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ABSTRACT

Stress activates dopamine (DA) transmission in the basolateral amygdala (BLA),
medial prefrontal cortex (mPFC) and nucleus accumbens (NAc), and DA transmission in
these regions mediates different aspects of the behavioural response to stress. Evidence
indicates that a functional interdependence exists between the DA projections to these
areas. mPFC DA exerts an inhibitory influence on stress-induced NAc DA release.
Similarly, BLA DA modulates mPFC and NAc DA function, although it is unknown if
this is also the case in response to stress. Thus, we examined whether BLA DA
modulates NAc and mPFC DA release in response to stress. We first determined the
effects of BLA DA depletion on stress-induced NAc and mPFC DA release. BLA DA
depletion potentiated the NAc and attenuated the mPFC DA responses to stress. We then
examined the effects of intra-BLA D1 and D2/D3 receptor antagonists on the NAc and
mPFC DA responsés to stress. BLA D1, but not D2/D3, receptor antagonism potentiated
and attenuated stress-induced NAc and mPFC DA release, respectively. Co-
administration of D1 antagonist into BLA and DA agonists into mPFC abolished the
potentiation of stress-induced NAc DA release, indicating that BLA D1 receptor
modulation of the NAc DA stress response occurs indirectly by modulating stress-
induced mPFC DA release. We then turned to examining the influence of BLA DA on
behavioural measures of information processing which are themselves modulated by NAc
and mPFC DA function. The effects of BLA D1 and D2/D3 receptor blockade on
prepulse inhibition (PPI) and latent inhibition (LI) were examined. BLA D1 receptor
antagonist enhanced and D2/D3 receptor antagonist reduced PPI. Conversely, neither
BLA DA receptor antagonist had an effect on LI. Finally, we determined the effects of
BLA D1 and D2/D3 receptor antagonists on acoustic startle habituation. Although BLA
DA receptor antagonism had no effect on this measure, both D1 and D2/D3 receptor
blockade reduced initial startle responsivity. These studies indicate that a functional
interdependence exists between the various projections of the mesocorticolimbic DA
system in response to stress. They also suggest that BLA DA may modulate certain

forms of information processing independently of NAc and mPFC DA function.
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RESUME

Le stress induit la relache de DA dans les régions de I’amygdale basolatérale
(BLA), du cortex préfrontal médian (mPFC) et du noyau accumbens (NAc), et cette
relache contribue & différents aspects de la réponse comportementale li€e au stress.
Certaines évidences suggérent une interdépendance fonctionnelle des projections
dopaminergiques entre ces régions. Ainsi, la présence de DA dans le mPFC exerce une
influence inhibitrice sur la reldche de DA induite par le stress dans le NAc. La relache de
DA au niveau du BLA module elle-méme la fonction dopaminergique du mPFC et du
NAc, toutefois, on ne sait pas encore si cette modulation peut advenir lors d’une réponse
physiologique au stress. Afin de résoudre cette question, nous avons d’abord exploré les
effets d’une déplétion de la DA de ’aire BLA sur la relache de DA induite par le stress
dans le mPFC et le NAc. Nous avons observé qu’une déplétion de la DA du BLA
potentialisait la réponse dopaminergique liée au stress dans le NAc, tandis qu’elle
atténuait cette réponse dans le mPFC. Nous avons ¢galement constaté que
I’administration d’antagonistes des récepteurs D1 (mais pas D2/D3) au niveau du BLA
reproduisait les effets d’une déplétion de DA sur la réponse dopaminergique liée au stress
dans les aires mPFC et NAc. La co-administration d’antagoniste D1 dans le BLA et
d’agonistes de DA dans le mPFC a abolit la potentialisation de la reponse
dopaminergique du NAc, ce qui suggeére que 1’effet d’une modulation des récepteurs D1
de BLA sur la réponse au stress dans le NAc est produite indirectement par une
modulation de la relache de DA dans le mPFC. Nous avons ensuite voulu tester
’influence de la DA du BLA sur trois mesures comportementales du traitement de
P’information qui sont elle-mémes modulées par la DA au niveau du NAc et du mPFC.
Les effets de bloqueurs D1 et D2/D3 sur Iinhibition prepulse (PPI) et sur I’inhibition
Jatente (LI) ont d’abord été examiné. Les antagonistes D1 ont augmenté la PPI, tandis que
les antagonisfes D2/D3 produisaient I’effet inverse. Les antagonistes D1 et D2/D3 n’ont
eut aucun effet sur la LI Finalement, nous avons testé ’effet des bloqueurs (intra-BLA)
sur ’habituation de la réponse aux stimuli sonores intenses. Les antagonistes DI et
D2/D3 sont restés sans effets sur I’habituation, mais tous deux ont réduit la réponse

initiale. Nos résultats indiquent qu’une interdépendance fonctionnelle existe entre les
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différentes projections dopaminergiques du systéme mésocorticolimbique impliqué dans
la réponse au stress. Ils suggérent aussi que la DA du BLA pourrait moduler certaines

formes de traitement de I’information indépendamment du NAc et de mPFC.



CONTRIBUTIONS TO ORIGINAL KNOWLEDGE

Study 1. This study established that BLA DA depletion potentiates the NAc DA
response to a physical stressor and a species-typical threat. BLA DA depletion was also
shown to attenuate stress-induced mPFC DA release, although this was apparent only in
response to the physical stressor and was lateralized to the right hemisphere. These
experiments also raise the possibility that BLA DA may modulate stress-induced NAc
DA release indirectly by modulating the mPFC DA stress response. This study shows
that, during exposure to stress, a brain region involved in emotional regulation (BLA) can
modulate neurotransmitter release in areas of the brain important in cognitive (mPFC)
and motivational (NAc) function. It also adds to a growing body of evidence indicating a
preferential role of right mPFC DA in mediating the behavioural response to at least
certain types of stressful stimuli. Finally, this study also adds to previous evidence
indicating that predator odours are effective in eliciting neurochemical responses in

regions implicated in mediating physiological responses to stress.

Study 2. This study confirmed and extended the findings of the previous study, revealing
that BLA DA modulation of stress-induced NAc and mPFC DA release occurs via
activation of the D1 receptor subtype. This study also revealed that BLA D1 receptor
activation modulates the NAc DA response to stress indirectly by modulating the mPFC
DA stress response, adding to a large body of evidence indicating that mPFC DA
transmission inhibits NAc DA function. Finally, this study proposes a neural circuitry

model by which BLA DA modulates stress-induced mPFC and, in turn, NAc DA release.

Study 3. In this study, BLA DA was shown to modulate PPI but not LI. BLA D1 and
D2/D3 receptor antagonists had the opposite effects on PPI, with D1 and D2/D3 receptor
blockade enhancing and reducing PPI, respectively. This study confirmed and extended
previous evidence implicating BLA function in the modulation of PPI. Furthermore,
these results suggest that BLA DA modulation of PPI may occur independently of
changes in NAc and mPFC DA function.

Study 4. This study revealed that while BLA DA receptor antagonism had no effect on
habituation to acoustic startle, BLA D1 and D2/D3 receptor blockade both reduced
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responsivity to the initial startle stimuli. This study adds to a growing body of evidence
suggesting that BLA DA may be involved in the perception of the aversive nature of

certain sensory stimuli.
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1.0. GENERAL INTRODUCTION

1.1, Overview

Imagine yourself in the following situation: you are reading a newspaper
in the park, sitting on a bench near a pond where a toddler and his mother are
playing, although you are so engrossed in your reading that you barely notice
them. After a while you hear a splash and look up to see that the young child has
fallen head first into the water. Before you realize what you are doing, you find
yourself out of your seat and running towards the child, unsure what to do when
you reach him. Upon arriving at the pond you decide that the best course of
action to take is to find the boy’s mother. You quickly scan the area and soon see
her running towards you both. A moment later the mother reaches the pond, picks
her son up out of the water and cradles him in her arms. She looks up, sees the
wild expression on your face and thanks you for your concern, éxplaining that her
son will be fine. Relieved that the boy is unharmed, you turn away and head back
to the bench where you were enjoying your newspaper, now strewn on the
ground. You pick up the paper and start reading again, but after awhile you
realize that you have been staring at the same page for quite some time without
being able to remember a word of it. The noise of the local traffic, which you had
not noticed before while reading, is now very distracting. You also find your
whole body tensing at the slightest of sounds from all around you.

This scenario illustrates some of the overt responses to a stressful event
and serves to raise some key issues regarding the effects of stress in general and
the neural mechanisms involved in mediating such responses. For instance, how
were you able to leave your seat and run towards the child in the pond
automatically without thinking about what you were doing? A moment later, how
were you then able to come up with a plan, locating the child’s mother, to
effectively cope with the stressful situation? Why were you able to read your
newspaper before, but not after, the encounter with the little boy, given that the
same distractions were present throughout? It turns out that stressful stimuli

recruit several brain regions, each of which are thought to be involved in



mediating different aspects of the behavioural stress response. The complex brain
circuitry that evolved to regulate our response to various environmental
challenges comprises several key structures; the focus of the present research is on
three of these: the amygdala, prefrontal cortex (PFC) and nucleus accumbens
(NAc). Moreover, it is known that brain activity in these regions can modulate
the function of one another during exposure to stressful stimuli.

Normally, cortical brain regions involved in mediating higher-order
cognitive functions keep activity in areas involved in emotional and motivational
regulation in check. The PFC is a brain region that has been implicated in
cognitive functioning. Conversely, the initial response to stressful stimuli is
inhibition of PFC function by the amygdala, a structure involved in emotional
regulation. It is thought that stress-induced activation of the amygdala permits
this structure to activate the NAc, a region involved in regulating motivation and
modulating motor output. However, the immediate inhibition of PFC function
caused by stressful stimuli is followed by recruitment of this brain region. Along
with cognition, this brain region is also involved in so-called executive
functioning, such as the planning of behaviourally relevant actions. Activation of
the PFC allows for the initiation of coping responses to effectively deal with
stressful stimuli that are executed, in turn, by the NAc.

Given the fact that stress can influence PFC, amygdala and NAc function,
and that these structures have also been implicated in mediating various forms of
complex sensory processing, suggests that stress has an impact on these types of
information processing. Indeed, stress impairs certain forms of memory function
via its effects on the PFC. Conversely, stress enhances other types of memory
processes, including formation of “emotional” memories of the stressful event
itself, a function that involves the amygdala. Moreover, certain forms of
information processing are affected by activity in the amygdala, PFC and NAc.

The PFC, amygdala and NAc are inter-connected and, as previously
mentioned, modulate the function of one another during behavioural stress
responses. Furthermore, these three regions may also exert an influence on each

other during particular types of sensory processing. Although studies suggest that



the PFC can modulate amygdala and NAc function, considerably less is known of
a possible modulation of the PFC and NAc responsiveness to aversive stimuli by
the amygdala. Moreover, few studies have studied the influence of the amygdala
on automatic and learned forms of information processing mediated by the PFC
and NAc.

One neurotransmitter system that has received much attention in this
context comprises the population of dopamine (DA) neurons located in the ventral
tegmental area (VTA) that innervates various cortical and limbic regions. One
well known physiological response to stressful stimuli is an increase in the
synaptic release of DA in these areas, including the amygdala, PFC and NAc.
This neurotransmitter plays an important role in mediating the various functions
of these areas during the behavioural stress response as well as in the processing
of complex sensory stimuli. Furthermore, the DA projections to the amygdala,
PFC and NAc appear to be functionally related. For .example, PFC DA
transmission exerts an inhibitory influence on NAc DA function in response to a
variety of sensory stimuli, including stressors. Amygdala DA transmission also
modulates PFC and NAc DA function, although the extent to which this occurs
during the behavioural stress response remains unclear. Moreover, central DA
transmission has also been implicated in mediating both reflexive and learned
responses to sensory stimuli. Prior studies have focused on PFC and NAc DA
function in this context but little is known of a possible role for amygdala
dopamine in modulating these forms of sensory processing.

Thus, the present studies sought to determine how amygdala DA
transmission modulates PFC and NAc DA function during a) the behavioural
response to stress and b) certain types of information processing. The role of
amygdala DA in modulating PFC and NAc DA function in response to stress and
during information processing was determined by manipulating amygdala DA
transmission and then examining stress-induced PFC and NAc DA release or
measuring specific types of reflexive and learned forms of information
processing, respectively, in the freely-behaving rat. The remainder of this

introduction will expand upon the concepts introduced above and will review the



relevant literature concerning the involvement of the amygdala, PFC and NAc in
both the behavioural stress response and the processing of aversive stimuli, with
particular emphasis placed on the role of dopaminergic mechanisms. It should be
noted at this point that, along with the behavioural response, stressors elicit a host
of physiological responses, including the release of hormones and
neurotransmitters involved in mediating neuroendocrine and autonomic responses
to stress. Since the many physiological effects of stress can impact on the
behavioural response to stressors, the present review will mention relevant aspects

concerning these issues.

1.2. Central effects of stress

Even before the term “stress”, as it is currently understood, came into use,
Cannon (1929) observed that much in the manner in which organisms respond to
their environment serves to preserve a steady physiological state or homeostasis.
Selye (1936) borrowed the term stress from engineering to describe the
physiological response of an organism to the demands placed on it by a “stressor”,
that is any stimulus or event that challenges homeostasis. He also introduced the
concept of adaptation, which refers to the compensatory response of the organism
in response to a stressor. Thus, stress has often been defined as a disruption of
homeostasis, and a stressor as any stimulus, real or perceived, which elicits an
adaptive response (Pacdk and Palkovits, 2001). More recently, the term
“allostasis” has been introduced to describe the physiological adaptation
undertaken by the organism in response to a stressor (Sterling and Eyer, 1981;
Schulkin et al., 1994). Allostasis refers both to the protective effects of
compensatory responses in the short-term as well as to the potential detrimental
effects of such responses in the long-term. These effects refer to the prolonged
activation of physiological stress responses caused by chronic exposure to
stressors and the ensuing emergence of maladaptive responses, including the
inability to efficiently terminate the stress response.

Stressors and the responses that they elicit vary along several dimensions.

The response to a single exposure to a given stressor differs from that elicited by



repeated or chronic exposure to the same stressor. Controllability is another
important factor. Generally organisms fare better when they can actively diminish
or terminate the impact of a stressor situation compared to when they have no
control over a stressful situation. The nature of the stressor is also important. The
central mechanisms mediating the stress response differ depending on whether the
stressor is an overt physical insult (i.e. hemorrhage, exercise, hypoglycemia,
immune challenge, tail pressure, etc.), a psychogenic challenge (restraint, social
defeat, predator odour, etc.) or an otherwise innocuous stimulus closely associated
with, and thus predictive of, a stressful situation (Pacak and Palkovits, 2001).
1.2.1. Neuroendocrine and autonomic stress responses

One of the best characterized physiological responses to stressors results
from the activation of the hypothalamic-pituitary-adrenal (HPA) axis. Stressors
elicit the release of corticotropin releasing factor (CRF) from the paraventricular
nucleus of the hypothalamus and extra-hypothalamic sites such as the amygdala.
The release of CRF into the median eminence elicits the release of
adrenocorticotropic hormone (ACTH) from the pituitary. Once released into the
bloodstream, this hormone acts on the adrenal gland, this serving the release of
norepinephrine (NE) and epinephrine, as well as the glucocorticoid corticosterone
(CORT) into the blood stream. This results in the mobilization and direction of
energy resources to where they are needed in the body in order to effectively cope
with the stressful stimulus. The HPA axis is tightly regulated by a negative
feedback mechanism, such that circulating CORT eventually inhibits the further
release of CRF and ACTH by binding to glucocorticoid receptors (GR) located in
the pituitary, hypothalamus, and forebrain sites such as the hippocampus and PFC
(Bohus et al., 1996; Buijs and van Eden, 2000; Pacék and Palkovits, 2001).

The amygdala plays an important role in modulating neuroendocrine and
autonomic stress responses (Bohus et al, 1996; Buijis and van Eden, 2000). This
heterogeneous brain region is comprised of several subnuclei that can be
distinguished on the basis of differences in their extrinsic anatomical connections,
chemoarchitecture and function. The basolateral amygdala (BLA) consists of the

lateral, basal and accessory basal nuclei. This region of the amygdala receives



unprocessed and processed sensory input from the thalamus and the cerebral
cortex, respectively (LeDoux et al, 1990; Tumer and Herkenham, 1991;
McDonald, 1998), which it transmits to the central amygdala (CeA) by way of
both direct and indirect projections via the intercalated cell group (Davis et al.,
1994b; Pitkdnen et al., 1997; Par¢ et al., 2003). The CeA, in turn, projects to the
hypothalamus, midbrain catecholamine nuclei and brain stem regions
(periaqueductal gray, nucleus of the solitary tract, parabrachial nucleus) involved
in mediating the neuroendocrine and autonomic responses to stressful stimuli
(Figure 1; van der Kooy et al., 1984; Moga et al., 1990; Rizvi et al., 1991,
Petrovich et al., 2001). Thus, CeA lesions attenuate stress-elicited ACTH and
CORT release (Beaulieu et al., 1986; Roozendaal et al., 1990, 1991; Van der Kar
et al., 1991). These lesions also diminish sympathetic activation, as measured by
increased heart rate and blood pressure, and gastric ulcer formation induced by
stressors (Henke, 1980; Sanders, 1994). The CeA can also.directly mediate the
physiological responses to stressors. For example, stressors induce both NE and
CRF release in the CeA (Raber et al., 1995; Merali et al., 1998; Quirarte et al.,
1998). The CeA is also involved in regulating HPA axis function, however this
occurs in a feedforward manner, such that circulating CORT binds to amygdaloid
GR and activates CRF-containing neurons (Gray and Bingaman, 1996).

The PFC is another brain region involved in regulating neuroendocrine
and autonomic function (Buijis and van Eden, 1996; Sullivan and Gratton,
2002a). This area is comprised of anatomically and functionally distinct
subregions, including the medial prefrontal, anterior cingulate, agranular and
orbitofrontal cortical areas. The medial PFC (mPFC) integrates sensory inputs
from several brain regions and, in turn, sends descending projections to sites
involved in modulating neuroendocrine and autonomic function (Sesack et al.,
1989; Terreberry and Neafsey, 1987; Jodo et al.,, 1998). Activation of GR by
CORT in the mPFC contributes to the feedback regulation of HPA axis function
(Ostrander et al.,, 2003). Moreover, it appears that the dorsal and ventral
subregions of the mPFC play different roles in modulating neuroendocrine

function. For example, lesions to the dorsal and ventral subregions of the mPFC



have different effects, such that dorsal (anterior cingulate and prelimbic cortices)
lesions enhance stressor-induced CORT release (Diorio et al., 1993) and
sympathetic activation (Powell et al., 1994), while ventral mPFC (infralimbic
cortex) lesions have the same effect as lesions to the CeA, inhibiting CORT
release (Sullivan and Gratton, 1999) as well as various indices of autonomic
function (Frysztak and Neafsey, 1991, 1994; Powell et al., 1994) in response to
stressors. As will be discussed in greater detail below, mPFC modulation of
physiological stress responses occurs in an asymmetrical manner, such that right,
but not left, lesions to the ventral mPFC attenuate both the neuroendocrine and
autonomic responses to stress (Sullivan and Gratton, 1999).

1.2.2. Behavioural stress responses

Behavioural responses to stressors can be classified into two broad categories
according to the coping strategy used by the organism. Active coping implies just
that, actively engaging in behaviours that allow the organism to reduce, or
eliminate altogether, the consequences of being exposed to a stressor. For
example, animals will learn to avoid stressors by escaping to an adjacent chamber
or by pressing on a lever to prevent the onset of a stressor (Carlson et al., 1993).
Animals may also display adjunctive or so-called displacement behaviours in
response to various stressors. Such behaviours differ from active coping
responses in that they do not contribute to the termination of the stressful
situation, however, they do serve to attenuate various physiological stress
responses. One example of such displacement behaviour is chewing, which is
often observed in rodents exposed to a stressor and will result in a diminished
response of the HPA axis (Antelman et él., 1975; Hennessy and Foy, 1987;
Berridge and Dunn, 1989). In some instances, simply doing nothing is often the
best option when faced with a threat. Passive coping strategies refer to reactions,
rather than actions, elicited by stressors. The prototypical passive coping
response to a number of stressors in the rat (e.g. novelty, predator odour,
unconditioned and conditioned footshock) is “freezing”, or immobility (Pacék and

Palkovits, 2001). Immobility presumably evolved as a successful coping strategy



Figure 1. Sensory information from the thalamus and cortex access the amygdala
via projections to the lateral nucleus (LA) of the BLA. The LA, basal (B) and
accessory basal (AB) nuclei in turn project to the central amygdala (CE). The CE
then projects to hypothalamic and brain stem structures involved in
neuroendocrine and autonomic regulation (Le Doux, 2000; Reprinted, with
permission, from the Annual Review of Neuroscience, Volume 23 © 2000 by

Annual Reviews).



because in certain circumstances, such as an encounter with a predator, this
coping strategy is often the most effective (Engel, 1977).

The amygdala and mPFC are also involved in mediating the behavioural
responses to stressors. The amygdala is probably best known for its involvement
in Pavlovian fear conditioning (Davis, 1992; LeDoux, 2000). In this form of
aversive leaming, an innocuous sensory stimulus, typically an auditory or visual
cue, is presented together with an aversive unconditioned stimulus, typically a
mild footshock. After as little as one pairing, the neutral or conditioned stimulus
(CS) acquires the aversive properties of the unconditioned stimulus (UCS), such
that presentation of the CS alone elicits neuroendocrine, autonomic and
behavioural (i.e. freezing) responses to stress. Lesion studies have demonstrated
that the amygdala plays a critical role in mediating both the acquisition and
expression of Pavlovian fear conditioning. Lesions to the BLA prevent the
acquisition of fear conditioning, whereas CeA lesions. interfere with the
expression of physiological and behavioural responses to a CS (Hitchcock and
Davis, 1986; LeDoux et al, 1990; Van de Kar et al., 1991; Campeau and Davis,
1995). Animals returned to the environment in which conditioning originally
took place also exhibit fear responses. This phenomenon is referred to as
contextual fear conditioning and is mediated by both the BLA and hippocampus,
as damage to either of these regions disrupts this process (Phillips and LeDouX,
1992; Maren et al., 1997). Evidence also indicates that the CeA is involved in
mediating passive, but not active, coping responses. This is best observed in the
defensive burying paradigm, where an electrified prod is placed in the rat’s home
cage. In this situation the rat can select an active coping response, by burying the
prod with bedding, or a passive response, by freezing or avoiding the prod
altogether. CeA lesions diminish freezing behaviour but have no effect on
defensive burying in this paradigm (Roozendaal et al., 1991).

Lesions to the mPFC also result in changes in freezing behaviour. Dorsal
mPFC lesions enhance freezing behaviour in response to a conditioned fear
stimulus (Morgan and LeDoux, 1995), whereas more ventral lesions have the

opposite effect (Frysztak and Neafsey, 1991). Similarly, rats with lesions to the
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ventral mPFC spend significantly more time exploring the open. arms of an
elevated plus maze than do sham-lesioned controls (Lacroix et al, 2000b;
Sullivan and Gratton, 2002b). However, in contrast to the CeA, the mPFC likely
mediates active coping responses as well. As will be discussed below,
displacement behaviours such as chewing can modulate mPFC DA transmission
(Berridge et al., 1999). As is the case with physiological stress responses, mPFC
modulation of behavioural responses to stressors also occurs in a lateralized
manner, as, again, right, but not left, lesions to the ventral mPFC appear to be
anxiolytic, resulting in increased time exploring the open arms of an elevated plus
maze (Sullivan and Gratton, 2002b).  Furthermore, the stressor-elicited
displacement behaviours, such as chewing, appear to be selectively modulated by
a DA-sensitive mechanism in the right mPFC (Berridge et al., 1999).

The NAc is another structure that has been implicated in the regulation of
behavioural stress responses. The NAc is probably best known for its role in
behaviours motivated by rewards such as feeding, copulation and drug self-
administration (Schultz, 1998; Horvitz, 2002; Salamone and Correa, 2002).
However, the fact that stressors also activate the NAc suggests that this structure
mediates the behavioural responses to any biologically significant stimulus
(Horvitz, 2000, 2002; Salamone and Correa; 2002). Current understanding posits
that the NAc integrates input from the environment with information concerning
internal affective states and contextual cues, then relays it via direct and indirect
projections to brain stem motor structures (Groenewegen et al., 1996). Thus, the
NAc can be thought of as an interface between sensory, limbic and motor systems
(Mogenson et al., 1980).

The NAc receives processed and unprocessed sensory input via projections
from the mPFC and thalamus, respectively (Carter, 1982; Berendse and
Groenewegen, 1990; Berendse et al., 1992; Sesack and Pickel, 1992; Ding et al.,
2001). The NAc also receives contextual information from the hippocampus and
emotion-related information from the BLA (Krettek and Price, 1977; Kelley et al.,
1982; Groenewegen et al., 1987; McDonald, 1991). Moreover, anatomical and

electrophysiological evidence indicates that inputs originating in the mPFC,
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thalamus and BLA converge on the same NAc neurons (Finch, 1996;
Groenewegen et al.,, 1996). The NAc sends projections, in turn, to brain stem
regions mediating motor activity, directly and indirectly via the substantia nigra
pars reticulata and ventral pallidum (Mogensen and Nielsen, 1983; Garcia-Rill,
1986; Swerdlow and Koob, 1987; Deniau et al, 1994). Thus, the NAc is capable
of modulating behavioural stress responses by virtue of its anatomical connections
with, among other brain regions, the BLA and mPFC.

The NAc is comprised of two main subregions, the dorsolaterally located
“core” and the more ventromedial “shell”. These two subterritories can be
distinguished in part by their differences in chemoarchitecture, connectivity and
function (Zabm and Brog, 1992; Brog et al., 1993; Groenewegen et al., 1996;
Zahm, 1999, 2000). It is thought that the core represents a ventral extension of
the dorsal striatum, whereas the shell is viewed as a part of the extended
amygdala. For example, although the core and shell receive afferent input from
many of the same regions, the shell afferentation appears to be more widespread
to include brain areas involved in mediating the physiological responses to stress
(i.e. hypothalamus, brainstem, CeA; Zahm and Brog, 1992; Groenewegen et al.,
1996; Zahm, 1999, 2000). The core and shell have been reported to receive
topographical afferent input from the dorsal and ventral mPFC, respectively
(Sesack et al., 1989; Hurley et al., 1991), although more recent evidence suggests
that the core and shell may receive both dorsal and ventral mPFC afferents (Ding
et al., 2001). The efferent projections of each NAc subregion also differ, such that
the core projects preferentially to brainstem motor regions via the dorsal ventral
pallidum, whereas the shell sends projections to the mPFC by way of the medial
ventral pallidum and thalamus. It should be noted that the core also receives a
relatively dense projection from the shell. Thus, the core and shell can be viewed
as being more involved in mediating the motor and motivational aspects of
behaviour, respectively (Zahm and Brog, 1992; Groenewegen et al., 1996; Zahm,
1999, 2000).
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1.2.3. Effects of stressors on information processing

Successful adaptation to environmental challenges requires the
assimilation of large amounts of information, originating from external and
internal sources alike. Evidence indicates that, whereas stressors enhance some
forms of complex information processing, other types of sensory processing are
actually disrupted by aversive stimuli. For example, the ability to selectively
attend to relevant environmental stimuli is crucial in mounting active coping
responses. However, evidence indicates that one of the initial effects of acute
stress is to disrupt selective attention. Ignoring irrelevant stimuli is another means
of managing overwhelming sensory stimulation. Again, one of the initial effects
of acute stress, however, is the disruption of this important function. As
mentioned above, previous experience with sensory stimuli in general, and with
stressors in particular, guides future behavioural responses to similar aversive
stimuli. For example, fear conditioning is enhanced by. stress. Given the
functions of the amygdala, mPFC and NAc, it is not surprising, therefore, that
these regions are involved in mediating these forms of information processing.

The mPFC is now known to play a central role in so-called executive
functioning. For example, working memory, the ability to transiently hold
sensory representations “on-line”, allows this structure to mediate selective
attention, behavioural flexibility and the planning of actions (Robbins, 2000;
Aultman and Moghaddam, 2001). However, a certain amount of stimulus
processing also occurs reflexively or automatically, and this form of perception
may guide selective attention to potentially relevant environmental stimuli.
Moreover, automatic attentional processing may be mediated by various
subcortical structures (Dolan and Vuilleumier, 2003). This behavioural process
can be quantified experimentally in both animals and humans by measuring
selective aspects of the acoustic startle response (ASR), the coordinated
contraction of the skeletal musculature that occurs in response to a loud sound
(Davis, 1980). The ASR results in the cessation of ongoing behaviour and may
allow for protection against injury and preparation of behavioural stress responses

(Koch, 1999). The ASR also exhibits plasticity, as evidenced by prepulse
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inhibition (PPI), the reduction in the ASR observed when the startling stimulus is
immediately preceded by a weaker, non-startling tone (Geyer et al, 1990; Koch,
1999). This behaviour is thought to reflect sensorimotor gating and to model a
form of subconscious or “automatic” selective attention, as the (50 msec) interval
between the prepulse and the startle stimulus is too short to allow for extensive
cortical processing.

Several neural substrates mediate PPI. The NAc, with its postulated role
as a sensorimotor interface, has been the subject of the most study. As will be
discussed below, pharmacological manipulations of NAc DA transmission have
been shown to modulate PPI (Geyer et al., 2001; see also section 1.4.2. below).
Lesions to the NAc impair PPI (Kodsi and Swerdlow, 1994, 1997), as do
combined lesions of the BLA and CeA, as well as selective lesions of the BLA
(Decker et al., 1995; Wan and Swerdlow, 1997; Shoemaker et al., 2003); it is
unknown, however, what effect specific lesions to the CeA may have on PPIL
Finally, although not as extensively studied, a role for the mPFC in modulating
PPI has also been demonstrated, as lesions to this region disrupt PPI (Lacroix et
al., 2000c; Yee, 2000).

As mentioned above, ignoring irrelevant stimuli is another mechanism by
which only relevant information concerning the environment is processed. This
process can also be quantified experimentally in animals and humans. Latent
inhibition (LI) refers to the attenuation in stimulus conditioning that occurs with
repeated, non-reinforced exposure to that stimulus prior to conditioning. This
type of sensory processing has been characterized to study the central mechanisms
that mediate the process of igﬁoring irrelevant stimuli. Tests for LI typically
involve examining the effects of non-reinforced preexposure to an innocuous
stimulus prior to it being paired with an aversive stimulus in either a conditioned
avoidance, conditioned emotional response or, more recently, fear-potentiated
startle and conditioned taste aversion (CTA) paradigm (Ellenbroek et al., 1997;
Schauz and Koch, 2000; Russig et al., 2003; Weiner, 2003). Studies in animals
have revealed that the NAc plays a crucial role in mediating LI (Weiner, 2003).

Moreover, the NAc core and shell appear to mediate different aspects of LI, as
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lesions to the shell disrupt LI and core lesions result in persistent LI under
conditions in which LI is normally disrupted (Tai et al., 1995; Weiner et al,,
1996a, 1999; Jongen-Relo et al., 2002). The BLA may also modulate LI (Sotty et
al., 1996; Radulovic et al., 1998), however its precise role remains unclear given
that BLA lesions have been reported to attenuate, potentiate or have no effect on
LI (Weiner et al., 1996b; Coutureau et al., 2001; Weiner, 2003). The mPFC,
however, has yet to be implicated as a neural substrate involved in mediating LI,
as lesions to this region fail to affect this behavioural measure (Joel et al., 1997;
Lacroix et al., 1998, 2000c).

Habituation to sensory stimuli is another process by which once
potentially relevant stimuli become irrelevant and are thus ignored. Habituation is
usually observed as a gradual decrement in a physiological or behavioural
response to repeated stimulus presentation. Habituation is a non-associative
learning process in that the decrement in responding .depends solely on
presentation of the stimulus itself and its gradual loss of behavioural significance
(Koch, 1999). Studies in animals and humans show that the amygdala and PFC
form part of a neural circuit involved in the habituation to various auditory,
olfactory, visual and nociceptive stimuli (Ben-Ari and La Gal La Salle, 1974;
Breiter et al., 1996; Poellinger et al., 2001; Wright et al., 2001; Rosenkranz and
Grace, 2002b; Fischer et al, 2003; Luan Phan, 2003). Habituation of the ASR is
characterized by a decrease in the magnitude of the startle response that occurs
with repeated presentation of the startling stimulus (Geyer and Braff, 1987).
While there is a paucity of evidence implicating the mPFC in habituation of ASR,
the amygdala is thought to play an important role in mediating this process.
Infusion of the GABA receptor agonist diazepam into the BLA accelerates
habituation of the ASR, whereas intra-CeA infusion of trans-ACPD, a
metabotropic glutamate receptor agonist, has the opposite effect (Young et al,
1991; Koch, 1993).

The effects of stress on information processing are likely due, in part, to
functional changes in the amygdala, NAc and mPFC in response to stress. Given

that both stress and mPFC lesions can disrupt measures of working memory and
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selective attention, it is tempting to speculate that stress-induced impairment of
working memory reflects a disruption in mPFC function (Granon et al., 1994;
Delatour and Gisquet-Verrier, 1996; Muir et al.,, 1996; Amsten and Goldman-
Rakic, 1998; Aultman and Moghaddam, 2001). Although not traditionally
associated with working memory function, recent studies indicate that the BLA
(Peinado-Manzano, 1990; Ohno et al., 1993; Ingles et al., 1993; Barros et al.,,
2002; Addy et al., 2003; May-Simera and Levin, 2003) and NAc (Mair et al,,
2002; Jongen-Relo et al., 2003) may also contribute to this function. Chronic
noise stress impairs LI in rats (Hellman et al., 1983; McDonald et al., 2003) and
psychological stress has the same effect in humans (Braunstein-Bercovitz et al.,
2001). Studies show that acute stressors can also affect PPI; cold swim stress, for
example, will disrupt PPI (Leitner, 1989), as does intra-cerebroventricular
infusion of CRF (Conti et al., 2002). Moreover, transgenic mice that over-express
brain CRF are impaired on tests of PPI and display slower habituation of the ASR
(Dirks et al., 2002). Moreover, three days (two hours/day) of uncontrollable stress
has been reported to retard habituation of the ASR four days after the last stress
day (Beck et al., 2002). Finally, fear conditioning is enhanced by intra-BLA
infusion of CORT or NE, suggesting that stressors can facilitate aversive learning
(McGaugh et al., 2000).
1.2.4. Functional interactions between the amygdala, prefrontal cortex and
nucleus accumbens

The BLA, mPFC and NAc are activated in response to stressful stimuli
and are each involved in mediating different aspects of the behavioural stress
response (Figure 2). The mPFC is positioned to regulate both amygdala and NAc
function. Glutamatergic pyramidal (projection) cells of the mPFC innervate
neurons in several amygdaloid nuclei, including those located in the BLA,
intercalated cell group and CeA (Ottersen, 1982; Room et al., 1985; Cassell and
Wright, 1986; McDonald, 1987, 1991b, 1996; Cassell et al., 1989; Sesack et al.,
1989; Hurley et al., 1991; Takagishi and Chiba, 1991; Pinto and Sesack, 2000;
Vertes, 2004). Input from mPFC projection neurons to the BLA terminates
preferentially on local pyramidal cells (Brinley-Reed et al.,, 1995). However,
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electrical stimulation of the mPFC reduces the firing rate of BLA projection
neurons, presumably as a result of indirect activation of local GABA interneurons
or recurrent collaterals of inhibitory intercalated cells (Matsuda and Fujimura,
1996; Smith et al., 2000; Rosenkranz and Grace, 2001, 2002a; Par¢ et al., 2003).
Moreover, mPFC stimulation dampens the activity of BLA projection neurons in
response to stimulation of sensory cortical areas (Rosenkranz and Grace, 2001,
2002a) and reduces the responsiveness of CeA neurons to stimulation of the BLA
(Quirk et al.,, 2003). Stimulation of the mPFC also suppresses BLA neuronal
activity in response to unconditioned and conditioned stimuli, and blocks
neuronal plasticity in the BLA normally induced by fear conditioning
(Rosenkranz et al., 2003). The anatomical and electrophysiological evidence is
supported by behavioural studies indicating that mPFC stimulation reduces the
sympathetic and motor components of the behavioural response to unconditioned
and conditioned stress (al Maskati and Zbrozyna, 1989; Zbrozyna and Westwood,
1991) which may be mediated, at least in part, by the amygdala (Quirk et al.,
2003). Functional imaging studies in humans appear to be in agreement with
studies conducted in animals. Threatening stimuli such as angry or fearful facial
expressions elicit activation of the amygdala; however, cognitive appraisal of
these faces by the viewer results in a concomitant activation of the mPFC and
inhibition of amygdala activity (Hariri et al., 2000, 2002). Moreover, the
attenuation in amygdala activity was correlated with mPFC activation and was
also associated with a diminished autonomic response (Hariri et al., 2002).

The mPFC also sends a glutamatergic projection to the NAc (Carter, 1982;
Christie et al., 1987; Takagishi and Chiba, 1991; Berendse et al., 1992; Sesack
and Pickel, 1992; Brog et al., 1993; Wright and Groenewegen, 1995; Montaron et
al., 1996; Gorelova and Yang, 1997; Pinto and Sesack, 2000; Ding et al., 2001;
French and Totterdell, 2002; Vertes, 2004). Electrical stimulation of the mPFC
increases both glutamate release (You et al., 1998) and neuronal activity in the
NAc (O’Donnell and Grace, 1995; Finch, 1996; Grace and Moore, 1998; Goto
and O’Donnell, 2002; Pistis et al., 2002). Moreover, in a recent study examining

cortical modulation of limbic input to the NAc, it was found that the effect of
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Figure 2. The BLA and mPFC receive unprocessed (thalamic) and processed
(cortical) sensory input. These two regions share reciprocal connections, allowing
them to modulate each other’s function. The BLA and mPFC also project to the
NAc, allowing these two areas to modulate NAc function. Finally, the BLA,
mPFC and NAc each project both indirectly and directly to motor and visceral

output regions.
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BLA stimulation on neuronal activity in the NAc is dampened by prior
stimulation of the mPFC (Goto and O’Donnell, 2002). From this, it appears that
regulation of amygdala and NAc function allows the mPFC to control behaviour
in an appropriate and context-dependent manner (Jackson and Moghaddam,
2001).

It remains, however, that the initial response to stressful stimuli is
activation of the amygdala (Campeau et al., 1991; Beck and Fibiger, 1995; Smith
et al., 1997) and, as a consequence, an inhibition of PFC function. Functional
imaging studies in humans suggest that potentially threatening stimuli can be
processed automatically by the amygdala, independently of cortical structures
(including the PFC) that are closely involved in the initiation of appropriate
coping behaviours (Morris et al, 1998, 1999, 2001; Whalen et al., 1998;
Vuilleumier et al., 2001a, b, 2002; Anderson et al., 2003). This so-called
automaticity of processing by the amygdala may allow for the interruption of
ongoing activity and redirect attention towards relevant stimuli in the surrounding
environment (Dolan and Vuilleumier, 2003).

Several lines of evidence indicate that the BLA receives unprocessed
sensory input via the thalamus prior to receiving processed information from the
cortex, allowing the amygdala access to a rapid but less refined representation of
the surrounding environment (LeDoux et al., 1990; Turner and Herkenham, 1991;
Anderson et al., 2003). Glutamatergic pyramidal cells in the BLA send excitatory
projections to both inhibitory GABA interneurons and glutamatergic projection
neurons of the mPFC (Krettek and Price, 1977; Sarter and Markowitsch, 1983,
1984; McDonald, 1987, 1991b, 1996; Granato et al., 1991; Shinonaga et al., 1994;
Bacon et al., 1996; Petrovich et al,, 1996; Ishikawa and Nakamura, 2003).
Furthermore, electrophysiological and behavioural studies indicate that this
anatomical arrangement is behaviourally relevant. Electrical stimulation of the
BLA resuits in decreased activity of projection neuron activity in the mPFC,
presumably as a consequence of increased activity in local GABA interneurons
(Canedo, 1982; Pérez-Jaranay and Vives, 1991). Mice subjected to fear

conditioning show reduced mPFC neuronal activity in response to CS
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presentation that is comrelated with the expression of freezing behaviour.
Moreover, post-training lesions to the BLA abolished both the reduction in CS-
induced mPFC unit activity and the freezing behaviour in response to CS
presentation, suggesting that feaf-induced changes in mPFC activity are mediated
indirectly by the BLA (Garcia et al.,, 1999). Finally, a single exposure to an
unconditioned stressor blocks long-term potentiation, a model of learning thought
to represent certain aspects of memory formation processes, in the BLA-mPFC
pathway, suggesting that BLA activation can inhibit mPFC function as a
consequence of fear conditioning (Maroun and Richter-Levin, 2003).

Thus, it appears that stressor-induced activation of the BLA can override
mPFC function, enabling the BLA to directly modulate the execution of goal-
directed behaviour, presumably via the direct glutamatergic projection it sends to
the NAc (Kelley et al., 1982; McDonald, 1991a, b, 1996; Shinonaga et al., 1994;
Petrovich et al., 1996; Wright and Groenewegen, 1996; French and Totterdell,
2003). Electrical stimulation of the BLA activates NAc neurons (Yim and
Mogenson, 1982, 1986, 1988; Callaway et al., 1991; Mulder et al., 1998; Floresco
et al.,, 2001a, b; Pistis et al., 2002) and induces glutamate release in the NAc
(Jackson and Moghaddam, 2001). Moreover, pharmacological activation of the
BLA with the glutamate receptor agonist NMDA suppresses locomotor activity.
This effect can be blocked by infusing an NMDA receptor antagonist into the
NAc, suggesting that BLA modulation of motor output is mediated, at least in
part, by the NAc (Yim and Mogenson, 1989). Thus, it appears that the BLA may
influence behaviour by directly modulating NAc function in response to stressors.

As mentioned above, the mPFC is involved in action planning, a process
which requires stimulus attention and evaluation, as well as selection of
appropriate behavioural responses to cope with a given stressor (Frysztak and
Neafsey, 1991; Morgan and LeDoux, 1995; Berridge et al., 1999; Lacroix et al.,
2000b; Sullivan and Gratton, 2002a,b). It is likely that the mPFC mediates coping
responses to stressors by modulating NAc function, allowing the mPFC to control
the execution of goal-directed behaviour in response to stress. Moreover, it

appears that mPFC modulation of NAc function occurs in concert with the
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amygdala, allowing information on internal affective states to guide behavioural
output. The NAc receives excitatory projections from the BLA and mPFC and
electrophysiological evidence indicates that this input converges on individual
neurons in the NAc and increases the probability of neuronal activation (Finch et
al., 1996). Moreover, prior BLA stimulation facilitates NAc neuronal activation
induced by stimulation of the mPFC, suggesting that emotionally charged stimuli
can gate mPFC modulation of NAc function (Grace and Moore, 1998; Goto and
O’Donnell, 2002).

Given the connectivity that exists between the BLA, mPFC and NAc, and
the involvement of these structures in mediating various forms information
processing, it is possible that the effects of stressors on information processing are
due to the activation of these functional pathways. For example, threatening
stimuli disrupt working memory while activating the BLA at the expense of
mPFC activation, suggesting the possibility that the BLA may modulate working
memory indirectly via the mPFC. Indeed, recent evidence suggests that working
memory may be modulated by BLA function in certain paradigms (Peinado-
Manzano, 1990; Ohno et al., 1993; Ingles et al., 1993; Barros et al., 2002; Addy et
al., 2003; May-Simera and Levin, 2003). Similarly, disinhibition of BLA (Fendt
et al., 2000) or mPFC (Japha and Koch, 1999) function, induced by the local
infusion of a GABA, receptor antagonist, results in disrupted PPI. Repeated
electrical stimulation, or kindling, of the BLA also disrﬁpts PPI (Koch and Ebert,
1998). Thus, it is possible that increased activity in the BLA or mPFC disrupts
PPI indirectly via actions on the NAc.

1.3. Characteristics of central DA transmission

The neurotransmitter DA plays a key role in mediating all aspects of the
behavioural response to stress by modulating amygdala, mPFC and NAc function
and, consequently, various aspects of behaviour mediated by these regions.
Stressors elicit DA release in each of these regions and, importantly, a functional
inter-dependence appears to exist between the dopaminergic projections to the

BLA, mPFC and NAc. Moreover, the involvement of DA neurotransmission in
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mediating the types of learned and reflexive sensory processing described above
is essential.
1.3.1. Anatomy of mesocorticolimbic DA systems

The amygdala receives a relatively dense, heterogeneous input from
mesolimbic DA neurons located predominantly in the VTA (Fallon et al., 1978).
This projection is most dense in the CeA and the basal nucleus of the BLA,
although the intercalated cell group also receives a substantial DA input (Asan,
1997; Fuxe et al., 2003). Both excitatory glutamatergic projection neurons and
inhibitory GABAergic interneurons within the BLA receive input from DA
afferents (Asan, 1997; Brinley-Reed and McDonald, 1999). A subpopulation of
mesocortical DA neurons sends projections to the mPFC (Loughlin and Fallon,
1984) where they terminate on glutamatergic pyramidal cells and local
GABAergic interneurons (Cowan et al., 1994; Sesack et al., 1995). Compared to
the BLA and mPFC, the NAc receives a much denser DA projection that
terminates on GABAergic medium spiny projection neurons and cholinergic
aspiny interneurons (Fallon and Moore, 1978).
1.3.2. Properties of VIA neurons

Mesocorticolimbic DA neurons have distinctly longer duration action
potentials and slower, irregular firing patterns than VTA GABA neurons (Deniau
et al., 1980; German et al., 1980; Wang, 1981). Moreover, VTA DA neurons
exhibit a burst-firing pattern in vivo, but not ir vitro (i.e. in slices), indicating that
afferents play a predominant role in regulating the activity of these cells (Freeman
and Bunney, 1987; Grace and Onn, 1989). Burst firing occurs in vivo under
specific behavioural contexts, resulting in a disproportionately larger quantal DA
release from the synaptic terminal compared to irregular single-spike firing
(Miller et al., 1981; White, 1996). Thus, this pattern of activity in VTA DA
neurons is particularly important in mediating behaviourally relevant DA release
(see below). Evidence indicates that subgroups of VTA DA neurons may have
different electrophysiological characteristics, such that mesocortical DA cells
exhibit faster basal firing rates and more bursting activity compared to

mesolimbic DA neurons (Chiodo et al., 1984; White and Wang, 1984).
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1.3.3. Mesocorticolimbic DA receptor signalling

DA transmission occurs via activation of synaptic DA receptors. There are
at least five distinct DA receptor subtypes that are classified into two major
groups, the so-called Dl1-like (D1 and DS5) and D2-like (D2, D3 and D4)
receptors, based on similarities in structure and function, such as second
messenger signalling mechanisms. Thus, activation of D1- and D2-like receptors
stimulates and inhibits activation of adenylyl cyclase, respectively, via activation
of different G proteins, leading to changes in cAMP levels in the brain (Missale et
al., 1998).

The main DA receptor subtypes of the amygdala are the D1 receptor,
which is located predominantly in the BLA, and the D2 receptor, found in the
CeA, although the D3 and D4 receptor subtypes are also observed in this structure
(Scibilia et al., 1992; Levey et al., 1993; Missale et al.,, 1998). The cellular
distribution of DA receptor subtypes within the amygdala has yet to be
characterized. Conversely, it is thought that D1 receptors in the mPFC are located
preferentially on pyramidal (projection) neurons whereas D2 receptors are found
on both pyramidal cells and non-pyramidal interneurons. Moreover, both D1 and
D2 receptors are colocalized in a subgroup of local circuit interneurons (Vincent
et al., 1993, 1995). More recently, the D4 receptor subtype has also been reported
to be located on pyramidal and non-pyramidal neurons (Defagot et al.,, 1997).
Similar to the mPFC, D1, D2 and, to a lesser extent, D4 receptors are located in
medium spiny néurons‘and interneurons of the NAc (Ariano et al., 1989; Svingos
et al., 1997). The NAc shell in particular also has an abundance of D3 receptors,
again located on both neuronal subtypes (Stanwood et al., 2000).

1.3.4. Termination of DA neurotransmission

Along with causing synaptic DA release in terminal areas, VTA DA
neuronal firing results in the local dendritic release of DA (Beart et al,, 1979;
Kalivas et al., 1989). This local DA release activates somatodendritic D2-like
autoreceptors, resulting in decreased firing of DA neurons (Aghajanian and
Bunney, 1977, Johnson and North, 1992; Sesack et al., 1994). Thus,

somatodendritic autoreceptor activation and the subsequent decrease in the firing
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rate of VT A DA neurons is an important mechanism by which neurotransmission
is regulated (White, 1996). The expression of impulse-regulating DA
autoreceptors in the VTA appears to be heterogeneous, as evidence indicates that
a subpopulation of mesocortical DA neurons lacks functional autoreceptors
(Chiodo et al.,, 1984; White and Wang, 1984). Therefore somatodendritic
autoreéeptor regulation of DA neuron activity may not be as critical in modulating
the firing of mesocortical DA neurons.

Dopaminergic transmission is also regulated by terminal autoreceptors that
regulate the release or synthesis of DA (Starke et al., 1989; Wolf and Roth, 1990).
As is the case of somatodendritic autoreceptors, terminal autoreceptors are
expressed heterogeneously on DA neurons projecting to different brain regions.
Release- and synthesis-modulating autoreceptors are found on DA terminals in the
NAc (Anden et al., 1983; Cragg and Greenfield, 1997). Conversely, release
regulating, but not synthesis-modulating, terminal autoreceptors are found on
meso-amygdaloid (Kilts et al., 1987; Bull et al., 1991) and meso-PFC DA neurons
(Anden et al., 1983; Wolf et al., 1986; Wolf and Roth, 1987; Gariano et al., 1989;
Doherty and Gratton, 1999).

Clearance of extracellular DA from the synapse by the DA transporter
(DAT) is the primary means by which DA signalling is terminated in the brain.
This protein is located presynaptically on DA terminals and is responsible for
transmitter reuptake into the terminal (Horn, 1990). Moreover, the heterogeneity
of DAT localization and function in different regions contributes greatly to the
different characteristics of DA transmission seen in various areas of the brain.
The DAT is found on the soma and dendrites of VTA DA neurons, presumably
serving as an uptake site for somatodendritically-released DA. High affinity DAT
sites are also located on DA terminals in the NAc to terminate DA transmission in
this region (Freed et al., 1995; Shimada et al., 1992). Compared to the NAc, DA
reuptake occurs at a lower rate in the mPFC. This may reflect the lower density
of DAT in the mPFC compared to the NAc or differences in post-translational

‘modification of DAT between these two regions (Garris and Wightman, 1993,
1994a; Sesack et al., 1998). Although recent studies suggest a preferential role for
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the norepinephrine (NE) transporter over the DAT in mPFC DA reuptake
(Yamamoto and Novotney, 1998; Morén et al,, 2002), pharmacological evidence
does support a role for DAT-mediated reuptake of DA in this region (Doherty and
Gratton, 1996, 1999). DA reuptake in the BLA occurs at an even lower rate than
in the mPFC, which may, again, be attributable to the relatively lower number of
DAT sites in this region or to differences in glycosylation of the DAT protein
(Garris and Wightman, 1994a, b, 1995; Jones et al, 1995; Revay et al., 1996).

In summary, the heterogeneity of terminal autoreceptor and DAT
localization and function seen in these regions, as well as differences in VTA DA
neuronal activity and somatodendritic autoreceptor function, may account for the
differences in DA transmission seen in these regions (Garris and Wightman,
1994a). As mentioned above, NAc DA transmission is tightly regulated primarily
by DA reuptake but also by negative feedback inhibition of synthesis, release and
firing. In contrast, BLA DA release is under less stringent control by terminal
autoreceptors and the sparse density of DAT would cause a greater extra-synaptic
accumulation of DA in this area, compared to the NAc. Similarly, the greater
firing rate of meso-PFC DA neurons along with the paucity of autoreceptor
inhibition and DA reuptake would, as in the case of the BLA, also result in
prolonged synaptic DA accumulation. The importance of this will be examined in

more detail below.

1.4. Functional significance of central DA transmission

Certain aspects of the electrophysiological effects of DA release on BLA,
mPFEC and NAc function are addressed below. The behavioural relevance of DA
release in these regions will then be examined, with an emphasis placed on the
role of DA in mediating various aspects of information processing and the
behavioural response to stress.

1.4.1. Electrophysiology
DA has complex effects on neuronal activity in the BLA, mPFC and NAc

that are mediated by different DA receptor subtypes in these regions. Early

studies examining the effects of BLA DA receptor activation on local neuronal
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activity yielded mixed results (Wepsic and Austin, 1971; Ben-Ari and Kelly,
1976; Bashore et al., 1978; Spehiman and Norcross, 1984). More recent
electrophysiological studies by Rosenkranz and Grace (1999, 2002a) have
examined the effects of differences in DA-mediated effects on neuronal activity
based on the segregation of the two main subtypes of neurons present in this
region. The authors found that DA receptor activation had opposite effects on
BLA pyramidal cell and interneuron activity, with DA receptor activation
decreasing spontaneous firing in the former and increasing firing rate in the latter
(Rosenkranz and Grace, 1999). In a more recent study, Rosenkranz and Grace
(2002a) further characterized the effects of D1 and D2 receptor activation on the
activity of BLA projection neurons and found that D1 receptor activation resulted
in a suppression of spontaneous firing. However, D2 receptor activation
enhanced the excitability of these neurons (Figure 3). These seemingly
counterbalancing effects of DA receptor activation are hypothesized to allow BLA
DA to suppress weaker inputs to this region, via D1 receptor activation, and
énhance stronger input to the BLA, by activating local D2 receptors (Rosenkranz
and Grace, 2002a).

The effects of DA receptor activation on neuronal activity in the mPFC
have received considerably more attention. Traditionally, DA has been thought of
as having an inhibitory influence on neuronal activity in this region. Evidence
indicates that activation of D1 or D2 receptors on mPFC neurons decreases
spontaneous excitability of local pyramidal cells, possibly by indirectly activating
local GABA interneurons (Pirot et al., 1992; Geijo-Barrientos and Pastore, 1995;
Gulledge and Jaffe, 1998, 2001; Zhou and Hablitz, 1999; Gonzalez-Islas and
Hablitz, 2001; Gorelova et al., 2002). However, studies have also shown that D1
receptor activation can increase neuronal excitability in mPFC neurons (Penit-
Soria et al., 1987; Yang and Seamans, 1996; Shi et al., 1997; Gulledge and Jaffe,
2001; Gonzalez-Islas and Hablitz, 2003). Thus, DA modulation of mPFC
neuronal activity appears to occur in a complex manner. A likely explanation for
these seemingly opposing effects is that DA modulates mPFC pyramidal cell

activity in a state-dependent manner. Pyramidal neurons in the mPFC exhibit a
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VTA

Figure 3. Intra-BLA infusion of DA or DI receptor agonist increases GABA
interneuron and decreases glutamatergic projection neuron activity (Rosenkranz
and Grace, 1999). Additionally, BLA D1 receptor activation suppresses
spontaneous activity, while activation of D2 receptors increases the excitability, of

BLA projection neurons (Rosenkranz and Grace, 2002a).
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bistable state characterized by fluctuating depolarized (“up™) and hyperpolarized
(“down””) membrane potential states (Branchereau et al, 1996; Lewis and
O’Donnell, 2000). Recent studies examining the effects of DA-induced changes
in mPFC neuronal activity have shown that D1 receptor activation only increases
excitability when the pyramidal cell is in the “up” state (Lewis and O’Donnell,
2000; Lavin and Grace, 2001). Low doses of DA potentiate the enhancement of
cellular excitability caused by NMDA receptor activation, via D1 receptor
activation (Zheng et al., 1999; Seamans et al., 2001; Wang and O’Donnell, 2001;
Gonzalez-Islas and Hablitz, 2003). Conversely, higher doses of dopamine, acting
at D2 receptors, have the opposite effect on the potentiation of neuronal
excitability induced by NMDA receptor activation (Law-Tho et al., 1994; Zheng
et al., 1999).

As is the case with the mPFC, numerous studies have also revealed that
DA regulates NAc neuronal activity in a complex manner. Medium spiny
GABAergic neurons of the NAc also exhibit bistable resting membrane potential
states. These cells are normally found in their “down” state, however afferent
input can bring them to their “up” state, at which they can fire action potentials if
they receive further excitatory input (O’Donnell and Grace, 1995, 1998). Again,
DA has different effects on cellular excitability depending on the state of the
neuron. D1 receptor activation during the “down” state results in a further
decrease in spontaneous activity, whereas in the “up” state DA potentiates
glutamate-evoked activity via activation of the same receptor subtype (Kiyatkin
and Rebec, 1996, 1999; Levine et al., 1996; Gonon, 1997). On the other hand,
activation of D2 receptors may suppress spontaneous activity regardless of the
bistable state of the neuron (West and Grace, 2002; O’Donnell, 2003)

Therefore central DA does not act as a rapid inhibitory or excitatory
neurotransmitter but rather acts as a slow neuromodulator. DA is thought to
increase the “signal-to-noise” ratio of excitatory signalling to a region, allowing
for the selective suppression of weaker inputs and enhancement of coordinated
afferent signalling. Thus, DA modulation of neuronal activity depends on the

timing and strength of excitatory inputs received by the BLA, mPFC and NAc
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(O’Donnell and Grace, 1999; Yang et al., 1999; Nicola et al., 2000; Rosenkranz
and Grace 2002a; O’Donnell, 2003).
1.4.2. Behaviour |

Given the ability of DA to modulate cortical and subcortical function it
should come as no surprise that this neurotransmitter is intimately involved in
mediating a vast array of behaviours. DA is probably best known for its
involvement in mediating the reinforcing properties of natural (i.e. food, sex, etc.)
and drug rewards (Berridge and Robinson, 1998; Schultz, 1998; Kelley and
Berridge, 2002), as unconditioned and conditioned appetitive stimuli induce firing
in VTA DA neurons (Schultz, 1998) and DA release in the amygdala (Hori et al.,
1993; Hajnal and Lenard, 1997; Harmer and Phillips, 1999), mPFC (Richardson
and Gratton, 1998; Feenstra et al., 1999) and NAc (Richardson and Gratton, 1996;
Bassareo and Di Chiara, 1999; Datla et al., 2002; Cheng et al., 2003).

However, unconditioned aversive stimuli can alsc activate VTA DA
neurons and local GABA interneurons (Kiyatkin et al., 1988; Kiyatkin and
Zhukov, 1988). Moreover, this is also the case with conditioned stimuli,
suggesting that neuronal activation in response to stressors is likely due to the
negative affective component associated with the stimulus, and not to novelty or
other non-specific sensory properties of the stimulus (Trulson and Preussler,
1984; Guarraci and Kapp, 1999). This electrophysiological evidence is supported
by studies indicating that various stressful stimuli induce genomic activation in
VTA DA cells (Deutch et al., 1991; Redmond et al., 2002). Again, the fact that
both unconditioned physical (tail shock) and emotional (restraint, predator odour)
stressors, as well as conditioned aversive stimuli, elicit genomic activation in
VTA DA cells suggests that this occurs due to the motivational properties of the
Stressor. |

Various stressors elicit increased DA transmission when administered
acutely, as measured indirectly by changes in DA metabolism or directly by
examining DA release, in several brain regions including the BLA (Herman et al.,
1982; Coco et al., 1992; Young and Rees, 1998; Inglis and Moghaddam, 1999;
Morrow et al., 2000b; Funada and Hara, 2001), mPFC (Thierry et al., 1976;
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Abercrombie et al., 1989; Imperato ¢t al., 1989; Sullivan and Gratton, 1998;
Brake et al., 2000; Morrow et al., 2000a, b, ¢; Del Arco and Mora, 2001) and NAc
(Thierry et al., 1976; Dunn and File, 1984;7 Claustre et al., 1986; Imperato et al.,
1989; Doherty and Gratton, 1992, 1996; Brake et al., 1997). Stressors of varying
intensity have different effects on the DA projections to each of these regions.
For example, evidence suggests that mild stressors selectively increase mPFC DA
transmission (Deutch et al, 1985; Abercrombie et al., 1989; Kaneyuki et al,
1991; Inoue et al., 1994; Morrow et al., 2000b), whereas more intense stressors
recruit the DA projection to the NAc (Abercrombie et al., 1989; Inoue et al,
1994). However, studies examining the effects of different stressors on DA
release in the BLA indicate that the DA projection to this region is as reactive to
stressful stimuli, if not more so, than the meso-PFC DA projection (Herman et al.,
1982; Inglis and Moghaddam, 1999). In contrast to the response elicited by acute
stressors, chronic (i.e. once daily stress for 2-3 weeks) stressors appear to result in
a complex adaptation of the responsivity of mPFC and NAc DA to subsequent
stressors (Imperato et al., 1993; Cabib and Puglisi-Allegra, 1996; Cuadra et al.,
1999, 2001; Mangiavacchi et al., 2001; Scheggi et al., 2002), possibly as a result
of changes in the activity patterns of VTA DA neurons themselves (Moore et al.,
2001). Thus, the fact that both appetitive and aversive stimuli activate central DA
transmission has been taken to suggest that DA neurons are activated in response
to salient or arousing stimuli in general, regardless of their affective valence
(Ikemoto and Panksepp, 1999; Horvitz, 2000; Salamone and Corea, 2002). As we
shall see below, stressor-induced DA release in the BLA, mPFC and NAc mediate
different aspects of the beha{rioural stress response, including various types of
information processing.

Amygdaloid DA is involved in modulating neuroendocrine and autonomic
function in'response to stressors. CeA DA exerts an inhibitory influence on
stressor-induced neuroendocrine function (Beaulieu et al., 1987). Infusion of DA
or DA receptor agonists into the BLA or CeA also attenuates the stressor-induced
formation of gastric ulcers (Ray et al., 1987, 1988; Ray and Henke, 1991). BLA

DA release is also important in the stressor-induced activation of this structure
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and, consequently, inhibition of mPFC function. Stimulation of the mPFC
decreases BLA function indirectly, possibly by increasing activity in local GABA
interneurons (Rosenkranz and Grace, 1999, 2002a). Moreover, mPFC stimulation
also attenuates sensory cortical input to the BLA (Rosenkranz and Grace; 2001,
2002a). However, BLA DA activates local projection neuron activity,
presumably via D2 receptor activation (Rosenkranz and Grace, 2002a).
Furthermore, DA receptor activation in the BLA attenuates mPFC input to this
structure while enhancing sensory cortical input to this region (Rosenkranz and
Grace, 1999, 2001, 2002a). Thus, stressor-induced DA release in the BLA may
activate this structure, resulting in the selective filtering of cortical information in
favour of sensory inputs and at the expense of input from mPFC.

Recent evidence indicates that BLA DA also plays a key role in attributing
affective significance to sensory stimuli. For example, intra-BLA infusion of the
indirect DA receptor agonist d-amphetamine (AMPH) or a D3-preferring agonist
facilitates appetitive conditioning (Hitchcott et al., 1997a, b, c; Hitchcott and
Phillips 1998a, b), whereas infusion of a specific D3 receptor antagonist into the
BLA impairs this form of learning (Phillips et al., 2002). Similarly, D1 or D2/D3
receptor antagonism within the BLA impairs fear conditioning in several different
learning paradigms (Ashford and Jones, 1976; Lamont and Kokkinidis, 1998;
Nader and LeDoux, 1999; Guarraci et al., 1999, 2000; Greba and Kokkinidis,
2000; Greba et al., 2001; Rosenkranz and Grace, 2002b). Thus, DA transmission
in the BLA may be necessary for both appetitive and aversive learning.

DA transmission in the mPFC plays an integral role in the cognitive
aspects of the behavioural response to stress. Selective attention is mediated to a
great extent by mPFC DA. Accuracy in completing a working memory task is
related to mPFC DA release (Phillips et al., 2004) and perturbations in mPFC DA
tone impair working memory function. Acute stress disrupts working memory
function, presumably by increasing mPFC DA transmission (Murphy et al.,
1996a, b). However, it appears that mechanisms mediating selective attention
require an optimal level of dopaminergic tone in the mPFC, as both DI receptor

agonists (Murphy et al., 1996a, b; Zahrt et al., 1997) and antagonists (Aultman
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and Moghaddam, 2001) infused into the mPFC impair performance on working
memory tasks. Moreover, low doses of AMPH improve while higher doses
impair working memory function (Aultman and Moghaddam, 2001).
Dopaminergic tone in the mPFC also plays a crucial role in mediating the
executive functions necessary to mount a successful coping response to stressful
stimuli (Horger and Roth, 1996). For example, mPFC DA is critical in mediating
appropriate response selection, as intra-mPFC infusion of D1 receptor agonists
improves performance in certain behavioural tasks (Granon et al., 2000; Passetti
et al, 2003). Although DA transmission in the mPFC does not seem to be
involved in the acquisition of fear conditioning, the expression of behaviour (i.e.
freezing) in response to conditioned aversive stimuli is mediated by mPFC DA
(Morrow et al., 1999; Pezze et al, 2003). Studies in the mouse and rat have
provided convincing evidence linking adaptive coping behaviour and mPFC DA
function. In studies examining the differences in behavioural responding to
stressors it has been demonstrated that animals utilizing active coping strategies
show increased DA transmission compared to those using passive or avoidance
coping responses (D’Angio et al., 1988; Giorgi et al., 2003). Similarly, studies
examining the effects of stressor controllability have shown that inescapable, but
not escapable, stress elicits increased DA tone in the mPFC (Carlson et al., 1993;
Bland et al, 2003), possibly reflecting ongoing cognitive assessment of the

situation.

A growing body of evidence indicates that mesocortical DA regulation of

physiological stress responses is lateralized to the right hemisphere (Sullivan and
Gratton, 2002a). For example, mPFC DA depletion bilaterally or of the right, but
not left, hemisphere exacerbates gastric ulcer formation induced by cold restraint
stress (Sullivan and Szechtman, 1995). In one study, right, but not left, mPFC
DA release induced by predator odour stress was positively correlated with
circulating levels of CORT (Sullivan and Gratton, 1998). Similarly, infusion of a
non-selective DA receptor antagonist bilaterally or into the right, but not the left,
hemisphere potentiates restraint stress-induced activation of ACTH (Sullivan and

Dufresne, 2002). The fact that the mPFC DA response to stress occurs



32

asymmetrically also appears to be relevant for successful coping. In one study
examining the effects of an uncontrollable stressor, right mPFC DA transmission
was correlated with successful coping in response to subsequent exposure to a
stressor (Carlson et al., 1993). In another study examining the relationship
between behaviour in an open field and central DA transmission it was found that
greater right mPFC DA metabolism was associated with a lower anxiety profile
(Thiel and Schwarting, 2001). In animals subjected to a stressful environment
(brightly lit open field), chewing on a wooden block present in the environment
decreased mPFC DA metabolism selectively in the right hemisphere (Berridge et
al., 1999). It has been suggested that this lateralized reduction in mPFC DA tone
reflects a reduction in the aversive nature of the stressful situation (Sullivan and
Gratton, 2002a). ‘

In contrast to the BLA and mPFC, the DA innervation of the NAc has
been implicated in attributing incentive salience to environmental stimuli
(Berridge and Robinson, 1998; Ikemoto and Panksepp, 1999; Horvitz, 2000;
Salamone and Correa, 2002). In other words, NAc DA confers motivational
properties on significant sensory stimuli that are relevant for survival. It is
thought that activation of NAc DA transmission in response to both natural
rewards, such as food (Richardson and Gratton, 1996; Bassareo and Di Chiara,
1999; Datla et al., 2002; Cheng et al., 2003) and sex (Mitchell and Gratton, 1991a,
b; Damsma et al., 1992; Pfaus et al., 1995), and aversive stimuli (Thierry et al.,
1976; Dunn and File, 1984; Claustre et al., 1986; Imperato et al., 1989; Doherty
and Gratton, 1992, 1996; Brake et al., 1997) has evolutionary value. NAc DA is
also involved in mediating the execution of goal-directed behaviour. In a process
known as instrumental conditioning, animals can be trained to perform arbitrary
responses (i.e. lever pressing, moving within a compartment, etc.) in order to
obtain positive reinforcers such as receiving a food reward or avoiding a
footshock. The performance of this action-outcome behaviour can be modulated
in several paradigms by changes in NAc DA transmission. For example, intra-
NAc DA depletion (McCullough et al, 1993), non-selective DA receptor
antagonist infusion (Jkemoto and Panksepp, 1996) or D2 receptor antagonist



33

infusion (Wadenberg et al., 1990) disrupts the behavioural expression (i.e.
approach) of instrumental conditioning. Thus, NAc DA plays a crucial role in
sensorimotor integration, functioning to “tag” sensory stimuli with salience and at
the same time allows for the implementation of relevant behavioural output
(Ikemoto and Panksepp, 1999).

The core and shell subregions of the NAc differ in several aspects of their
respective DA innervations. The core exhibits greater basal levels of DA and
more DAT than does the shell. Electrical stimulation of DA fibres also induces
greater DA release in the core compared to the shell (Deutch and Cameron, 1992;
Kalivas and Duffy, 1995; Jones et al., 1996; King et al., 1997). Several studies
have shown that stressors selectively or preferentially activate DA transmission in
the NAc shell (Deutch and Cameron, 1992; Kalivas and Duffy, 1995; King and
Finlay, 1997; King et al., 1997; Barrot et al. 1999; Wu et al,, 1999). However,
others have demonstrated that stress exerts robust increases in DA metabolism
(Morrow et al., 1997; Berridge et al., 1999) or release (Doherty and Gratton,
1992, 1996, 1997, 1999; Brake et al., 1997, 1999, 2000b) in the core of the NAc.
In one study directly comparing DA release in these two subregions in response to
repeated stress it was found that stressor-induced DA release was greater in the
core in response to the first acute exposure of the stressor. However, DA release
in the shell, but not the core, increased with subsequent stressor exposures (i.e.
sensitized), such that there was no difference in the magnitude of DA release
between the core and shell during the fifth stressor exposure (Chretien and
Gratton, 1998).

Various forms of information processing are modulated by central DA
transmission, although somewhat less is known about the contribution of different
DA projections in these measures. As stated previously, mPFC DA is important
in mediating cognitive and executive function; however, it is unknown what, if
any, role DA function in the BLA or NAc plays in working memory function. A
large body of evidence indicates that PPI of the ASR is modulated by central DA
transmission. Intra-amygdala DA infusion impairs both PPI and ASR magnitude
(Swerdlow et al., 1992), although which amygdaloid nucleus and DA receptor
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subtypes involved in mediating these effects have yet to be established. Similarly,
mPFC DA depletion (Bubser and Koch, 1994; Koch and Bubser, 1994) and DA
receptor agonist (Broersen et al., 1999; Lacroix et al., 2000a) or antagonist
(Ellenbroek et al.,, 1996; Crain et al., 2003) infusion into the mPFC result in
disrupted PPI, therefore the exact nature of the involvement of mPFC DA in this
type of sensory processing remains unclear. Considerably more is known about
NAc DA modulation of PPI. Systemic administration of indirect and direct DA
receptor agonists impairs PPI and this effect can be reversed by prior NAc DA
depletion (Swerdlow et al., 1990b). The effects of systemic DA receptor agonist
treatment can also be partially ameliorated by infusing D2 receptor antagonist in
to the NAc (Hart et al., 1998). Moreover direct infusion of DA (Swerdlow et al.,
1990a, 1992) or D2 receptor agonist (Wan and Swerdlow, 1993; Wan et al., 1994)
into the NAc impairs PPL

The involvement of NAc DA transmission in LI .has also been well
characterized. As is the case with PP, systemic administration of the indirect DA
receptor agonist AMPH during the pre-exposure and conditioning phases disrupts
LI, an effect that is reversed by infusion of D2 receptor antagonist into the NAc
(Joseph et al., 2000). NAc DA depletion and intra-NAc D2 receptor infusion
potentiate LI (Joseph et al., 2000) and AMPH infusion into the NAc during both
training phases has the opposite effect (Solomon and Staton, 1982). A direct role
of NAc DA in LI has been demonstrated by examining NAc DA release during LI
testing. Tone-shock pairing results in NAc DA release in response to subsequent
presentations of the tone and this effect can be blocked by previous presentations
of the tone alone prior to conditioning (Young et al., 1993). DA transmission in
both the NAc core (Jeanblanc et al., 2002) and shell (Murphy et al., 2000) has
been implicated in LI In contrast, a role for BLA or mPFC DA has yet to be
demonstrated in LI (Ellenbroek et al., 1996; Broersen et al., 1999; Weiner, 2003).

Although previous pharmacological characterization studies have failed to
demonstrate that central DA systems are involved in modulating habituation of
the ASR (Davis and Aghajanian, 1976; Geyer et al., 1978; Davis, 1980; Geyer
and Braff, 1987), a recent study examining the effects of startle habituation on
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NAc and mPFC DA release suggest that DA transmission in these regions may be
relevant in mediating this form of information processing. Compared to NAc DA
release during initial exposure to the startling stimuli, DA release in this region
was diminished after re-exposure to the same stimuli one day later. Interestingly,
mPFC DA release was increased on the second day of exposure to the startling
stimulus compared to the first day (Storozheva et al, 2003). No studies conducted
to date have examined the role of BLA DA in modulation of startle habituation.
1.4.3. Central DA system interactions

Not only do the BLA, mPFC and NAc play fundamental roles in
mediating the behavioural stress response and information processing, these
regions can also modulate DA function in other inter-connected areas of the brain
in a behaviourally-relevant manner (Figure 4). For example, chemical or
electrical stimulation of the mPFC increases NAc DA transmission (Murase et al.,
1993; Taber and Fibiger, 1995; Kafrernan and Moghaddam, 1996; You et al,,
1998), although more recent evidence suggests that mPFC stimulation at
physiologically relevant frequencies in the freely behaving animal has the
opposite effect on DA release in the NAc (Jackson et al.,, 2001). Similarly, BLA
stimulation elicits DA release in the mPFC (Jackson and Moghaddam, 2001) and
NAc (Floresco et al., 1998; Howland et al., 2002). BLA kindling has also been
shown to affect DA transmission in these two regions (Rada and Hernandez,
1990). Amygdala regulation of mPFC DA transmission appears to be
behaviourally relevant, as CeA lesions attenuate stress-induced activation of the
mPFC DA projection (Davis et al., 1994a; Goldstein et al., 1996).

Moreover, the DA projections to these areas are capable of exerting a
functionally relevant influence over each other. The DA projection to the mPFC
exerts an inhibitory influence on NAc DA function, as mPFC DA depletion
(Pycock et al., 1980; Fernandez Espejo, 2003) or intra-mPFC infusion of DA
receptor antagonists (Louilot et al., 1989) enhances NAc DA transmission.
Importantly, these effects are also seen in response to stressful stimuli (Deutch et
al., 1990; Doherty and Gratton, 1996; King and Finlay, 1997; King et al., 1997).
DA transmission in the mPFC and NAc is also modulated by a DA-dependent
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mPFC

Figure 4. DA cell bodies located in the VTA innervate the BLA, mPFC and NAc.
The mPFC and NAc, in turn, project back to both VTA DA neurons and GABA
interneurons, allowing these regions to modulate central DA function (adapted

from Stevenson and Gratton, 2003; reprinted with permission from Blackwell

Publishing, UK).
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mechanism in the BLA. Furthermore, BLA DA modulates mPFC and NAc DA
function in an opposite manner, such that BLA DA exerts an excitatory influence
on mPFC and an inhibitory influence on NAc DA transmission. Under basal
conditions, BLA DA depletion or intra-BLA DA receptor antagonism attenuates
mPFC and potentiates NAc DA function (Louilot et al., 1985; McGregor et al.,
1994; Simon et al., 1988). A similar modulation occurs under conditions of
increased central DA transmission, as BLA DA depletion potentiates locomotor
activation induced by systemic AMPH administration (Deminiére et al., 1988;
Simon et al., 1988). BLA DI receptor blockade also facilitates cocaine self-
administration while concomitantly potentiating NAc DA release (Hurd et al,

1997).

1.5. Rationale and Objectives

It seems clear from the present review that the DA innervation of the BLA,
mPFC and NAc plays an integral role in mounting an appropriate behavioural
stress response as well as in mediating reflexive and learned forms of sensory
processing. Moreover, these regions exert a behaviourally relevant influence over
one another via their respective DA projections, although the functional
interdependence of central DA systems related to the behavioural stress response
and information processing has been less well characterized. For example, it is
currently unknown what, if any, influence BLA DA has on mPFC and NAc DA
transmission in response to stressors. It is also unclear how or even if BLA DA
modulates certain types of information processing. Thus, the present research was -
undertaken to elucidate the role of BLA DA in modulating mPFC and NAc DA
function during a) the behavioural stress response and b) various forms of sensory
processing that are mediated in part by central DA transmission and are affected
by stressors.

In vivo voltammetry was used to examine the effects of BLA DA depletion
and intra-BLA infusion of specific D1 and D2/D3 receptor antagonists on
stressor-induced DA release in the mPFC and NAc. It was hypothesized that
BLA DA depletion and BLA DA receptor blockade would have opposite effects
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on the mPFC and NAc DA stress responses, attenuating the former and
potentiating the latter. Moreover, given the influence of mPFC DA on NAc DA
function, it was also hypothesized that the potentiation of stressor-induced NAc
DA release would occur indirectly as a result of attenuated mPFC DA release in
response to stress.

The effects of stressor-induced DA release in both hemispheres of the
mPFC were determined in one study to assess any possible lateralized effects on
the mPFC DA stress response, given the presumed asymmetrical role of mPFC
DA transmission in mediating the physiological and behavioural responses to
stress (Sullivan and Gratton, 2000a). Stressor-elicited DA release was determined
in the infralimbic subregion of the mPFC. Previous studies indicate that the DA
stress response in this area is more robust compared to that of the prelimbic cortex
(Deutch, 1991; Doherty and Gratton, 1996).  The core subregion of the NAc was
chosen as the site to determine stressor-induced DA release because previous
studies conducted in our laboratory have characterized the effects of tail pinch
stress on NAc DA release in this area (Doherty and Gratton, 1992; Brake et al.,
1997; Chretien and Gratton, 1998). It was found that the magnitude of DA release
elicited by tail pinch stress in the NAc core remains stable over five consecutive
once-daily stress sessions. The effects of another stressor, predator odour (fox
urine), on NAc and mPFC DA release were assessed in one experiment in order to
compare the DA responses to a well-characterized stressor and a potentially more
relevant species typical threat. For example, the odours of various rodent
predators (cat, fox, weasel, etc.) have been shown to elicit behavioural (Blanchard
et. al., 1990; Zangrossi and File, 1992; Hogg and File, 1994; Wallace and Rosen,
2000, 2001), neuroendocrine (File et al., 1993; Perrot-Sinal et al., 1999; Morrow
et al., 2000b, ¢) and neurochemical indices of stress, including increased mPFC
(Sullivan and Gratton, 1998; Morrow et al., 2000b, c¢) and NAc (Bassareo et al.,
2002) DA transmission.

Tt is possible that BLA DA can influence certain types of information
processing either directly or indirectly by modulating mPFC and NAc DA

function. For example, the exact nature of the modulatory influence of BLA DA
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on PPI has yet to be detailed (Swerdlow et al,, 1992). Moreover, no studies
examining the possibility that BLA DA modulates LI or habituation of the ASR
have been conducted to date. Thus, the effects of intra-BLA infusion of specific
DA receptor antagonists on PP, LI and habituation of the ASR were examined in
the last two studies. It was hypothesized that BLA DA receptor blockade would
impair PPI and habituation of the ASR indirectly as a consequence of diminished"
mPFC and enhanced NAc DA transmission. It was also hypothesized that this
manipulation would result in disrupted LI by potentiating NAc DA function.
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2.0. STUDY #1

EFFECTS OF BASOLATERAL AMYGDALA DOPAMINE
DEPLETION ON THE NUCLEUS ACCUMBENS AND MEDIAL
PREFRONTAL CORTICAL DOPAMINE RESPONSES TO
STRESS

Carl W. Stevenson, Ronald M. Sullivan and A. Gratton

(Neuroscience 116 (2003) 285-293)
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2.1. PREFACE

The first study examined whether BLA DA modulates NAc and mPFC DA
release in response to stressful stimuli. A physical stressor and a species-typical
threat were used to elicit DA release in the NAc and mPFC of rats that had
previously received DA-depleting lesions of the BLA. Previous evidence
suggests that BLA DA can modulate NAc and mPFC DA function, although these
studies did not address this issue in the context of the behavioural response to
stress. This study also examined the possibility that BLA DA modulates the
mPFC DA stress response in a lateralized manner, given that evidence indicates
that right, but not left, mPFC DA transmission plays a specialized role in

mediating the behavioural response to stress.
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2.2, ABSTRACT

In vivo voltammetry was used to study the effects of basolateral amygdala
dopamine depletion on stress-induced dopamine release in the nucleus accumbens
and medial prefrontal cortex. Male Long-Evans rats received bilateral
microinjections of 6-hydroxydopamine or vehicle into the basolateral amygdala.
Changes in dopamine signal were monitored in the nucleus accumbens and in the
right and left hemispheres of medial prefrontal cortex, in lesioned animals and
shams. Animals were subjected to a physical stressor (tail pinch) and a species-
typical threat (fox odour); each stressor was presented twice over four consecutive
daily sessions. The results indicate that the nucleus accumbens dopamine
responses to both stressors are significantly potentiated by dopamine-depleting
lesions to basolateral amygdala. In contrast, while the dopamine stress response in
the left medial prefrontal cortex did not differ between lesioned animals and
shams, the right medial prefrontal cortical dopamine response to tail pinch, but
not fox odour stress, was significantly attenuated in lesioned animals. Therefore,
basolateral amygdala dopamine depletion had opposite effects on the nucleus
accumbens and medial prefrontal cortical dopamine responses to stress, although
the effect on the latter is lateralized to the right hemisphere in a stressor-specific

manner.

These data indicate that stress-induced activation of meso-amygdaloid
dopamine exerts an inhibitory influence on the nucleus accumbens dopamine
response to stress. They also suggest the possibility that meso-amygdaloid
dopamine influences the nucleus accumbens dopamine response to stress
indirectly by modulating stress-induced dopamine release in medial prefrontal
cortex. These findings add to a growing body of evidence of a preferential
involvement of right medial prefrontal cortical dopamine in a wide range of

physiological responses to stress.
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2.3. INTRODUCTION

The amygdala is a limbic structure that is thought to attribute affective
significance to environmental stimuli by forming a link between brain regions that
process sensory information and areas involved in the production of emotional
responses (Aggleton, 1993). The basolateral amygdaloid complex (BLA; lateral,
basal, and accessory basal nuclei) relays sensory information from the cortex to
the central amygdaloid nucleus (CeA), which in turn conveys information to the
hypothalamus, midbrain, and brainstem (Davis et al., 1994b). A large body of
evidence now indicates that the amygdala plays a significant role in mediating the
behavioural, autonomic, and neuroendocrine responses to stressful stimuli (for
reviews, see Davis, 1992; Henke, 1996; Gray and Bingaman, 1996; LeDoux,
1996).

The dopamine (DA) projections from the ventral tegmental area (VTA) to
the nucleus accumbens (NAc) and medial prefrontal cortex (mPFC) have long
been known to be activated by stress (Thierry et al., 1976; Herman et al., 1982;
Dunn et al., 1984; Claustre et al., 1986; Abercrombie et al., 1989; Imperato et al.,
1989; Doherty and Gratton, 1992, 1996; Sullivan and Gratton, 1998; Brake et al.,
2000). Several studies now indicate that the VTA also sends a stress-responsive
DA projection to the amygdala (Fallon et al., 1978; Herman et al., 1982; Coco et
al., 1992; Young and Rees, 1998; Inglis and Moghaddam, 1999; Morrow et al.,
2000a, Funada and Hara, 2001). Neuroanatomical and electrophysiclogical
evidence suggests that the amygdala forms connections with several brain regions
innervated by mesocorticolimbic DA neurons, notably the NAc, which is
innervated by glutamate pyramidal neurons and where electrical stimulation of
BLA evokes increases in neuronal activity (Kelley et al., 1982; Mogenson, 1988;
McDonald, 1991). BLA also shares reciprocal glutamatergic connections with the
mPFC (Krettek and Price, 1977; McDonald, 1991; McDonald et al., 1996), where
BLA stimulation evokes complex changes in neuronal activity (Pérez-Jaranay and
Vives, 1991). Finally, the amygdala projects to the VTA, and electrical

stimulation of BLA also increases neuronal activity in this area (Maeda and
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Mogenson, 1981; Gonzales and Chesselet, 1990; Wallace et al., 1992). Given its
involvement in modulating responses to stress and its interconnections with the
NAc, mPFC, and VTA, the amygdala would therefore be expected to influence

stress-induced changes in mesocorticolimbic DA function.

Indeed, data from previous studies indicate that meso-amygdaloid DA
neurons exert an inhibitory influence on NAc DA transmission. For example,
injections of DA D2 receptor antagonists into BLA are reported to enhance NAc
DA function, whereas similar injections of amphetamine attenuate these levels
(Louilot et al., 1985). Intra-BLA administration of the D1 receptor antagonist
SCH 23390 also appears to have a facilitatory affect on NAc DA release,
accompanied by an increased rate of cocaine self-administration (Hurd et al.,
1997). Similarly, DA-depleting lesions to BLA have been previously reported to
enhance the locomotor response to amphetamine, as well as facilitate
amphetamine self-adminstration (Simon et al., 1988). It ap};ears also that a DA-
sensitive mechanism in amygdala modulates mPFC DA function. The
enhancement of NAc DA function resulting from 6-hydroxydopamine (6-OHDA)
lesions to BLA is accompanied by attenuated mPFC DA transmission (Simon et
al, 1988). Similarly, amygdaloid kindling has been shown to have opposite
effects on NAc and mPFC DA release (Rada and Hernandez, 1990). Finally,
amygdala lesions appear to attenuate the increase in mPFC DA metabolism

elicited by unconditioned (Davis et al., 1994a) and conditioned stress (Goldstein

et al., 1996).

Tn the present study we examined the possibility that BLA DA is involved
in modulating the NAc and mPFC DA responses to stress in the freely behaving
rat.  Animals received either 6-OHDA or sham BLA lesions, and in vivo
voltammetry was used to monitor changes in NAc or mPFC DA release elicited
by exposure to a physical stressor (tail pinch) and a species-typical threat (fox
odour). Finally, several lines of evidence indicate that the DA projection to
mPFC is asymmetrically activated in response to stress (Sullivan and Gratton,

1998; Brake et al., 2000), suggesting that cortical regulation of physiological
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responses to stress is lateralized (Carlson et al.,, 1993, 1996; Sullivan and
Szchectman, 1995; Berridge et al., 1999). Therefore we examined the
mesocortical DA stress response in the left and right hemispheres to determine if

BLA 6-OHDA lesions affect the mPFC DA response to stress asymmetrically.

2.4. EXPERIMENTAL PROCEDURES

2.3.1. Animals

Male Long-Evans rats (Charles River, St. Constant, Québec, Canada)
weighing 350—400 g at the time of surgery were used. The animals were housed
singly on a 12-h light/dark reverse cycle (lights off at 0700 h) with free access to
food and water. All procedures in the present study conformed to the guidelines
of the Canadian Council on Animal Care. Unless indicated otherwise, all

chemicals were obtained from Sigma (St. Louis, MO, USA).

2.4.2. Surgery

2.4.2.1. Lesions

Animals were randomly assigned to a sham- or a 6-OHDA-lesioned group.
Animals were injected with atropine sulphate (0.1 mg/kg, i.p.) and anaesthetised
with sodium pentobarbital (60 mg/kg, i.p.). Animals were placed in a stereotaxic
apparatus and, with the incisor bar adjusted to maintain the skull horizontal, an
injection cannula was inserted into the BLA 2.8 mm anterior to bregma, 4.0 mm
lateral to the midline (angled 5° off of the vertical plane), and 8.0 mm ventral to
the surface of the brain (Paxinos and Watson, 1982). Animals received bilateral
microinjections of 6-OHDA (4 ug/0.5 ul in 0.1% ascorbic acid; AA) or vehicle
(0.1% AA) over 2 min, and the cannula was left in place for an additional 4 min to
allow for diffusion of 6-OHDA away from the cannula tip. Animals receiving 6-
OHDA injections were pretreated with the norepinephrine (NE) uptake inhibitor
desipramine (25 mg/kg, i.p.) 30 min prior to 6-OHDA infusion.



46

2.4.2.2. Electrode implantation

Three to four weeks after the lesioning procedure, animals were injected
with atropine sulphate (0.1 mg/kg, i.p.), anaesthetised with sodium pentobarbital
(60 mg/kg, i.p.), and placed in a stereotaxic apparatus. In the first experiment,
animals were implanted with a voltammetric recording electrode into the right
NAc core. The flat skull coordinates of the electrode implants were 1.6 mm
anterior to bregma, 1.6 mm lateral to the midline, and 7.4 mm ventral to the
surface of the brain. In the second experiment, animals were implanted with a
voltammetric probe aimed at either the left or right mPFC. The flat skull
coordinates of the electrode implants were 3.5 mm anterior to bregma, 0.8 mm
lateral to the midline, and 4.7 mm ventral to the surface of the brain. In addition,
animals were each implanted with a Ag/AgCl reference electrode and a stainless
steel ground wire in the contralateral and ipsilateral parietal cortices, respectively.
Miniature pin connectors soldered to the voltammetric and reference electrodes,
and ground wire, were inserted into a plastic strip connector. The assembly was
then secured with acrylic dental cement to three or four stainless steel screws

threaded into the cranium. Testing began 3—4 days after implantation.

2.4.3. In vivo electrochemistry

2.4.3.1. Electrochemical probes

Voltammetric electrodes each consisted of three 30-m-diameter carbon
fibres (Textron Systems, Wilmington, MA, USA) that extended 50-100 m beyond
the sealed tip of a pulled glass capillary (outside diameter (0.d.) = 0.5 mm). The
exposed fibres were repeatedly coated with a 5% solution of Nafion (Aldrich,
Milwaukee, WI, USA), a perfluorinated ionomer. This treatment promotes the
exchange of cations such as DA, while impeding the exchange of interfering
anionic species such as AA and DOPAC. Each electrode was calibrated prior to

implantation to determine its sensitivity to DA and its selectivity for DA against
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AA. Calibrations were performed in 0.1 M phosphate-buffered saline (pH 7.4).
Only electrodes with a highly linear response (r0.997) to increasing
concentrations of DA and a DA-to-AA selectivity ratio greater than 1000:1 were

used.

2.4.3.2. Chronoamperometric recordings

Electrochemical recordings were performed using a computer-controlled,
high-speed chronoamperometric apparatus (Quanteon, Lexington, KY, USA). An
oxidation potential of +0.55 mV (with respect to the reference electrode) was
applied to the electrode for 100 ms at a rate of 5 Hz. The oxidation current was
digitally integrated during the last 80 ms of each pulse. The sums of every 10
digitized oxidative cycles of the chronoamperometric waveform were
automatically converted into equivalent values of DA concentration using the in
vitro calibration factor. Values were displayed graphically on a video monitor at
2-s intervals. Extensive discussions concerning the interpretation of
chronoamperometric data have been published previously (Mitchell and Gratton,
1991, 1992; Doherty and Gratton, 1992, 1996; Kiyatkin et al., 1993; Gratton and
Wise, 1994; Noél and Gratton, 1995).

2.4.3.3. Testing procedure

Electrochemical recordings began 3-4 days after surgery. Immediately
before a recording session, the in vitro calibration factor (the slope of the function
relating increases in oxidation current to increases in DA concentration) for the
animal's electrode was entered in the data acquisition software. This allowed on-
line conversion of an increase in oxidation current to a value equivalent to the
change in DA concentration that was required to produce an equal change in
signal in vitro. Each animal was placed in a recording chamber and connected to
the chronoamperometric instrument via a shielded cable and a low impedance
multi-channel commutator (Airflyte, Bayonne, NJ, USA). Electrical interference
was minimised by connecting a pre-amplifier configured as a current-to-voltage

converter (gain=1x 10%) directly into each animal's head assembly. An
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experiment began only after obtaining 60 min of stable baseline recordings.
Animals received either 15 min of tail pinch or fox odour stress on four
consecutive daily sessions; animals were subjected to each stressor twice, in
counterbalanced order. Tail pinch stress consisted of placing a wooden clothespin
on the animal's tail approximately 1-2 cm from its base, whereas fox odour stress
consisted of placing a cotton swab tip dipped in fox urine (Buck Expert, Québec,
Qc., Canada) in the recording chamber. Recordings were obtained during the

stress period, and for 30-45 min after removal of the stressor (recovery period).

2.4.3.4. Electrochemical data format

Because of the inherent differences in sensitivity between Nafion-coated
electrodes, in vivo changes in oxidation current recorded with different electrodes
(i.e. in different animals) cannot be assumed to be equivalent. Thus, valid
comparisons are possible only if the sensitivity of each electrode is calibrated
against a standard and the electrochemical data are expressed as standard
equivalent values. Because DA was used as the standard to calibrate electrode
sensitivity, in vivo changes in oxidation current are expressed as molar equivalent
values of DA concentration. Data are presented as changes in electrochemical
signal (M DA equivalent) relative to the signal level immediately prior to the
onset of stress (Time 0). Because the recording at Time 0 was the point of
comparison for changes in electrochemical signal that followed, it was arbitrarily
given a value of 0 M. Therefore, a value of 0 M is not meant to correspond to the
concentration of extracellular DA; electrochemical data represent relative changes

in extracellular DA levels elicited by a stimulus such as stress.

2.4.4. Histology and neurochemical analysis

At the conclusion of testing, animals were decapitated and the brains were
rapidly removed and placed on ice. The brains were placed in a brain mould and
transected coronally 1.0-1.5 mm posterior to the electrode tract. The sections of
each brain containing the NAc or mPFC were kept for later histological

verification of electrode placements; sections were placed in a 10% formalin



49

solution and then cryo-protected in a 30% sucrose solution. The sections were
then sliced into 30-m coronal slices and stained with formal-thionin to confirm the
position of the electrode tips. Brain sections containing the amygdala were
transected coronally into 1-mm-thick slices, from which bilateral tissue punches
of the basolateral and centromedial subregions were made. The tissue was frozen
on dry ice and then stored at -80°C for subsequent determination of DA and NE
content using high-performance liquid chromatography (HPLC) and

electrochemical detection.

Left and right amygdala tissue sections were weighed and homogenised
separately in a 0.1 M perchloric acid solution, containing 2.7 mM disodium
EDTA and 3.3 mM glutathione (pH 5.0). Samples were centrifuged (14,000
r.p.m. for 15 min, at 4°C) and the homogenate supernatants were then filtered
“through 0.2-m nylon filters by centrifugation (14,000 r.p.m. for 15 min, at 4°C).
Filtered supernatant was combined with 3,4—dihydroxybénzylamine (internal
standard) and injected with an HPLC pump (Model L-7100, Hitachi, Tokyo,
Japan) onto a reversed-phase silica/C18 column (CSC-Hypersil, 4.6x150 mm, 5-
m particle size, Chromatography Sciences Corporation, Montréal, Qc., Canada).
Mobile phase consisted of 58 mM monobasic sodium phosphate, 0.54 mM octyl
sodium sulphate, and 0.21 mM disodium EDTA, and 10% v/v methanol solution
(pH 3.5, adjusted with 10 N hydrochloric acid). The mobile phase was circulated
through the HPLC system at a flow rate of 1.0 ml/min. Electrochemical detection
was performed using amperometric detection (EG and G Model 400, Princeton
Applied Research, Princeton, NJ, USA) at a glassy carbon dual working electrode
(EG and G). The applied potential was set at +650 mV relative to a Ag/AgCl
reference electrode, with a sensitivity setting of 0.5 nA/V. The limits of detection
were approximately 90 pg/20 1 and 20 pg/20 1 for DA and NE, respectively.
Acquisition of chromatograms was performed by computer using the Peak Simple
Chromatography Data System (SRI Instruments, Torrance, CA, USA).
Concentrations of DA and NE were determined by comparing the oxidation peaks

produced by the samples to those produced by standards of known concentrations.
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2.4.5. Statistical analysis

A mixed-measures analysis of variance (ANOVA), with lesion group and
subregion as factors, was used to individually analyse amygdaloid DA and NE
content. A mixed-measures ANOVA, with lesion group and time as factors, was
also used to individually analyse DA signal increases in response to each stressor,
in each brain region examined (NAc, left and right mPFC). Comparisons were
based on differences in the amplitude of electrochemical signal increases taken at
5-min intervals from the onset of stress. When indicated, post-hoc comparisons
were performed using Tukey's Honestly Significant Difference test. The level of

significance for all comparisons was P < 0.05.

2.5. RESULTS

25.1. Effect of 6-OHDA lesions on amygdaloid doparﬁine\and norepinephrine

content

Amygdaloid tissue levels of DA and NE did not differ in the left and right
hemispheres, of either lesioned animals or shams (data not shown), therefore the
means of the left and right hemispheres of each brain were used in the statistical
analysis of DA and NE content (Table 1). In the BLA of lesioned animals there
was a significant decrease in DA content (45.5%) compared with shams (F , o=
10.54, P < 0.01), as a well as a smaller but significant decrease (27.7%) in NE
contentk (F | o6= 6.25, P < 0.05). Importantly, there was no difference in DA (F | g
=0.46, P > 0.05) or NE (F | o= 1.56, P > 0.05) content between lesioned animals

and shams in the centromedial amygdala.

2.5.2. In vivo electrochemistry

2.5.2.1. Electrode placement verification

The location of the electrode tips within the NAc or mPFC is presented in
Fig. 1. Only animals with histologically confirmed electrode placements in the

NAc core or infralimbic mPFC were included in the data analysis.
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2.5.2.2. Nucleus accumbens dopamine stress response

There were no differences, in any of the regions examined, between the
amplitude of DA signals in response to the first or second exposure to either
stressor (data not shown). Therefore, for each animal, the means of the first and
second exposures (to the same siressor) were used in the statistical analysis of
stress-induced DA signal increases. The mean increases in NAc DA signal, in
response to tail pinch and fox odour stress, are presented in Fig. 2. In general, the
DA responses to both stressors were greater in lesioned animals compared with
shams. This was confirmed by the statistical analysis, which revealed a
significant lesion group x time interaction (F g 5 = 2.18, P < 0.05) in the DA
response to tail pinch; post-hoc comparisons indicated a significantly greater
increase in DA signal (P < 0.05) at all but the 5- and 45-min time intervals in
lesioned animals. Similarly, there was a significant lesion group X time
intefaction (F 5 120= 2.33, P < 0.05) in the DA response to foi; odour and post-hoc
comparisons indicated a significantly greater increase in DA signal (P < 0.05) at

all but the 5- and 10-min intervals in 6-OHDA-lesioned animals.

2.5.2.3. Medial prefrontal cortical dopamine stress response

The mean increases in the left and right mPFC DA signals, elicited by both
stressors, are presented in Fig. 3. In general, 6-OHDA lesions had no effect on
DA signal increases in the left mPFC, in response to tail pinch (F | ,=0.31,P >
0.05) or fox odour (F, ,¢= 1.19, P> 0.05). In the right mPFC however, the DA
response to tail pinch in lesioned animals was significantly smaller than that of
shams (F ,; 143 = 1.95, P < 0.05); post-hoc comparisons revealed that this decrease
was significant at the 15-, 20-, and 25-min time intervals (P < 0.05). There was
no such group difference in the right mPFC DA response to fox odour (F , ;=

1.21, P > 0.05).
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2.6. DISCUSSION

2.6.1. Mesocorticolimbic dopamine responses to stress

One of the main findings of the present study is that stress-induced NAc
DA release is enhanced in animals that have received DA-depleting lesions of
BLA; this potentiation was seen in response to a physical stressor as well as a
species-typical threat. In rats, exposure to predator odour elicits a number of
stress-related physiological responses, such as increased freezing and avoidance
behaviours (Blanchard et. al., 1990; Zangrossi and File, 1992; Hogg and File,
1994; Wallace and Rosen, 2000, 2001). Predator odour has been shown to elicit a
neurcendocrine stress response (File et al,, 1993; Perrot-Sinal et al., 1999;
Morrow et al., 2000a, b) as well as increases in mPFC DA transmission (Sullivan
and Gratton, 1998; Morrow et al., 2000a, b; Bassareo et al., 2002). In agreement
with the present results, a recent report indicates that fox odour also evokes DA
release in the NAc (Bassareo et al., 2002). This finding is at odds with the study
of Morrow et al. (2000a), who failed to observe any effect of 2,5-dihydro-2,4,5-
trimethylfhiazoline (TMT), an odour derived from fox feces, on NAc DA
metabolism. Whereas the present study and that of Bassareo et al. (2002) used in
vivo measures to quantify DA release, Morrow et al. (2000a) measured NAc DA
metabolism using post-mortem methods. Furthermore, the present study and that
of Bassareo et al. (2002) used fox urine as predator odour, while Morrow et al.
(2000a) used TMT. Thus, differences in methodological approach may explain
this discrepancy. The present findings are in agreement with other evidence of
increased NAc DA transmission as a result of impaired BLA DA function
(Louilot et al., 1985; Simon et al., 1988; Hurd et al., 1997). Taken together with
the present study, it would appear that meso-amygdaloid DA exerts an inhibitory
influence on stress-induced DA function in the NAc, for both types of stress

examined.

Previous studies have shown that perturbations in amygdala function result

in opposite changes in NAc and mPFC DA transmission (Simon et al., 1988; and
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Rada and Hernandez, 1990). Similarly, we report that the increased stress-
induced release of NAc DA was accompanied by decreased release of mPFC DA,
albeit the latter effect was lateralized and stressor-specific. DA release in NAc is
known to be inhibited by a DA-sensitive mechanism in mPFC. Injections of DA
antagonists into the mPFC increase extracellular levels of DOPAC in NAc,
whereas similar injections of the indirect DA agonist amphetamine (AMPH)
decrease NAc DOPAC levels (Louilot et al., 1989). Similarly, injections of D1
receptor antagonists into the mi’FC enhance stress-induced increases in NAc DA
levels (Doherty and Gratton, 1996). Finally, DA-depleting lesions of mPFC
enhance NAc DA transmission in response to pharmacological and environmental
stimuli (Deutch et al., 1990; Mitchell and Gratton, 1992; Thompson and Moss,
1995). It is thus tempting to speculate that in response to at least some stressors,
meso-amygdaloid DA can influence the NAc DA release indirectly by modulating
the mPFC DA stress response. |

2.6.2. Mesocortical DA asymmetry, stress and coping

We presently report that DA-depleting lesions to BLA attenuate the right
mPFC DA response to tail pinch stress and not fox odour. While the reason for
this selective effect is not obvious, one likely explanation involves the nature of
the coping responses elicited by the different types of stress. During tail pinch
stress, animals typically chew vigorously on the clothes pin for much of the
session. In contrast, fox odour exposure typically causes rats to retreat to a corner
of the testing chamber where they remain passively. It is known that rats exposed
to novelty stress show increased mPFC DA tufnover, particularly in the right
mPFC, and that this right-sided increase is selectively reduced by allowing the
animal to chew on an inedible object as a displacement behaviour or active coping
response (Berridge et al,, 1999). The right mPFC, in conjunction with the
amygdala, may be especially important in mediating such responses. The
amygdala is well known to stimulate chewing movements (Takeuchi et al., 1988),
as seen with subthreshold kindling stimulation. If this activity were disinhibited

by amygdala DA depletion, this behaviour could be facilitated in the appropriate
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situation, effectively enhancing the active coping response and reducing
stressfulness, as reflected in an attenuated right mPFC DA stress response. The
present lateralized finding in mPFC is yet another example of stress-related
asymmetries in mesocortical DA function (e.g. Berridge et al., 1999; Brake et al,,
2000; Carlson et al., 1991, 1993, 1996; Sullivan and Gratton 1998), and the right
mPFC DA system appears especially important in coping with stress (Sullivan
and Szechtman, 1995). While amygdala-mPFC connectivity and functional
interactions are well documented (see below), the asymmetrical nature of such
interactions is virtually unstudied. It is known, however, that left vs. right mPFC
DA depletion has distinct effects on subcortical DA function (Carlson et al.,
1996), including that in amygdala (Sullivan and Szechtman, 1995). The present
findings suggest that amygdala DA depletion is also capable of producing

asymmetrical effects in mPFC.

2.6.3. Circuitry mediating amygdala modulation of mesocorticolimbic dopamine

siress responses

Within the BLA, DA has been shown to increase the firing rate of local
GABA interneurons, and decrease the activity of glutamatergic pyramidal
neurons, resulting in an attenuation of BLA projection neuron activity
(Rosenkranz and Grace, 1999). A decrease in BLA DA tone would therefore be
expected to disinhibit projection neurons, resulting in potentiated glutamate

release in regions that receive BLA input.

There are several possible anatomical circuits by which meso-amygdaloid
DA could influence stress-induced DA release in the NAc and mPFC. One such
possibility is activation of the amygdalo-fugal pathway. BLA pyramidal neurons
project to GABAergic neurons of the CeA (Davis et al., 1994b), and evidence
suggests that CeA neurons send a direct projection to VTA GABA interneurons
(Maeda and Mogenson, 1981; Wallace et al., 1992; Esclapez et al., 1993; Sun and
Cassell, 1993). These interneurons exert an inhibitory influence on VTA DA
neurons (Johnson and North, 1992); therefore, BLA DA depletion, resulting in
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disinhibition of BLA projection neuron activity, could have an indirect effect on

the activity of VTA DA neurons and, consequently, NAc and mPFC DA release.

Another possibility is that BLA DA may modulate VTA neuronal activity
indirectly via the NAc. BLA pyramidal neurons are known to project to the NAc,
presumably terminating on GABA neurons (Krettek and Price, 1978; Kelley et al,,
1982; McDonald, 1991), which, in tumn, project to DA and GABA neurons in the
VTA (Walaas and Fonnum, 1980; Kalivas et al., 1993). Thus it is entirely possible
that disinhibition of BLA output may also influence the NAc DA response to

‘stress via a direct amygdalo-accumbens projection. The fact that electrical
- stimulation of the BLA elicits DA release in NAc (Floresco et al., 1998; Howland

et al., 2002) is in general agreement with the present findings.

The DA projection to the BLA might also modulate the NAc DA response
vto stress indirectly by altering the mPFC DA stress response. BLA pyramidal
cells send a glutamatergic projection to GABA interneurons and glutamatergic
projection neurons in the mPFC (McDonald, 1991; Bacon et al., 1996), and
anatomical evidence indicates that meso-accumbens DA transmission is regulated
by the mPFC, via glutamatergic inputs to both the NAc and VTA (Walaas and
Fonnum, 1980; Carter, 1982; Christie et al.,, 1985; Sesack and Pickel, 1992;
Kalivas et al., 1993; Carr and Sesack, 2000; Ding et al., 2001). In the present
study, BLA DA depletion resulted in an attenuation of mPFC DA release in
response 1o tail pinch stress. Stress is also known to evoke glutamate release in
mPFC (Moghaddam, 2002), a source of which may originate in the BLA.
Although the effects of mPFC glutamate on the local DA stress response are
complex (Takahata and Moghaddam, 1998; Feenstra et al., 1998; Del Arco and
Mora, 2001), a recent report indicates that glutamate receptor activation in the
mPFC can attenuate local DA release in response to stress (Del Arco and Mora,
2001). Therefore disinhibition of the glutamatergic projection from the BLA to
the mPFC, as a result of BLA DA depletion, may result in a potentiation of stress-
induced glutamate release in the mPFC and, consequently, an attenuated mPFC

DA stress response. Diminished mPFC DA release in response to stress would
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then be expected to result in a potentiated NAc DA stress response (Deutch et al.,

1990; Doherty and Gratton, 1996).
2.6.4. Conclusions

DA-depleting lesions to BLA resulted in a potentiation of the NAc DA
response to a physical stressor and a species-typical threat, suggesting that meso-
amygdaloid DA exerts an inhibitory influence on the NAc DA response to stress.
DA depletion in BLA also attenuated the right mPFC DA response to a physical
stress, raising the possibility that meso-amygdaloid DA can influence the NAc
DA stress response indirectly via a DA-sensitive mechanism in mPFC. Finally,
these data add to a growing body of evidence indicating that stress-induced DA
activity in the right mPFC is especially sensitive to a variety of manipulations,

including BLA DA depletion.
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Table 1. Dopamine and norepinephrine content in basolateral and centromedial

amygdala of sham- and 6-hydroxydopamine-lesioned animals.

BLA CM |

DA NE DA NE
Sham (n=25) 339+447 93.1+5.5 259+£27.0 87244
Lesion (n=25) 185+£22.5° 673+£64" 226+359 100x11.1

DA and NE content are expressed as pg/mg wet tissue. Values are expressed as
means + S.EM. )

* Significantly different from DA content in BLA of shams (P < 0.01).

b Significantly different from NE content in BLA of shams (P < 0.05).

(Reprinted with permission from Elsevier © 2003)
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Fig. 1. Histological verification of electrode tip placements. (A) Schematic
illustration of the location of electrode tip placements within the NAc and mPFC.
Photomicrographs of representative histological sections showing electrode tip
placements within the (B) NAc and (C) mPFC (arrows indicate the most ventral
extent of the electrode tip). (Reprinted with permission from Elsevier © 2003).
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Fig. 2. NAc DA responses to (A) tail pinch and (B) fox odour stress. 6-OHDA-
lesioned animals (n=9) had significantly enhanced DA signals compared with
shams (n=8), in response to both stressors (* P < 0.05, ** P < 0.01; Tukey's
HSD). (Reprinted with permission from Elsevier © 2003).
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Fig. 3. mPFC DA responses to (A) tail pinch and (B) fox odour stress. In left

mPFC, there were no significant differences between the DA signals of 6-OHDA-

(n=9) and sham-lesioned (n=9) animals, in response to either stressor. In right

mPFC, 6-OHDA-lesioned animals (n=7) had significantly attenuated DA signals

compared with shams (n=8), in response 0 (A) tail pinch but not (B) fox odour

stress (* P < 0.05; Tukey's HSD). (Reprinted with permission from Elsevier ©

2003).
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3.0. STUDY #2

BASOLATERAL AMYGDALA MODULATION OF THE
NUCLEUS ACCUMBENS DOPAMINE RESPONSE TO STRESS:
ROLE OF THE MEDIAL PREFRONTAL CORTEX

C. W. Stevenson and A. Gratton

(Eur J Neurosci 17 (2003) 1287-1295)
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3.1. PREFACE

The previous study revealed that basolateral amygdala dopamine depletion
resulted in a potentiation of the NAc DA response to stress. This study also
suggested the possvibility that the potentiation of the NAc DA stress response
caused by BLA DA depletion may be due, at least in part, to the attenuation of the
mPFC DA response to stress. However, one caveat of the previous study is that
6-OHDA lesions to the BLA resulted in significant depletions of both DA and, to
a lesser extent, NE. Therefore it is possible that the effects on the NAc and mPFC
DA stress responses were due to BLA NE, and not DA, depletion. Furthermore, if
the effects seen in the previous study are due to BLA DA, and not NE, depletion,
it is unknown which BLA DA receptor subtype(s) is involved in mediating the
effects on stress-induced NAc and mPFC DA release. Thus, the present study
examined the effects of intra-BLA infusion of specific DA DI and D2/D3
receptor antagonists on the NAc and mPFC DA responses to stress. Moreover,
the hypothesis that BLA DA modulates the NAc DA stress response indirectly by

modulating stress-induced mPFC DA release was directly tested in the present

study.
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3.2. ABSTRACT

The basolateral amygdala (BLA) is involved in meodulating affective
responses to stress and, along with the nucleus accumbens (NAc) and medial
prefrontal cortex (mPFC), receives a stress-responsive dopamine (DA) projection
from the ventral tegmental area. The present study was undertaken to characterize
the role of BLA DA D1 and D2/D3 receptor subtypes in modulating the NAc and
mPFC DA responses to stress. Voltammetry was used to monitor, in freely
behaving rats, stress-induced DA release in NAc or mPFC after injection of D1
(SCH 23390) or D2/D3 (raclopride) receptor antagonist into BLA. Intra-BLA
SCH 23390 injéction potentiated stress-induced NAc DA release but attenuated
the mPFC DA stress response; raclopride had no effect on either the NAc or
mPFC DA responses to stress. Based on these results, we also examined the
possibility that BLA can indirectly modulate the NAc DA stress response via its
projection to mPFC. To do so we studied the effects ‘of intra-mPFC co-
administration of D1 (SKF 38393) and D2/D3 (quinpirole) receptor agonists on
the potentiated NAc DA stress response resulting from intra-BLA SCH 23390
injection. Alone, mPFC D1 and D2/D3 receptor co-activation had no effect on
stress-induced NAc DA release, but did prevent the potentiated NAc DA stress
response produced by BLA D1 receptor blockade. These findings indicate that
BLA DA modulates the NAc and mPFC DA stress responses via activation of the
D1 receptor subtype. They also suggest that BLA DA modulates stress-induced
NAc DA release indirectly by modulating the mPFC DA response to stress.
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3.3. INTRODUCTION

Central dopamine (DA) dysfunction is thought to play a key role in the
pathophysiology of a number of psychiatric diseases, including schizophrenia,
drug addiction, and affective disorders (Weinberger, 1987; Wilner et al.,, 1991;
Brown and Gershon, 1993; Grace, 1993, 2000), and stress can exacerbate the
symptomatology and even precipitate the onset of these diseases (Gispen-de
Wied, 2000; Sinha, 2001; Moghaddam, 2002). These effects may be mediated in
part by DA projections from the ventral tegmental area (VTA) to the nucleus
accumbens (NAc) and medial prefrontal cortex (mPFC), which are known to be
activated in response to a variety of different stressors (Thierry et al., 1976;
Herman et al., 1982; Abercrombie et al., 1989; Doherty and Gratton, 1992, 1996;
Finlay and Zigmond, 1997). '

Psychopathologies such as schizophrenia, drug addiction, and depression
have also been associated with abnormalities in amygdala morphology and
function (Reynolds, 1992; Grant et al., 1996; Lawrie and Abukmeil, 1998;
Childress et al., 1999; Drevets, 2000). This structure plays a key role in mediating
the behavioural, autonomic, and neuroendocrine responses to stress (Davis, 1992;
Henke, 1992; Gray and Bingaman, 1996). The basolateral amygdala (BLA;
lateral; basal, and accessory basal nuclei) relays sensory information to the central
amygdaloid nucleus, which in turn projects to regions involved in autonomic and
neuroendocrine output, allowing the amygdala to attribute affective significance
to environmental stimuli (Aggleton, 1993; Davis et al., 1994). A number of recent
studies suggest that DA is implicated in this aspect of amygdaloid function. The
BLA receives a stress-responsive DA projection from the VTA, which a growing
body of evidence indicates is involved in forming associations between neutral
and aversive stimuli (Fallon et al., 1978; Herman et al., 1982; Coco et al., 1992;
Lamont and Kokkinidis, 1998; Guarraci et al., 1999; Inglis and Moghaddam,
1999; Greba and Kokkinidis, 2000; Greba et al., 2001; Rosenkranz and Grace,
2002b).
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Converging lines of evidence also suggest that the meso-amygdaloid DA
projection to BLA modulatess NAc and mPFC DA transmission.
Electrophysiological and anatomical data indicate that the BLA sends direct
glutamatergic projections to the NAc and mPFC (Mogenson et al., 1988, Pérez-
Jaranay and Vives, 1991; McDonald, 1996; Petrovich et al., 1996). Furthermore,
in keeping with previous reports (Louilot et al., 1985; Simon et al., 1988; Hurd et
al., 1997), we have recently shown that BLA DA depletion, while potentiating the
NAc DA response to stress, will attenuate the DA stress response in the mPFC
(Stevenson et al., 2003). This suggests that increased BLA DA transmission has
opposite effects on the NAc and mPFC DA responses to stress, dampening the
response in the former and facilitating it in the latter. In an attempt to elucidate the
interaction between these three structures, we investigated the role of BLA D1
and D2/D3 receptors in modulating the NAc and mPFC DA responses to stress.
Another objective of this study was to test the hypothesis that BLA modulation of
the NAc DA stress response occurs indirectly as a consequence of its influence on

the mPFC DA response to stress.
3.4. MATERIAL AND METHODS
3.4.1. Animals and surgery

All procedures in the present study conformed to the guidelines of the
Canadian Council on Animal Care. Male Long-Evans rats (Charles River, St.
Constant, Qc., Canada) weighing 300-400 g at the time of surgery were used. The
animals were housed singly on a 12 h light -12 h dark reverse cycle (lights off at
07.00 h) with free access to food and water. Animals were pretreated with
atropine sulphate (0.1 mg/kg, ip.), anaesthetized with sodium pentobarbital
(60 mg/kg, ip.), and placed in a stereotaxic apparatus. The incisor bar was
adjusted so that the cranium was horizontal (flat skull coordinate system). In the
first experiment, animals were each implanted with a voltammetric recording
electrode into the right NAc core (AP, +1.6 mm anterior to bregma; L, 1.6 mm
lateral to bregma; DV, 7.4 mm below the cortical surface; Paxinos and Watson,

1982) and with a 22-gange guide cannula (Plastics One, Roancke, VA) aimed at a
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point 1 mm above the injection site within the right BLA (AP, 2.8 mm; L,
4.8 mm; DV, 6.8 mm; Paxinos and Watson, 1982); stainless steel obturators were
inserted to a depth of 1 mm beyond the tip of the guide cannula. Electrochemical
recordings were performed in the core subregion of the NAc because our previous
studies indicated that repeated, once daily tail-pinch stress elicits robust and
reliable increases in DA signal from this region (Doherty and Gratton, 1992,
1996, 1997; Stevenson et al., 2003). For the second experiment, animals were
each implanted with a voltammetric electrode into the right infralimbic mPFC
(AP, +3.5 mm; L, 0.8 mm; DV, 4.5 mm; Paxinos and Watson, 1982) and with a
guide cannula into the right BLA (see above for coordinates). We have recently
reported that bilateral BLA DA depletion will attenuate the right, but not the left,
mPFC DA response to tail pinch stress (Stevenson et al., 2003), therefore only the
right mPFC DA response to stress was examined in the present study. For the
third experiment, animals were each implanted with a voltammetric electrode into
the right NAc core and with guide cannulae into the right BLA and infralimbic
mPFC (see above for coordinates). Animals were also each implanted with a
Ag/AgCl reference electrode and a stainless steel ground-wire in the contralateral
and ipsilateral parietal cortices, respectively. Miniature pin connectors soldered to
the voltammetric and reference electrodes, and ground wire, were inserted into a
Carleton connector (Ginder Scientific, Ottawa, ON, Canada). The assembly was
then secured with acrylic dental cement to four stainless steel screws threaded into

the cranium.
3.4.2. In vivo electrochemistry

Voltammetric electrodes each consisted of a bundle of three 30 um
diameter carbon fibres (Textron Systems, Wilmington, MA) that extended 50-
100 pm beyond the sealed tip of a pulled glass capillary (0.d. = 0.5 mm). The
exposed fibres were repeatedly coated with a 5% solution of Nafion (Aldrich,
Milwaukee, WI, USA), a perfluorinated ionomer which promotes the exchange of
cations such as DA, while impeding the exchange of interfering anionic species

such as ascorbic acid (AA) and 3,4-dihydroxyphenylacetic acid (DOPAC). Each
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electrode was calibrated prior to implantation to determine its sensitivity to DA
and its selectivity for DA compared to AA. Calibrations were performed in 0.1 M
phosphate-buffered saline (pH 7.4) that contained 250 pM AA to mimic brain
extracellular conditions. Only electrodes with a highly linear response (r = 0.997)
to increasing concentrations of DA and a DA-to-AA selectivity ratio of at least
1000:1 were used. Electrodes used in the present study had a mean (= SEM) DA-
to-AA selectivity ratio of 3376:1 (x£483:1). In addition, we have shown
previously that these Nafion-coated carbon fibre electrodes will retain their
sensitivity for DA and their selectivity for DA vs. AA (and DOPAC) for several
days following implantation (Doherty and Gratton, 1997). '

Electrochemical recordings were performed using a computer-controlled,
high-speed chronoamperometric apparatus (Quanteon, Lexington, KY, USA). An
oxidation potential of +0.55 mV (with respect to the reference electrode) was
applied to the electrode for 100 ms at a rate of 5 Hz. The oxidation current was
digitally integrated during the last 80 ms of each pulse. The sums of every 10
digitized oxidative cycles of the chronoamperometric waveform were
automatically converted into equivalent values of DA concentration using the in
vitro calibration factor. Values were displayed graphically on a video monitor at
2 s intervals. The reduction current generated when the potential was returned to
resting level (0.0 V for 100 ms) was digitized and summed in the same manner
and served as an index to identify the main electroactive species contributing to
the stress-induced increases in electrochemical signals. With Nafion-coated
electrodes and a sampling rate of 5 Hz, the magnitude of the increase in reduction
current elicited by an elevation in DA concentration is typically 60-80% of the
corresponding increase in oxidation current, i.e. the reduction-to-oxidation ratio
(red:ox) = 0.6-0.8 (Doherty and Gratton, 1992; Gerhardt et al., 1988, 1989;
Gratton et al., 1989; Mitchell and Gratton, 1991, 1992; Pentney and Gratton,
1991). Previous work also indicates that the oxidation of AA is virtually
irreversible (red:ox = 0-0.1), whereas that of DOPAC is almost entirely reversible
(red:ox = 1.0); the reduction to oxidation ratios for norepinephrine (NE) and

serotonin (5-HT) are 0.4-0.5 and 0.1-0.3, respectively.
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3.4.3. Electrochemical recordings

Electrochemical recordings began 3-4 days after surgery. Immediately
before a recording session, the in vitro calibration factor (the slope of the function
relating increases in oxidation current to increases in DA concentration) for each
animal's electrode was entered in the data acquisition software. This allowed on-
line conversion of an increase in oxidation current to a value equivalent to the
change in DA concentration that was required to produce an equal change in
signal in vitro. Each animal was placed in a recording chamber and connected to
the chronoamperometric instrument via a shielded cable and a low impedance
multichannel commutator (Airflyte, Bayonne, NJ, USA). Electrical interference
was minimized by connecting a preamplifier configured as a current-to-voltage
converter (gain =1 10°%) directly into the animal's head assembly. An experiment

began only after obtaining 60 min of stable baseline recordings.
3.4.4. Central drug injections

Raclopride HCI, quinpirole HC1, SCH 23390 HCl and SKF 38393 HCl
were obtained from Sigma-Aldrich (St. Louis, MO, USA). The drugs were
dissolved in saline and injected in a volume of 0.5 pL over 1 min via -a 30-gauge
stainless steel cannula that was connected to a Hamilton microsyringe by a length
of polyethylene tubing. The injection cannula was left in place for an additional
1-2 min following infusion to allow diffusion of the drug before it was removed
and the obturator replaced; the stressor was applied 4-5 min following the drug

treatment.
3.4.5. Testing procedure

In the first and second experiments, separate groups of animals with
electrodes either in the NAc (first experiment) or the mPFC (second experiment)
received intra-BLA injections of either SCH 23390 or raclopride prior to
receiving 15 min of tail pinch stress. On each of four consecutive daily sessions
animals received, in counter-balanced order, one of four treatments (vehicle, or

drug at either 0.1, 1.0, or 10 nmol). Intra-BLA SCH 23390 and raclopride
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administration, within the range of doses used in the present study, has previously
been shown to affect Pavlovidn fear conditioning behaviour (Lamont and
Kokkinidis, 1998; Guarraci et al., 1999; Greba and Kokkinidis, 2000; Greba et al.,
2001). Tail pinch stress consisted of placing a wooden clothes pin 1-2 cm from
the base of the animal's tail. In response to this stressor, animals typically alternate
between remaining immobile and making repeated attempts to remove the clothes
pin (i.e. chewing). Changes in electrochemical signal were monitored during the
stress period and for 45 min thereafter. In the third experiment, animals with
electrodes in the NAc received intra-mPFC injections of vehicle or SKF 38393
and quinpirole (3.0 nmol each), and intra-BLA injections of vehicle or SCH
23390 (10 nmol). On each of four consecutive daily sessions animals received, in
counter-balanced order, one of four treatment combinations (intra-BLA
vehicle/intra-mPFC vehicle; intra-BLA SCH 23390/intra-mPFC vehicle; intra-
BLA vehicle/intra-mPFC SKF 38393 + quinpirole; and intra-BLA SCH
23390/intra-mPFC SKF 38393 + quinpirole). Changes in electrochemical signal

were again monitored during the stress period and for 45 min thereafter.
3.4.6. Electrochemical data format

Because of the inherent differences in sensitivity between Nafion-coated
electrodes, in vivo changes in oxidation current recorded with different electrodes
(i.e. in different animals) cannot be assumed to be equivalent. Thus, valid
comparisons are possible only if the sensitivity of each electrode is calibrated
against a standard and the electrochemical data are expressed as standard
equivalent values. Because DA was used as the standard to calibrate electrode
sensitivity, in vivo changes in oxidation current are expressed as uM equivalent
values of DA concentration. Data are presented as changes in electrochemical
signal (uM DA equivalents) relative to the signal level recorded immediately prior
to the onset of stress (Time 0). Because the recording at Time 0 was the point of
comparison for changes in electrochemical signal that followed, it was arbitrarily

given a value of O pM. Therefore, a value of 0 uM is not meant to correspond to
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the concentration of extracellular DA; electrochemical data represent relative

changes in extracellular DA levels elicited by a stimulus such as stress.

3.4.7. Histology

At the end of each experiment, all animals were deeply anaesthetized with
chloral hydrate (400 mg/kg, i.p.) and transcardially perfused with saline followed
by 10% formalin. The brains were removed, placed in 10% formalin, and later
cryo-protected with 30% sucrose. The brains were then sliced into 30 pm
sections and stained with formal thionin (NAc and mPFC sections) or
acetylcholinesterase (BLA sections) for verification of electrode and cannula tip

placements.
3.4.8. Statistical analysis

In the first and second experiments, a two-factor analysis of variance
(ANOVA), with dose and time as within-subject factors, was used to assess the
magnitude of drug effects on stress-induced signal increases recorded in the NAc
or mPFC. In the third experiment, a two-factor ANOVA, with drug and time as
within-subject factors, was used to assess the magnitude of treatment effects on
signal increases elicited in the NAc. Comparisons were based on differences in
the amplitude of electrochemical signal increases taken at 5 min intervals from the
onset of stress. When indicated, post hoc comparisons were performed using
Tukey's Honestly Significant Difference test. The alpha level for all comparisons

was set at 0.05.

3.5. RESULTS
3.5.1. Histology

Only data from animals with histologically-confirmed electrode tip
placements within the NAc or mPFC, and injection cannulae tip placements

within the BLA or mPFC, were included in the statistical analysis (Fig. 1).
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Animals were also excluded from the study when (i) tail pinch stress failed to
elicit a robust, short-latency increase in electrochemical signal, and (ii) stress-
induced increases in electrochemical signal had red:ox ratios of less than 0.5. A
total of 46 animals met the above criteria (Exp. 1, » =20; Exp. 2, n = 17; Exp. 3,
n=29). Reliable increases in electrochemical signals were recorded in both NAc
and mPFC within 2-3 min. of onset of tail-pinch stress. Signals would continue to
rise steadily, typically reaching peak amplitude during the latter half of the
15 min. stress period. Signals would generally remain elevated until the clothes
pin was removed from the animals' tail after which signals would start to decline
gradually towards pre-stress levels (see Fig. 4 for representative recordings). The
mean (= SEM) of the red:ox ratios at peak amplitude of the NAc and mPFC
electrochemical responses to stress were 0.88 (+£0.006) and 0.88 (+0.012),
respectively. Red:ox ratios in this range are typical of an increase in DA
concentration; they also rule out AA as a significant contributor to the stress-

induced signal increases recorded in NAc and mPFC.

3.5.2. Effects of intra-BLA DA receptor antagonists on the NAc DA stress

response

Intra-BLA injections of the D1 receptor antagonist, SCH 23390, resulted
in a dose-dependent potentiation of the NAc electrochemical response to stress
(dose-time interaction, F 5, ,,,=1.76, P<0.05; Fig.2A). A significant
enhancement of stress-induced signal increases in the NAc was seen after
injection of the 1.0 and 10 nmol doses of SCH 23390, and was most evident at the
end of the stress period and for up to 20 min after removal of the stressor
(P <0.05). Intra-BLA injection of the D2/D3 receptor antagonist raclopride had
no significant effect on stress-induced increases in NAc signals, compared to

saline injection (Fig. 2B; F' ,,, = 0.52, P > 0.05).
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3.5.3. Effects of intra-BLA DA receptor antagonists on the mPFC DA stress

response

In contrast to the enhancement seen in NAc, intra-BLA injection of SCH
23390 produced a significant dose-dependent attenuation of the mPFC
electrochemical response to stress (main effect of dose, F ,,, = 8.47, P<0.01; 1.0
and 10 nmol vs. saline, P<0.01; Fig. 3A). Again,n intra-BLA injections of
raclopride had no effect on stress-induced signal increases in mPFC, compared to

saline injection (Fig. 3B; F ,,, = 0.85, P> 0.05).

3.5.4. Effects of intra-mPFC DA agonists and intra-BLA SCH 23390 on the NAc

DA stress response

The results of the first two experiments raised the possibility that the
potentiation of the NAc electrochemical response to stress, resulting from BLA
D1 receptor blockade (Fig.4), is a consequence of attenuated stress-induced
activation of mPFC DA transmission. In order to test this possibility, we
examined whether the facilitatory effect of intra-BLA SCH 23390 administration
on the NAc electrochemical response to stress could be prevented by intra-mPFC
injection of D1 and D2/D3 receptor agonists. The results show that intra-mPFC
co-administration of SKF 38393 and quinpirole (D1 and D2/D3 receptor agonists,
respectively) blocked the enhancement of stress-induced signal increases seen in
NAc following intra-BLA SCH 23390 administration (Fig. 5). Statistical analysis
revealed a significant drug-time interaction (F 5,4 = 1.80, P<0.01). As was
found in the first experiment, intra-BLA injection of SCH 23390 (10 nmol)
significantly potentiated the NAc electrochemical response to stress (P <0.05),
when compared to saline injection. However, this effect of intra-BLA SCH 23390
was completely abolished by intra-mPFC co-administration of SKF 38393 and
quinpirole (3.0 nmol each; P> 0.05). As previously reported, intra-mPFC SKF
38393 and quinpirole administration had no effect of its own on the NAc

electrochemical response to stress (Doherty and Gratton, 1996).
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3.6. DISCUSSION

In the present study, we used voltammetry and central injections of Dl and
D2/D3 receptor selective drugs to investigate the role of BLA in modulating the
NAc and mPFC DA responses to stress. One potential limitation of this approach
is that voltammetry does not provide sufficient information to unequivocally
identify the electroactive species responsible for the recorded changes in oxidation
current. Thus, the possibility that increased levels of an oxidizable compound
other than DA is responsible for the stress-elicited signal increases reported here
has to be examined carefully. The most problematic species is AA, as its basal
extracellular concentration is higher than that of DA and because stress has been
reported to elevate striatal levels of AA (Miele et al., 1994). Repeatedly coating
the electrode surface with Nafion is one of several procedures that has been shown
to substantially reduce contributions by AA and other anionic species, including
the DA metabolite DOPAC (Gerhardt et al., 1984; Nagy et al., 1985; Brazell et
al., 1987; Capella et al., 1990; Crespi and Mobius, 1992). The electrodes used in
the present study had a mean (+SEM) DA:AA selectivity ratio of 3376:1
(+ 483:1). Thus, the Nafion treatment would significantly reduce a potential

contribution of AA to the increases in signal reported here.

Information on the identity of the predominant electroactive species can be
derived by comparing the magnitude of the increase in reduction current to that of
the increase in oxidation current. In the present study, stress-induced increases in
reduction current were found to be 88% of the corresponding increases in
oxidation current. At the sampling rate used (5 Hz), such high levels of reduction
current rule out increases in levels of AA (red:ox = 0.0-0.1) as the cause for the
stress-induced signal increases reported here. However, the oxidation of DOPAC,
like that of DA, is a highly reversible reaction; the current generated during the
reduction of DOPAC is close to 100% of the current generated during its
oxidation. Thus, the red:ox ratios of DA and DOPAC are sufficiently similar as

to preclude a clear dissociation based on this criterion alone.
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The high red:ox ratios observed in the present study would rule out,
however, an increase in 5-HT or of its metabolite, 5-hydroxyindoleacetic acid, as
the cause for the stress-induced increases in signal as the red:ox ratios of both
compounds (0.1-0.2) are considerably lower than that of DA. While the reduced
form of NE is more readily detected (red:ox =0.4-0.5), the relatively lower
sensitivity of this type of electrode for NE and the sparse NE innervation of NAc
relative to that of DA would make NE an unlikely contributor to the stress-
induced signal increases. The potential for a NE contribution to the signal would
be greater in mPFC where the densities of DA and NE terminals are relatively

similar.

Thus, of the known species that are oxidized at the potential used in the
present study, it appears that DA and DOPAC could have contributed
significantly to the stress-elicited increases in signal recorded in mPFC and NAc.
If there was a significant contribution of DOPAC to the increases in signal
though, it is unlikely to have occurred at any time soon after onset of the stress
episode; increases in extracellular levels of metabolites, such as DOPAC, occur
more gradually and are delayed relative to increases in DA levels. In the present
study, electrochemical signals typically increased within 2-3 min following onset
of stress and these continued to rise steadily to peak approximately 10 min later;
signals would start to decline gradually at or close to the end of the 15 min stress
period. Had DOPAC, rather than DA, been the predominant species detected by
the electrode, increases in electrochemical signal would have been expected to
peak later and would have remained elevated considerably loﬁger following stress
(see for example Venator et al., 1999). Thus, it seems unlikely that the relatively
rapid increases in signal seen in response to stress can be ascribed to the slow
extracellular accumulation of DOPAC that follows from increased DA efflux.
Studies using microdialysis and high performance liquid chromatography are

planned to confirm the present results.

Insofar as the increases in electrochemical signals recorded in the present

study are due mainly to increases in extracellular DA, the present results provide
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evidence that the mPFC and NAc DA responses fo stress are modulated by a DA-
sensitive mechanism in BLA. A large body of evidence indicates that a variety of
different stressors activate DA transmission in mPFC and NAc (Thierry et al.,
1976; Abercrombie et al., 1989), and studies have shown that mPFC DA exerts an
inhibitory influence on stress-induced NAc DA release (Deutch et al.,, 1990;
Doherty and Gratton, 1996). Evidence also indicates that a number of stressors
strongly activate the DA projection to the BLA (Herman et al., 1982; Coco et al,,
1992; Inglis and Moghaddam, 1999; Morrow et al., 2000). The present study
provides evidence that the mPFC and NAc DA stress responses are modulated by
BLA DA, but in an opposite manner. Specifically, D1, but not D2/D3, receptor
blockade in BLA potentiated stress-induced NAc DA release while it attenuated
the DA stress response in mPFC. This finding is in agreement with other
evidence of increased NAc, and decreased mPFC, DA transmission as a result of
impaired BLA DA function (Louilot et al., 1985; Simon et al., 1988; Hurd et al.,
1997). It also complements data from our previous study showing that BLA DA
depletion results in potentiated NAc, and attenuated mPFC, stress-induced DA
release (Stevenson et al,, 2003). It is unclear why BLA D1, but not D2/D3,
receptor blockade was shown to modulate stress-induced NAc and mPFC DA
release in the present study, given that local D1 and D2 receptor blockade appear
to have opposite effects on the activity of BLA projection neurons (Rosenkranz
and Grace, 2002a). However, autoradiographical and immunohistochemical
studies indicate that the D1 receptor is the predominant DA receptor subtype in
BLA (Scibilia et al., 1992; Levey et al., 1993).

We also report in the present study that D1 and D2/D3 receptor
coactivation in mPFC prevents the potentiated NAc DA stress response resulting
from BLA DI receptor blockade, suggesting that BLA DA can indirectly
modulate the NAc DA stress response via a DA-sensitive mechanism in mPFC.
In agreement with a previous report (Doherty and Gratton, 1996), D1 and D2/D3
receptor activation in mPFC was found in the present study to have no effect on
the NAc DA stress response. Given that mPFC DA exerts an inhibitory influence

on stress-induced NAc DA release, mPFC DA receptor activation could be
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expected to dampen the NAc DA stress response. However, it should be
remembered that, during stress, intra-mPFC SKF 38393 and quinpircle would
most likely exert their actions on the same DA receptor population that is
activated by the endogenous ligand. As a result of this, the effects of mPFC D1
and D2/D3 receptor activation on the NAc DA stress response would not be
expected to supercede those produced by the concomitant increase in mPFC DA
release. As the D1 and D2/D3 receptor agonists were co-administered, it is not
known which mPFC DA receptor subtype(s) is involved in the BLA DA
modulation of the NAc DA stress response. Therefore, additional

experimentation will be necessary to clarify this issue.
3.6.1. BLA modulation of stress-induced mesocorticolimbic DA release

Given that local D1 receptor activation appears to have a net inhibitory
effect on the activity of BLA projection neurons (Rosenkranz and Grace, 1999,
2002a), it is reasonable to assume that local BLA D1 receptor blockade would
disinhibit the activity of BLA output neurons. These output neurons send a
glutamatergic projection to mPFC that terminates on local gamma-aminobutyric
acid (GABA) interneurons and cortico-fugal glutamatergic neurons (Bacon et al.,
1996; McDonald, 1996). In addition to stimulating DA release, stress also evokes
glutamate release in mPFC (Moghaddam, 2002), a source of which may originate
in BLA. Thus, it is entirely conceivable that BLA D1 receptor blockade
disinhibits the glutamatergic projection from BLA to mPFC, resulting in greater
mPFC glutamate release during stress. Increased glutamate tone in mPFC has
been shown to increase local GABA release (Del Arco and Mora, 1999, 2002),
presumably by activating local GABA interneurons, which in turn would inhibit
the activity of mPFC glutamatergic projection neurons. Such a possibility is
supported by the fact that electrical stimulation of the BLA inhibits the activity of
mPFC pyramidal neurons indirectly by activating local GABA interneurons

(Pérez-Jaranay and Vives, 1991).

Exactly how BLA-induced modulation of mPFC output influences NAc

DA transmission is open to speculation. However, one possibility is suggested by
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anatomical evidence that DA and GABA neurons in the VTA receive different
patterns of glutamatergic input from the mPFC (Carr and Sesack, 2000).
Specifically, whereas mPFC pyramidal neurons project to VTA DA cells that
innervate the mPFC, VTA DA neurons that project to NAc appear to be indirectly
modulated by an mPFC input to mesencephalic GABA interneurons. This
arrangement could conceivably allow the mPFC projection to VTA to exert
opposite effects on mPFC and NAc DA transmission, such that inhibition of
mPFC output neurons projecting to the VTA would attenuate stress-induced
mPFC DA release while potentiating the NAc DA stress response. Such a
possibility would be consistent with the fact that activation of glutamate receptors.
in mPFC will increase local GABA release (Yonezawa et al., 1998; Del Arco and
Mora, 1999, 2002) while attenuating the local DA response to stress (Del Arco
and Mora, 2001). Furthermore, increased mPFC GABA tone results in
diminished local DA transmission (Santiago et al., 1993). It remains, however,
that future studies examining the effect of BLA modulation of stress-induced
glutamate and GABA release in mPFC will be necessary to confirm this

hypothesis (see Fig. 6 for circuit diagram).

Recent evidence indicates that electrical stimulation of the BLA elicits
NAc DA release independently of changes in VTA DA neuronal activity
(Floresco et al.,, 1998; Howland et al., 2002). Similarly, NAc DA release is
elicited by electrical and chemical stimulation of the mPFC (Murase et al., 1993;
Taber and Fibiger, 1995; Karreman and Moghaddam, 1996; You et al., 1998),
suggesting the possibility that BLA D1 receptor modulation of stress-induced
NAc DA release may occur indirectly via increased, and not decreased, mPFC
output. However, in their study, Howland et al, (2002) showed that
pharmacological inactivation of the mPFC has no effect on NAc DA release
elicited by BLA stimulation. Furthermore, a recent study suggests that electrical
stimulation of the mPFC at physiologically relevant frequencies results in
decreased NAc DA efflux (Jackson et al.,, 2001). Finally, given the specificity of
the anatomical projections from the mPFC to VTA (see above), it is unlikely that
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increased mPFC output is responsible for affecting the BLA D1 receptor

modulation of stress-induced NAc DA release.
3.6.2. Functional implications

The present results indicate that one consequence of BLA D1 receptor
blockade might be to disinhibit the activity of BLA projection neurons. It is
suggested that this results in an attenuated mPFC DA stress response and
consequently, a potentiated NAc DA respbnse to stress. How then might
disinhibition of BLA output impact on the coordination of the stress response?
The mPFC is generally acknowledged to play a pivotal role in such cognitive
processes as working memory and sustained attention. For its part, the NAc
appears to be critical in attributing incentive salience to environmental stimuli and
executing goal-directed behaviour. DA is a crucial component of the circuitries
mediating both mPFC and NAc DA function (Ikemoto and Panksepp, 1999;
Horvitz, 2000; Robbins, 2000). Similarly, it appears that BLA DA plays an
important role in amygdaloid-mediated functions (Rosenkranz and Grace, 2002b),
including that of ascribing emotional valence to sensory stimuli (Aggleton, 1993;
Davis et al., 1994). Increasingly, it appears that, under basal conditions, the
mPFC can modulate both amygdaloid activity and NAc function. Specifically,
recent evidence suggests that the mPFC can influence behaviours elicited by
environmental stimuli by inhibiting BLA-mediated affective responses
(Rosenkrénz and Grace, 2001, 2002a) as well as by modulating NAc DA
transmission (Jackson and Moghaddam, 2001).

During exposure to stressful stimuli, activation of DA projections to the
mPFC and NAc are thought to subserve different functions in the coordination of
the stress response. Although there ‘is evidence that stress can impair working
memory performance (Murphy et al., 1996), increased mPFC DA transmission is
thought to be important during performance of attentional tasks, suggesting that
stress-induced mPFC DA release would allow animals to attend more readily to
behaviourally relevant stimuli (Robbins, 2000). Thus, mPFC DA appears to play

an important role in mediating the adaptive coping response to stress, involving
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stimulus evaluation and appropriate response selection (Horger and Roth, 1996;
Sullivan and Gratton, 2002). Stress-induced NAc DA release may impart salience
on the stressful stimulus, mediating behavioural responsivity to the stimulus and
allowing for the execution of goal-directed behaviour (Ikemoto and Panksepp,
1999; Horvitz, 2000). Aversive stimuli have also been shown to activate the BLA
(Campeau et al., 1991). Thus, increased activation of the BLA may, as a result of
facilitating the mPFC input to NAc, promote appropriate response selection to
threatening stimuli and execution of goal-directed behaviour (Grace and Moore,
1998), presumably as a consequence of increased NAc DA release (Jackson and

Moghaddam, 2001).

Impaired BLA DA function therefore would be expected to alter affective
responses to environmental stimuli, particularly to threatening or stressful events.
As a consequence of this, attenuation of the mPFC DA response to stress may
diminish cognitive function, sustained attention, and adaptive responding to
stressful stimuli (Horger and Roth, 1996; Robbins, 2000; Sullivan and Gratton,
2002). Dysregulated inhibition of BLA output to mPFC might also result in an
abnormal decrease in stress-induced activation of mPFC projection neurons
(Pérez-Jaranay and Vives, 1991). These conditions could conceivably lead to
behavioural disinhibition and the expression of inappropriate behaviours (Morgan

et al., 1993; Jentsch and Taylor, 1999; Morrow et al., 1999).
3.6.3. Conclusions

The results of the present study indicate that BLA DA, acting at D1
receptors, modulates the NAc DA response to stress indirectly via a DA-sensitive
mechanism in mPFC. Taken together with previous findings, the present results
indicate that, during exposure to stressful stimuli, there is a functional
interdependence between the DA projections to the BLA, mPFC, and NAc. They
also suggest a mechanism by which dysregulation of BLA DA transmission might
contribute to maladaptive prefrontal cortical responses to stressful stimuli and the

emergence of inappropriate subcortically-mediated behaviours.
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Fig. 1. Photomicrographs of (A) NAc and (B) mPFC electrode tip placements,
and (C) mPFC and (D) BLA cannulae placements. The arrows indicate the most
ventral extent of the electrode tips (Reprinted with permission from Blackwell

Publishing, UK).
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Fig. 2. Effects of intra-BLA injection of DA receptor antagonists on the NAc
electrochemical response to stress. A) The D1 receptor antagonist SCH 23390
produced a significant dose-dependent potentiation of stress-induced increases in
NAc DA signals (3 0.1 mol vs. saline, P < 0.05; ¥ 1.0 nmol vs. saline, P < 0.05; *
10 nmol vs. saline, P < 0.05; n=10). B) The D2/D3 receptor antagonist raclopride
had no effect on the NAc electrochemical response to stress (n=10) (Reprinted

with permission from Blackwell Publishing, UK).



98

&
¥

~—1~ Saline

—a— (0.1 nmol

—o— 1.0 nmol

e
<

—u— 10 nmeol

Mean Change in DA Signal 15,
(uM equivalents + s.e.m.)
=
¢

5
=)

—1+ Saline
—a— (.1 nmol
—e— 1.0 nmol

0.6
—— 10 nmol

(uM equivalents + s.e.m.)
=
¢

Mean Change in DA Signal &g

0 15 30 45 60
Time (min.)

Fig. 3. Effects of intra-BLA injection of DA receptor antagonists on the mPFC
electrochemical response to stress. A) The D1 receptor antagonist SCH 23390
resulted in a significant dose-dependent attenuation of stress-induced increases in
mPFC DA signals (1.0 and 10 nmol vs. saline: Tukey’s HSD, P < 0.01; n=9). B)
The D2/D3 receptor antagonist raclopride had no effect on the mPFC response to
stress (n=8) (Reprinted with permission from Blackwell Publishing, UK).
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Fig. 5. Effects of simultaneous injections of D1 receptor antagonist into BLA and
D1 and D2/D3 receptor agonists into mPFC on the NAc electrochemical response
to stress. Intra-BLA injection of the D1 receptor antagonist SCH 23390 resulted
in a significant potentiation of stress-induced DA signal increases in NAc (* BLA
D1 antagonist vs. saline, P < 0.05). Intra-mPFC injection of the D1 agonist SKF
38393 and the D2/D3 agonist quinpirole had no effect on the NAc DA response to
stress, Intra-mPFC injeétion of D1 and D2/D3 receptor agonists blocked the
potentiation of stress-induced increases in NAc DA signals caused by injection of
D1 receptor antagonist into BLA (f BLA DI antagonist vs. mPFC DA
agonist/BLA D1 antagonist, P < 0.05; n=9). {(Reprinted with permission from
Blackwell Publishing, UK).
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MPFC

Fig. 6. Circuit diagram of stress-résponsive DA projections to and glutamate- and
GABA-containing interconnections between NAc, mPFC and BLA. Disinhibition
of BLA projection neurons results in an attenuated mPFC DA response to stress
and, consequently, in a potentiated NAc DA stress response. Abbreviations: BLA
- basolateral amygdala; DA - dopamine; GLU - glutamate; mPFC - medial
prefrontal cortex; NAc - nucleus accumbens; VTA - ventral tegmental area.

(Reprinted with permission from Blackwell Publishing, UK).
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4.0. STUDY #3

ROLE OF BASOLATERAL AMYGDALA DOPAMINE IN
MODULATING PREPULSE INHIBITION AND LATENT
INHIBITION IN THE RAT

Carl W. Stevenson and A. Gratton

(Psychopharmacology, in press)
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4.1. PREFACE

The previous study revealed that BLA DA modulates the NAc DA
response to stress indirectly by modulating stress-induced mPFC DA release, via
activation of the DA D1 receptor subtype. The present study examined whether
BLA DA modulation of mPFC and NAc DA function also occurs in a
behaviourally-relevant manner during the processing of other sensory stimuli,
particularly during certain types of information processing that are themselves
modulated by NAc and mPFC DA function. Converging lines of evidence
indicate that both BLA function and NAc and mPFC DA transmission are
implicated in the modulation of PPI and LI. Thus, the present study investigated
the effects of intra-BLA infusion of D1 and D2/D3 receptor antagonists on PPI
and LI
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4.2. ABSTRACT

Rationale: The dopamine (DA) projection to the basolateral amygdala
(BLA) modulates nucleus accumbens (NAc) and medial prefrontal cortex (mPFC)
DA transmission. Given the involvement of the BLA, and of NAc and mPFC
DA, in select forms of information processing, we sought to determine the role of
BLA DA in modulating prepulse inhibition (PPI) and latent inhibition (LI).
Objective: The effects of BLA D1 (SCH 23390) and D2/D3 (raclopride) receptor
blockade on PPI and LI were examined. Methods: Separate groups of male Long
Evans rats received bilateral intra-BLA infusions of SCH 23390 (3.2 or 6.4 pg/0.5
pL/side), raclopride (2.5 or 5.0 pg/0.5 pl/side) or saline prior to testing. In two
experiments, the effects of BLA DA receptor antagonism on PPI of the acoustic
startle response (ASR) and LI of conditioned taste aversion were determined. A
control group received bilateral intra-striatal infusions of SCH 23390 or raclopride
prior to PPI testing. Results: Intra-BLA SCH 23390 or raclopride had no effect
on the ASR. Intra-BLA SCH 23390 enhanced and raclopride disrupted PPI, both
in a dose-related manner. - Intra-striatal SCH 23390 or raclopride had no effect on
PPI or ASR magnitude. Finally, BLA DA receptor blockade had no effect on LI
Conclusions: These results indicate that PPI is modulated by BLA DA and
suggest that this modulation occurs independently of changes in NAc and/or
mPFC DA transmission. They also suggest that BLA DA is not involved in
modulating LI and add to evidence indicating that PPI and LI are mediated by

different neural substrates.
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4.3, INTRODUCTION

The basolateral amygdala (BLA; lateral, basal and accessory basal nuclei)
plays a key role in assigning emotional significance to exteroceptive stimuli
(Aggleton, 2000). The BLA has been implicated in both aversive (Davis, 1992;
LeDoux, 1996) and appetitive (Gallagher and Holland, 1994; Everitt et al., 1999)
conditioning and recent evidence indicates that the dopamine (DA) projection to
BLA is involved in mediating some aspect of associative learning (Lamont and
Kokkinidis, 1998; Guarraci et al., 1999, 2000; Greba et al., 2001; Rosenkranz and
Grace, 2002a).

The BLA has also been implicated in other forms of information
processing, including prepulse inhibition (PPI) of the acoustic startle response
(ASR) and latent inhibition (LI). The ASR is a coordinated contraction of the
skeletal musculature elicited in response to a loud sound, while PFPI refers to the
attenuated ASR that is observed when the startling sound is immediately preceded
by a weaker, non-startling acoustic stimulus (Geyer et al. 1990). Latent inhibition
(LI) refers to an attenuated conditioned response that occurs with repeated, non-
reinforced pre-exposure to the to-be-conditioned stimulus (Weiner, 2003).
Lesions to the BLA (Wan and Swerdlow, 1997; Shoemaker et al., 2003) as well as
intra-BLA injections of glutamate receptor antagonists (Bakshi and Geyer, 1998,
Fendt et al., 2000) have been reported to disrupt PPI. The BLA may also
modulate LI, however its precise role remains unclear, given that lesions to this
area have been reported to potentiate (Weiner, 2003), attenuate (Coutureau et al.,
2001), or have no effect (Weiner et al., 1996) on L1

The DA projections to the nucleus accumbens (NAc; Swerdlow et al.,
1990a, 1990b, 1992; Zhang et al., 2000) and medial prefrontal cortex (mPFC;
Bubser and Koch, 1994; Koch and Bubser, 1994; Ellenbroek et al., 1996) also
appear to be important in mediating PPI. Although a role for mPFC DA in the
modulation of LI has yet to be established (Ellenbroek et al., 1996), NAc DA has
been implicated in the modulation of this form of learning (Young et al., 1993;

Warburton et al., 1996; Joseph et al., 2000).
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The BLA sends direct glutamatergic projections to both the NAc and
mPFC (McDonald, 1991) and functional evidence indicates that DA transmission
in these two brain areas is modulated by a DA-dependent mechanism in the BLA
(Simon et al., 1988; Hurd et al.,, 1997). We have previously reported evidence
that BLA DA depletion and local BLA D1 receptor blockade will facilitate and
inhibit DA transmission in NAc and mPFC, respectively (Stevenson et al., 2003,
Stevenson and Gratton, 2003). In contrast, DA transmission in mPFC and NAc
was found to be unaffected by local BLA D2/D3 receptor blockade. Taken
together with evidence implicating mPFC and/or NAc DA in PPI and LI, these
findings rai}se the possibility that BLA DA might modulate these two behaviours
as a consequence of the indirect influence it exerts on mPFC and/or NAc DA
transmission. In an initial attempt to address this question, we examined the

effects of local BLA D1 or D2/D3 receptor blockade on PPI and LL

4.4, MATERIALS AND METHODS
4.4.1. Animals

Male Long Evans rats (Charles River, St. Constant, Québec) weighing
300-350 g at the time of surgery were used in each of the experiments. Animals
were housed singly on a 12-hour light/dark reverse cycle (lights off at 0800 h)
with free access to food and water. Behavioural testing occurred during the
animals’ dark cycle. The experiments were conducted in separate groups of
experimentally- and drug-naive animals. All procedures in the present study
conformed to the guidelines of the Canadian Council on Animal Care.
4.4.2. Surgery

Animals were pretreated with atropine sulfate (0.1 mg/kg, ip),
anesthetized with sodium pentobarbital (60 mg/kg, ip.), and placed in a
stereotaxic apparatus. Animals were each implanted bilaterally with 22-gauge
guide cannulae aimed at a point 1 mm above the injection site within the BLA
(AP -2.8 mm, L 4.9 mm, DV 6.6 mm) and 28-gauge stainless steel obturators
were inserted to a depth of 1 mm beyond the tip of the guide cannula prior to

implantation. In order to rule out possible effects due to drug diffusion to distal



107

sites, a group of dorsal control animals were implanted with guide cannulae aimed
at the caudal striatum (AP -2.8, L 4.9, DV 4.6 mm). Animals were allowed to

recover from surgery for 1 week prior to testing.

4.4.3. Central drug injections

SCH 23390 HCI and raclopride HC1 were obtained from Sigma (St Louis,
MO). Both drugs were dissolved in saline and injected in a volume of 0.5 pL.
Separate groups of animals received intra-BLA injections of either vehicle (saline)
or SCH 23390 at a dose of either 3.2 or 6.4 pg/0.5 ul/side or raclopride at a dose
of 2.5, or 5.0 pg/0.5 ul./side. Intra-BLA infusion of SCH 23390 and raclopride, at
these dose ranges, have previously been shown to have behaviorally relevant
effects (Greba et al., 2001; Stevenson and Gratton, 2003). Doses were calculated
as the salt of the drug. The dorsal control animals each received, in counter-
balanced order, infusions of vehicle (saline), SCH 23390 (6.4 pg/0.5 pL/side), and
raclopride (5.0 pg/0.5 pL/side). |

Animals were hand-held while solutions were infused over 30 sec. via a
28-gauge stainless steel cannula connected to a 1 pL syringe by a length of
polyethylene tubing. Following drug administration the injector was left in place
for 30 sec. before it was removed and the obturator replaced. Testing began
immediately following injection.
4.4.4. Acoustic startle response and prepulse inhibition

Tests were conducted using a commercially available system (SR-LAB,
San Diego Instruments, San Diego, U.S.A.) that comprised two sound-attenuating
chambers each equipped with a cylindrical Plexiglas animal enclosure (length=16
cm; inner diameter=8.2 cm). Ventilation was provided by a small electric fan that
also generated a 70 dB background noise. Tone pulses were presented by a
speaker positioned 24 cm directly above the animal enclosure. A piezoelectric
accelerometer affixed to the animal enclosure frame was used to detect and
transduce motion resulting from the animals' response. Tone pulse parameters

were controlled by a microcomputer using a commercial software package (SR-
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LAB) and interface assembly that also digitized (0-4095), rectified, and recorded

stabilimeter readings.

Meaéures of both ASR and PPI were obtained in a single session from
separate groups of drug-naive animals. After receiving the intra-BLA treatment,
animals were placed in the Plexiglas enclosure and allowed to acclimatize to the
environment for 5 min before being tested during 37 discrete trials. On the first
two trials, the magnitude of the ASR to a 50 ms duration 120 dB tone was
measured. These first two startle tones were presented in order to habituate the
animals to the testing procedure; therefore the ASR magnitude of these two trials
was omitted from the statistical analysis of the mean ASR amplitude. On the
subsequent 35 trials, the startle tone was either presented alone or 100 ms after
presentation of a 30 ms duration prepulse. Prepulse intensity ranged from 3 to 15
dB above background noise and was varied randomly between trials in 3 dB steps.
Measures were taken at each of the five prepulse intensities on five trials; animals
were randomly presented with the startle tone alone during the other 10 trials.
The same stimulus condition was never presented on more than two consecutive
trials. The interval between each trial was programmed to a variable time
schedule with an average duration of 15 sec. (range 5 to 30 sec.). A measure of
startle response amplitude was derived from the mean of 100 digitized data points
collected from stimulus onset at a rate of 1 kHz. Prepulse effectiveness in
suppressing the startle response was expressed as a percentagé based on the mean
amplitude of responses to the startle tone alone (n=10) relative to those recorded

under the five prepulse conditions (n=5/condition):
% PPI = 100 — (startle preceded by prepulse / startle alone) x 100%

4.4.5. Latent inhibition

Measures of LI were obtained using a conditioned taste aversion (CTA)
paradigm which has been described in detail elsewhere (Ellenbroek et al., 1997).
The involvement of central DA systems in the modulation of LI employing the
CTA paradigm has been shown to be similar to that previously observed with

other LI paradigms (Ellenbroek et al., 1997; Russig et al., 2003). Briefly, the LI
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procedure consisted of three days of pre-exposure, one day of conditioning, and
one day of testing, each of which occurred in the animals’ bome cages. Animals
were water-deprived 24 h before the onset of the experiment. On days 1-3,
separate groups of animals received intra-BLA injections of either vehicle,
SCH23390 or raclopride and then, 5 min post-injection, were given free access to
either 5% sucrose (pre-exposed; PE) or water (non-pre-exposed; NPE) for 30 min.
On day 4 (conditioning), after receiving their respective central drug treatment, all
animals were given access to a 5% sucrose solution for 30 min., immediately
followed by an injection of lithium chloride (LiCl; 75 mg/kg dissolved in 10 ml
saline, i.p.). Although studies indicate that DA plays a critical role in LI during
conditioning (Peters and Joseph, 1993; Weiner et al., 1997; Joseph et al., 2000),
recent evidence suggests that the BLA may be involved in modulating LI during
pre-exposure (Schauz and Koch, 2000). Thus, intra-BLA infusions of DA
receptor antagonists were given prior to both pre-exposure and conditioning
phases of the experiment. On day 5 (testing), all animals were given access to
both 5% sucrose and water for 30 min. The amount of 5% sucrose and water
consumed was determined by weighing the two bottles prior to and after the 30
min presentation. Comparisons between conditions (PE vs. NPE) and drug pre-
treatments were based on the amount of 5% sucrose consumed relative to total

fluid consumption during the day 5 test session where:

LI = sucrose consumed / (sucrose consumed + water consumed) X

100%

For intact LI, the percent consumption of sucrose would be expected to be greater

in PE animals that in the NPE counterparts.

4.4.6. Histology

All animals were deeply anesthetized with chloral hydrate (500 mg/kg,
ip.) and decapitated. The brains were removed and immediately frozen in
isopentane kept on dry ice. The brains were then sliced into 30 pm sections and
stained for acetylcholinesterase to determine cannula tip placements within the

BLA or striatum.
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4.4.7. Statistical analysis

The effects of intra-BLA infusion of each DA receptor antagonist on ASR
and PPI were analyzed separately. A one-factor analysis of variance (ANOVA),
with drug dose as the between-subject factor, was used to assess the magnitude of
drug effects on the ASR. A two-factor repeated-measures ANOVA, with drug
dose as the between-subject factor and prepulse intensity as the within-subject
factor, was used to assess the magnitude of drug effects.on PPI. The PPI data
obtained from the dorsal control animals were analysed separately using a two-
factor repeated-measures ANOVA, with drug and prepulse intensity as within-
subject factors. In the LI experiment, total fluid consumption (sucrose + water)
and the relative sucrose consumption (% sucrose) on the test day were analyzed
separately. A two-factor ANOVA, with drug dose and condition (PE vs. NPE) as
the between—subjeci variables, was used to assess the effects of intra-BLA
infusion of DA receptor antagonist on total fluid consumption. A two-factor
ANOVA, with drug dose and condition as between-subject variables, was used to
assess the effects of BLA DA receptor blockade on relative sucrose consumption.
When indicated, post-hoc comparisons were performed using Tukey’s Honestly

Significant Difference test.

4.5. RESULTS

4.5.1. Histology

Only data from animals with histologically confirmed bilateral cannulae
tip placements within the BLA were included in the statistical analysis (Figure 1).
In general, BLA cannulae tips were located caudally and ventrally within the
basal amygdaloid nucleus, although some were also visualized in the accessory
basal and lateral nuclei of the amygdala. A total of 139 animals (PPI experiment:
n=53; LI experiment: n=86) met this inclusion criterion. Data were also obtained
from 11 dorsal control animals; the cannulae placements in these animals were all

found to lie within the striatum (Figure 1b).
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4.5.2. Acoustic startle response

The effects of intra-BLA SCH 23390 and raclopride (n=10-11/group) on the mean
ASR magnitude are presented in Figure 2. A one-factor ANOVA revealed no
significant effect of intra-BLA SCH 23390 or raclopride infusion on mean ASR
magnitude, at either of the doses tested.
4.5.3. Prepuise inhibition

The effects of intra-BLA SCH 23390 and raclopride PPI are presented in
Figure 3. A two-factor ANOVA revealed a significant dose x prepulse intensity ‘
interaction (F g ;4 = 2.56, P = 0.013) in animals that received intra-BLA SCH
23390. Analysis of simple effects tests followed by post-hoc tests revealed that
intra-BLA SCH 23390 resulted in a significant enhancement of PPI at the lowest
and highest prepulse intensities tested (P < 0.05). In contrast, intra-BLA
raclopride produced a significant dose-dependent attenuation of PPI (F , 5, =
3.74, P = 0.036); post-hoc analysis revealed significantly: reduced PPI at the
higher dose tested (saline vs. 5.0 pg, P < 0.05). In the dorsal control animals,
neither SCH23390 nor raclopride affected PPI when injected into striatum at
doses that were effective when injected into BLA; there was no significant drug
effect or a drug x prepulse intensity interaction.
4.5.4. Latent Inhibition

The effects of intra-BLA SCH 23390 and raclopride (n=7-10/group) on
relative 5% sucrose consumption on the test day (day 5) are presented in Figure 4.
A two-factor ANOVA revealed a significant main effect of exposure in animals
given intra-BLA SCH 23390 (F , 4, = 17.95, P = 0.0001), indicating that the PE
animals drank significantly more 5% sucrose than water on the test day.
However, there was no main effect of dose or an exposure x dose interaction,
indicating that intra-BLA SCH 23390 infusion prior to pre-exposure and
conditioning had no effect on LI. Similarly, in animals that received intra-BLA
raclopride, a two-factor ANOVA revealed a significant main effect of exposure (F
a. 46 = 35.61, P < 0.0001), again indicating that PE animals drank significantly

more 5% sucrose than water on the test day. Moreover, no main effect of dose or
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exposure x dose interaction was found, indicating that intra-BLA raclopride
infusion had no effect on LI ‘

The effects of intra-BLA SCH 23390 and raclopride on total fluid
consumption are presented in Figure 5. In animals treated with intra-BLA SCH
23390, a two-factor ANOVA revealed a significant main effect of exposure (F
46= 7.16, P =0.010), indicating that total fluid consumption (5% sucrose + water)
among PE animals was significantly reduced compared to NPE animals. The
statistical analysis also revealed a non-significant trend towards a main effect of
dose (F ¢, 45 = 2.94, P = 0.063); intra-BLA SCH 23390 tended to decrease total
fluid consumption on the test day. No such trend was apparent in animals given
intra-BLA raclopride as there was no significant main effect of exposure or dose,

or an exposure x dose interaction.

4.6. DISCUSSION

In the present study, we examined the effects of intra-BLA injections of
DA receptor antagonists on PPI and LI. At the doses tested here, neither BLA D1
nor D2/D3 receptor blockade had any effect on the magnitude of the ASR. In
contrast, local BLA D1 and D2/D3 receptor antagonism produced opposite effects
on PPI. Whereas PPI was enhanced by BLA D1 blockade, it was attenuated
following local D2/D3 receptor blockade. These effects appear to be specific to
the BLA as PPI was unaffected by either drug when injected in the striatum at
doses that were effective when applied to the BLA. We also report in the present
study that local BLA D1 or D2/D3 receptor blockade had no effect on LI in a
CTA paradigm.

The present finding that the ASR is unaffected by intra-BLA DA receptor
blockade is in general agreement with a previous report (Lamont and Kokkinidis,
1998) but appears to be at odds with a study by Swerdlow et al. (1992), who
reported a decrease in ASR magnitude following locally applied DA. In that
study, however, DA was infused into both the BLA and the central amygdaloid
nucleus (CeA); thus it is possible that the effect of DA infusion into the amygdala
was mediated by the CeA rather than the BLA (Swerdlow et al, 1992). A
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preferential role of the CeA in modulating the ASR is also suggested by the fact
that electrical stimulation of the BLA is relatively ineffective at enhancing ASR
magnitude, whereas CeA stimulation at low current intensities enhances the ASR
(Rosen and Davis, 1988).

The present findings are also generally consistent with those of a previous
study suggesting that amygdaloid DA may modulate PPI (Swerdlow et al., 1992).
Thus, the present data suggest that DA neurons that project to BLA can influence
PPI in different directions by actions at D1 and D2/D3 receptors. Additional
studies examining the effects of intra-BLA infusion of selective D1 and D2/D3
receptor agonists would be useful to confirm the present findings. It is unlikely
that the results of the present study are attributable to the spread of drug from the
BLA to other potential sites of action.  For example, when injected dorsally to
the BLA (i.e. striatum), neither SCH23390 nor raclopride had any effect on PPIL.
The site-specificity of the present drug effects on PPI is also supported by
previous evidence showing that [PH] SCH 23390 infused into the BLA does not
diffuse into the NAc, even 60 min. post-treatment (Hurd et al., 1997). Moreover,
intra-NAc infusion of haloperidol, a D2/D3 receptor antagonist, partially
ameliorates the PPI-disrupting effects of systemic amphetamine (AMPH)
administration (Hart et al., 1998), whereas intra-BLA raclopride infusion
disrupted PPI in the present study, suggesting that D2/D3 receptor antagonist
infusion into the NAc and BLA have different effects.

Recent electrophysiological evidence indicates that BLA D1 and D2/D3
receptor activation have different effects on local neuronal activity; BLA D1
receptor activation has a net inhibitory effect on local pyramidal cell activity,
whereas BLA D2/D3 receptor activation has a net excitatory effect (Rosenkranz
and Grace, 2002b). Thus, although the underlying mechanism remains to be
elucidated, the opposite effects of BLA D1 and D2/D3 receptor blockade on PPI
reported in the present study would be congruent with the known differential
effects of D1 and D2/D3 receptor activation on BLA cell activity.

While previous studies indicate that systemic administration of the D2/D3

receptor antagonist raclopride enhances PPI (Johansson et al., 1995; Zhang et al,,



114

2000), in the present study, intra-BLA raclopride had the opposite effect on PPL
Although the different routes of administration preclude direct comparisons
between the present study and those of Johansson et al. (1995) and Zhang et al.
(2000), it would appear that D2/D3 receptors at sites other than BLA play a key
role in mediating the effects of systemic raclopride administration on PPL

The BLA projects to the NAc and mPFC (McDonald, 1991) and recent
evidence indicates that local BLA D1 receptor blockade potentiates and attenuates
DA function in NAc and mPFC, respectively. - For example, intra-BLA SCH
23390 results in a concomitant enhancement of cocaine self-administration and
NAc DA release (Hurd et al., 1997). BLA infusion of SCH 23390 also enhances
stress-induced NAc DA reléase but will attenuate the DA stress response in mPFC
(Stevenson and Gratton, 2003). Enhanced NAc (Swerdlow et al., 1990a, b, 1992;
Zhang et al., 2000) and diminished mPFC (Bubser and Koch, 1994; Ellenbroek et
al., 1996) DA transmission disrupt PPI. If BLA DA modulated PP1 indirectly by
enhancing NAc and/or decreasing mPFC DA function, then local BLA DI
receptor blockade would be expected to reduce PP1. However, this was clearly
not the case in the present study. It would appear, therefore, that BLA DA may
modulate PPI independently of changes in NAc and/or mPFC DA transmission.

In contrast to the effects of BLA DA receptor blockade on PP, intra-BLA
infusion of DA receptor antagonists had no effect on LI in a CTA paradigm.
Nevertheless, a role for the BLA in modulating LI has been demonstrated using
both appetitive (Coutureau et al., 2001) and aversive (Schauz and Koch, 2000;
Coutureau et al., 2001; Weiner, 2003) conditioning paradigms. One possible
explanation for this apparent discrepancy is that BLA DA modulation of LI may
only occur under conditions of increased DA transmission such as would occur,
for example, following AMPH administration. Indeed, BLA DA depletion
facilitates AMPH self-administration and potentiates both AMPH-induced
locomotor activity (Simon et al., 1988) and stress-induced NAc DA release
(Stevenson et al., 2003). Similarly, BLA D1 receptor blockade facilitates cocaine
self-administration and potentiates cocaine- and stress-induced NAc DA release

(Hurd et al, 1997; Stevenson and Gratton, 2003). Evidence suggests that
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disruption of LI by AMPH is best observed following repeated administration of
the drug, suggesting that sensitization of central DA projections may be a
necessary condition for this effect to occur (Weiner et al., 1988; Warburton et al.,
1996). The fact that meso-amygdaloid DA neurons will sensitize to the effects of
AMPH would be supportive of such a notion (Harmer et al., 1997). Thus, future
studies examining the effects of BLA DA modulation of AMPH-induced
disruption of LI may also help to clarify this issue.
4.6.1. Conclusions

The results of the present study indicate that sensorimotor gating, as
measured by PPI, is modulated by a DA-sensitive mechanism in BLA. They also
suggest, in agreement with other lines of evidence, that BLA D1 and D2/D3
receptor activation have opposing effects of PPI. However, based on the currently
available evidence, it would appear that BLA DA modulation of PPI occurs
independently of changes in NAc and mPFC DA transmission. Finally, the
present study also indicates that LI in a CTA paradigm is insensitive to

pharmacological manipulations of D1 and D2/D3 receptors in the BLA.
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Figure 2. Effects of intra-BLA D1 and D2/D3 receptor antagonists on the ASR.
Intra-BLA SCH 23390 and raclopride (n=10-11/group) had no effects on the

mean ASR magnitude (Reprinted with permission from Springer-Verlag).
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Figure 3. A) Effects of local BLA D1 and D2/D3 receptor blockade on PPI.
Intra-BLA SCH 23390 dose-dependently enhanced PPI (* saline vs. 3.2 pg,
saline vs. 6.4 pg; P < 0.05). Conversely, intra-BLA raclopride dose-dependently
reduced PPI, with this effect reaching significance at the higher (5.0 pg) dose
tested (P < 0.05). B) In dorsal control animals, intra-striatal infusions of either
DA receptor antagonist had no effect on PPI (Reprinted with permission from

Springer-Verlag).
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Figure 4. Effects of local BLA D1 and D2/D3 receptor blockade on LI (n=7-
10/group). Animals preexposed (PE) to 5% sucrose consumed a greater
percentage of sucrose on the test day, compared to non-preexposed (NPE) animals
(SCH 23390, P < 0.001; raclopride, P < 0.0001). However, PE and NPE anirhals
given intra-BLA SCH 23390 or raclopride did not show differences in the
percentage of sucrose consumed on the test day, compared to intra-BLA saline

controls, at either of the doses tested (Reprinted with permission from Springer-

Verlag).
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Figure 5. Effects of local BLA D1 and D2/D3 receptor blockade on total fluid
consumption. Intra-BLA SCH 23390 decreased total fluid consumption in PE
animals compared to NPE animals (P < 0.05). There were no group differences in
total fluid consumption following intra-BLA raclopride (Reprinted with

permission from Springer-Verlag).
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5.0. STUDY #4

BASOLATERAL AMYGDALA DOPAMINE RECEPTOR
ANTAGONISM MODULATES INITIAL REACTIVITY TO BUT
NOT HABITUATION OF THE ACOUSTIC STARTLE RESPONSE

Carl W. Stevenson and A. Gratton

(Behav Brain Res, in press)
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5.1. PREFACE

The first two studies indicated that BLA DA modulates stress-induced
NAc and mPFC DA release. The third study indicated that BLA DA also
modulates PPI, a form of acoustic startle plasticity, presumably independently of
changes in NAc and/or mPFC DA transmission. Habituation is another form of
startle plasticity in which NAc and mPFC DA function may be involved. Thus,
the present study investigated the effects of intra-BLA infusion of D1 and D2/D3

receptor antagonists on habituation of the acoustic startle response.
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5.2. ABSTRACT

Although the basolateral amygdala (BLA) plays a role in the habituation to
sensory stimﬁli, the receptor mechanisms mediating this process remain unclear.
In the present study, we investigated the role of BLA dopamine (DA) in the
habituation of the acoustic startle response (ASR) with intra-BLA infusions of DA
receptor antagonists. Male Long Evans rats were subjected to startle pulses over
two consecutive once-daily sessions. Prior to testing on Day 1, separate groups of
animals received bilateral intra-BLA infusions of a D1 (SCH 23390: 0, 3.2, 6.4
ng/side) or a D2/D3 (raclopride: 0, 2.5, 5.0 pg/side) receptor antagonist. Animals
were retested 24 hrs later (Day 2) without prior drug infusion in order to assess
possible treatment effects on within- and between-session habituation of the ASR.
As expected, within- and between-session habituation was observed in vehicle-
treated controls. Within—sess.ion habituation was also seen in SCH 23390- and
raclopride-treated animals both on Day 1 as well as 24 hours later (Day 2).
Evidence of between-session habituation was observed in SCH 23390-treated
animals. However, compared to vehicle, intra-BLA SCH 23390 or raclopride
attenuated the initial startle response on Day 1, but not Day 2. No evidence of
between-session habituation was found in raclopride-treated animals, although
this probably reflected the attenuated initial response to the startling stimulus on
Day 1 rather than a reduced rate of habituation on Day 2. The present study
suggests that while BLA DA is not involved in habituation of the ASR, it may

mediate the perceived aversive nature of the initially startling stimuli.
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5.3. INTRODUCTION

The basolateral amygdala (BLA) is generally thought to play an integral
role in aversive conditioning (Davis, 1992; LeDoux, 1986) and evidence indicates
that the dopamine (DA) projection to this region is involved in mediating this type
of 1eaming (Lamont and Kokkinidis, 1998; Nader and LeDoux, 1999; Guarracci
et al, 1999, 2000; Greba and Kokkinidis, 2001; Greba et al, 2001). Habituation of
the acoustic startle response (ASR) is a form of Aleaming characterized by a
gradual decrease in the magnitude of the startle response that occurs with repeated
presentation of the startling stimulus (Geyer and Braff, 1987). While there is
evidence implicating the BLA in habituation to various stimuli (Ben-Ari and Le
Gal La Salle, 1974; Rosenkranz and Grace, 2002), including an intense auditory
stimulus (Young et al, 1991), there is relatively little information on the role of
DA in this process.

In fact, early studies examining the effects of systemic administration of
indirect and direct DA agonists on the ASR provided little support for DA in
mediating habituation of the ASR (Davis and Aghajanian, 1976; Geyer et al,,
1978; Davis, 1980; Geyer and Braff, 1987). However, in one recent study the
ASR was reported to be associated with an increase in nucleus accumbens (NAc)
DA release that was significantly reduced 24 hours after initial exposure to the
startling stimuli. Interestingly, the opposite pattern was seen in the medial
prefrontal cortex (mPFC); there the increase in DA levels that accompanied the
ASR was greater 24 after initial startle stimuli presentation (Storozheva et al,
2003). This finding is congruent with other lines of evidence indicating that NAc
DA transmission in response to a variety of stimuli, including an aversive'
stimulus, is under the inhibitory influence of a DA-sensitive mechanism in the
mPFC, such that increased mPFC DA tone serves to dampen the responsivity of
meso-accumbens DA neurons (Deutch et al, 1996; Doherty and Gratton, 1996).

We have previously reported evidence that DA transmission in the NAc
and mPFC is similarly modulated by the DA projection to the BLA. Specifically,
we showed that DA depletion or local DA receptor blockade in this region

enhances stress-induced DA release in NAc while attenuating the DA stress
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response in mPFC (Stevenson et al, 2003; Stevenson and Gratton, 2003). Taken
together with the findings of Storozheva et al (2003), our data raise the possibility
that the opposing changes in NAc and mPFC DA transmission associated with the
ASR may in fact be modulated indirectly by a DA-dependent mechanism in the
BLA. Thus, in the present study, we sought to determine if habituation of the
ASR is also modulated by the DA projection to BLA and, if so, whether this
proceSs is mediated by the D1 or D2/D3 receptor subtype, or both.

5.4. MATERIALS AND METHODS
5.4.1. Animals
~ Male Long Evans rats (Charles River, St. Constant, Québec) weighing

300-350 g at the time of surgery were used in each of the experiments. Animals
were housed singly on a 12-hour light/dark reverse cycle (lights off at 0800 h)
with free access to food and water. Animals were tested during their dark cycle.
All procedures in the present study conformed to the guidelines of the Canadian
Council on Animal Care.
5.4.2. Surgery

Animals were pretreated with atropine sulfate (0.1 mgkg, ip.),
anesthetized with sodium pentobarbital (60 mg/kg, i.p.), and placed in a
stereotaxic apparatus. Animals were each implanted bilaterally with 22-gauge
guide cannulae aimed at a point 1 mm above the injection site within the BLA
(AP 2.8 mm, L 4.8 mm, DV 6.6 mm); 28-gauge stainless steel obturators were
inserted to a depth of 1 mm beyond the tip of the guide cannula prior to
implantation. Animals were allowed one week to recover from surgery prior to
behavioural testing.
5.4.3. Drugs

SCH 23390 HCI and raclopride HCI were obtained from Sigma (St Louis,
MO). Both drugs were dissolved in saline and injected in a volume of 0.5 pL.
SCH 23390 was infused at doses of 0, 3.2 (10 nmol) and 6.4 (20 nmol) pg/side
whereas raclopride was given at doses of 0, 2.5 (5 nmol), and 5.0 (10 nmol)

ug/side. The effects of each treatment were tested in separate groups of 11-13
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animals. Intra-BLA infusion of SCH 23390 and raclopride, at these dose ranges,
have previously been shown to have behaviourally-relevant effects (Caine et al,
1995; Nader and LeDoux, 1999; Greba and Kokkinidis, 2001; Greba et al, 2001;
Stevenson et al, 2002, 2003; Stevenson and Gratton, 2003). Each dose used was
calculated as the salt of the drug.

5.4.4. Central drug infusions

Drug solutions (SCH 23390, raclopride, or saline) were infused over 30
sec. via a 28-gauge stainless steel cannula that extended 1 mm beyond the tip of
the guide cannula and was connected to a 1 pL syringe by a length of
polyethylene tubing. Following drug administration the injector was left in place
for 30 sec. before it was removed and the obturator replaced. Behavioural testing
began 5 min. after central drug infusion (see below).

5.4.5. Testing apparatus ‘

Habituation of the ASR was measured using a commercially available
system (SR-LAB, San Diego Instruments, San Diego, U.S.A.) that comprised two
sound-attenuating chambers each equipped with a cylindrical Plexiglas animal
enclosure (length=16 cm; inner diameter=8.2 cm). Ventilation was provided by a
small electric fan that also generated a 70 dB background noise. Tone pulses
were presented by a speaker positioned 24 cm directly above the animal
enclosure. A piezoelectric accelerometer affixed to the animal enclosure frame
was used to detect and transduce motion resulting from the animals' response.
Tone pulse parameters were controlled by a microcomputer using a commercial
software package (SR-LAB) and interface assembly (0-4095) that also digitized,
rectified, and recorded stabilimeter readings.

5.4.6. Acoustic Startle Habituation

The animals’ startle responses to a tone pulse (120 dB, 50 ms duration)
presented every 15 sec. was measured during two consecutive once-daily sessions.
Animals were placed in the Plexiglass enclosure and allowed to acclimatize to the
environment for 5 min before being tested during 81 discrete trials. A measure of

startle response magnitude was derived from the mean of 100 digitized data points
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collected from stimulus onset at a rate of 1 kHz. Prior to the first session (Day 1),
separate groups of animals received intra-BLA infusions of SCH 23390,
raclopride or saline. Animals were then retested 24 hours later (Day 2) without
receiving any drug treatment. This experimental design was used to examine the
effects of drug treatment on both within- and between-session habituation of

ASR.
5.4.7. Histology

At the end of each experiment, all animals were deeply anesthetized with
chloral hydrate (500 mg/kg, i.p.) and decapitated. The brains were removed and
immediately frozen in an isopentane bath kept on dry ice. The brains were then
sliced into 30 pm sections and stained for acetylcholinesterase to confirm the
cannulae placements within the BLA.

5.4.8. Statistical analysis

The data were analyzed as trial blocks, with each block representing the
mean startle response magnitude to three consecutive tone presentations. A three-
factor repeated-measures analysis of variance (ANOVA), with drug dose as the
between-factor variable and trial block and test day as the within-subject factors,
was used to assess the effects of intra-BLA infusion of SCH 23390 or raclopride
(two separate analyses) on ASR magnitude. These analyses allowed for the

determination of within- and between-session habituation to the ASR.

5.5. RESULTS
5.5.1. Histology

Only data from animals with confirmed cannulae placements within the
BLA were included in the statistical analysis (Figure 1). A total of 59 animals
met the criteria for inclusion in the data analysis. In the few remaining animals,
cannulae placements were located either medial or lateral to the BLA; no
consistent effects of locally-applied raclopride or SCH 23390 were observed in

these animals (data not shown).
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5.5.2. Startie Habituation

The effects of intra-BLA infusion of SCH 23390 at the two doses tested
(n=11-13/group) on acoustic startle habituation are presented in Figure 2. A
three-factor ANOVA revealed a significant dose x trial block x day interaction (F
2, 353 = 2-10, P < 0.0001). Simple main effects and post-hoc analysis revealed
that the magnitude of the ASR in vehicle- and SCH 23390-treated animals were,
on both Day 1 and Day 2, significantly lower on the last block of trials when
compared to the first trial block (P < 0.01), indicating that intra-BLA SCH 23390
had no effect on within-session habituation. Similarly, the ASR of both vehicle-
and SCH 23390-treated animals were significantly lower on Day 2 than on Day 1,
indicating that between-session habituation of the ASR was also unaffected by
intra-BLA SCH 23390. However, the statistical analysis did reveal differences in
the startle response of vehicle- and SCH 23390-treated animals to the first few
- tone pulse presentations of the sessions. Simple main effects and post-hoc
analysis confirmed that, when compared to vehicle-treated animals, SCH 23390-
treated animals had attenuated ASR magnitudes on the first two trial blocks of
Day 1, but not on Day 2 (P < 0.01).

The effects of intra-BLA infusion of raclopride (n=11-13/group) on
habituation of the ASR are presented in Figure 3. Again, a three-factor ANOVA
revealed a significant dose x trial block x day interaction for intra-BLA raclopride
(F (2, 85 = 1.85, P < 0.001). As seen with intra-BLA SCH 23390, saline- and
raclopride-treated animals had smaller ASR during the last block of trials
compared to the first trial block of the session (P < 0.01), indicating that intra-
BLA raclopride also had no effect on within-session habituation. When compared
to saline-treated animals, the ASR of raclopride-treated animals was also
significantly attenuated during the first three trial blocks of Day 1 but not on Day
2. Conversely, whereas vehicle-treated controls had an attenuated ASR on Day 2
compared to day 1, the ASR of raclopride-treated animals recorded on Days 1 and

2 did not differ.



132

5.6. DISCUSSION

In the present study, we investigated the acute effects of local BLA D1 and
D2/D3 receptor blockade on habituation of the ASR. Using a test-retest design,
habituation of the ASR was examined both immediately after drug treatment as
well as 24 hours later. One of the findings reported here is that on Day 1, when
the animals were naive to the experimental conditions, local D1 and D2/D3
receptor blockade in the BLA both attenuated the magnitude of the ASR. The
lower dose of both drugs tested appeared to have a maximal effect on acoustic
startle responding, as no further decrease in the ASR magnitude was seen by
doubling the dose of each drug.

At first glance, it may appear that the acute effect of intra-BLA SCH
23390 and raclopride was to accelerate the rate of habituation of the ASR. Closer
examination of the data, however, suggests ‘otherwise. QOur results indicate that
D1 or D2/D3 receptor blockade attenuated the ASR elicited by the initial tone
pulses, but that the responses to the subsequent tone pulse presentations of the
session decreased gradually to levels comparable to those seen in vehicle-treated
controls. Therefore, it seems that the main effect of BLA D1 and D2/D3 receptor
antagonism was to diminish the animals’ initial reactivity to the startling stimuli
rather than to accelerate the rate at which they habituated to the stimuli. Had the
drug treatments affected habituation, the initial ASR of the session would have
been expected to be comparable to that of vehicle-treated controls, followed by a
more rapid decline in the magnitude of the ASR to subsequent tone pulse
presentations. This was clearly not the case here. Thus, although BLA D1 and
D2/D3 receptor blockade attenuated initial responsivity to the startling stimuli,
these drug treatments had no appérent effect on within-session habituation of the
ASR.

Since vehicle- and SCH 23390-treated animals both showed between-
session habituation, the present findings indicate that BLA D1 receptors are not
involved in the between-session habituation of the ASR. It appears also that
raclopride-treated animals did not exhibit between-session habituation. Upon

closer scrutiny, however, this apparent lack of between-session habituation among
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raclopride-treated animals is more likely due to the fact that the ASR was
significantly attenuated at the very onset of test Day 1, and not due to a slower
rate of habituation of the ASR on Day 2. Thus, it appears that BLA D2 receptors
are not involved in habituation of the ASR either.

Based on the present findings, it would seem unlikely that BLA DA is
involved in modulating the changes in NAc and PFC DA transmission that were
recently reported to accompany the ASR (Storozheva et al, 2003). However, such
a conclusion should perhaps be viewed as tentative until the effects of intra-BLA
infusion of selective DA receptor agonists on habituation of the ASR are
examined as well. Swerdlow et al (1992) have previously shown that intra-
amygdaloid DA infusion also decreases ASR magnitude. However, in that study,
DA was infused into both the BLA and the central amygdaloid nucleus (CeA),
suggesting the possibility that the CeA mediates amygdaloid DA modulation of
the ASR (Swerdlow et al, 1992). A preferential role of the CeA in modulating the
ASR is also suggested by the fact that BLA lesions have no effect on the ASR
(Wan and Swerdlow, 1997).and that electrical stimulation of the BLA is relatively
ineffective at enhancing the ASR, whereas CeA stimulation at low current
intensities enhances ASR magnitude (Rosen and Davis, 1988).

Evidence that the ASR was relatively unaffected by BLA DA receptor
antagonism has been reported previously (Lamont and Kokkinidis, 1998;
Stevenson et al, 2002). However, in these studies, measures of habituation of the
ASR were taken either after significant habituation had already occurred prior to
drug infusion (Lamont and Kokkinidis, 1998), or during tests for prepulse
inhibition (PPI) where the majority of startling pulse presentations were
immediately preceded by a low intensity non-startling pulse (Stevenson and
Gratton, in press). In the present study, BLA DA receptor antagonism diminished
the ASR selectively over the first several trials on the first test day, suggesting
that BLA DA modulates initial startle reactivity. Thus, the present results add to
previous evidence indicating a role for BLA DA (Lamont and Kokkinidis, 1998;
Nader and LeDoux, 1999; Guarracci et al, 1999, 2000; Greba and Kokkinidis,

2001; Greba et al, 2001) in modulating the perceived aversive nature of sensory
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stimuli (Borszcz et al, 1989; Leaton and Cranney, 1990; Plappert et al, 1993,
1999).
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Figure 1. Photomicrograph of a representative histologit\:al section showing
cannula tip placements within the BLA. (Reprinted with permission from
Elsevier © 2003).
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Figure 2. Effects of intra-BLA infusion of SCH 23390 on habituation of the ASR
(n=11-13/group). Habituation of the ASR was examined immediately after intra-

BLA drug infusion (Day 1) as well as 24 hours later (Day 2 - retest). Vehicle- and

SCH 23390-treated animals showed within-session habituation of the ASR during
both test (Day 1) and retest (Day 2) sessions (f Block 1 > Block 27, P < 0.01).
Similarly, both vehicle- and SCH 23390-treated animals showed between-session
habituation (I saline: Blocks 1-3, Day 1 > Day 2, P < 0.01; # SCH 23390: Block
1, Day 1 > Day 2, P < 0.01). On Day 1, intra-BLA SCH 23390 attenuated the
ASR during trial blocks 1-2, compared to intra-BLA saline (* P < 0.01).

(Reprinted with permission from Elsevier © 2003).
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Figure 3. Effects of intra-BLA infusion of raclopride on habituation of the ASR
(n=11-13/group). As was the case with SCH 23390, vehicle- and raclopride-
treated animals showed within-session habituation, over both days of testing (}
Block 1 > Block 27, P < 0.01). Similarly, intra-BLA raclopride attenuated the
ASR on trial blocks 1-3, compared to intra-BLA vehicle (* P < 0.05), on Day 1.
'Conversely, vehicle-treated, but not raclopride-treated, animals showed between
session habituation ( Blocks 1-3, Day 1 > Day 2; P < 0.01). (Reprinted with

permission from Elsevier © 2003).
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6.0. GENERAL DISCUSSION
6.1. Summary of findings

The results of studies 1 and 2 provide evidence of a role for the VTA DA
projection to the BLA in modulating the NAc and mPFC DA responses to
stressors. In study 1, DA-depleting lesions to the BLA were found to produce
opposite effects on stressor-induced DA release in the NAc and mPFC, enhancing
the DA response in the NAc but attenuating it in the mPFC. Study 1 also revealed
that, whereas BLA DA depletion potentiates the NAc DA response to both a
physical stressor (tail pinch) and a species-typical threat (fox odour), mPFC DA
release was attenuated in response to tail pinch, but not fox odour, stress.
Moreover, although BLA DA was depleted bilaterally, the resulting attenuation of
the mPFC DA stress response was found to be lateralized to the right hemisphere

in a stressor-specific manner.

Based on the results of study 1, we then examined the pharmacological
properties of these BLA DA-mediated effects on the mPFC and NAc DA stress
responses. The results of this second study showed that, as was the case with
BLA DA depletion, BLA DI, but not D2/D3, receptor antagonism resulted in
enhanced NAc and dampened mPFC DA release in response to tail pinch stress.
We then examined the possibility that BLA D1 receptor blockade could potentiate
the NAc DA response to stress indirectly by attenuating DA release in the mPFC.
Our results confirmed this hypothesis, as co-infusion of D1 and D2/D3 receptor
agonists into mPFC abolished the potentiation of stressor-induced NAc DA
release caused by local BLA D1 receptor blockade.

The results of studies 3 and 4 provide evidence that BLA DA mediates
only some types of sensory processing which have been previously linked to DA-
sensitive mechanisms in the NAc and mPFC. BLA D1 and D2/D3 receptor
blockade resulted in opposite effects on PPL, with BLA DI receptor antagonism
enhancing and BLA D2/D3 receptor blockade reducing prepulse effectiveness in
attenuating the ASR. In contrast, neither of these treatments had any effect on LI

in a CTA paradigm. Finally,' although BLA DA receptor blockade had no effect
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on habituation of the ASR, both D1 and D2/D3 receptor blockade reduced initial

startle responsivity.
6.2. Implications
6.2.1. Central dopamine involvement in the behavioural stress response

In agreement with other lines of evidence (Louilot et al., 1985; Simon et
al., 1988; Hurd et al., 1997), the present studies indicate that the DA projections to
the BLA, mPFC and NAc share a functional relationship in mediating the
behavioural response to stressors. In general the present findings suggest that
BLA DA exerts an inhibitory influence on stressor-induced NAc DA release.
However, it appears that the mechanisms mediating this inhibitory influence are
stressor-specific. The data indicate that BLA DA can act directly to modulate the
NAc DA response to predator odour but that, in the case of a physical stressor,
this modulation occurs indirectly by facilitating the mPFC DA stress response
selectively in the right hemisphere. Furthermore, our data indicate that BLA DA
modulation of both the mPFC and NAc DA responses to a physical stressor is
mediated by D1 receptors.

Converging lines of evidence suggest that stressor-induced DA release in
the BLA, mPFC and NAc is involved in mediating distinct aspects of the
behavioural stress response. For the most part, the evidence points to a central
role of BLA DA in ascribing emotional significance to stressful stimuli, whereas
the initiation and execution of appropriate coping responses to stressors are
functions subserved predominantly by the DA inputs to the mPFC and NAc,
respectively. The results of the present studies add to evidence suggesting that,
although the organization of these behavioural processes occurs in parallel, there
is a sequential activation of the DA projections to the BLA, mPFC and NAc when
the organism is confronted with a stressor. It also appears that the nature of such
temporal processing is functionally relevant to the organization and execution of
an appropriate behavioural stress response. It has been proposed that, in response

to stressors, DA release in the BLA serves to selectively filter information in
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favour of inputs from the sensory association cortex, at the expense of the
executive control inputs provided by the mPFC (Rosenkranz and Grace, 1999,
2001, 2002a). As a result of this input filtering, increased DA transmission in the
BLA may serve to “tag” threatening stimuli with emotional significance (Ashford
and Jones, 1976; Lamont and Kokkinidis, 1998; Nader and LeDoux, 1999,
Guarracci et al, 1999, 2000; Greba and Kokkinidis, 2001; Greba et al, 2001). The
results of the present studies are in general agreement with this working
hypothesis, suggesting that stressor-induced BLA DA release serves to enhance
mPFC DA transmission and, as a consequence, facilitates the organization of
appropriate coping responses (D’Angio et al., 1988; Carlson et al., 1993; Horger
and Roth, 1996; Sullivan and Gratton, 1998; Berridge et al.,, 1999; Thiel and
Schwarting, 2001; Bland et al., 2003; Giorgi et al., 2003). Our data also suggest
that stressor-induced activation of BLA DA transmission may contribute to the
execution of coping responses by modulating the concurrent activation of NAc
DA release, either via a direct glutamatergic input or indirectly via a DA-sensitive
mechanism in the mPFC (Wadenberg et al., 1990; McCullough et al., 1993;
Ikemoto and Panksepp, 1996, 1999). The finding that the NAc DA stress
response is under inhibitory control by meso-amygdaloid and meso-PFC DA
neurons reinforces the general view that NAc-mediated attribution of incentive
salience to stimuli, such as stressors, is influenced by processed information
concerning the affective value of stimuli and the available coping responses
arriving from the BLA and mPFC, respectively (Bei*ridge and Robinson, 1998;
Tkemoto and Panksepp, 1999; Horvitz, 2000; Salamone and Correa, 2002). For
example, animals typically freeze, or remain immobile, in response to threatening
stimuli (e.g. in the presence of a predator), presumably because such responses
ensure the greatest rate of survival in that particular situation. The fact that
increased BLA and mPFC DA transmission act to dampen NAc DA
responsiveness to stressors may prevent the animal from engaging in maladaptive

and potentially fatal behaviours (i.e. escape).

For all of its intuitive appeal, and despite the accumulation of indirect

evidence, the fact remains that there is no direct evidence in support of such a
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sequential activation by stressors of these central DA projections. Although
different responses to tail pinch (chewing) and fox odour (freezing) stress were
observed in the course of the present studies, these were not quantified in any
systematic manner. However, a careful characterization of the behavioural
responses to different stressors in relation to the sequence of DA release in the
BLA, mPFC and NAc might provide useful information. The main strength of in
vivo voltammetry, the technique used in the present studies to monitor DA
release, is that it has excellent temporal resolution. Thus, it would be entirely
feasible to conduct a detailed temporal analysis of stressor-induced DA release in

these three structures.

The present study suggests that BLA DA directly modulates the NAc DA
response to predator odour but does so indirectly via the mPFC in response to a
physical stressor. As stated previously, an important factor here might be the
different coping behaviours elicited by these two stressors. Whereas animals
exposed to fox urine will typically remained immobile, those subjected to tail
pinch stress typically responded by chewing on the clothes pin. Studies suggest
that the amygdala is involved in mediating passive coping responses such as
freezing (Roozendaal et al, 1991) while a DA-sensitive mechanism in the mPFC
has been implicated in active coping and displacement behaviours, such as
chewing (Carlson et al., 1993; Berridge et al., 1999). Altemati\-/ely, the fact that
BLA DA modulates NAc DA transmission directly in response to predator odour
and indirectly in response to a physical threat may be due to differences in the
information content received by the amygdala ’regarding these stressors. The
amygdala receives direct input from two distinct olfactory pathways that allows
this structure access to unprocessed sensory information concerning odours. The
majority of olfactory information received by the amygdala is conveyed by a
direct projection from the olfactory bulbs (Price, 2003). The amygdala also
receives olfactory input via the vomeronasal organ, a region that also plays an
important role in olfaction. This structure sends a projection to the accessory
olfactory bulb that, in turn, projects predominantly to the amygdala (Swanson and

Petrovich, 1998). The vomeronasal organ has traditionally been associated with
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detecting species-specific olfactory cues, such as those of a conspecific or a
sexually-receptive mate, although it is possible that the vomeronasal organ is
activated in response to certain molecules contained in the urine of other species
such as predators (Brennan and Keverne, 2004). In contrast, the amygdala
receives: processed sensory input regarding other sensory modalities via
projections from various associative cortical regions, including the mPFC

(McDonald, 1998).

The finding that BLA DA modulation of the mPFC DA stress response is
lateralized to the right hemisphere is congruent with other lines of evidence
indicating that the right meso-PFC DA projection plays a preferential role in
mediating physiological and behavioural responses to stressors (Carlson et al.,
1993; Sullivan and Gratton 1998; Berridge et al., 1999; Brake et al., 2000; Thiel
and Schwarting, 2001). There is little available evidence on the possible
asymmetrical nature of interactions between BLA and mPFC DA function.
Although BLA DA modulation of stressor-induced mPFC DA release was
determined by examining the effects of bilateral BLA DA depletion in the present
studies, it is known that the BLA projections to the mPFC are predominantly
ipsilateral (Granato et al., 1991), suggesting that the effects observed were due to
DA depletion of the right BLA. However, determining the effects of unilateral
BLA DA depletion on the mPFC DA stress response would be of use in clarifying
this issue. The effects of bilateral, left or right mPFC DA depletion on
amygdaloid DA transmission in response to stress were, however, examined by
Sullivan and Szechtman (1995). In this study, bilateral DA depletion of the
mPFC was shown to increase left but decrease right amygdala DA metabolism.
Moreover, left mPFC DA depletion increased amygdala DA metabolism
bilaterally, although DA depletion in the right mPFC had no effect on DA
transmission in the right amygdala. Thus, the functional relationship between

amygdala and mPFC DA transmission appears to occur in a lateralized manner.

In the present studies, the potentiating effect of BLA D1 receptor

antagonism on tail pinch stress-induced NAc DA release was abolished by
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concomitant infusion of intra-mPFC D1 and D2/D3 DA receptor agonists,

suggesting that BLA DA modulation of the NAc DA stress response is mediated

indirectly via a DA-dependent mechanism in the mPFC. It remains unknown, |
however, which DA receptor subtype(s) in the mPFC mediates this effect, given

that the effects of separate infusions of D1 and D2/D3 receptor agonists were not

determined in the present study. One previous study has shown that mPFC D1,

but not D2, receptor blockade potentiated the NAc DA stress response (Doherty

and Gratton, 1996), suggesting that the effects seen in the present studies may be

mediated by mPFC D1 receptors.

It appears that BLA DA depletion had a greater effect on stressor-induced
DA release in both the mPFC and NAc than did intra-BLA D1 receptor
antagonism. Apart from differences in methodology (bilateral DA depletion vs.
unilateral D1 receptor antagonist infusion), the reasons. for this difference are not
obvious. One possible explanation is that the full post-synap‘tic effect of DA may
require the co-activation of D1 and D2 to occur. Although the synergistic nature
of D1 and D2 receptor signalling in the BLA has not been examined, previous
studies in the striatum have revealed that prior activation of D1 receptors is
necessary in order for D2 receptor activation to occur (Clark and White, 1987).
Thus, in the present study, intra-BLA infusion of a non-specific DA receptor
antagonist, or co-infusion of D1 and D2 receptor antagonists, may have resulted in
greater effects compared to D1 receptor antagonist infusion alone. Another
possibility is that the greater effects on the mPFC and NAc DA stress responses
after BLA DA depletion were due to the partial depletion of BLA NE. As
indicated above, amygdaloid NE transmission plays an important role in
mediating the physiological (Quirarte et al., 1998) and behavioural (Tanaka et al.,
2000) responses to stressors, although the possibility that BLA NE can influence
mPFC and NAc DA transmission has yet to be addressed. The effects of selective
BLA NE depletion, or intra-BLA infusion of NE receptor antagonists, on stressor-
induced mPFC and NAc DA release should perhaps be examined in future
studies.
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How does BLA DA influence stressor-induced mPFC and NAc DA
release? It is hypothesized that DA in the BLA modulates the mPFC and NAc
DA stress responses by virtue of its effects on local neuronal activity which, in
turn, influences the indirect projections from this region to DA neurons in the
VTA. Local application of DA or a DI receptor agonist inhibits the firing rate of
BLA projection neurons, presumably due to increased activity in local GABA
interneurons or recurrent collaterals of inhibitory intercalated cells (Rosenkranz
and Grace, 1999, 2002a; Paré et al., 2003). As stated above, there are several
possible pathways by which the BLA can modulate the activity of VTA DA
neurons. It is possible that the BLA influences stressor-induced mPFC and NAc
DA release by acting on the CeA, which projects directly and indirectly to the
VTA (Maeda and Mogenson, 1981; Wallace et al., 1992; Fadel and Deutch,
2002). The BLA may also modulate the NAc DA response to predator odour
stress directly via a glutamatergic-dependent mechanism in the NAc (Floresco et
al., 1998; Howland et al., 2002) or indirectly by affecting NAc output to the VTA
(Walaas and Fonnum, 1980; Kalivas et al., 1993). In response to a physical
stressor, however, it appears that BLA modulation of NAc DA release occurs
indirectly by influencing DA release in the mPFC. The BLA projects to the
mPFC which, in turn, projects to the VTA; directly to meso-PFC DA neurons and
indirectly to meso-accumbens DA neurons via local GABA interneurons (Carr

and Sesack, 2000; see Figure 1 above).
6.2.2. Central DA systems and information processing

After determining that, in response to stressors, a functional relationship
exists between DA transmission in the BLA, mPFC and NAc, we sought to
address the possibility that BLA DA modulates different reflexive and learned
types of information processing, which are themselves disrupted by stressful
stimuli and are reportedly mediated by mPFC and NAc DA function. These
studies indicate that BLA DA transmission modulates PPI, a form of automatic
sensory processing, and suggest the possibility that stressor-induced disruption of

PPI may be mediated, in part, by activation of the DA projection to the BLA.
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They also suggest that impairment of LI and habituation of the ASR, two distinct
types of learned information processing, elicited by stressful stimuli may not
depend on BLA DA transmission. However, the fact that BLA DA function was
shown to exert an influence on the initial responsivity to startling stimuli adds to a
growing body of evidence indicating that DA transmission in the BLA plays an
important role in mediating the perceived aversive nature of potentially
threatening stimuli (Ashford and Jones, 1976; Lamont and Kokkinidis, 1998;
Nader and LeDoux, 1999; Guarracci et al, 1999, 2000; Greba and Kokkinidis,
2001; Greba et al, 2001).

As mentioned above, diminished mPFC (Bubser and Koch, 1994; Koch
and Bubser, 1994; Ellenbroek et al., 1996; Crain et al., 2003) and enhanced NAc
(Swerdlow et al., 1990a, b, 1992; Wan and Swerdlow, 1993; Wan et al., 1994;
Hart et al., 1998) DA transmission have been shown to impair PPI. Given the
| evidence that BLA D1 receptor antagonism diminishes and enhances mPFC and
NAc DA transmission, respectively, it was expected that this treatment would also
disrupt PPI. However, in the present studies intra-BLA infusion of a D1 receptor
antagonist facilitated PPI, suggesting that BLA DA modulates PPI independently
of changes in NAc and mPFC DA transmission. One possibility is that BLA DA
receptor activation modulates PPI via changes in the functional activity of the
ventral pallidum, a structure known to receive a projection from the BLA and to
modulate PPI (Maslowski-Cobuzzi and Napier, 1994; Wan and Swerdlow, 1997,
Kretschmer and Koch, 1998).

The opposite effects of BLA D1 and D2/D3 receptor blockade on PPI are
likely due to differences in local neuronal activity caused by BLA D1 and D2
receptor activation. From the present studies it is expected that activation of BLA
D1 and D2 receptors would disrupt and enhance PP, respectively. As indicated
previously, BLA D1 and D2 receptor activation inhibits and facilitates the activity
of projection neurons, respectively (Rosenkranz and Grace, 2002a). Moreover,
decreased BLA neuronal activity in general may result in disrupted PPL
Excitotoxic lesions to the BLA and intra-BLA infusion of NMDA receptor
antagonists reduce PPl (Wan and Swerdlow, 1997; Bakshi and Geyer, 1998,
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1999; Fendt et al., 2000). However, local BLA GABA, receptor blockade, which
would be expected to disinhibit BLA pyramidal cell activity, also impairs PPL;
this finding has been taken to suggest that BLA NMDA receptor blockade may
occur preferentially at receptors located on local GABA interneurons, which
would then result in a disinhibition of BLA projection neurons (Fendt et al.,
2000). One possible explanation for this apparent discrepancy may lie in the
finding that intra-amygdaloid infusion of both NMDA and GABA receptor
antagonists appear to facilitate BLA DA transmission (Rao et al., 1990; Chu and
Lin, 1996), suggesting that BLA glutamate and GABA modulation of PPI occurs

indirectly via changes in local DA function.

Antagonism of BLA DA receptors had no effect on LI in the present
studies. Similarly, other studies conducted to date have failed to demonstrate a
role for mPFC DA transmission in modulating LI (Ellenbroek et al., 1996;
Broersen et al., 1999; Lacroix et al., 2000a), suggesting that the DA projections to
the BLA and‘ mPFC are not involved in modulating this form of information
processing. The indirect DA receptor agonist AMPH impairs LI when
administered systemically during the pre-exposure and conditioning stages of
training in several paradigms (Joseph et al., 2000), including the CTA paradigm
used in the present studies (Ellenbroek et al., 1996; Russig et al., 2003). This
impairment presumably occurs as a consequence of increased NAc DA
transmission (Solomon and Staton, 1982; Young et al., 1993; Joseph et al., 2000).
Moreover, it appears that repeated administration of AMPH during training is
necessary to disrupt LI (Warburton et al., 1996; Weiner, 2003). It is possible that
meso-amygdaloid and meso-PFC DA can modulate LI indirectly by affecting
NAc DA transmission under conditions of increased central DA transmission,
although this hypothesis has not been tested. The effects of BLA or mPFC DA
depletion on AMPH-induced disruptions in LI could be examined to test this
hypothesis. ~ Alternatively, the effects of manipulating BLA or mPFC DA

transmission on stress-induced impairment of LI could be examined.

It is unclear why BLA D1 and D2/D3 receptor antagonism had opposite
effects on PPI but had the same effect on startle reactivity, although studies
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examining the role of BLA DA transmission in aversive learning have also shown
that both D1 and D2 receptor blockade in the BLA disrupts fear conditioning
(Guarraci et al., 1999, 2000; Greba and Kokkinidis, 2001; Greba et al., 2001).
Perhaps the role of BLA DA in mediating the association of emotional
significance with environmental stimuli in general requires the activation of
several local DA receptor subtypes. For example, selective activation of the D3
receptor subtype in the amygdala is thought to play an important role in appetitive
conditioning (Hitchcott et al., 1997a; Hitchcott and Phillips, 1998a, b, c¢; Phillips
et al., 2002). .

Although the present studies did not examine the role of BLA DA in
working memory, previous studies have reported an involvement of the BLA in
modulating this function (Peinado-Manzano, 1990; Ohno et al., 1992; Ingles et
al., 1993; Ono et al., 1993; Barros et al., 2002; Addy et al., 2003; May-Simera and
Levin, 2003). Given the central fole of mPFC DA in worKing memory and the
fact that BLA DA can modulate mPFC DA transmission, it is entirely conceivable
that working memory is influenced indirectly by the DA input to the BLA.
Although studies in animals have not yet tésted this hypothesis, one study
conducted in human subjects has found that engaging in a working memory task

elicits DA release in the amygdala (Fried et al., 2001).
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