Stress can be defined from both physiological and psychological perspectives as a
response of the organism to a perturbing stimulus. In the case of physiological, or,
somatic types of stress, the stressful stimuli are noxious physiological demands upon the
body (Selye, 1936). In the case of social or psychological stress, the stimuli are demands
upon both the brain and the body that could be either internally or externally generated.
(Burchfield, 1979) When subjected to a stressful stimulus, a stress response is initiated in
an organism. For both environmental and internally generated stressors, the brain and/or
body first interpret the stimulus as stressful, and then a cascade of physiological changes

both in the brain and in the body occurs.

3.2 Stress Pathways
The interpretation of a stressful stimulus or situation takes place through sensory

cortices passing information about the perceived stressor through the thalamic relay to the
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hypothalamus, or, in addition, could also involve cognitive processing of the stressful
stimulus including appraisal of the situation. In either case, the body’s stress response
involves the activation of the Hypothalamo Pituitary Adrenal (HPA) system in parallel to
the behavioral response to stress which is aided by HPA activation (Marrocco et al.,
1994). The hypothalamus is the effector structure in the brain that activates the
neuroendocrine component of the response to stress through the HPA. The hypothalamus
also participates in the activation of the behavioral component of the stress response
through connections to both the Autonomic Nervous System (ANS) and to the extra-
hypothalamic CNS stress circuits (Hugdahl, 1996; Koob and Le Moal, 2001). The extra-
hypothalamic stress circuits include the amygdala, the bed nucleus of stria terminalis, and

their associated structures (Koob and Le Moal, 2001).

3.3 Structures of Stress Response

The brain stress systems, also known as the extra-hypothalamic CRF stress
systems, include the amygdala and the bed nucleus of stria terminalis (BNST) as the key
CRF producing loci, which in turn project to many other cortical and subcortical
structures all over the brain (Koob and Le Moal, 2001).

The behavioral component of the stress response is mediated in part by ANS
activity and in part through the connections between three anatomical constructs, the
Cortico-Striatal-Thalamic loop, as a motivated action generator (Graybiel et al., 1994),
the amygdala, as a structure involved in appraisal of stressful information (Davis, 1994),

and the brainstem motor nuclei.



106

3.4 Allostatic Load

Failure or prolonged activation of either neuroendocrine, autonomic, or
behavioral stress response components may lead to a pathological state, or allostatic load,
through the dysregulation of endocrine and other stress mediated neurochemical systems.
Some examples of allostatic load at the level of organismal function are hypertension,
cardiovascular disease, and generally suppressed immune function (Sterling and Eyer,
1988; McEwen, 2000a). All of these conditions are precipitated or exacerbated by
chronic stress. There are also numerous mental disorders that can be precipitated or
exacerbated by chronic stress, including post-traumatic stress disorder (PTSD), major
depressive disorder (MDD), schizophrenia, and multiple other illnesses (Friedman, 1997;
McEwen et al., 1997; Michelson and Gold, 1998).

An operationalized measure of allostatic load (AL) was constructed by T. Seeman
and collegues, after completing several longitudinal studies which characterized the
incidence of a dysregulation of a cohort of physiological parameters (Seeman et al., 1997,
Seeman et al., 2001). The parameters included in the operationalized definition of AL
included cardiovascular measures, measures of systemic steroids, such as epinephrine and
cortisol, as well as several measures of constitution, such as waist to hip ratio, and
cholesterol (Seeman et al., 2001).

Some instances where allostatic load effects were observed directly include
research studies with injuries in elite athletes, biological risks in the elderly, early age at
menarche, and incidence of depression in post traumatic brain injury patients (Galambos
et al., 2005; Seeman et al., 2001; Allsworth et al., 2005; Bay et al., 2004). In the case of

elite athletes, the findings showed that such allostatic load correlates as mood and
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perceived stress could successfully account for some of the injury related vairables which
the athletes were susceptible to (Galambos et al., 2005). Some crucial measures,
however, such as hormonal and free cortisol levels, were absent from the analysis, but
could potentially account for many more injury related variables (Galambos et al., 2005).
Another study explored the relationship between early onset of menstrual function, which
has been associated with a host of health risks, and biological measures of allostatic load,
including cardiovascular, metabolic, and immune parameters, using the operationalized
definition of AL (Allsworth et al., 2005; Seeman et al., 2001). The authors found a
strong positive correlation between high allostatic load scores, and the early onset of
menarche, controlling for such factors as race and socioeconomic levels (Allsworth et al.,
2005). High allostatic load scores were also predictive of increased mortality, decreased
cognitive functioning, and health risks in the elderly (Seeman et al., 2001). Chronic
stress, as one of the indicators of allostatic load, also significantly explained the
occurrence of depressive symptoms in patients who sustained traumatic brain injury (Bay
et al., 2004).

There are some questions of causality between the different populations and
parameters of AL that systematically vary in those populations. However, the high
incidence of co-morbidity of the AL measures suggest that allostatic load is a valid and a
measurable risk factor for numerous deseases and health factors (Seeman et al., 2001;

Szanton et al., 2005; Hellhammer et al., 2004).

3.5 Disregulation of Neural Functions during Allostatic Load
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As opposed to these examples of allostatic dysregulation on a broad organismal
level, there are several instances of allostatic state resulting from dysregulation of
specific neural functions that have been presented in the literature on allostasis and stress.
These include effects of chronic stress on spatial memory, and stress mediated
dysregulation of reward as it occurs during drug addiction (Luine et al., 1996; Koob and
Le Moal, 1997). There are also several examples of acute stress influencing neural
function. These instances include enhanced consolidation of emotionally significant
memories during stress, and deletarious effects of stress on working memory (Birnbaum
et al., 1999; Quirarte et al., 1997; Roozendaal, 1999; McGaugh et al., 1992). Acute stress
triggers allostatic response in these cases, while chronic stress could potentially
exacerbate this response to the level of allostatic load. The neural mechanisms for all of
these examples of allostatic state and allostatic load will be discussed here in detail, as

well as the modes through which they reached this degree of allostatic dysregulation.

4. Neural Substrates of Allostasis
4.1 Key Structures
The neural structures involved in all the functions described above are highly
interconnected and receive inputs from neural circuits involved in the stress response.
The hippocampus is involved in the effects of stress on spatial memory, the amygdala
participates in the consolidation of affectively significant memories, and the involvement
of the prefrontal cortex is important for working memory tasks (Birnbaum et al., 1999;
Quirarte et al., 1997; Roozendaal, 1999; McGaugh et al., 1992; Luine et al., 1996; Koob

and Le Moal, 1997). Several structures including the amygdala, nucleus accumbens, and
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the Basal Ganglia (as an integral part of the Cortico-Striatal-Thalamic loop) are important
for the mechanisms involved in drug addiction (Koob, 1992; Koob and Le Moal, 2001).
The neural circuitry involved in allostatic processing shares important characteristics in
addition to the interconnectivity patterns. The neurotransmitters released by the

structures involved in allostasis determine the functional significance of this circuitry.

4.2 Key Neurotransmitter Systems

There are several key neurotransmitter and neuromodulatory systems that
participate in allostatic processes and that are liable to become imbalanced in cases of
allostatic dysregulation. These include CRF, synthesis and release of this
neuromodulator is upregulated during allostatic load (Gray, 1993; Schulkin et al., 1998;
McEwen and Sapolsky, 1995). Another neuromodulator, dopamine (DA), is broadly
involved in mechanisms of reward and motivation (Heimer et al., 1997; Schultz, 1998).
The imbalance of DA plays an important role in reward dysregulation involved in
allostatic load that is precipitated by both behavioral and physiological aspects of drug
addiction (Koob and Le Moal, 1997). During drug addiction, DA is downregulated in
certain neural structures, with selective sensitization of receptors taking place as drug
addiction progresses, as is especially evident in cortico-striatal-thalamic loop function
(Koob and Le Moal, 2001; Graybiel et al., 1994; Abercrombie and Zigmond, 1995).
Dopamine systems in the Prefrontal Cortex (PFC) play a crucial role in memory tasks,
and are subject to disregulation by the glucocorticoids during chronic stress, which
adversely affects cognition (Arnsten, 2000; Mizoguchi et al., 2002; Mizoguchi et al.,

2004). The noradrenergic system also has a prominent role in allostatic dysregulation
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(Koob, 1999). In general, NE is involved in CNS and PNS arousal mechanisms,
involving both affective and physiological arousal (Marrocco et al., 1994). The
noradrenergic system has also been implicated in orienting behavior and attentional
processing in addition to a general function in arousal (Foote et al., 1991). NE is
upregulated globally during a stress response, and fails to return to baseline during

chronic stress (Koob, 1999).

4.3 Mediation of Arousal and Stress Response

Both NE and glucocorticoids act on many biological targets, including sites in the
brain, where they signal the level of arousal and stress response in the body (Marrocco et
al., 1994; Charney et al., 1995). Once CREF triggers glucocorticoid production through
HPA activation, glucocorticoids in turn shut off CRF production through negative
feedback to some CRF synthesizing sites in the brain, such as the hypothalamus
(McEwen and Sapolsky, 1995; Schulkin et al., 1998). Crucially to the model of allostasis
presented here, glucocorticoids trigger more CRF production in the amygdala and BNST
through positive feedback to these structures (Koob and LeMoal, 2001). The amygdala
and BNST synthesize more CRF in response to prolonged stressful stimuli and elicit
further stress response in the CNS by recruiting the participation of the interconnected
neural circuits that mediate the effects of allostasis and allostatic load (Gray, 1993; Koob

and Le Moal, 2001).

4.4 Connection between Drug Addiction and Stress
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It can be argued that the dysregulation of allostasis is a cumulative function of all
the neural systems affected by stress. In fact, the neural circuits involved in stress are the
same ones activated during drug addiction, and continue to be active during many drug
withdrawal and dependence symptoms (Koob and LeMoal, 1997). Thus, drug addiction
has been hypothesized to be one form of allostatic load (Koob and LeMoal, 2001). A
neural connection and a functional parallel are implied between reward and stress
mechanisms in the brain, and the consequences of their dysregulation.

“Too much of a good thing”, as can happen during excessive reward mechanism
activation preceeding drug addiction, and “too much of a bad thing”, such as chronic
stress, both have negative consequenses for maintaining physiological baselines and
functional stability in an organism. The pathological state of allostatic load can be
induced through either reward dysregulation, as occures in drug addiction, or
dysregulation of the stress response mechanisms through chronic stress (Koob and

LeMoal, 2001; Schulkin et al., 1994).

4.5 Allostatic Response can be Neuroprotective
In moderation, both reward and stress responses are highly useful and necessary
for normal functioning of the organism, implicating regulated allostatic processing.
Initiation of allostatic processing in response to stress is a form of a coping response, and
as such it may serve as a neuroprotective factor (Sterling and Eyer, 1988; Koob and Le
Moal, 1997; McEwen, 2000b). In the view presented in these papers, regulated allostasis
is an adaptation to the environmental and neural demands, while dysregulated allostasis,

or allostatic load, is an adaptation gone awry (McEwen, 2000b; Seeman et al., 2001).
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Allostasis is a system wide phenomenon, based on the interconnectedness of all
the neural systems involved. One of the implications that stems from this degree of
neural communication is that allostatic pathology resulting from dysregulation of a
particular neural system will also produce a vulnarability to other types of allostatic
pathologies (Koob and Le Moal, 2001). Further, based on the involvement of such
globally active neuromodulators as CRF, DA, and NE, there is a sizeable potential for
any given allostatic pathology to have an impact system wide. The extended amygdala,
as an integral part of the extra-hypothalamic stress response systems, is a key structure in
allostatic processing based on its functional significance, as well as on the pattern of
connectivity inherent in its composition. In fact, the extended amygdala is an integral
part of all the neural circuits pertinent to allostasis, and it is well located to drive the

allostatic processing in the CNS (Koob and Le Moal, 2001).

4.6 Anatomy of the Extended Amygdala

The extended amygdala is an anatomical theoretical construct based on structural
and functional similarities of the participating nuclei (Heimer and Alheid, 1991). The
core amygdala nucleus is composed of many intercolated subnuclei that receive input
from most brain areas which comes in through the basal and lateral nuclei, and send
output to many different brain areas, mostly through central and medial nuclei. The
central nucleus of the amygdala (CeA) also sends downstream projections to the
brainstem where it can elicit a sympathetic nervous system response. The extended
amygdala includes Shell of Nucleus Accumbens (NAcc), Bed Nucleus of Stria

Terminalis (BNST or BST), and the Central and Medial Nuclei of the Amygdala based
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on cytoarchitectonic and functional similarities of these regions. (Heimer et al., 1997)
Other amygdala subnuclei are closely related to this structure based on connectivity
patterns and functional similarity. In the framework of extended amygdala, BNST is
considered to be an extension of the central nucleus of the amygdala (CeA), while the
shell of NAcc is an extension of the medial nucleus of the amygdala (MeA) due to dense
bidirectional projections connecting these structures. There 1is also enough
cytoarchitectural similarity between CeA and MeA to consider them as very closely
related structurally, if not functionally (Heimer et al., 1997).

The central and medial amygdalar nuclei (CeA and MeA) send projections to the
hypothalamus, and the central nucleus sends projections to the autonomic and
somatosensory areas of the brainstem. The conventional borders of CeA and MeA
extend neurohistochemically into the sublenticular areas (directly below the globus
pallidus), such as acetylcholine (Ach) rich substantia inominata (SI) in the basal
forebrain, and to the dopamine (DA) rich BNST areas (Heimer et al., 1997). It is through
these connections that the CeA has access to the entire cortical mantle. The
interconnections between CeA, MeA, BNST, and the sublenticular areas are so prominent
that the sublenticular and BNST regions are now referred to as “extended” or
“sublenticular” amygdala (Heimer et al., 1997). The connectivity pattern of the
sublenticular amygdala is similar to that of the CeA and MeA. Through the direct
brainstem and sublenticulo-cortical connections, the CeA is able to modulate

neurochemical systems in much of the brain.

4.7 Functional Dysregulation During Allostatic State Conditions
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Under conditions of stress and arousal, certain memory processes are altered. The
basolateral amygdala (BLA) is important for the enhanced consolidation of affective or
stressful memories, while the prefrontal cortex (PFC) is involved in mediating the
deleterious effects of stress on working memory. (Birnbaum et al., 1999; Quirarte et al.,
1997; Roozendaal, 1999; McGaugh et al., 1992). These neural systems become loci of
allostatic processing when their functions and structures are altered in the presence of
high neural or environmental demand. The interaction of stressful stimuli from the
environment in concert with the increased neural processing in these systems elicit
adaptive, or coping responses on both structural and functional levels (McEwen and

Seeman, 1999).

4.8 Hippocampus and Allostatic Processing

Hippocampus has been broadly implicated in many facets of cognition including
memory, orientation in space, and orientation in time (White and McDonald, 1993; White
et al.,, 1989; Kesner et al., 2004). The spatial memory link has been particularly well
researched, with the hippocampus emerging as one of the vital structures for acquiring
new spatial information about an environment (White et al., 1989; Kesner et al., 2004;
Squire et al., 2004; McDonald and White, 1995).

Hippocampus is also one of key structures that illustrates the effect of
dysregulated allostasis on cognitive processing at both functional and structural levels.
The hippocampus is directly involved in the CNS stress response, since it receives
glucocorticoid input from the periphery (Koob and Le Moal, 2001). Additionally,

hippocampus is one of the sites for CRF synthesis (Smith et al., 1997). Production of
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CRF is one piece of evidence of the hippocampal involvement in stress. Additionally,
CRF mRNA levels in the dentate gyrus of the hippocampus rise noticeably after
amygdala kindling (Smith et al., 1997), indicating that the stress response in the
hippocampus may be dependent on amygdalar activity. This hypothesis fits well with the
conjecture that the extended amygdala drives allostatic processes.

The hippocampus has been one of the more researched sites for neuronal
plasticity in the adult brain, due, in part, to several structural changes that have been
observed in the hippocampal neurons. These changes include dendritic remodeling in
CA3 pyramidal neurons, cell death in the dentate gyrus/granule cell layer, and the genesis
of new cells in the granule cell layer which later migrate to the dentate gyrus (Gould et
al., 1997; Magarifios and McEwen, 1995a; Magarifios and McEwen, 1995b; Uno et al.,
1989). Dendritic remodeling in the hippocampal pyramidal cells can take two forms,
either atrophy of dendrites or more branching and growth of dendritic trees (Magarifios
and McEwen, 1995a; Magarifios and McEwen, 1995b). All of this neuronal plasticity has
been associated with changes in spatial memory and is affected by stress, both in the case
of experimenter induced as well as naturally occuring social stress (Gould et al., 1997,
McEwen, 2000b).

The extent of cell death and neurogenesis in the dentate gyrus has been
hypothesized to be regulated by the environmental demands for spatial memory
(McEwen, 2000b). High levels of cell turnover in the hippocampus would indicate that
the demand for spatial memory usage is increased, and vise versa. However, stressful

stimuli can interfere with this relationship (McEwen, 2000b). Dendritic plasticity is
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correlated with the richness of habitat and the amount of exploration and can also be
modulated by stress (Uno et al., 1989; McEwen, 2000b).

Studies have been conducted on both monkeys and rats to elucidate the impact of
chronic stress on the hippocampus. Most of the findings indicate that during chronic
stress there are several physiological changes that take place in the dentate gyrus of the
hippocampus. There is less neurogenesis, there is dendritic atrophy, and there are fewer
pyramidal cells apparent in the dentate gyrus (Gould et al., 1997; Magarifios and
McEwen, 1995a; Magarifios and McEwen, 1995b; Uno et al., 1989). In one example, a
social stress situation was enacted where vervet monkeys were placed in a living
environment with dominant monkeys (Uno et al., 1989). Following death by natural
causes their dentate gyri were examined. A reduced number of pyramidal cells was
observed, and associated with their lifetime living environment (Uno et al., 1989). A
similar type of cell loss was observed in the "virtual burrow system" (VBS) environment
for rats in which a natural social hierarchy is established among the animals (Blanchard et
al., 1995). This type of hippocampal atrophy could be explained either by lower than
normal levels of neurogenesis, or by increased levels of apoptosis (Gould et al., 1997;
Uno et al., 1989). Dendritic atrophy of the dentate gyrus neurons has been documented
after rats were subjected to several different chronic stress paradigms, including restraint
stress daily for 21 days, and a multiple stress paradigm where rats were subjected to 1
hour restraint, 1 hour shaking, and 30 minute swimming in body-temperature water
(Magarifios and McEwen, 1995a; Magarifios and McEwen, 1995b).  Similarly,
subordinate rats in the VBS also show dendritic atrophy in the dentate gyrus (Blanchard

et al., 1995). While these experiments demonstrate the deleterious effects of stressful
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conditions using animal models, these findings should also be considered in light of the
chronically depressed patients as well as the patients with PTSD, who demonstrate
reduction in the hippocampal volume as measured by MRI scans (Friedman, 1997).

Aspects of cognition that are hippocampus dependent, such as spatial learning and
memory, are also detrimentally influenced by chronic stress (Luine et al., 1996). Deficits
in spatial memory were demonstrated by measuring spatial memory on a radial 8 arm
maze in combination with the same chronic stress paradigm that yielded dendritic atrophy
in the DG of rats when used alone. Chronically stressed rats made mistakes in this spatial
task significantly earlier than controls (Luine et al., 1996). Furthermore, in longitudinal
studies, human subjects show spatial memory deficits that are correlated with increases in
HPA activity that progress over 4 to 5 years (McEwen, 2000b). These cognitive deficits
could point to the direct involvement of the hippocampus in the allostatic load
precipitated by chronic stress.

Both the deficits in spatial memory and the dendritic atrophy found in rats
subjected to chronic stress are largely reversible after removal of all stressors. This
structural and functional recovery could be indicative of the neuroprotective function of
the allostatic processing whereby the organism adjusts to environmental demands
(McEwen and Seeman, 1999). Such an adaptive coping response to the stressful
environment once again underscores the neural and cognitive plasticity inherent in the

CNS.

5. Drug Addiction and Allostatic Processing
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Coping, or adaptation, is central to the concept of allostasis. Adaptation to stress
can occur not only on structural and behavioral levels, but also on a neurochemical level.
Adaptation as a neural process can occur in response to any perturbing stimulus that
affects the brain. Drugs of abuse can serve as such a stimulus since they act on the brain
directly (Koob and Le Moal, 1997). As opposed to the allostatic processing triggered by
stressful stimuli, the allostatic processes triggered by drug use are activated directly
through the neurochemical sites of action of the drugs in the reward and reinforcement
pathways in the brain (Koob, 1992). This unnatural activation of reward mechanisms
triggers adaptive responses in the brain, initially on the cellular and molecular levels, and
subsequently on structural and behavioral levels. Too much of a rewarding stimulus,
exactly like too much of a stressful stimulus, eventually gives rise to an arousal pathology
(Koob and Le Moal, 2001).

In order to view drug addiction as an allostatic process, it is important to examine
the mode of drug action in the brain, as well as the behavior involved in drug seeking and
administration. Drug intake is a self-reinforcing behavior that, at least initially, triggers
feelings of pleasure, or reward (Koob, 1992). There are two aspects of drug abuse that
are particularly important to consider with respect to the neural circuitry involved in
allostatic processing. These two aspects are drug seeking behavior, or the sequence of
actions that leads to drug intake, and the motivational salience of the drug stimuli (Koob
and Le Moal, 2001). These are very interrelated and both involve the reward and
reinforcement circuitry in the brain. During drug addiction, both of these processes are
progressively dysregulated (Roberts et al., 2000). Drug seeking behavior can be

characterized as a ritualistic, repetetive sequence of actions. Striatal-Pallidal-thalamic
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structures play a significant role in stringing together motor movements and the iteration
of action sequences, or habit learning (Graybiel et al., 1994). Such disorders as OCD and
Schizophrenia point to the role of striatal-cortical-thalamic loops in tendency, or
compulsion, to perform certain behaviors over and over (Graybiel, 1997). Thus, these
neural circuits can be implicated in the aspect of drug intake that leads to habitual drug-
seeking behavior. The structures involved in the assessment of motivational salience and
reward evaluation, as opposed to the rote reinforcing influence of the drugs, are the shell
of the NAcc and other constituent parts of the extended amygdala (Koob and Le Moal,
1997; Koob and Le Moal, 2001). Through direct as well as indirect mechanisms drugs
influence both the rewarding and the reinforcing neural pathways in the brain (Koob,

1992).

5.1 Psychostimulants and Reward

An important neurochemical link in these functions is the involvement of
dopamine (DA). A vast body of literature states that the levels of DA in Nucleus
Accumbens are indicative of evaluating reward (White, 1989; Schultz, 1998; Koob,
1992). Electrophysiological recordings of dopaminergic neurons in the nucleus
accumbens demonstrate that these neurons fire in response to rewards as well as to the
stimuli that predict rewards (Schultz, 1998). The degree of dopaminergic neuron
activation is proportional to the reward value of a stimulus (Schultz, 2000). DA receptors
in parts of the basal ganglia have been implicated in potentiating the execution of
automatic movements (Canales and Graybiel, 2000). Lesioning of dopaminergic input to

the striatum results in difficulty in initiation of movement as well as being able to shift
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from one type of action to the other (Graybiel, 1997). All psychostimulant drugs act on
the dopaminergic system, serving in one way or another as DA agonists (Koob, 1992).
Administration of psychostimulant drugs initially causes an overstimulation of the
dopaminergic pathways (Koob, 1992; Koob and Le Moal, 1997). This is perceived by
the subject as a highly rewarding event. Drugs of abuse other than the psychostimulants
involve opiate, serotonin, glutamatergic, and gamma-aminobutyric acid (GABA) systems

in addition to DA.

5.2 Reward Disregulation, Dopamine, and Allostasis

Pharmacological interactions between the drugs and their target sites in the brain
initiate the processes of adaptation on the molecular level to compensate for the unnatural
neurochemical intrusion of the drugs. When the reward and reinforcement circuits
receive an overflow of DA agonists consistently over a period of time, DA synthesis is
downregulated through negative feedback (Koob, 1992). Following the downregulation
of DA synthesis and release, any DA agonist is going to elicit a smaller dopaminergic
response compared to dopaminergic activation during a baseline level of DA (Koob,
1992; Koob et al., 1997). This is perceived by the subject as a craving for more drugs.
This process of counteradaptation is consistent with a homeostatic regulatory mechanism
(Koob et al., 1997). However, if drug administration continues, eventually the DA level
is going to be low enough where dopaminergic receptors will begin undergoing a process
of sensitization, by initiating abnormally overactive response to any DA agonist (Koob et
al., 1997). If these processes are reinterpreted in the framework of allostasis, it could be

hypothesized that counteradaptation and sensitization dysregulate the reward mechanism.
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One way to describe reward dysregulation is as a change in the degree of motivation to
seek drug related stimuli. The shift in motivation stems from the DA downregulation in
NAcc (Koob and Le Moal, 1997). Since there is a need for more DA, motivation for
obtaining the drugs is higher, while the reward value of a given amount of a drug is
decreased. Reward dysregulation also involves increased psychomotor compulsion to
take the drug (Koob and Le Moal, 2001; Koob et al., 1997; Roberts et al., 2000). DA
receptor sensitization in the striatal-pallidal-thalamic loop leads to increased behavioral
response to any stimulus that is temporally connected to drug intake. Influx of DA
agonists leads to the downregulation of DA synthesis, which in turn leads to further
sensitization of the dopaminergic receptors. This process of reward dysregulation is
allostatic in nature since there is a persistent deviation from normal neural function that
occurs through adaptation to the environment (Koob and Le Moal, 2001). It has been
hypothesized that drug addiction is a form of an allostatic load that stems from prolonged

reward dysregulation (Roberts et al., 2000).

5.3 Behavioral Measures of Reward Disregulation
Reward dysregulation can be detected by measuring changes in the threshold of
reward in drug addicted animals (Markou and Koob, 1991). Behaviorally, this involves
measuring the levels of intracranial self stimulation (ICSS). Animals will usually press a
lever at a baseline rate to deliver a small amount of electrical current when the
stimulating electrode is implanted in the medial forebrain bundle (MFB). The MFB
contains DA pathways from the ventral tegmental area to the NAcc, so pressing the lever

stimulates a reward pathway in the brain. The lever pressing behavior is repetitive, so it
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can be determined if drug addicted animals also have perseverative psychomotor
tendencies (Koob, 1992). ICSS can be used in combination with drug administration or
NT agonist or antagonist administration. ICSS results can be influenced through
modification of certain behavioral parameters, such as testing lever pressing responses in
dose dependent versus rate dependent drug administration paradigms. The ICSS
experiments can be used to assess psychomotor activity, such as that seen during drug
seeking behaviors, as well as the evaluation of reward, or the motivational salience of DA
pathway stimulation. The baseline rate of ICSS for drug addicted animals is much higher
than that of controls (Markou and Koob, 1991; Koob, 1992). This indicates that these
animals need more stimulation to perceive the same level of reward as controls, implying
an increase in motivation, or "reward threshold". There is no longer an active
homeostatic set-point for perceiving reward, instead the threshold for registering that

stimuli are rewarding is continually raised through allostatic dysregulation.

5.4 Stress and Reward — Neurochemical Connection

Another aspect of drug addiction that ties it more closely to the stress induced
allostatic load, is the neurochemical involvement of the brain stress systems. Before drug
abuse progresses to the level of drug addiction, the levels of CRF rise gradually, and then
remain chronically upregulated if the drug addiction persists (Koob and Le Moal, 2001;
Roberts et al., 2000). The stress response is hypothesized to become activated through
the negative affective state of withdrawal and "wanting" to attain more drug. The
behavioral and emotional symptoms of withdrawal may stem from persistent

dopaminergic dysfunction (Koob and Le Moal, 1997). Experimentally, CRF injected into
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the ventricles will increase the reward threshold for self-stimulation, similar to the change
seen in drug exposed and drug addicted animals (Macey et al., 2000). The interaction
between the dopaminergic and the CRF systems is crucial for this behavioral state to
occur. The extended amygdala is the most likely neural structure where these

neuromodulators interact causally.

6. Noradrenergic System and Allostatic Processing Dysregulation of reward is for
the most part tied to the dysregulation of the dopaminergic system. Another monoamine,
norepinephrine, is also implicated in allostasis through it's influence on stress and arousal
mechanisms, since NE is synthesized and secreted in response to stressful and arousing
stimuli (Marrocco et al., 1994; Abercrombie and Zigmond, 1995). NE acts in the brain to
alert the organism to the presence of stimuli in the environment (Foote et al., 1991). This
is accomplished, in part, through NE influencing orienting behavior and attentional
processes. NE is produced in several sites in the brainstem, mostly in the Locus
Coeruleus (LC), but also in several other cell clusters at the level of the pons, including
Nucleus of the Solitary Tract (NTS). LC sends massive projections that innervate most
of the functional systems of the brain including both subcortical and cortical structures
(Valentino and Aston-Jones, 1995). Importantly, these connections include major inputs
to BNST, Amygdala, and the prefrontal cortex (PFC) (Koob, 1999). In turn, NE neurons
receive inputs from many of the CRF producing sites, including PVN, BNST, and CeA
(Van Bockstaele et al., 1998). It has been demonstrated that in several if not all of these
areas, CRF projections potentiate the effects of norepinephrine under conditions of stress

(Smagin et al., 1997; Sands et al., 2000). Some of the effects of CRF in the amygdala
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and the prefrontal cortex are mediated and influenced by action of NE (Quirarte et al.,
1997; Kawahara et al., 2000; Jedema et al., 1999; Birnbaum et al., 1999).

The bidirectional projections between the LC and other, CRF producing,
structures involved in the stress response are potentiating in nature, thereby increasing the
synthesis and secretion of NE and/or CRF during prolonged activation of these structures
(Smagin et al., 1997; Koob, 1999). Thus, during a stress response, it is hypothesized that
the central NE and CRF circuits stimulate each other, with CRF potentiating NE levels
and vice versa. This hypothesis is called the CRF-NE-CRF feed forward system, and it is
based on the presence of the positive feedback loops connecting the NE and CRF
producing structures described above (Koob, 1992). It is also plausible, given this
hypothesis, that under chronic stress the CRF-NE-CRF feed forward system is one of the
mechanisms that would globally and persistently upregulate the levels of NE and CRF in

the brain, possibly resulting in an allostatic load condition.

6.1 Noradrenergic effect on the amygdala function

The increase in NE synthesis and secretion in the amygdala during stress is CRF
dependent, although NE levels can also become elevated in response to general
physiological arousal through mechanisms independent of the stress response (Charney et
al., 1995; Ferry et al., 1999c; Quirarte et al., 1997; Roozendaal, 2000; Setlow et al.,
2000). Multiple studies have been done to elucidate the role of the amygdala in affective
arousal and memory. Rats trained on retention memory tasks show enhanced memory if a
physiologically arousing drug is injected systemically during the acquisition phase of the

experiment (McGaugh et al., 1996; McGaugh et al., 1992; Roozendaal, 2000). Lesions
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or transient inactivations of amygdala abolish the memory enhancing effect of drugs and
hormones that induce arousal (Cabhill et al., 1996; McGaugh et al., 1996; McGaugh et al.,
1992; Roozendaal, 2000). This reduction in memory is observed if the amygdala is
lesioned prior to the acquisition stage, but not prior to the performance stage. This
finding is valid for both general, epinephrine induced, arousal, and the arousal induced by
the glucocorticoids during stress. Studies of humans with pre-existing brain damage
conditions limited to lesions of the amygdala show the same lack of memory
enhancement for emotionally arousing information (Cahill et al., 1995). It has been
concluded that amygdala serves as a modulator of emotionally significant events, and is
an important neural component in processing these events (McGaugh et al., 1992, Cahill
et al., 1996).

Specifically, using an inhibitory avoidance behavioral paradigm, it has been
shown that memory for a stressful experience (mild electric shock) can be influenced by
both CRF and NE modifications in the BLA (Roozendaal, 2000; Ferry et al., 1999c).
Both NE administered directly into the BLA and CRF administered
intercerebroventricularly (ICV) enhance memory for a stressful experience. Experiments
with localized administration of adrenergic receptor antagonists alone, or in combination
with glucocorticoid receptor agonists, immediately after the stressor, have shown that the
enhancing effect of stress on emotional memories is mediated through the beta and alpha
adrenergic receptor mechanisms in the BLA (Ferry et al., 1999a; Ferry et al., 1999b;

Ferry et al., 1999c).
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7. Stress and PFC function As compared to memories for arousing and stressful
events, the on-line processing of information, or active remembering of events, termed
working memory, is adversely affected by stress (Birnbaum et al., 1999). Working
memory is partially mediated by the prefrontal cortex, another structure that receives
input from both NE and CRF producing structures. PFC is important in working memory
tasks that require some part of information to be kept "on line", or actively remembered,
in order to be able to solve a subsequent task. PFC is interconnected with many other
structures involved in allostatic processing, including the amygdala, striatal-pallidal-
thalamic loops, the hippocampus, and the basal forebrain (Heimer and Alheid, 1991). By
virtue of these connectivity patterns, PFC is an integral structure in mediating the effects
of allostasis on working memory. Since stress is one of the conditions that upregulates
allostatic processing, it is important to consider the effects of stress on PFC both

neurochemically and functionally.

7.1 Noradrenergic effect on the PFC function

Following acute stress, NE levels in the PFC increase significantly, a
phenomenon directly mediated by CRF dependent mechanisms (Kawahara et al., 2000;
Jedema et al., 1999). Administration of a direct CRF antagonist prevents the rise in NE
that normally occurs following a stressful experience (Smagin et al., 1997). The
performance on working memory paradigms subserved by the PFC is negatively affected
by stress. This has been demonstrated using various working memory paradigms with
primates and rats exposed to mild or moderate stress (Birnbaum et al., 1999). The

deletarious effect of stress on working memory is mediated through noradrenergic
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mechanisms. This has been shown in a T-maze working memory paradigm in rats, using
a systemically administered pharmacological agent as a stressful stimulus. Rats will
perform poorly, displaying both less accuracy and more perseveration in this task if they
are exposed to this stressor. Administration of a selective NE antagonist directly into the
PFC blocks the effect of the stressor, returning the rat's performance to baseline levels
(Birnbaum et al., 1999). Thus, naturally high levels of NE that are present in PFC during
a stress response and that depend on CRF upregulation, adversely affect working memory
function.

A general hypothesis to explain this phenomenon from a perspective of cognitive
processing is that during on-line processing of information, cells in the PFC need to be
active during the delay between trials, however, if there is extra NE present because of
stress, it will induce glucocorticoid release in PFC and increase cell activity, thereby
decreasing the normal signal to noise ratio. DA is also involved in this hypothesis -
postulating that extra DA in the synapse will interfere with Ca2+ delivery into the cell
(Birnbaum et al., 1999). From the viewpoint of allostasis, however, this can be more
broadly explained as the effect of allostatic processing on cognitive function.
Additionally, the incidence of behavioral perseveration in rats during a working memory
task could potentially indicate the recruitment of the basal ganglia function precipitated
through initiation of the allostasic processing.

In summary, NE and CRF acting in concert seem to be potentiating an allostatic
load condition in several brain systems, with amygdala and PFC memory functions being
just the two examples discussed above. In terms of system wide NE upregulation during

stress, increased NE in the amygdala enhances affective memory consolidation
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(Roozendaal, 2000). On the contrary, increased NE levels, as well as decreased
glucocorticoid levels, in the PFC interfere with the working memory tasks normally

mediated by the PFC (Birnbaum et al., 1999).

7.2 Glucocorticoid effect on the PFC function

Endogenous glucocorticoid levels are vital for PFC dependent cognitive
performance, revealed by both spatial, and non-spatial working memory tasks
(Mizoguchi et al., 2004; Cerqueira et al, 2005). Altered levels of glucocorticoids in PFC,
either through chronic behavioral stress or caused by adrenalectomies, lead to poor
performance on working memory tasks, and are accompanied by structural changes in
PFC (Mizoguchi et al, 2000; Mizoguchi et al, 2001; Mizoguchi et al., 2004; Cerqueira et
al, 2005). Importantly, bilateral lesions of the BLA have been shown to relieve these
stress mediated PFC dependent memory impairments (Roozendaal et al., 2004).

In both the amygdala and the PFC, CRF is highly involved in mediating the stress
response. In the case of PFC function during stress, NE upregulation is CRF dependent
as shown by the behavioral paradigms discussed above. In the amygdala, increases in
CRF potentiate the noradrenergic mechanisms for the consolidation of affective
memories. The CRF-NE-CRF feed forward system hypothesis states that during chronic
stress both CRF and NE levels rise above the baseline due to the repeated reactivation of
the positive feedback loops that connect the CRF and NE producing structures (Koob,
1999). The integration of this hypothesis together with what is known about the
neurochemical interactions of NE and CRF in the amygdala and the PFC, suggests that

during allostatic state conditions information processing in the PFC is impaired, while the
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functions subserved by the amygdala are highly enhanced. Furthermore, the impairment
in PFC function is amygdala dependent (Roozendaal et al., 2004).

Additionally, effects of altered endogenous glucocoirticoid levels, achieved
through adrenalectomies, on PFC function involve changes in Dopamine receptor
production (Mizoguchi et al., 2002; Mizoguchi et al., 2004). While the binding patterns
of D1 receptors in PFC remain normal, the density of D1 receptors is drastically
increased, as a consequence of decreased DA release from the VTA (Mizoguchi et al.,

2004).

8. Discussion and Conclusion

On the level of neural systems, it can be implied that stress has contrasting effects
on functions at cortical as opposed to subcortical levels. One of the inferences is that
during stress, a kind of "de-evolution" is taking place where the processing of
information subserved by the cortical structures, like the PFC, is impaired. On the other
hand, functions that include assessment of the environment and behavioral responses to
stressful situations are subserved by subcortical structures, like the amygdala and the
Basal Ganglia. During stress these structures show enhanced functioning - strengthening
memory for stressful events in the process. It has been argued that this approach is in fact
an evolutionarily adaptive strategy for surviving in adverse environments (Arnsten,
1998). This statement stems from the notion that in stressful, adverse situations,
especially those that elicit SNS response, being able to concentrate and perform working
memory tasks is not as crucial as responding behaviorally to avoid the situation and

remembering what the situation involved to be able to avoid it in the future.
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The strength and extent of connections between the neural structures implicated in
allostasis underscores the importance of the CNS control of allostatic processing. The
extended amygdala, connected to all of the systems affected by stress and drug addiction,
is in an advantageous position to drive allostatic processing. Furthermore, the positive
feedback of stress hormones on the extended amygdala is additionally important to its
ability to regulate allostasis, since this feedback supplies information about the level of
stress and arousal in the brain and body at any given time (Gray, 1993; Koob and Le
Moal, 2001). This information also enables anticipatory action by the extended amygdala
and associated structures to prepare for further demands on the brain and body. The
evidence presented earlier detailed how chronic stress plays an important role in
hippocampal function, compromising spatial memory in chronically stressed rats and
contributing to structural reorganization in the hippocampus (Luine et al., 1996;
Magarifios and McEwen, 1995a; Magarifios and McEwen, 1995b). This research on
social stress and its capability to elicit physiological damage in the brain is also consistent
with the allostatic framework (Virgin and Sapolsky, 1997; Uno et al., 1989; Vellucci,
1990). Connections between the hippocampus and the amygdala are relevant in a stress
response, since kindling in the amygdala stimulates CRF gene expression in the
hippocampus (Smith et al.,, 1997). All of these interactions between the CNS stress
response and other functions subserved by these structures emphasize the global role for
allostasis as a powerful biological regulatory mechanism.

Sterling and Eyer, in their original work implied that the conceptual model of
allostasis can be broadly applied, to explain the functional stability of virtually all the

different parameters in an organism (Sterling and Eyer, 1988). Some of the explicit links
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that Sterling and Eyer brought up were the connections between the brain and the
immune system, and how psychological factors are inextricably tied to the physiological
ones (1988). Shulkin et al. picked up on this hypothesis and applied it specifically to
neural processing (1994). Shulkin et al. also emphasized the immense strain that the
dysregulation of allostasis would cause on the brain and through it, on the body (1994).
Up through this time in the development of the allostasis theory, the most important
causal factor for allostatic processing and dysregulation was stress.

Following the proposal of the preceeding ideas, Koob and collegues proposed a
more expansive model for neural control of allostasis, centering it on the hypothesis that
drug addiction is a different form of allostatic load, that recruits the involvement of the
stress systems as an aftereffect (Koob and Le Moal, 2001; Roberts et al., 2000). All of
these implications fit easily into the conceptual framework of allostasis, as well as
specifically neural control and neurally based instances of allostasis.

Further, the co-morbidity of symptomps in many mental disorders exhibited by
humans, as well as the overlap in some of the physiological damage observed, underscore
the importance of the connectivity patterns of neural substrates in these disorders. In fact,
if a mental illness that results from the dysregulation of a certain neural mechanism
results in a condition of allostatic load, there is good reason to argue that other structures
and functions involved in allostatic processing become susceptible to the dysregulation as
well. This is the global state of vulnerability of neural systems that is conferred by
allostatic load. This is also one means of explaining the co-morbidity in many of the
mental disorders, as well as the tendency of mental patients, such as schizophrenics or

PTSD patients, to become susceptible to substance abuse, for instance nicotine and
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alcohol (Friedman, 1997; McEwen, 2000b). Thus, there is a broad implication for the
interrelatedness of the mood and anxiety disorders that stems directly from the
interconnectedness of the neural circuits involved in allostasis.

Participation of other neurotransmitters and neuromodulators including Glu,
GABA, Ach, and 5HT is also important in allostatic processing (Koob and Le Moal,
2001; McEwen, 2000a; McEwen, 2000b). All of these neurochemicals are involved in
mediating functions in many of the structures implicated in neural allostatic control. The
role of these neurochemicals in allostasis, as well as the broad field of research
concerning the impact of allostasis and allostatic load on the immune system and on sleep

are currently beyond the scope of this chapter.
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Behavioral Context and Physiological Arousal
1. Abstract

Amygdalar subnuclei, such as the central and the basolateral components of the
amygdala, are extensively interconnected not only with the brain circuitry subserving
learning and motivation, but also with structures in the brain that regulate endocrine and
cardiovascular processes. The existence of communication between the structures that
enable behavioral, cognitive, hormonal and autonomic functionality strongly suggests the
importance of interaction between the functions themselves, as well as the importance of
studying and assessing these processes simultaneously. This chapter details the
assessment of two of these functions — the level of cardiovascular response and its
interaction with contingent behaviors and learning. The studies conducted effectively
argue that cardiovascular activity, represented by mean blood pressure, predictably
changes during a contextual switch from a non-contingent to a contingent behavioral
environment.  This was accomplished by comparing a baseline non-contingent
conditioned behavior to a learning behavior in an amygdala dependent conditioned place
preference paradigm. In order to elucidate the plausibility and the extent of interaction
between behavior and autonomic response, an anatomical model of interconnectivity

between the learning, motivational, and autonomic neural circuitries.

2. Introduction

Affect and preference are powerful motivators of associative learning. The

amygdala, and, specifically, the basolateral complex of the amygdala (BLA), plays a
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crucial role in affective associative learning (Everitt et al., 1989; Everitt et al., 1991;
Hiroi & White, 1989; Davis, 1992: Gallagher and Chiba, 1996; Hatfield et al., 1996;
LeDoux, 1986; Balleine et al., 1997; Killcross et al., 1997; Malkova et al., 1997; Whalen,
1998). Associative learning is usually expressed through overt behavior; however,
affectively motivated learning is often reflected physiologically as well as behaviorally.
For example, there are fairly well established changes in cardiovascular parameters
during various fear conditioning paradigms (Iwata and LeDoux, 1988; Carrive, 2000).
Moreover, increased physiological arousal is generally accepted as indicative of the
affective state of the organism. Measuring physiological arousal during associative
learning can therefore potentially inform us of the affective state of the organism, as well
as give an indication of the extent of involvement of physiological arousal in learning.
The cardiovascular response is one of the most common measurable correlates of
the extent of physiological arousal. It has been proposed that affect has at least two key
elements: valence, which is a positive or aversive sensory component, and arousal, a high
or low level of physiological response (Lang, 1995, Gallagher and Chiba, 1996). Heart
rate, as one measure of physiological arousal, has provided an index in a variety of
behavioral conditioning paradigms (Hunt and Campbell, 1997; Kostarczyk and Fonberg,
1982; Frysztak and Neafsey, 1994; LeDoux, 1993; Taylor et al., 1994; Abdeen et al.,
1995). Heart rate changes have also been associated with both basolateral and central
amygdala function (Gallagher et al., 1982; Young and Leaton, 1996; Powell et al., 1997;
Kapp et al., 1979; Soltis et al., 1997; Shekhar et al., 1999; Sajdyk and Shekhar, 1997;

Roozendaal et al., 1999b; Miyashita and Williams, 2002).
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As sited above, there exists a body of research that explores how the brain directs
and controls expression of associative learning. There is also much research dedicated to
understanding how neural processes regulate physiological responses, including those
responses additionally mediated by conditioning, such as heart rate and blood pressure.
Still, the question of how neural circuitry that regulates associative learning interacts with
the neural circuitry that participates in regulation of physiological measures remains
largely open. In order to lay the groundwork for answering this question, we embarked on
an experimental design for testing how the neural structures, such as BLA, involved
separately in both associative learning and physiological control could potentially play a
significant role in regulation of both learning and physiology, effectively linking the
separate neuroanatomical circuits. Conversely, the potential interaction of learning and
physiological response could bear influence not only on the subserving neural circuitry,
but also on resultant behavior, the extent of which can be tested experimentally.

In this experiment, the degree of BLA involvement in baseline modulation of
cardiovascular response was assessed during non-contingent appetitive behavior in rats.
To accomplish this, heart rate and blood pressure were directly recorded in awake
behaving rats freely eating freely available cereal in a contained (pot) environment. In
addition, the BLA was temporarily inactivated through the transient NMDA channel
blocking effect of the APS infusions or with (vehicle) aCSF infusions, A bedding filled
plastic flower pot served as the contained “baseline” environment.

In addition, the cardiovascular response during a context switch from the baseline
environment into the “learning environment” was measured. The task in this

environment was a form of Conditioned Place Preference (CPP, a BLA dependent
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learning task) concurrent with either BLA inactivation or a functional BLA. Heart rate
(HR) and blood pressure (BP) were recorded while rats explored the baseline
environment and searched out and consumed sweet cereal. In the continuation of the
same trial, HR and BP were recorded while the animals were trained on a Conditioned
Place Preference task (a BLA dependent learning task) in a three-arm maze, and then
transferred back to the baseline environment.

Finally, we measured the cardiovascular response during a context switch from
the baseline environment into the “learning environment” where rats were tested on
retention of CPP (a BLA dependent learning task). HR and BP were measured while rats
explored the baseline environment and searched out and consumed sweet cereal.
Subsequently, the animals were transferred to the three arm maze and tested on retention
of CPP, acquired 48 hours previously. Lastly, the rats were transferred back to the
baseline environment Kesner et al., 1989 with HR and BP recorded throughout.

Finally, a neuroanatomical framework is defined that may illustrate how neural
circuitry for associative learning, neural circuitry for motivational salience, and neural

circuitry for regulation of cardiovascular activity all could directly interact.

3. Background

3.1 Role of amygdala in affective arousal
Multiple studies have been done to elucidate the role of the amygdala in affective
arousal and memory (McGaugh et al., 1996, Roozendaal, 1999a; Roozendaal et al.,

1999b; Ferry et al., 1999, Miyashita and Williams, 2002; Curtis et al., 2002). Rats
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trained on retention memory tasks showed enhanced memory if a physiologically
arousing drug was injected systemically during the acquisition phase of the experiment
(McGaugh et al., 1996; McGaugh et al., 1992; Roozendaal, 1999a). Lesions of the
amygdala abolished the memory enhancing effect of both drugs and endogenous steroids
that induce arousal. This elimination of memory enhancement was observed if the
amygdala was lesioned prior to the acquisition stage, but not prior to the performance
stage. This finding was valid for both general, epinephrine induced arousal, and for
arousal induced by glucocorticoids during stress. Studies of humans with pre-existing
brain damage limited to lesions of the amygdala showed the same lack of memory
enhancement for emotionally arousing information (Cahill et al., 1995). It was concluded
that the amygdala serves as a modulator of emotionally significant events, and is an
important neural component in processing these events (McGaugh et al., 1992, Cabhill et
al., 1996). This involvement is largely dependent on the activation of the noradrenergic
and the glucocorticoid neurochemical systems. The increase in NE synthesis and
secretion in the amygdala during stress is largely dependent on corticotropin releasing
factor, although NE levels can also become elevated in response to general physiological
arousal through mechanisms independent of the stress response (Charney et al., 1995;
Ferry et al., 1999c; Quirarte et al., 1997; Roozendaal, 1999a; Setlow et al., 2000).

In an inhibitory avoidance behavioral paradigm, the length of time that it took rats
to enter a compartment was increased if they were previously shocked in this same
compartment. Using this paradigm, it was shown that memory for a stressful experience
(mild electric shock) could be influenced by both CRF and NE modifications in the BLA.

(Roozendaal, 1999a; Ferry et al., 1999c) Both NE administered directly into the BLA
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and CRF intercerebroventricularly (ICV) enhanced memory for a stressful experience.
Infusing adrenergic receptor antagonists into the BLA immediately after the electric
shock, alone or in combination with glucocorticoid receptor agonists, showed that the
enhancing effect of stress on memory was mediated through beta- and alpha-adrenergic
receptors in the BLA (Ferry et al., 1999a, b, ¢). The locus coeruleus is an important
brainstem nucleus that releases NE in the amygdala and participates in modulation of
stressful memories (Liang and Chiang, 1994).

Noradrenergic modulation of affective memory in the amygdala is also dependent
upon NE projections from the nucleus of the solitary tract (NTS) to the BLA (Roozendaal
et al., 1999b; Miyashita and Williams, 2002). In a different inhibitory avoidance task
from that used by McGaugh et al. (1992), it was shown that infusion of glutamate into the
NTS enhanced memory for avoiding a location associated with a mild foot shock.
Blocking the beta-adrenergic receptors in BLA abolished this effect. NE concentration in
the BLA, measured with microdialysis, showed significant increases following Glu
infusion into NTS paired with avoidance learning (Miyashita and Williams, 2002).
Concurrently it is well established that the nucleus of the solitary tract is an important
structure in the control of cardiovascular regulation (Lawrence and Jarrott, 1995). The
influence of NTS on the amygdala with regard to arousal and memory modulation may
signify an interaction between the state of the cardiovascular response and the behavioral

and learning processes mediated by the basolateral amygdala (see Figure 1).

3.2 CNS control of cardiovascular function
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The CNS has a high degree of influence over blood pressure and heart rate both
tonically and acutely (Longhurst, 2003). Blood pressure is tonically regulated by the
sympathetic nervous system (SNS), and is sensitive to changes in SNS activity.
Sympathetic control of blood pressure emanates from a nucleus on the rostral side of the
medulla, called the rostral ventrolateral medulla (RVLM). Electrical stimulation of this
nucleus results in transient blood pressure increases, while lesioning this structure results
in negation of tonic SNS control over blood pressure and leads to a net decrease in BP.
The heart also receives most of its SNS input from the RVLM. Heart rate is regulated by
both sympathetic and parasympathetic nervous system activity; however it also may be
influenced by more upstream neural structures.

A important regulatory system of heart is the baroreceptor reflex (see Figure 2)
which couples heart rate and blood pressure through negative feedback loops. Stretch
receptors located in the aorta and carotid arteries send afferent information about changes
in blood pressure through the vagus nerve and glossopharyngeal nerves, respectively, to
the NTS. Depending on species, the NTS discharges to either the RVLM, which projects
directly to the pre-ganglionic sympathetic neurons leading to sympathoexcitation, or via
the nucleus ambiguous or dorsal motor vagus to the preganglionic parasympathetic
neurons leading to activation of vagal centers and enhanced parasympathetic activity.
Thereby, the NTS can lead to increased HR, via excitatory discharges, or decreased HR
via vagal outflow. Within the NTS, excitatory amino acids (EAA) and GABA are the
main neurotransmitters mediating baroreceptor reflex activity, although neurochemical
modulation of this reflex is extensive and includes vasopressin and catecholamines

among other neurotransmitters (Longhurst, 2003).
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CNS regulation of blood pressure also occurs indirectly, through the regulation of
the levels of the neuropeptides, such as arginine vasopressin (AVP) and oxytocin. The
levels of these neuropeptides in the blood are regulated by the hypothalamus and the
pituitary gland. The release of AVP and oxytocin into the blood stream, and effect they
have on blood pressure are via peripheral actions of these peptides, and is separate and
distinct from the effect these peptides exert in the brain (de Weid, 1977). Increased
levels of AVP and oxytocin cause vasoconstriction, resulting in elevated blood pressure.
Although the Hypothalamic control of the cardiovascular response is affected by various
neural structures, the amygdala, as part of the limbic system, has a potential role in its
regulation as well. Both the basolateral amygdala and the central nucleus of the amygdala
have direct projections to several hypothalamic subnuclei, including the paraventricular
nucleus of the hypothalamus and the lateral hypothalamus (Price, 2003; Petrovich et al.,
2005).

This important relationship between the cardiovascular brainstem nuclei, the
hypothalamus, and the amygdala is further complicated by several features of the system:
1) noradrenergic arousal centrally mediated by the locus coeruleus and the NTS has a
positive effect on memory in both aversive and appetitive tasks, and increases the blood
pressure peripherally; 2) hypophyseal vasopressin, triggered by the hypothalamus,
increases blood pressure peripherally, and also has a positive effect on memory centrally,
in both appetitive and aversive tasks at certain doses (Koob et al., 1989; de Weid, 1977;
de Weid et al., 1985; van Wimersma Greidanus et al., 1985); 3) the basolateral amygdala
behaviorally mediates the neurochemical effects by at least (1), and most likely (2) as

well; and 4) as discussed in detail below, the types of tasks which do involve mediation
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by the basolateral amygdala also elicit different types of heart rate conditioning — either
bradycardiac or tachycardiac in nature. Overall, there seems to be no explicit, systematic
explanation which unifies all of the facts outlined above and resolves the behavioral

aspects with the autonomic ones, and with the neural circuitry involved.

3.3 Influence of behavior on cardiovascular function

Cardiovascular parameters are maintained and influenced by many other factors,
including elicitation of an appropriate behavioral response. The most notable behavioral
influence on HR and BP is the response to a threat or stressful stimulus. A "fight or
flight" response includes activation of the SNS along with behavioral, endocrine, and
visceral activation. The cardiovascular part of this response, being sympathetic
activation, is mediated primarily through the RVLM. In addition, the NTS control of
baroreceptor reflex is inhibited during this increase in BP/HR. Acoustic and airpuff
startle paradigms are examples where a mild but stressful stimulus elicits conditioned
cardiovascular responses (Young and Leaton, 1996; Taylor et al., 1994; Abdeen et al.,
1995). In naive animals, the airpuff stimulus (with attendant tonal qualities) causes tonic
deceleration of heart rate, also known as conditioned bradycardia, that results from
parasympathetic activation. This response, the cardiovascular correlate of the orienting
response, rapidly habituates over time. The acoustic component of the airpuff, as well as
the acoustic component of acoustic startle stimuli, causes a phasic acceleration of heart
rate that is developed rapidly over timeand indicates increases in sympathetic nervous

system activity.
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Another way that behavior influences cardiovascular response is evident in
classical conditioning of bradycardiac response to the neutral stimulus paired with an
aversive US (Frysztak and Neafsey, 1986; LeDoux, 1993). A number of studies with fear
conditioning to context paradigm demonstrated a pervasive conditioned increase in blood
pressure as well as conditioned bradycardia to a negative environment (Carrive, 2000;
Carrive, 2002; Faneslow, 1980). The author’s conclusion was that the cardiovascular
response in the case of aversive contextual conditioning is entirely mediated by the
autonomic nervous system (Carrive, 2002). Although most of the experiments with
conditioned bradycardia involve aversive conditioning paradigms (Powell et al., 1997,
Young and Leaton, 1996), some appetitive conditioning paradigms have been employed
with cardiovascular response as well (Hunt and Campbell, 1997; Kostarczyk and
Fonberg, 1982).

In one study, dogs were trained to perform an instrumental action (foreleg on a
food tray) upon hearing a CS (a tone), in order to receive a US (petting on head and back)
(Kostarczyk and Fonberg, 1982). The heart rate was decelerated in response to the US,
and accelerated at the offset of the US. Following training, heart rate initially decelerated
to the CS, and then accelerated at the onset of the instrumental response. In another
appetitive conditioning study, rats were classically conditioned with light (CS) — food
(US) pairings (Hunt and Campbell, 1997). Following training, when conditioned
orienting (CR) was achieved to the light, heart rate and blood pressure were measured.
Heart rate deceleration was observed during CS presentation, in parallel to the aversive
conditioning studies, however, there was no heart rate increase to the US that sometimes

follows bradycardia in the aversive conditioning paradigms (Young and Leaton, 1996).
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Both aversive and appetitive conditioning paradigms have elicited changes in
cardiovascular response. The amygdala plays an extensive role, discussed above, in these
types of associative learning tasks. The following section discusses some of the

influences on the cardiovascular response that are specific to the amygdala.

3.4 Role of the amygdala in cardiovascular response

There is a large volume of research that specifically implicates amygdalar
processing in regulating blood pressure and heart rate. Most of this literature implicates
conditioned bradycardia response (Young and Leaton, 1996; Powell et al., 1997; Kapp et
al., 1979; Kapp et al., 1982). Some of the earlier studies demonstrated that lesions of the
CeA prevent acquisition of conditioned bradycardia in the rabbit (Kapp et al., 1979).
Lesions of the CeA also attenuate changes in heart rate evoked during the acoustic startle
paradigm (Young and Leaton, 1996). The CeA has extensive GABAergic projections to
the NTS, as well as putative glutamatergic projections to the RVLM, both of which are in
direct control of heart rate and blood pressure modulation (Kapp et al., 1982; Zhang et
al., 1986; Saha et al., 2000; Saha, 2005). Electrical stimulation of the CeA in the rabbit
leads to cardiovascular and autonomic conditioning representative of fear and anxiety
responses (Kapp et al., 1982).

The projections of the central nucleus of the amygdala to NTS as well as the
nucleus ambiguus and the dorsal motor nucleus of the vagus are hypothesized to play a
significant role in this cardiovascular regulation (Powell et al., 1997). Bilateral lesions of
the basolateral complex of the amygdala also completely prevents bradycardia

conditioning in the rabbit in the aversive classical conditioning paradigm (Powell et al.,
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1997). It has been hypothesized that interconnectivity of BLA with the prefrontal cortex
(PFC) plays a large role in this phenomenon, since lesions of the PFC, which has
projections to the autonomic nuclei in the brainstem, also abolish conditioned bradycardia
(Buchanan and Powell, 1982). This hypothesis was proven wrong in an elegant crossed
unilateral lesion study (Powell et al., 1997), so the circuitry underlying the effect of BLA
on cardiovascular response remains largely unresolved. Other studies have looked at the
influence of the intact BLA on cardiovascular response by infusing various agents
directly into BLA sans any behavioral manipulation (Soltis et al., 1997; Shekhar et al.,
1999; Sajdyk and Shekhar, 1997). Specifically, GABAa mediated processes in the
amygdala have been implicated in changes in heart rate and blood pressure (Sajdyk and
Shekhar, 1997). Infusing a GABAa antagonist, bicuculline methiodide (BMI), directly
into BLA increases heart rate and blood pressure in a dose dependent manner in awake
behaving rats (Soltis et al., 1997). Infusion of glutamate receptor blockers into BLA has
no significant effect on CV measurements in isolation (Sajdyk and Shekhar, 1997),
however infusing NMDA and AMPA antagonists together with BMI blocks the BMI
induced HR increase in a dose dependent manner (Soltis et al.,, 1997). Conversely,
infusion of glutamate agonists increases HR in a dose dependent manner, which
implicates that excitatory amino acids regulate GABA cells in the BLA with respect to
cardiovascular modulation (Soltis et al., 1997; Shekhar et al., 1999).

The basolateral amygdala may also control cardiovascular response indirectly,
through the influence that the BLA and the CeA exert on the hypothalamus (Petrovich et

al., 2005; Price, 2003), and the hypothalamic projections to the pituitary and the
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hypophyseal portal blood system where neuropeptides, such as vasopressin and oxytocin,
both potent vasoconstrictors, are released.

The findings described above clearly indicate that the amygdala plays a
significant role in the regulation of some aspects of the cardiovascular response,
specifically heart rate modulation, either with or without the involvement of behavioral
conditioning. Furthermore, BLA and CeA are both independently important for the
maintenance of this influence (Powell et al., 1997).

The goal of this experiment is to provide initial data for further investigation of
the correlation between behavioral changes on the instrumental version of the
conditioned preference task and cardiovascular changes in heart rate and blood pressure.
This investigation will aim to clarify the role of the basolateral amygdala in relation to
the cardiovascular response in this appetitive task.

Outline of the paradigm: A group of rats received BLA targeted permanent
cannulae implants and, following recovery, were then acclimated to the baseline “flower
pot” environment and to the contingent maze environment. Then all rats underwent
arterial catheterization, and, following a recovery period, heart rate and blood pressure
measurements were collected during context switch from non-contingent appetitive
baseline behavior to the contingent appetitive learning behavior and back. The animals
that sustained transient BLA inactivation during CPP training failed to acquire place
preference, while rats with intact BLA during CPP training demonstrated conditioned
preference for the reinforced arm of the maze. There was also a significant relationship
between the cardiovascular response and the contextual switch between the baseline and

the CPP learning environment.
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4. Materials and Methods
Long-Evans hooded rats (Charles River, Raleigh NC), n=6, began behavioral
testing. Water was available ad libitum, however, food was restricted to maintain body

weight at 90% of their free-feeding weight for motivation by a food reward.

4.1 Surgical Procedures - BLA inactivations

Methods are as described in detail in Hatfield and Gallagher, 1995. AP-5 infusion
was employed to reversibly inactivate the basolateral amygdalae. Briefly, following the
surgery preparation described in Exp. 1, rats were implanted bilaterally with 26 ga
stainless steel cannulae (Plastics One, USA). Each cannula was stereotaxically lowered
into the brain to position it just above the BLA (6.4 mm from the skull, at 2.8 mm
posterior to bregma and 5 mm lateral from the midline) and was fixed in place by
attaching it to two anchor screws in the skull with dental cement. Removable stainless
steel dummy cannulae (Plastics One) were inserted in the cannulae to keep them patent.
For the inactivation, 2.5ng/side of AP-5 dissolved in artificial CSF (aCSF) was infused
through 33 ga beveled infusion cannulae connected by an infusion system (Plastics One)

to a 10 pl Hamilton syringe mounted in a microinfusion stereotaxic attachment.

4.2 Arterial Catheterization
Following behavioral pre-training on the task described above, all rats underwent
catheterization of the left femoral artery for the assessment of the blood pressure and

heart rate changes during this task. Catheters were constructed by heat fusing PE-10 and
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PE-50 tubing together and checked for leaks. Under Isoflurane gas anesthesia, the
femoral artery was located within the femoral triangle and exposed for catheter insertion.
The catheter, filled with sterile heparinized saline, was inserted into the femoral artery
and advanced rostrally 4.5 cm into the abdominal aorta positioning it just below the renal
arteries. Following securing the catheter in place, it was filled with sterile heparinized
saline (30% heparin), plugged, tunneled under the skin, and exteriorized at the nape of
the neck. Following surgery, animals were housed 1 per cage on a 12-hour light-dark
cycle. Food and water were available ad libitum and 3 days’ recovery was allowed before
testing. Catheters were flushed daily during recovery with heparinized saline to prevent
clotting and to maximize the time that the catheter can be used effectively. After the
beginning of the experiment, catheters were flushed with heparnized saline every other
day.

For cardiovascular measurements during the behavioral testing, the exteriorized
catheter was attached to a saline filled length of PE-50 tubing (50cm), which in turn was
attached to a pressure transducer and blood pressure analyzer (BPA, Digi- Med,
Micromed Assoc., Louisville, KY, USA). This permitted both blood pressure (BP) and
heart rate (HR) to be recorded as digitized 0.5 second averages, as well as a continuous
waveform for future analysis. BP was recorded for 10 minutes before the start of the
behavioral task to establish a "before" baseline measurement. Considering that rats
ingested sweet cereal during the behavioral task, BP measurement continued for 10
minutes after the end of the task to establish an "after" baseline. The data was stored and

extracted using Digi-Med System Integrator Model 200/1 software.
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4.3 Behavioral Apparatus and Procedure

The platform used for all of the CV behavioral measures is the same as described
in Chapter 1. A three arm maze constructed out of red transparent plexiglass was used for
both the acquisition and the retention of the CPP paradigm in this experiment. The maze
was placed on top of the platform, which was surrounded by a dark curtain. Limited
distal and no proximal cues were used in order to bias the behavioral learning toward
amygdalar activation. The maze consisted of three different compartments, each
measuring approximately 15 X 25cm. A central “start” area was defined at the entrance
to the maze, measuring approximately 25cm by 20cm. All of the maze compartments, as
well as the “start” or “neutral” area, were 60 cm tall. Each of the compartments, left,
central, and right, could be closed off by sliding plexiglass barriers. A sweet cereal
(Honey Nut Cheerios, Kellogg, Inc.) was used as reinforcement in this experiment. The
following CPP methods were loosely adapted from White and McDonald, 1993, and from
Tzschentke, 1998.

During the pre-training for this experiment, rats were accomodated to the
experimental room by being allowed to explore the maze and the open-field platform
with uniformly distributed pieces of Cheerios. . The rats were also accomodated to the
flower pot with bedding and pieces of Cheerios, which served as the baseline
environment. During the training trial of this experiment, the maze was placed on the
platform, the central compartment of the maze closed off, and a pile (approx. 30g) of
Honey Nut Cheerios was placed in one of the open compartments, thus making this

particular compartment the “+ arm” of the maze.
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During the training day, the rats received a targeted BLA infusion of either AP-5
in aCSF or aCSF alone in a different room. The rats were then brought into the
experimental room and the externalized arterial catheters were hooked up to the Blood
Pressure Acquisition system (BPA). Baseline heartrate (HR) and blood pressure (BP)
measurements were taken for 5 to 10 minutes, in the flower pot filled with bedding with
the sweet cereal freely available, and the rats then placed in the “start” portion of the
maze. The rats were allowed to explore the maze for a time period of 5-10 minutes. After
the maze exploration, the rats were transferred back into the flower pot and the post-
baseline HR and BP were recorded for 5 to 10 minutes.

During the test day, 48 hours later, the maze was placed on the platform, in an
identical location to training day, with all compartments open and available for
exploration. The central compartment now served as a novel arm. The rats were brought
into the experimental room, hooked up to the BPA system, and, following the baseline
BP/HR recording as described above, placed in the “start” location of the maze. The rats
were then allowed to freely explore the maze for a period of 5-10 minutes. Again,
following the maze exploration, the rats were put back into the baseline environment, and
the post-baseline measurements were taken for 5 to 10 minutes before the rats were
transferred back to their home cages.

Following a 4-5 day break, the experimental procedure was repeated with either
an AP-5 or an aCSF infusion and reinforcement placed in a different arm of the maze,

using a balanced design.
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All behaviors were recorded with a video camera, digitized into MPEG format,
and analyzed for time spent in the baseline environment, and in all three arms of the

mazce.

4.4 Statistical Analysis

All data were analyzed using JMP 4.0.2 by the SAS institute. The blood pressure
and heart rate data were superimposed on the coded and time stamped description of the
rat behavior from the digitized video. The cardiovascular response data were pooled and
averaged for pre-baseline, maze, and post-baseline behaviors. Single point averages of
the blood pressure data were subsequently used for statistical analyses. Because the rats
received qualitatively different treatment with respect to the infusions on the training day
of CPP and on the test day of CPP, the data for the CPP training and the CPP test days
were analyzed separately. For each CPP day (n=4), a two way repeated measures
ANOVA (3 X 2) was performed on the blood pressure data, — the within variables were
the context (pre-baseline, maze, and post-baseline (3)), and the condition
(AP5(n=4)/vehicle(n=2) or postAP5/post-vehicle(same n)). Step down ANOVAs and
post-hoc comparisons were performed on data variables with significant main effects and

interactions.

5. Results
The transfer of rats between the non-contingent appetitive context and the

contingent appetitive context had a significant effect on the levels of mean arterial blood



158

pressure, both during the CPP training day (main effect of context: F(2,5)=12.84, p=0.01)
and during the CPP test day (main effect of context: F(2,5)=12.62, p=0.011).

Step down analyses showed that the switch of context from the pre-baseline
behavior to the maze behavior significantly lowered the blood pressure in all animals
included in the study (F(1,16)=49.45, p<0.0001; see Figure 4 and Figure 5). Switching
the rats back into the post-baseline context after the maze resulted in significant increases
in the blood pressure in all animals (F(1,16)=33.39, p<0.0001; see Figure 4 and Figure 5).
These blood pressure changes were stable and unchanging for both the training day and
the testing day on the Conditioned Place Preference paradigm, as measured by a one way
repeated measures ANOVA (main effect of CPP trial: F(1,7)=2.35, p=0.13).

The integrity of the basolateral amygdala had a marginal effect on the robust
decrease in blood pressure (main effect of AP5: F(1,17)=3.83, p=0.062; see Figure 5A,
5C). The decreases in blood pressure during maze behavior were still present during the
APS infusion into BLA; however, the changes from pre-baseline, and back to post-
baseline BP levels during APS5 inactivation on the CPP training day were less pronounced
than during either vehicle infusion or during the CPP test day measures (see Figure 5A).

The heart rate did not respond to the switch in context in the same way, in fact,
the changes in heart rate were negligible and highly variable in all animals and all
measured instances. Neither blood pressure nor heart rate recorded during baseline
differed depending on the temporary inactivation of the basolateral amygdala. Both the
pre-baseline and post-baseline blood pressure was the same during the training day of the
CPP behavior both with and without BLA inactivation (F(1,16)=1.57, p=0.228; see

Figure 4 and Figure 5).
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The differences in individual animals’ baseline heart rate and blood pressure was
too great to attempt to average the values directly across different rats, or across different
days in the same rats. However, when the the difference in averaged BP was computed
for the switches between contexts, the changes in blood pressure between contexts were
uniformely decreased to maze, and increased back to post-baseline (Posthoc, CPP
training, main effect of switch: F(1,3)=74.44, p=0.0033; Posthoc, CPP test, main effect of
switch: F(1,3)=30.14, p=0.012; see Figure 3A, 3B). Also, although the baseline BP
values were highly variable, the trends in blood pressure rise and fall during different
context behaviors were consistent in all animals and instances observed (see Figure 4).

The behavioral results following CPP conditioning were in accordance with those
attained through similar methods by White and McDonald, 1993. A two way repeated
measures (2 X 3) ANOVA analysis (AP5 or aCSF infusion by maze compartment (Arm
+, Arm-, Neutral))showed a significant interaction between the BLA inactivation and the
time spent in the maze arms (F(2, 2) = 23.3, p=0.0149). Step down analyses demonstrated
that after place preference training rats with intact BLA tended to spend significantly
more time in the previously reinforced, versus the un-reinforced arm of the maze (vehicle
rats contrast, maze compartment: F (1, 3)=16.66, p=0.026; see Figure 6). Rats with the
transiently inactivated basolateral amygdala did not spend significantly more time in
either arm of the maze (APS5 rats contrast, maze compartment: F (1, 3) = 1.4, p=0.32; see
Figure 6).

The circuitry underlying these behavioral and cardiovascular responses includes

learning, motivational, and physiological neural components (see Figure 7). It is
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plausible that all of the circuitries represented play a role in this behavioral and

accompanying cardiovascular response to place preference learning.

6. Discussion

The neural circuitry that underlies autonomic — behavioral coupling has the
amygdala, including both basolateral and central amygdala at its heart, by virtue of
bidirectional connectivity with a) OFC, which participates in object — valence
associations and informs behavioral output in affective associative learning (Schoenbaum
et al., 1998; Schoenbaum et al., 1999; Gallagher and Chiba, 1996; Baxter and Murray,
2000; Chiba et al., 2002), b) NTS, which participates in cardiovascular regulation
(Lawrence and Jarrott, 1995), as well as influencing affective memory (Roozendaal et al.,
1999; Miyashita and Williams, 2002), c) CeA and the extended amygdala, which
participate in the processing of affect, reward, and sensorimotor integration among other
functions, and d) the hypothalamus, which exerts direct influence on the release of the
hypophyseal peptides and the resultant changes in cardiovascular response (Weid, 1977;
Sahgal, 1984; Koob et al., 1989). This extensive interconnected network of cortical and
subcortical structures has been implicated in other types of rewarding and aversive
processing, such as stress response and drug addiction (Koob and Le Moal, 2001; Everitt
et al., 2000).

These results may shed light on the role of the amygdala in integrating
physiological and neural signals in order to modulate behavioral output. The variations
in cardiovascular response that accompany the context changes and the behavioral output

in this task may directly participate in the process of associative learning by a dual
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process of a) facilitating learning of contingencies directly, and by b) stimulating the
limbic structures involved in context conditioning through feedback about the level of the
physiological arousal of the animal. Conversely, the process of a maze arm acquiring
positive association may have a physiological correlate, such as a change in
cardiovascular response, that coincides with, or even preceeds the change in behavioral
output toward this maze arm.

The results of this experiment indicate that there is a definite relationship between
changes in cardiovascular response and context dependent differences in contingencies.
The effect of the switch from the non-contingent baseline context into the contingency of
the maze environment elicited a robust decrease in blood pressure.

However, these results are at odds with numerous studies on aversive
conditioning and a few studies on appetitive conditioning that show, conversely, an
increase in blood pressure accompanying a switch to a contingent context (Carrive, 2000;
Iwata and LeDoux, 1988; Ettenberg et al., 1983). The origins of these differences may
involve several explanations. First, it should be recognized that there are numerous
differences between the previous studies and the present experimental approach; there are
also postulations of a U-curve relationship between the levels of arousal and efficacy of
learning and behavioral performance; there is also a qualitative difference between
appetitively and aversively motivated learning; and there is a qualitative neural difference
between instrumental and classical conditioning (Koob et al., 1989; Killcross et al., 1998;
White, 1989). The interpretation of our results are further complicated by the known

relationship between BLA, norepinephrine, arousal, the NTS, and affective memory
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(McGaugh et al., 1996, Roozendaal, 1999a; Roozendaal et al., 1999b; Ferry et al., 1999c,
Miyashita and Williams, 2002; Curtis et al., 2002).

The potential role of the BLA becomes clearer if the relationship between its
inactivation and the blood pressure levels in the maze is examined more carefully.
During the BLA inactivation, the fall of BP levels in the maze is less pronounced, while
in every other instance, the fall of BP in the maze is remarkably similar (see Figure 3A,
3B). This lack of a pronounced decrease in blood pressure that we observed with an
inactivated BLA is, at this point, a trend, as opposed to a statistically significant result. If
this result is replicated with more animals, then the following might explain the
relationship between the BLA and the cardiovascular response during affective learning.
It is possible that during this type of learning, the BLA is indirectly involved in BP
regulation through the connections between the CeA and NTS, as well as between the
BLA and the CeA and the hypothalamus (Petrovich et al., 2005; Price et al., 2003;
Miyashita and Williams, 2002). Activation of the CeA inputs into the NTS, which are
GABAergic in nature (Saha, 2005; Saha et al., 2000), would cause the baroreceptive
reflex to cease updating the heart rate properly, resulting in negligible changes in heart
rate (Sato et al., 2003). There exists evidence that the unit activity in the paraventricular
nucleus of the hypothalamus is regulated by the noradrenergic brainstem inputs during
emotional learning (Nakamura et al., 1992). This neural activity is correlated with blood
pressure regulation during both aversive and appetitive cue learning (Nakamura et al.,
1992).  Activation of the amygdalar-hypothalamic efferents might regulate this

hypothalamic influence on blood pressure during the switching of behavioral context.
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On the other hand, inactivation of the BLA could interfere with regulation of both
the baroreceptor reflex and the hypothalamic regulation, leading to aberrant influence on
both of these mechanisms, and resulting in altered BP levels during contingency learning.

This line of reasoning plays directly into an old and well established hypothesis
on the role of AVP and the AVP pressor properties in learning behavior, explored
extensively in a number of aversive as well as appetitive conditioning paradigms (Weid,
1977; Sahgal, 1984; Ettenberg et al., 1983; Koob et al., 1989). The variability between
our results and the predictions of these research studies could be explained by the
differences in pre-training, training, and testing procedures, as well as the baseline
comparison conditions. Unlike the previous studies, our baseline comparison included a
large amount of appetitive reinforcement, delivered in a non-contingent manner, which
could account for the higher baseline blood pressure if we were to compare it to the
resting blood pressure in the home cage. There is evidence in literature that supports this
conjecture: in a context shift study with a use of a non-contingent appetitive context, an
increase in mean arterial pressure accompanied the shift to this context from a food
deprived baseline (Braesicke et al., 2005). A neurotoxic lesion of an entire amygdala had
no effect on blood pressure in the non-contingent appetitive environment, but interfered
with the autonomic arousal during anticipation (Braesicke et al., 2005) This is a possible
avenue for future experiments.

The CPP paradigm is mediated by many different structures besides the BLA,
such as the hippocampal formation, caudate and putamen, and the prefrontal cortex (Chai
and White, 2004). Conversely, the blood pressure levels are regulated by many

autonomic structures besides the hypothalamus. This may explain why the blood
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pressure changes due to context switching are robust and present on both the training and
the test days of the CPP paradigm as well as for both the intact and the inactivated BLA.

In the conditioned bradycardia experiments, bilateral BLA lesions resulted in
attenuation of conditioned bradycardia in response to CS presentation in rabbits (Powell
et al., 1997). In sham lesioned rats, heart rate progressively decelerated in response to the
onset of the conditioned stimulus (auditory tone), over the course of successive trials in
classically conditioned bradycardia (Powell et al., 1997). In an appetitive instrumental
paradigm, heart rate in dogs decelerated during the administration of petting reward (US),
and then accelerated after the cessation of reward (Kostarczyk and Fonberg, 1982). In
the same paradigm, at the onset of CS (tone), heart rate accelerated, and then decelerated
during US administration. These findings are also consistent with the heart rate
variability and inconsistent effects during this task.

In sham lesioned rats, heart rate initially decelerated in response to unconditioned
aversive stimulus (electric shock), and then accelerated in both classically conditioned
bradycardia (Powell et al., 1997), and in the acoustic startle paradigm (Young and
Leaton, 1996). In an appetitive classical conditioning paradigm, heart rate decelerated in
response to a food reward, without acceleration thereafter (Hunt and Campbell, 1997).

Due to the large variability in HR/BP baselines between individual animals it may
not be possible to reliably assess the quality and extent of the difference between
inactivated and vehicle infused animals. In the present case, it will be beneficial to
replicate our findings by measuring cardiovascular response using radiotelemetry.

A novel interpretation for the activity of this circuitry is herein proposed by

uniting the theories of amygdalar involvement in associative learning (Baxter and
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Murray, 2002; Gallagher and Chiba, 1996), with the hypotheses about amygdalar
involvement in regulating cardiovascular and behavioral output (Powell et al., 1997,
Gallagher et al., 1972). We have also integrated some of what is currently known about
the relationship between affective conditioning and hypophyseal peptides together with
what is known about the role of the BLA in affective learning and arousal.

The future directions for this line of work could involve examining more closely
the role of the BLA in modulation of the hypophyseal peptide effect on learning, as well
as exploring the role of the central nucleus of the amygdala as the intermediate structure

in affective learning and control of the physiological arousal.
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Figure 5.1 Neural circuitry underlying modulation of affective memory by BLA.
Adapted from McGaugh et al., 2000.
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Figure 5.2 Visual description of the structures and pathways involved in baroreceptor
reflex mediation. AA - aortic arch; DMV - Dorsal Motor nucleus of the vagus; CS —
carotid sinus; NA — nucleus ambiguus; NTS — nucleus of the solitary tract; IX, X, XII —
cranial nerves. Adapted from Rybak et al., 2002.
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Figure 5.3 The differences in blood pressure during contextual context switches
(mmHg; Y-axis), pooled and averaged over 10 complete CPP trials (both AP5 and
vehicle trials included; n=4), (Pre-Baseline to Maze change and Maze to Post-Baseline
change; X-axis). (A) The relative difference in blood pressure (mmHg) from Pre-Baseline
to Maze (BM), and from Maze to Post-Baseline (MB) on the training day of the
Conditioned Place Preference paradigm (B) same as (A) for the test day of the CPP
paradigm, 48 hours later.
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Figure 5.4 Representative trend in blood pressure change over time (mmHg; Y-
axis) Rise and fall of BP during different context behaviors over time (average BP over
10 second time segments; X-axis). Blood pressure is reliably lower during maze behavior
compared to pre- and post-baseline behavior. Furthermore, there is a downward slope
trend to blood pressure while on maze, as opposed to a relatively stable and unchanging
blood pressure during pre- and post baseline.
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Figure 5.5 Averaged BP data for all rats in contingent and non-contingent
contexts: These graphs depict single point averages of mean arterial blood pressure (
MAP mmHg; Y-axis), pooled and averaged for the pre-baseline, maze and post-baseline
environments (X-axis) across all rats in the following categories. (A) This graph contains
blood pressure points pooled and averaged across APS5 infused (n=4) and the vehicle
infused (N=2) rats for the training day of CPP. (B) This graph contains pooled and
averaged blood pressure points for the rats in (A), but 48 hours post-infusions, during the
testing day of CPP. (C) This graph contains blood pressure points pooled and averaged
across the rats with the BLA inactivation during both CPP training (n=4) and 48 hours
post-infusion on CPP test day (n=4). (D) This graph contains averaged blood pressure
points averaged across the rats with the intact BLA during both CPP training (n=2) and
48 hours post-infusion (of vehicle) on CPP test day (n=2).
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Figure 5.6 Behavioral results of the conditioned place preference experiment in a
three-arm maze The graph shows the percentage proportion of time (Y-axis) spent in
different maze compartments on the test day of the CPP paradigm for previously ApS5
infused or vehicle infused animals (X-axis). AP5 means that the animals tested had their
basolateral amygdalae inactivated bilaterally 48 hours previously (n=4). Vehicle means
that the animals tested had aCSF infused into their BLA bilaterally 48 hours previously
(n=3).
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Figure 5.7 The circuitry underlying the behavioral and cardiovascular responses
discussed in this Chapter include learning, motivational, and physiological neural
connections. This figure depicts the interconnectivity between the amygdala components
(BLA and CeA) and the cognitive (PFC — Prefrontal cortex), motivational (BNST — Bed
Nucleus of Stria Terminalis), and physiological (LC — locus coeruleus, NTS — nucleus of
the solitary tract) loci that participate in the elicited physilogical and behavioral effects.
There are numerous structures (some not shown) also associated with these loci that
together coordinate and exert these effects. (Abbreviations: DVM — dorsal motor nucleus
of the vagus, PGi — nucleus peri-gigantocellularis, r'VLM — rostral ventro lateral medulla,
AA —aortic arch, CS — carotid, ANS — autonomic nervous system). Schematically drawn
by LY. Merzlyak
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VI
Discussion and Conclusions
1. Discussion: Associative Learning

This body of work represents a step towards addressing an overarching hypothesis
that the encounter of affectively significant learning situations elicits fast adaptive
responses regulated by subcortical associative learning loci. The work presented herein
suggests that adaptive responses to affectively significant situations arise as a result of
activity in a broad range of neural structures, all partially recruited by information
processing in the basolateral amygdala. Basolateral amygdala function seems to be
integral in the regulation of a continuous state of adaptation by reacting quickly and
appropriately to affective stimuli.

The particular influence that the BLA exerts in regulation of associative learning
and affective arousal was explored and discussed in detail in the previous chapters of this
thesis. Here the different contributions of the BLA to cognitive and behavioral neural
processing are integrated in an attempt to present a coherent theory of BLA function in
affective associative learning and arousal.

One of the experiments discussed in previous chapters employed a behavioral
learning task that included gradations of both appetitive and aversive stimuli, spanning a
sector of the valence continuum. The results of this associative learning experiment
suggest that the basolateral amygdala is a fast associative learning center that participates
in the process of coding the relative values of both positive and aversive affective stimuli.
Evidence that the BLA is important for the recognition and association of stimuli with a

range of both positive and aversive values supports a hypothesis by Rolls (Rolls, 1999).
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This hypothesis emphasizes the necessity for organisms to recognize a “reward currency”
of stimuli in the environment (Rolls, 1999). The further importance of recognizing
gradations in both rewards and punishments on a valence continuum is emphasized here.
The integrity of the basolateral amydala is absolutely essential to choosing between items
holding values that are close to each other on this spectrum.

Very early in associative learning, BLA neurons demonstrate selectivity for
particular visual objects holding different values (Quinn et al., in preparation). In the
present study, the earliest behavioral change to emerge across learning is appropriate
instrumental approach and avoidance behavior. Accurate choice behavior is evident later
in learning, at a time point that far exceeds the intial selectivity of BLA neurons. This
later contribution of the BLA to choice behavior is consistent with the theory that the
interconnectivity between the OFC and the BLA, as well as the OFC by itself, are
particularly important for goal directed judgements and behaviors (Baxter et al., 2000;
Baxter and Murray, 2002; Izquierdo and Murray, 2004). There exists evidence that the
BLA is important for tuning the selectivity of neurons in the OFC (Schoenbaum et al.,
2003), in addition to evidence that the OFC and amygdala work together in determining
the current value of a stimulus (Baxter et al., 2000). The early contribution of the BLA to
appropriate instrumental responding is likely to be consistent with the existence of a link
between the relative sensory value and the motivational value of affective stimuli,
supported by several authors in their theories about the role for the amygdala in learning
(Winston et al., 2005; Balleine et al., 2005).

Both the instrumental learning results and the choice behavior results clearly

demonstrate that the basolateral amygdala is necessary for distinguishing between
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negatively associated objects early in training. During the first several trials of
instrumental learning, vehicle rats begin to preferentially avoid the object with the worst
outcome, whereas BLA rats avoid it to a lesser degree. This is completely in line with
extensive research on the role of the BLA in aversive associative learning, including fear
conditioning and passive avoidance learning (Armony et al., 1995; Davis, 1997; LeDoux,
1993; Davis, 1992; McGaugh et al., 1992). Lateral amygdala neurons demonstrate
almost immediate selectivity to conditioned fearful stimuli (Quirk et al., 1997), further
supporting a role for the amygdala in facilitating rapid acquisition of stimulus relevance.
Our results suggest that appropriate behavioral outcomes after extended training
time are only partially dependent on the basolateral amygdala. The extent of the BLA
influence on late learning seems to be determined by the relative distance between the
affective value of the associated stimuli on the valence scale. This limitation is apparent
in the fact that the BLA lesioned animals partially master learning the most distant object
— valence associations by the last day of training. This is demonstrated by partial
improvement in performance on the choice behavior and by the late emergence of
appropriate instrumental responses to objects in the BLA lesioned rats. This result
supports the findings from the literature that alternate brain structures important for
decision making and goal directed behavior, such as the orbitofrontal cortex, that engage
more slowly than the amygdala, actively participate in the affective associative learning
process (Baxter et al., 2000; Baxter and Murray, 2002; Schoenbaum et al., 1999). In the
absence of the basolateral amygdala, other ventral striatal structures, including the
nucleus accumbens and the ventral tegmental area in addition to the striatopallidal

circuitry are sufficient for encoding a portion of that which they would ordinarily encode
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in concert with the amygdala (White, 1989; Everitt et al., 1989; Everitt et al., 1991;
Everitt and Robbins, 1992).

The afore mentioned emergence of instrumental learning of object — valence
associations precedes the emergence of appropriate choice behaviors in vehicle rats. One
of the factors driving the distribution of instrumental responses to objects paired with
different values is the degree of arousal associated with rewarding and aversive
reinforcements. The latency of approach data for very early training shows that animals
run faster to the more “arousing” objects, associated with more extreme appetitive and
aversive food values. Putatively, the animals’ increased arousal levels improve their
memory for the objects, which is highly consistent with the extensive research from the
McGaugh laboratory showing that the BLA is imperative in improving memory for
highly arousing events (McGaugh et al., 1996, Roozendaal, 2000; Roozendaal et al.,

1999; Ferry et al., 1999¢c, Miyashita and Williams, 2002; Curtis et al., 2002).

2. Discussion: Physiological State and Learning

While particular stimuli can elicit rapid changes in arousal, behavioral context can
elicit more stable baseline shifts in arousal levels. There exists a relationship between
physiological arousal and contingent contexts in learning, as demonstrated using a BLA
dependent appetitive paradigm. Overall, the animals’ arousal level seemed to be high
during exposure to a non-contingent appetitive environment, and then decreased
following a transfer to a contingent appetitive environment. Thus, it was determined that
learning of the contingencies in the appetitive context had the most striking attenuating

effect on blood pressure. The integrity of the basolateral amygdala was essential for
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learning the reinforcement contingencies in this environment. However, in the absence
of the basolateral amygdala, the arousal level, as measured by blood pressure, was only
marginally decreased during learning of contingencies, indicating a partial contribution of
the BLA to this state modulation.

An appropriately decreased level of arousal when shifting to contingent
environments may set the stage for place preference formation. Whereas the integrity of
the amygdala is essential for place preference formation, there are many structures
besides the BLA, such as the hippocampal formation and the striatopallidal circuitry that
enable place preference learning (White, 1989; White and McDonald, 1993; McDonald
and White, 1995; Everitt et al., 1991). The interplay of these structures has not been
elaborated in place preference formation, but clues from the stress literature may shed
light on the circuit. As evident from the literature on the interaction between stress and
behavior, acute stress, supplemented by high arousal levels, impairs hippocampal
function and dysregulates the function of the basal ganglia circuitry (Gould et al., 1997;
McEwen, 2000; Roberts et al., 2000). Conversely, lower arousal levels could correlate
with efficient hippocampal and striatal functioning during place preference conditioning.
Thus, the appropriately decreased levels of arousal that were observed in a contingent
appetitive environment may have served to facilitate place preference formation by

preserving regulation of the underlying circuitry.

3. Discussion: The amygdala, allostasis, and adaptation
The interaction between level of physiological arousal of an organism and

learning may go awry during chronically altered levels of physiological arousal, such as
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those seen in hypertension. When an organism has a genetic tendency, or a
predisposition, for hypertension, associative learning processing may potentially be
altered. This is consistent with both behavioral and neurochemical alterations that have
been documented in the literature on aversive conditioning in hypertensive and
normotensive rats (LeDoux et al., 1986; Conti and Printz, 2003; Taylor et al., 1994).
Global state changes, including the emergence of hypertension, have been reliably
correlated with allostatic load and allostatic processing (Sterling and Eyer, 1988S;
McEwen, 2000; Koob and LeMoal, 2001). The chapter on the neural regulation of
allostatic processing discusses at length how allostatic dysregulation can give rise to
changes in the brain on structural, neurochemical, and behavioral levels. The basic
purpose of allostasis is to help the organism adapt to adverse circumstances, and to
accommodate to demands from both the external and the internal environments
(McEwen, 2000; Koob and LeMoal, 2001). The circuitry implicated in the regulation of
allostatic processing has the amygdala and its associated structures at its heart (Koob and
LeMoal, 2001). There are several logical implications that arise from this theoretical
construct. One of the implications, discussed in the chapter on allostatic processing, is
that the functions subserved by the amygdala are upregulated during elevated demands on
the system in the form of acute stress or arousal, in the face of downregulaton of other
structures in the circuit (McGaugh et al., 1996, Roozendaal, 2000; Roozendaal et al.,
1999; Ferry et al., 1999; Quirarte et al., 1997; Miyashita and Williams, 2002). Another
broad implication is that one of the purposes of basolateral amygdala function, including
its role as the fast associator of affective stimuli, is to help the organism adapt to the

changing demands of the environment.
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4. Conclusion

Rapid learning, in which the amygdala plays a role, is essential to adaptation,
even in relation to large-scale social issues that are presumably evolutionary in origin.
Some such broad adaptive effects can be observed in everyday life, for example, the
“race effect” — the prevalent inability of people to visually differentiate faces of alternate
racial origins — where amygdalar activation has been implicated (Phelps et al., 2000;
Hart et al., 2000). Faces are deemed highly relevant social cues and appropriate social
responding is dependent on rapid evaluation of faces. When the time scale is protracted,
face detection is altered, such that the “race effect” is minimized or abolished by
extensive training that leads to expertise (Tanaka et al., 2004).

The close and functionally enigmatic relationship of the BLA to the visual cortex,
is likely to provide a venue through which relevance can directly bias visual perception.
In the rats newly constructed world, the fast and uniform approach latencies of the BLA
lesioned rats to affectively associated objects early in training could be consistent with
this basic lack of the visual skills for telling apart affectively salient stimuli. This
assertion underscores the importance of the communication between the amygdala and
the visual system in rapidly coding the sensory properties of potentially relevant stimuli.

As discussed extensively throughout this thesis, the basolateral complex of the
amygdala does not function in isolation, but does so through its interconnectivity with
many different brain systems. The neuroanatomical framework defined in this thesis may
illustrate how neural circuitry for associative learning, neural circuitry for motivational

salience, and neural circuitry for regulation of cardiovascular activity could directly
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interact. This framework has a large degree of overlap with, and was partially based on
the connectivity between, structures implicated in allostatic regulation (McEwen, 2000;
Koob and LeMoal, 2001).

This anatomical model provides a rationale for how the amygdala, including the
basolateral amygdala, could participate in the emergence of global state changes that help
the organism adapt to its environment on behavioral, cognitive, and physiological levels.
The basolateral amygdala assumes a particularly important role in this model as it is very
fast at forming affectively significant associations and potentially drives persistent
changes in associated circuitry.

In this thesis we have tested and integrated a number of hypotheses on associative
learning, affect, arousal and organismal function in the environment. The findings
presented here are in support of a theoretical construct emphasizing a pivotal role of the
extended amygdala and related subcortical structures in associative learning and
adaptation to the environment. Being able to adjust and adapt to novel circumstances
requires the whole brain, but the subcortical associative learning loci enable the fluidity

and speed of adaptation.
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