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ABSTRACT

Functional heterogeneity in brain reward circuitry: Characterization of a
subpopulation of reward neurons linked to energy balance

Stephanie E. Fulton, Ph.D.
Concordia University, 2003

The neural circuitry that gives rise to the rewarding effects of goal-objects and goal-
directed behaviors can be directly studied with the use of brain stimulation reward
(BSR). Brief trains of electrical stimulation to some brain regions produces a highly

- rewarding effect that rats will learn to self-administer. Stimulation of some sites in the
lateral hypothalamus (LH) has been linked to the regulation of energy balance,
supporting the notion that brain reward circuitry is subdivided along functional lines.
Finding from the Master’s thesis showed that the rewarding effect of the stimulation
is enhanced by chronic food restriction and weight loss in some rats. In contrast, a
short-term period of food deprivation was unable to increase BSR in these same
subjects. The adipose hormone, leptin, mimicked the effect of fattening by opposing
the effect of food restriction on BSR. The present body of work examines whether the
neurons supporting BSR comprise functionally distinct subcomponents and
characterizes a subset of reward neurons that respond to weight loss and leptin.
Alterations in the reward effectiveness of LH stimulation were measured following
different manipulations of energy state by examining the willingness of the rat to
work (lever-press) for varying strengths of stimulation. The first set of experiments in
Chapter Two examines the contribution of some neuropeptides known to mediate the
actions of leptin on restriction-sensitive and -insensitive reward circuitry. The
divergent effect of corticotropin-releasing hormone (CRH) and agouti-related peptide
(AgRP) on BSR obtained at restriction-sensitive versus —insensitive sites further
suggests that there are separate subpopulations of reward neurons with distinct

neurochemical profiles. That CRH, AgRP, neuropeptide Y and melanin-concentrating



hormone largely fail to alter BSR at restriction-sensitive sites suggest that these
peptides are not involved in the modulation of BSR by food restriction. In Chapter
Three, the ability of food restriction to enhance BSR in a leptin-resistant rat strain
suggests that there may be other peripheral signals mediating the actions of weight
loss on restriction-sensitive reward circuitry. Finally, data presented in Chapter Four
demonstrate that the effect of food restriction on BSR is contingent on the placement
of the electrode amongst a functionally heterogeneous population of directly-activated
neurons. This evidence provides a basis for the distinction between restriction-
sensitive and -insensitive stimulation sites. Together, these data describe a
subcomponent of reward circuitry that carries reward signals relevant to the
maintenance of long-term energy balance. Unraveling the identity, function and
neurochemistry of these neurons will increase our understanding of the neural
mechanisms underlying body weight regulation and may shed light on the

development of metabolic disorders such as obesity.
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CHAPTER ONE

INTRODUCTION



We recognize pleasure as the first good innate in us, and from pleasure we
begin every act of choice and avoidance, and to pleasure we return again, using the
feeling as the standard by which we judge every good.

—Epicurus (342-270 BCE) [Letter to Menoeceus]

Epicurus’ advice to Menoeceus provides one of the first documented accounts
of the role of pleasure in behavior. This portrayal elegantly captures the idea of
pleasure as the experience that shapes our evaluations, guides our actions and
influences our future choices.

The degree of pleasure that we experience when coming into contact with an
object or when engaging in a particular behavior can dramatically influence our
approach or avoidance of that object or behavior in the future. Consider how a
delicious morsel of food propels you to take another bite or how a warm encounter
with a friend increases your desire to share time with that friend again. Pleasurable
feelings play a significant role in behavioral choice. For this reason, it is easy to
understand why a public eruption ensued from reports that the neural basis of
pleasure had been identified. The discovery by Olds and Milner (1954) that rats will
self-administer electrical stimulation to some regions of their brain was a remarkable
beginning to the study of the neural mechanisms of reward (“brain reward circuitry”).
The vigor and avidity displayed by rats when performing a task to obtain the
rewarding stimulation demonstrates just how powerful and arousing the effect of the
stimulation is. Rats will cross electrified grids (Olds, 1958) and forgo feeding in
conditions of starvation (Routtenberg & Lindy, 1965; Spies, 1965) in order to

maintain contact with the manipulator that triggers the stimulation. This phenomenon,



also known as brain stimulation reward (BSR), is considered to tap into the neural
circuitry that conveys the rewarding properties of natural stimuli and behaviors.

The term pleasure can refer to a complex experience that involves emotions
such as happiness, delight and enjoyment. These feelings can incorporate cognitive
processes that are difficult to evaluate and should not be implied in the study of non-
human animals. The term “reward”, on the other hand, is commonly used in the
scientific literature to refer to a more rudimentary and measurable quality of a
stimulus or behavior. Nonetheless, in much the same way that Epicurus discerned the
influence of pleasure on behavior, rewards too can be defined by certain temporal
features. As used here, rewards are goal-objects or goal-directed behaviors that (1)
bias an animal to continue ongoing actions, (2) increase the behaviors that lead to the
procurement and/or consumption of the reward (positive reinforcement) and (3) direct
future actions to result in further attainment of the reward.

Despite the complexity that surrounds the meaning of pleasure and its
relevance to the study of BSR, it is interesting that subjective reports from humans
receiving electrical stimulation to subcortical structures indicate that the stimulation
can induce feelings of pleasure (Bishop, Elder & Heath, 1963; Heath, 1964). In
response to stimulation of the septal area, patients would switch from prestimulation
expressions of sadness and despair to those of optimism and cheerfulness (Heath,
1964). Moreover, these early investigations in humans revealed that stimulation at
different loci could elicit distinct subjective reports. In one patient, septal stimulation
was continually associated with positive reports of sexual experiences, both past and

anticipated. In contrast, the same patient reported no sexual motive when stimulation



was delivered to the lateral hypothalamus (LH), instead he reported “this is a good
feeling” and asked that the stimulation be repeated several times (Heath, 1964). These
rare observations in humans provide some of the first suggestions that brain reward
circuitry may be subdivided along functional lines.

What is the meaning of the signal produced by the rewarding stimulation? This
is one of the long-standing questions in research on BSR. Since the discovery of BSR,
there has been an extensive line of research directed towards understanding the
identity, characteristics and function of the neurons that give rise to the rewarding
effect of the stimulation. On the basis of these studies, there have been several
different hypotheses and speculations with respect to the functional nature of reward
circuitry. One fundamental postulate divides researchers in the area into one of two
factions: (1) those subscribing to the notion that the reward substrate is composed of a
functionally heterogeneous population of neurons and (2) those that view the reward
substrate as functionally homogeneous. For researchers that support the first position,
the rewarding eftfect of stimulating some sites is related to energy balance, whereas at
other sites, BSR is linked to other homeostatic systems or behaviors. Members of the
opposing group, however, believe that the rewarding effect of the stimulation is non-
specific and that signals related to physiological and reproductive needs provide input
to a uniform reward path at points upstream. Until recently, there has been no direct
evidence in support of either of these hypotheses.

The data presented herein build upon a set of findings I obtained for the
Master’s thesis (published article in Appendix) describing the modulation of BSR by

manipulations of energy balance. The first experiment replicates previous findings by



showing that chronic food restriction and body weight loss can enhance the rewarding
effect of the stimulation at some sites in the LH (Fulton, Woodside & Shizgal, 2000).
In contrast, an acute period of food deprivation had relatively little effect on BSR
obtained from the same stimulation sites. Central administration of the adiposity
hormone, leptin, attenuated BSR but only at stimulation sites that were sensitive to
food restriction and weight loss. These earlier findings suggest that there are at least
two, functionally specific subpopulations of reward neurons that can be activated by
stimulating the LH and one of these subpopulations is modulated by changes in long-
term energy signals.

Whether leptin modulates the neural substrate of BSR directly or by effects on
other mediators is not clear. A growing number of signaling molecules have been
implicated as downstream mediators of leptin’s effects on energy balance, three
studies presented in Chapter Two set out to examine the contribution of some of these
neuropeptides to this unique component of reward circuitry (Fulton, Richard,
Woodside & Shizgal, 2002; Fulton, Woodside & Shizgal, 2002). The results of these
studies are compared to what we have learned from research investigating the
behavioral and biological basis of energy balance to help provide some functional
interpretation of the reward neurons that are sensitive to alterations in long-term
energy stores. In Chapter Three, data on the effects of long- and short-term energy
signaling on BSR in a genetically obese rat strain are presented (Fulton, Richard,
Woodside & Shizgal, 2003). These strains are particularly relevant to the current
studies because the obese Zucker rat shows potentiated responses to manipulation of

food availability including acute fasts. If the difference in effect on BSR of food



deprivation and food restriction that we observed in lean rats were a reflection of the
relative intensity of the two food manipulations then one might expect to see
differential effects of food deprivation in the obese and lean. Zucker rats. In addition,
given the profound resistance to circulating leptin and insulin in the obese Zucker rat,
the ability of food restriction to potentiate BSR in this model suggests additional
peripheral signals may link fat stores to restriction-sensitive reward circuitry. The
final set of data presented in Chapter Four provide direct evidence for functional
partitioning amongst the neurons responsible for BSR by showing differing effects of
food restriction on BSR obtained at different stimulation sites in the same subject
(Fulton, Woodside & Shizgal, 2002). Further, the activity of the restriction-sensitive
subset of reward neurons is shown to vary along with changes in body weight.
Together, this work lays down an initial framework for a neural network sub serving
BSR that comprises functionally specific pathways. Moreover, this research offers
interesting insights into the neural mechanisms underlying energy balance and
demonstrates how BSR can serve as a useful tool for mapping reward-relevant
components of the energy balance system.

Before presenting the findings, I will review some fundamentals of BSR and

discuss the background research that has provided the rationale for this body of work.

1.1. Attributes of BSR

Rewarding self-stimulation is obtained from electrodes located in many brain

regions, ranging from the orbito-frontal cortex to the brainstem. However, particularly



robust self-stimulation behavior can be obtained with stimulating electrodes ranging
from the basal septum all along the medial forebrain bundle (MFB) and into the
midbrain extension of the MFB (Corbett & Wise, 1979, 1980; Olds & Olds, 1963).
The MFB is a dense bundle of fibers with 50 or more components that courses
rostrally and caudally through the forebrain (Nieuwenhuys, Geeraedts, & Veening,
1982). The stimulation can activate local cell bodies, fibers of passage and distant cell
bodies and terminals, thus it is not known which of the many pathways coursing
through the MFB are responsible for the rewarding effect of the stimulation.
Nonetheless, much progress has been made in narrowing down the neurons which
give rise to BSR. This work will be described in the next section.

To understand how BSR can be used as a tool to investigate reward circuitry,
it is essential to know how the neurons surrounding the tip of the electrode are
affected by the electrical stimulus. First, it is important to realize that which neurons
are recruited by the stimulation depends on their density (Rompre & Miliaressis,
1985) as well as their excitability. Some control over which neurons get activated and
to what extent can be exerted by manipulating parameters of the electrical stimulus. In
the majority of BSR studies, the stimulation consists of trains of short-duration pulses
of cathodal current. With these two parameters (train and pulse duration) held
constant, the strength of the stimulation is determined by the current (pulse
amplitude) and the number of stimulation pulses (frequency). The number of directly
stimulated neuron recruited depends jointly on the current and the pulse duration.
Over the range of stimulation frequencies used in most studies, each stimulation pulse

evokes one action potential.



These attributes of BSR are captured in the “counter model” (Gallistel, 1978;
Gallistel, Shizgal & Yeomans, 1981). Based on the assumption that one pulse evokes
one action potential, the counter model states that the aggregate rate of firing
produced by stimulating a population of neurons equals the number of times a neuron
is fired (frequency) multiplied by the number of neurons being fired (determined by
the current). Thus, it does not matter whether 100 neurons are fired 20 times or
whether 50 neurons are fired 40 times, the aggregate output of the stimulated neurons
is the same. The aggregate firing rate of a sub-population of reward neurons within a
fixed time-frame is considered to provide input to an integrator that combines the
effects of the action potentials over time and space to provide a subjective magnitude
of reward. In the view of Shizgal (1999), it is the output of this integrator that is the
sole determinant of “instantaneous utility”, which influences an animal to either

continue or terminate a particular action.

1.2. The search for the neurons responsible for BSR

1.2.1. Physiology foretold

An enduring goal amongst researchers of BSR is to identify the neurons
responsible for the rewarding effect of the stimulation. If we are to understand the
neural substrates that underlie motivation for natural rewards, it is crucial that this
objective be met. Given that vigorous low-threshold self-stimulation is found along
the MFB, there is reason to think that among those activated MFB fibers are those

that generate the rewarding signal.



The search for the fibers responsible for BSR has been narrowed by the use of
psychophysically-based methods that can characterize these fibers in terms of their
refractory periods and conduction velocity (Yeomans,1975; Shizgal et al., 1980). The
refractory period of a neuron is determined by measuring the time interval required
between two stimulation pulses in order for both pulses to elicit action potentials in a
subset of neurons. Specifically, a conditioning (C) stimulation pulse is delivered
through the electrode followed by a test (T) pulse from the same electrode, and if the
T pulse is delivered while the axons are still refractory then the T pulse does not
evoke an action potential. When refractory period information is obtained, one can
then use the collision technique to infer the conduction velocity and trajectory of
these neurons (Bielajew & Shizgal, 1982; Shizgal, Bielajew, Corbett, Skelton &
Yeomans, 1980; Shizgal & Murray, 1994). In short, this is done by delivering pulses
from two separate electrodes that are located in different areas and inferring whether
the action potentials evoked from the pulse pair meet and cancel each other out. Thus,
the signals that are generated in those fibers that are common to both fields of
stimulation will collide. The conduction velocity of the fibers can then be estimated
by dividing the distance between the two electrodes by the conduction time between
electrodes.

On the basis of paired-pulse data estimating refractory periods and conduction
velocity, we know that BSR obtained from some sites in the lateral hypothalamic
MFB depends upon the direct activation of small-diameter, myelinated fibers
(Yeomans, 1975, 1979; (Shizgal, Bielajew, Corbett, Skelton, & Yeomans, 1980);

Schenk & Shizgal, 1982; Bielajew & Shizgal, 1982). According to the results of



collision studies, there is evidence for a fiber bundle that projects between the LH and
ventral tegmental area (VTA) (Bielajew and Shizgal, 1982, 1986) and a bundle that
projects between the lateral preoptic area and L.H (Bielajew, Konkle, Fouriezos,
Boucher-Thrasher & Schindler, 2001). The direction of conduction in at least some of
the LH-VTA fibers has been inferred as rostrocaudal by using a related blocking
technique (Bielajew & Shizgal, 1986). In support of these findings, single-unit
recording studies have found neurons in the basal forebrain that conduct in a
rostrocaudal manner and that have physiological properties corresponding to those
inferred psychophysically (Murray & Shizgal, 1996; Rompré & Shizgal, 1986;
Shizgal, Schindler & Rompré, 1989).

The above mentioned findings have narrowed down the potential candidate
neurons responsible for the rewarding effect of the stimulation. One group of cells
that has been sufficiently ruled out as the directly stimulated substrate is the
mesolimbic dopamine neurons. Several studies have documented the ability of
dopaminergic manipulations to alter thresholds for BSR (Colle & Wise, 1988;
Conover, Oda & Shizgal, 1999; Gallistel, Boytim, Gomita & Klebanoff, 1982;
Gallistel & Freyd, 1987), and thus it was once thought that direct activation of
dopamine neurons plays a role in generating the reward signal. However, the MFB
axons of the mesolimbic dopamine system are unmyelinated, have high thresholds,
relatively long refractory periods and low conduction velocities and therefore, do not
match the criteria established by psychophysical and electrophysiology studies.

1.2.2. Lessons from lesion studies

10



Evidence from psychophysical and unit recording studies has delineated some
physiological properties of neurons giving rise to BSR, however there are likely
several candidates that fit the established criteria. For this reason, lesion studies are
indispensable for determining the contribution of cell groups to the rewarding effect
of the stimulation. In cases where damage to a particular area produces a long-lasting
decrease in the rewarding impact of the stimulation we can assume that cell bodies,
terminals and/or fibers of passage once located in the lesioned region contribute to the
rewarding effect of the stimulation.

As summarized in the previous section, there is evidence that at least some of
the directly activated neurons conduct in a rostrocaudal direction. These data have
been taken to suggest that some of the cell bodies responsible for the rewarding effect
of the stimulation are located in the forebrain and send projections down through the
MFB in a rostrocaudal manner. This view has come to be known as the “descending
path” hypothesis of MFB self-stimulation.

In some studies, lesions producing extensive damage to forebrain areas have
not severely disrupted MFB self-stimulation. For example, in cases where the most of
the forebrain rostral to bregma was removed reductions in the rewarding effect of
MFB stimulation were only modest (Colle & Wise, 1987). Nonetheless, there are
several other lines of evidence supporting the idea that there are neurons in the basal
forebrain that generate reward signals. Damage to MFB projection systems between
the LPOA and LH can substantially reduce the rewarding effect of MFB stimulation
(Arvanitogiannis, Waraczynski & Shizgal, 1996; Murray & Shizgal, 1991, 1996;

Waraczynski, 1988). Some of the largest reductions in the reward effectiveness of the



stimulation reported in lesion studies were produced with damage to the LPOA and
surrounding regions, including the sublenticular-extended amygdale (SLEA) and
anterior LH (Arvanitogiannis et al., 1996). Further evidence implicating components
of the extended amygdala (EA) in the rewarding MFB stimulation come from a recent
study by Waraczynski (2003). Lidocaine-induced inactivation of central EA structures
such as the lateral bed nucleus of the stria terminalis (BNST), central SLEA and the
interstitial nucleus of the posterior limb of the anterior commissure substantially
reduced the rewarding effect of the stimulation. However, since BSR is elicited by
artificial activation of axons, lidocaine-induced impairments of BSR could be due to
inactivation of axonal segments. For this reason, it is possible that reward-relevant
cell bodies lie at sites caudal to the stimulating electrode, thus supporting an
ascending path hypothesis

Given that larger behavioral effects were not seen in the studies mentioned
above it is possible that there are additional cell populations that contribute to
rewarding MFB stimulation. In support of the idea that multiple cell groups contribute
to the rewarding effect of MFB stimulation, Gallistel and coworkers (1996) found that
lesions and knife cuts caudal to the site of MFB stimulation, near the VTA, produce
impairments in BSR larger than those obtained with lesions to the anterior LH, rostral
to the stimulating electrode (Gallistel, Leon, Lim, Sim & Waraczynski, 1996). This
finding has been taken to suggest that reward neurons are more concentrated in the
caudal hypothalamus and anterior ventral tegmentum than in the rostral hypothalamus
(Gallistel et al., 1996). Yet other evidence suggests the possibility of axons arising

from cerebellum (Acheson, Waraczynski, & Perkins, 2000) and the midbrain

12



retrorubral fields (Waraczynski & Perkins, 2000) as contributors to the reward signal
elicited by MFB stimulation.

In summary, when reviewing the literature on the impact of lesions to alter the
rewarding effect of MFB stimulation, it appears as though damage or inactivation of
structures residing in the forebrain, midbrain, hindbrain and cerebellum can impair
MFB stimulation. Experiments demonstrating the impact of lesions or inactivation to
midbrain or hindbrain structures on MFB self-stimulation do not discount the notion
of a descending path because it has not been determined whether cell bodies, axons or
terminals of a damaged or inactivated region contribute to the reward signal induced
by MFB stimulation. Thus, damage to structures caudal to an MFB stimulating
electrode may be destroying the projections or terminal fields of forebrain neurons.

Arvanitogiannis and colleagues (1996) proposed a model for the contribution
multiple subpopulations of neurons that are responsible for the rewarding effect of
MEFB stimulation. In their view, differences in the placement of stimulating electrodes
in the MFB may be a large source of variability across studies and subjects with
respect to the effectiveness of lesions to impair MFB stimulation. This hypothesis
deserves serious consideration in light of some findings to be presented in Chapter
Four. Slight variations in the placement of the stimulating electrode in the LH can
affect the sensitivity of BSR to food restriction and weight loss (Fulton, Woodside
and Shizgal, 2002). These data provide evidence for functionally separate
subpopulations of reward-relevant fibers. With this in mind, the degree to which a

particular lesion reduces the reward effectiveness of the stimulation would depend on
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the alignment of the damaged region to the specific composition of neurons directly
activated by the electrode.

As will be discussed in the following section, the notion that the substrate for
BSR is functionally subdivided was born out of an early body of work relating the
reward signal produced by the electrical stimulus to neural signals governing natural
rewards. These studies provided the groundwork for the investigations to be presented

here.

1.3. Relationship between BSR and energy balance

It is a wonder that artificial activation of neurons at the tip of the electrode can
produce a meaningful signal, but the fact that animals will learn to self-administer the
rewarding stimulation is evidence that the exogenous electrical signal can be
incorporated and processed in an orderly manner. Since it inception, BSR has been
used as a tool to investigate the natural function of the underlying circuitry. Out of the
early observations showing that rats would continuously self-stimulate the LH while
forgoing physiological needs, such as feeding and drinking, grew the idea that the
stimulation tapped into the neural circuitry subserving natural rewards (Olds, 1958;
1962; Spies, 1965; Routtenberg & Lindy, 1965)

A considerable amount of data published around the time that BSR was
discovered likely inspired the idea that stimulation of the LH specifically signals the
rewarding properties of food. A landmark study by Anand and Brobeck in 1951

showed that bilateral electrolytic lesions of the LH resulted in a profound decrease in



food and water intake and a resulting drop in body weight. Thereafter, similar
findings documented the consistent symptomology of LH electrolytic lesions
(Oltmans & Harvey, 1972; Teitelbaum and Stellar, 1954), which collectively became
known as the LH syndrome. Together, these studies encouraged the notion of the LH
as a “feeding center” (Bernardis & Bellinger, 1996).

In addition to the lesion data implicating the LH in feeding, several studies
demonstrated that long trains of electrical stimulation at LH sites could elicit a drive-
like state by inducing feeding when given in the presence of food (Delgado & Anand,
1954). This phenomenon called “stimulation-induced feeding” was mapped
throughout the LH, with the most sensitive sites shown to be located in the
perifornical area (Hernandez and Hoebel, 1989; Murzi, Hernandez & Hoebel, 1986;
Roberts, 1980). More convincingly, stimulation-induced feeding and self-stimulation
could be obtained from the same electrode (Coons & Cruce, 1968; Hoebel &
Teitelbaum, 1962). Subsequent research however, failed to support the notion that
signal was specific to feeding by showing that the electrical stimulus could also elicit
drinking, gnawing or sexual activity (Valenstein, Cox, Kakolewski, 1968; Valenstein
& Cox, 1970). The initial response to the stimulation was maintained as long the
sensory stimuli relevant to the particular behavior was present (Huang & Mogenson,
1972). These findings support the idea that the signal generated by the stimulation is
non-specific and that it produces an active state in which animals learn to respond to
objects in their environment (Fray, Koob & Iversen, 1982).

Despite the ambiguous findings in the stimulation-induced feeding literature,

the notion that LH stimulation mimics the rewarding properties of food was upheld by
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reports that LH self-stimulation can be modulated by manipulation of energy balance.
Using conventional rate measures, self-stimulation of the LH was shown to increase
in response to acute food deprivation (Carey, Goodall & Lorens, 1970; Deutsch &
DiChiara, 1967; Margules & Olds, 1962) and chronic food restriction resulting in
weight loss (Blundell & Herberg, 1968). In addition, the potentiating effects of acute
food deprivation (Goldstein, Hill & Templer, 1970, Frutiger, 1986) and chronic food
restriction (Blundell & Herberg, 1968) have been observed at stimulation sites that
elicit stimulation-induced feeding. In a manner resembling its influence on food
intake, force feeding and spontaneous meal consumption suppressed LH self-
stimulation rates (Hoebel, 1968; Hoebel & Thompson, 1969). On the basis of these
results, it was suggested that the reward signal induced by the stimulation is similar to
the signal conveying the rewarding properties of food (Hoebel & Thompson, 1969;
Olds, 1977).

In the studies described above, changes in the reward effectiveness of the
stimulation were inferred from alterations in the rate of self-stimulation. For example,
an increase in the self-stimulation rate of the animal was assumed to reflect an
increase in the reward effectiveness of the stimulation. By themselves, rate measures
are not able to distinguish changes in the performance capability that can occur in
response to a manipulation from alterations in the rewarding effect of the stimulation.
The curve-shift paradigm, on the other hand, provides just such a dissociation
(Edmonds & Gallistel, 1974; Miliaressis, Rompre, Laviolette, Philippe & Coulombe,
1986). The curve-shift approach examines responding over a range of stimulation

frequencies that drive response rates from minimal to maximal (asymptotic) levels. A
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plot of the resulting data on a logarithmic frequency axis yields a curve roughly
sigmoidal in form (Fig. 1). Lateral shifts in the curve are presumed to
correspond to a change in the rewarding impact of the stimulation whereas a
horizontal shift in the upper asymptote is thought to reflect alterations in factors
affecting the performance of the animal.

Studies employing the curve-shift method to measure changes in the reward
effectiveness of the stimulation have yielded different results from those obtained
using rate measures. An acute period of food deprivation substantially increases food
consumption, however, it has been shown to have little or no effect on rate-frequency
thresholds for BSR in some cases (Fulton et al., 2000; Fulton et al., 2001; Giovino
and Wise, 1986) while having an effect in others (Rossi and Panksepp, 1985). In
addition, food intake is elevated in response to a glucoprivic state induced by
peripheral 2-deoxyglucose (2-DG) administration (Smith and Epstein, 1969), yet, 2-
DG has been reported to suppress BSR obtained at anterior LH sites (Frutiger and
Drinkwine, 1992) or have no effect on the rewarding stimulation at posterior LH sites
(Cabeza de Vaca et al., 1998). In summary, models that propose that rewarding LH
stimulation is analogous to food reward are faced with the paradoxical findings that
manipulations that dramatically increase food intake largely fail to alter BSR in a
similar manner.

An elegant series of studies from Conover and colleagues (1994) provide compelling
evidence that the reward signal induced by LH stimulation is quite different from the
signal generated by a rewarding piece of food. In one experiment, they determined the

effect of postingestive feedback on the value of intraoral sucrose and LH stimulation
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Figure 1.1. Rate-frequency curve. Number of rewards earned (behavioral output)
grows as the stimulation frequency (number of pulses in log;, units) is increased over
a particular range. A threshold in this case is defined as the stimulation frequency
required to maintain half-maximal rewards earned (M-50).
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(Conover & Shizgal, 1994b). Rats were given a choice between LH stimulation,
which varied in intensity from trial to trial, and either a sucrose reward alone or a
compound reward consisting of sucrose plus a fixed train of stimulation. Conover et
al. found that BSR remained stable as the sucrose solution accumulated in the gut,
whereas responding for the compound reward was substantially suppressed. In a
similar study, the impact of sodium depletion on the preference for a saline solution
versus LH stimulation was assessed (Conover, Woodside & Shizgal, 1994). The
authors found that negative sodium balance did not augment the value of the
stimulation as it did the value of the saline reward. These results suggest that
gastrointestinal signals that modulate short-term food intake and signals pertaining to
negative sodium balance exert their effect upstream from the point where the
rewarding effect of LH stimulation converges with the rewarding effect of saline or
sucrose.

While Conover and Shizgal’s postingestive feedback experiment demonstrated
important differences between food and LH stimulation, other evidence derived from
their work illustrates that gustatory stimuli and LH stimulation share something in
common (Conover and Shizgal, 1994a). In a forced-choice preference paradigm, rats
could choose between the two rewards in a manner that implied that the gustatory
stimuli and the electrical stimulation were being evaluated along a common
dimension. This common scale of evaluation is an essential antecedent of choice
among goals with multidimensional properties. It represents a point where the
different properties of goals are reduced to a single, common dimension. The “general

currency” exists to allow choice among many alternatives, whereas there must also be
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local currencies which compute the value of specific goods such as food and water
(Shizgal, 1998). As proposed by Shizgal, such a configuration, consisting of multiple
stages of local currency evaluations specific to feeding and energy balance, would be
an orderly way for the brain to process and evaluate the multiple properties of food
stimuli so as to meet energy requirements.

Findings from several studies suggest that the stimulation of certain LH sites
activates a stage of reward circuitry that contributes to the long-term regulation of
energy balance. Early investigations of Blundell and Herberg (1968) showed that
response rates for rewarding LH stimulation were increased by chronic food
restriction and body weight loss only when the stimulating electrodes were located in
the perifornical region of the LH. Using frequency thresholds to measure changes in
BSR over a 3 week period of food restriction, Carr and Wolinsky (1993) found
similar results. In rats with stimulating electrodes in the perifornical region of the LH,
but not in rats with electrodes in the zona incerta or ventral hypothalamus, the
rewarding effect of the stimulation was enhanced by food restriction and weight loss.
Moreover, these authors found thresholds for BSR to vary as a function of body
weight when the stimulating electrode was located in the perifornical area.
Interestingly, in the same study the authors show that the potentiation of BSR by food
restriction can be reversed by intraventricular injection of the non-selective opioid
antagonist, naltrexone. The modulation of BSR by weight loss at some LH
stimulation sites has been replicated several times by Carr and colleagues using
frequency threshold (Carr and Papadouka, 1994) and rate-frequency measures

(Abrahamsen, Berman & Carr, 1995; Abrahamsen & Carr, 1996; Cabeza de Vaca,
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Holiman & Carr, 1998; Carr, 1996, Carr, Kim & Cabeza de Vaca, 2000) to evaluate
changes in BSR. These data are consistent with the view that stimulation of the LH
can activate at least two subpopulations of reward neurons and that one of these
subpopulations is linked to the regulation of body weight.

In summary, studies using frequency threshold or rate-frequency measures
largely reveal that the modulation of LH self-stimulation by homeostatic challenges
depends on the nature of the energy state being manipulated: Long-term signals
related to body weight loss appear to enhance the rewarding stimulation at a subset of
stimulation sites. To understand how the modulation of BSR could be linked
exclusively to long-term regulatory signals, it is necessary to describe the widely-

accepted distinction between short- and long-term energy balance.

1.3.1. Short- and long-term peripheral signals controlling energy balance
Research over recent years has substantially advanced our understanding of
the distinct mechanisms regulating short- and long-term energy balance (Havel, 2001;
Saper, Chou & Elmquist, 2002; Schwartz, Woods, Porte, Seeley & Baskin, 2000). To
ensure that nutritional needs are met, the brain must have circuitry that senses nutrient
levels to affect feeding and energy expenditure. During a meal, the ingestion of food
induces a suppression of hunger that leads to the termination of eating, this process is
referred to as satiation. Signals in the gastrointestinal (GI) tract and liver act primarily
to stimulate food intake and limit meal size in the short-run. Cholecystokinin (CCK),
glucagons-like peptide-1 (GLP-1), ghrelin and peptide YY (PYY) are released from

the GI tract in response to nutrient availability and target mediators in the CNS to
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affect appetite and meal size (Saper, Chou & Elmquist, 2002). In addition, stretch
receptors and chemoreceptors are activated by nutrients in the stomach and small
intestine to reduce meal size by sending signals to the brain via vagal afferents. In
accordance with nutrient levels the liver releases glucose and ketones to alter food
intake and energy expenditure. These short-term signals themselves do not produce
sustained alterations in energy intake and adiposity.

Body weight remains relatively constant over time. One explanation for this is
that the adipose mass is sensed by the brain and leads to appropriate alterations in
energy intake and expenditure. Early investigations in surgically joined parabiotic
rodents revealed that there are circulating factors that affect food intake and body
adiposity over a prolonged period of time. In cases where genetically obese mice
(ob/ob) mice were surgically linked to lean mice, ob/ob mice reduced their food
consumption and gradually lost weight (Coleman, 1973). This finding implied the
existence of a blood-born factor, not present in 0b/ob mice, that affects food intake
and energy expenditure to regulate the size of the adipose mass.

In 1994, Zhang and colleagues identified the mutation responsible for obesity
in the ob/0b mouse (Zhang, Proenca, Maffei, Barone, Leopold & Friedman, 1994).
The long sought-after circulating factor was given the name leptin, derived from the
Greek word leptos, meaning thin. Leptin is the protein-product of the obesity gene
- (ob). Synthesized and released by white adipose cells, leptin circulates in direct
proportion to the amount of white adipose tissue ( Maffei, Halaas, Ravussin, Pratley,
Lee, Zhang, Fei, Kim, Lallone, Ranganathan & al., 1995). Genetic abnormalities

resulting in the lack of leptin (0b/0b) or lack of functional leptin signaling at its
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receptor in mice (db/db) or rats (fa/fa) results in hyperphagia and obesity. It was soon
discovered that leptin replacement in 0b/0b mice could correct the behavioral,
metabolic and autonomic abnormalities associated with lack of leptin (Campfield,
Smith, Guisez, Devos, & Burn, 1995; Halaas, Gajiwala, Maffei, Cohen, Chalt,
Rabinowitz, Lallone, Vurley & Friedmen, 1995; Pellymounter, Cullen, Baker, Hecht,
Winters, Boone & Collins, 1995). Central or peripheral administration of leptin
decreases food intake and increases energy expenditure (Campfield, Smith, Gulsez,
Devos & Burn, 1995). Upon accessing the brain, leptin binds to the long-form of its
receptor (Ob-Rb) which is found in several brain sites, including the hypothalamus
and hindbrain (Mercer, Hoggard, Williams, Lawrence, Hannah, Morgan, Trayhurn,
1996; Schwartz, Seeley, Campfield, Burn & Baskin, 1996). Via its actions at
hypothalamic and hindbrain neurons, leptin modulates the release of a variety of
neuropeptides known to mediate its influence on feeding and energy expenditure
(Schwartz, Woods, Porte, Seeley & Baskin, 2000).

Insulin is another hormone that circulates in proportion to body fat and thus
fulfills the criterion for an adiposity signal (Bagdade, Bierman & Porte, 1967; Woods
& Seeley, 2000). Like leptin, insulin receptors are expressed on neurons implicated
in energy balance (Baskin, Wilcox, Figlewicz & Dorsa, 1988) and central insulin
administration reduces food intake (Woods, Lotter, McKay, Porte, 1979). In addition
to the long-term regulatory control exerted by leptin and insulin, these two hormones
also exert meal-to-meal influences on energy balance. In response to increased
glucose levels, insulin is secreted from pancreatic B-cells to ensure that normal

glucose homeostasis is met. Elevated glucose levels also result in increased adipocyte
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glucose metabolism to cause a release of leptin. These transient increases in leptin and
insulin are hypothesized to promote satiation and increase energy expenditure. In a
converse manner, and more vital to the survival of species during conditions of low
food availability, deficiency in leptin and insulin during negative energy balance
serves to stimulate food intake and decrease energy expenditure (Ahima, Prabakaran,
Mantzoros, Qu, Lowell, Maratos-Flier & Flier, 1996; Spiegelman & Flier, 2001).

In conclusion, research has delineated different mechanisms and signaling
molecules controlling short- and long-term energy balance. In the short-run, signals
from the gastrointestinal tract, liver, pancreas and adipose tissue are released to affect
meal initiation, termination and size. There have been inconsistent findings with
respect to the ability of acute energy signals to alter BSR obtained from LH sites.
Rather, signals associated with the regulation of long-term energy stores, principally
the adipose mass, seem important for the potentiation of BSR by chronic food
restriction and weight loss at a subset of stimulation sites. Thus, it stands to reason
that understanding the different signaling molecules and processes regulating short-
and long-term energy states will shed some light on the neurochemical and functional
nature of reward circuitry linked to energy balance.

Still much remains to be elucidated with respect to the regulation of genes,
peptides, neurotransmitters and receptor substrates in the CNS by peripheral signals.
For instance, little is known about how hormones, such as leptin and insulin, can
serve as both short- and long-term energy feedback signals to the brain. More
germane to the present body of work is the question of which neural processes give

rise to the behaviors that are an integral aspect of energy input and a major
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component of energy output? Given that reward signals are an antecedent to
behavioral choice, identifying the neural mechanisms that give rise to the rewarding
properties of stimuli and behaviors has large implications for understanding energy
balance. An important goal in this light is to tease apart the various subdivisions of
brain reward circuitry pertaining to different objects and behaviors contributing to

energy balance.

1.3.2. Linking fat stores to brain reward circuitry: A role for leptin

The enhancement of BSR by chronic food restriction and weight loss obtained
by stimulating some sites in the LH suggests that there are peripheral signals
reflecting adiposity that enter the brain to modulate a component of reward circuitry.
The adiposity hormone leptin represents an ideal candidate mediator in the effects of
weight loss on BSR, since both central and peripheral leptin levels reflect the amount
of adipose tissue. During states of negative energy balance leptin release is
diminished (Maffei et al., 1995; Ahima, Prabakaran, Mantzoros, Qu, Lowell,
Maratos-Flier & Flier, 1996). Deficiency in circulating leptin has been proposed to
serve a much more adaptive role when energy stores are low by stimulating food
intake and decreasing energy expenditure (Ahima et al., 1996).

A series of experiment described in my Master’s thesis (see Appendix) tested
the hypothesis that leptin may be contributing to the modulation of BSR by food
restriction. As others have reported previously (e.g., Blundell & Herberg, 1968; Carr
and Wolinsky, 1993), we found that BSR was enhanced by chronic restriction in a

subset of subjects: In 5 out of the 10 subjects, the rewarding effect was “restriction-

25



sensitive;” it was enhanced by ~25% weight loss. In the remaining rats, the rewarding
effect was “restriction-insensitive;” there were no reliable changes in BSR following
weight loss (Appendix, Fig.1). Intraventricular administration of leptin attenuated the
rewarding impact of the stimulation but only in rats in which the rewarding impact of
the stimulation was restriction-sensitive (Appendix, Fig. 2). In contrast, at restriction-
insensitive sites central leptin injection had an opposite effect in 3 out the 4 rats
tested: it potentiated the rewarding impact of the stimulation. The contrasting actions
of leptin on restriction-sensitive and —insensitive reward circuitry suggest that there
may be at least two separate subpopulations of reward neurons with distinct
neurochemical profiles.

Despite the data describing changes in the rewarding effect of the stimulation
by weight loss and the adiposity hormone leptin, it remained unclear whether
depletion of long-term energy stores was crucial to the modulation of restriction-
sensitive reward circuitry. As rats were fed their daily allotment of food following the
completion of the BSR session, it was possible that the influence of food restriction
on BSR was due to the actions of a daily acute fast. To explore the contribution of
acute fasting to restriction-sensitive reward circuitry we assessed the influence of 48
hour food deprivation on LH-self-stimulation in the same group of rats in which the
rewarding effect of the stimulation was either restriction-sensitive or —insensitive.
Even though rats were deprived of food for a relatively long time, there was little or
no change in the rewarding effect of the stimulation at all sites tested. Thus, it appears

as though the facilitation of BSR obtained at restriction-sensitive sites depends on
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alterations in long-term energy signals rather than fluctuation in signals relaying
information about short-term energy stores.

This earlier body of work introduces several interesting questions: (1) How is
leptin altering the rewarding effect of BSR obtained at restriction-sensitive and -
insensitive stimulation sites? There are several candidate neuropeptides that are
known to mediate leptin’s actions on feeding and energy expenditure - could any
these neuropeptides be involved in the influence of food restriction and leptin on
BSR? (2) Are there additional circulating signals that tie changes in long-term energy
stores to restriction-sensitive reward circuitry? The obese Zucker rat develops
resistance to circulating leptin and thus, provides a good model for assessing how
impairments in central leptin signaling affect the ability of food restriction to
modulate BSR. (3) Is reward circuitry subdivided along functional lines or are the
variations between rats with respect to the influence of food restriction on BSR solely
due to individual differences? If we are to fully comprehend the neurobiological basis
of reward, including how and where the rewarding effects of different stimuli and
behaviors are processed, it is essential that we understand how brain reward circuitry

is organized.

1.4. Summary

The neural circuitry that confers the rewarding properties of goal objects and
goal-directed behavior can be activated and studied by means of electrical brain
stimulation reward. In one view, the neurons that give rise to the rewarding effect of

the stimulation are comprised of multiple subpopulations, each of which is
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functionally and anatomically distinct. In another view, the reward substrate is
functionally homogeneous, and signals reflecting specific physiological needs exert
their impact at a point upstream from the reward substrate. The identity of the neurons
that carry the reward signal has yet to be elucidated however, some physiological
attributes of a subset of the directly activated neurons have been established.
Moreover, lesion studies have identified brain regions that contribute to the rewarding
effect of stimulating MFB sites. The results of some of these lesion studies suggest
that there may be multiple subpopulations of reward neurons. This notion is also
supported by data showing that chronic food restriction and weight loss can potentiate
the rewarding impact of the stimulation only at a subset of stimulation sites. In
addition, leptin, the protein-product of the obesity gene, was shown to reverse the
potentiation of BSR by weight loss. This evidence suggests that there is a subdivision

of reward circuitry linked to long-term regulatory signals controlling body weight.

28



CHAPTER TWO

It is not clear whether leptin alters reward circuitry directly or via its effect on
other neural mediators. It is well known that leptin targets several neuropeptides in
the hypothalamus and hindbrain to alter food intake and energy expenditure. The next
three studies examine the contribution of some of these neuropeptides to the
rewarding effect obtained at restriction-sensitive and —insensitive sites. As we have
found previously, the effect of leptin was contingent on the whether or not food
restriction potentiates the rewarding effect of the stimulation. Thus, the influence of
each neuropeptide was assessed in rats that were either sensitive or insensitive to the

influence of chronic food restriction on BSR.
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2.1. INTERACTION OF CRH AND ENERGY BALANCE IN THE
MODULATION OF BRAIN STIMULATION REWARD

Weight loss due to chronic food restriction enhances the rewarding effect
produced by electrical stimulation of certain sites in the lateral hypothalamus (LH)
(Blundell & Herberg, 1968; Carr & Wolinsky, 1993; Fulton, Woodside & ‘Shizgal,
2000; Fulton, Woodside & Shizgal, 2002) but fails to alter the rewarding effect of
stimulating neighboring LH sites. Thus, manipulation of energy stores appears to
exert a modulatory influence on signals arising in a sub-population of reward-related
neurons. Given that activation of reward-relevant neurons has been implicated in the
control of goal-directed behavior, variations in energy states may influence choice
among goal objects by modulating the activity of this sub-population of neurons
(Shizgal, Fulton & Woodside, 2001). If so, molecules involved in signaling the state
of energy reserves to central circuitry would be expected to alter the rewarding impact

of these restriction-sensitive neurons.

In support of this hypothesis, we have recently shown that intraventricular
administration of leptin, the protein-product of the obesity gene, decreases the reward
efficacy of LH stimulation at restriction-sensitive sites but not at restriction-
insensitive sites (Fulton et al., 2000). Thus it appears that leptin reduces the impact of
stimulating the restriction-sensitive sub-population and may contribute to coupling
the state of peripheral fat stores to the sensitivity of the restriction-sensitive pathway.
In contrast to the effects of chronic food restriction and leptin administration,

reduction of metabolic fuel availability (Cabeza de Vaca, Holiman & Carr, 1998) or
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short-term food deprivation (Fulton et al., 2000) fails to change the rewarding effect
of stimulating restriction-sensitive neurons. Thus, only a subset of challenges to
energy balance, likely those that modify long-term signals, are capable of modulating

this pathway.

The identification of leptin looms large among recent discoveries concerning
hormones, neuropeptides, and neural pathways that contribute to the regulation of
food intake and energy balance. This hormone, which is produced principally in
adipocytes, is implicated in the control of feeding, energy expenditure, and
reproduction (Campfield, Smith, Guisez, Devos, & Burn, 1995; Halaas, Gajiwala,
Maffei, Cohen, Chalt, Rabinowitz, Lallone, Vurley & Friedmen, 1995; Pellymounter,
Cullen, Baker, Hecht, Winters, Boone & Collins, 1995). Via its action on
hypothalamic and hindbrain neurons and their efferents, leptin modulates the release
of a variety of neuropeptides, including corticotropin-releasing hormone (CRH)
(Schwartz, Woods, Porte, Seeley & Baskin, 2000; Grill & Kaplan, 2002). Leptin can
suppress the synthesis (Huang, Rivest & Richard, 1998) and secretion (Heiman,
Ahima, Craft, Schoner, Stephens & Flier, 1997). In contrast, direct stimulation of
CRH release and CRH receptor up-regulation in hypothalamic and limbic tissues in
response to leptin has been reported (Schwartz, Seeley, Campfield, Burn & Baskin,
1996; Uehara, Shimizu, Ohtani, Sato & Mori, 1998) presumably in non-

hypophysiotropic neurons.

In addition to its fundamental role in the stress response, there is abundant

evidence tying the actions of CRH to the control of food intake and energy
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expenditure (Richard, Huang & Timofeeva, 2000; Watts, Sanchez-Watts, & Kelly,
1999). For example, intraventricular administration of CRH promotes a state of
negative energy balance by lowering food intake (Morley & Levine, 1982; Britton,
Koob, Riviere & Vale, 1982) and stimulating thermogenesis (L.eFeuvre, Rothwell &
Stock, 1987). Both CRH and its two known receptor subtypes, CRH, and CRH,, are
distributed throughout brain regions implicated in energy balance, including
hypothalamic nuclei, such as the paraventricular nucleus (PVN), ventromedial
nucleus (VMN) and LH (Grigoriadis, Lovenberg, Chalmers, Liaw & De Souze, 1996)
and brainstem nuclei such as the nucleus of the solitary tract (NTS) and the
parabrachial nucleus (Bittencourt & Sawchenko, 2000).

The purpose of this study was to explore the role of CRH in the modulation of
brain reward circuitry by assessing the effects of central CRH administration on LH
self-stimulation. It was of particular interest to determine whether CRH alters self-
stimulation of restriction-sensitive sites in a manner similar to the effect of leptin and
whether, as is the case with leptin, the influence of this neuropeptide on brain
stimulation reward (BSR) differs at restriction-sensitive and restriction-insensitive

sites.

2.1.1. Materials and Methods
2.1.1.1. Subjects

Subjects were male Long Evans rats from the Charles River Breeding Farms
(St. Constant, Quebec) weighing between 400 and 500 g at the time of surgery. Each

rat was housed individually in plastic solid-floor cages with ad libitum access to food
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and water. All subjects were kept in a temperature-controlled room under a reverse 12
hour dark/12 hour light cycle that switched at 8 am/pm. All behavioral testing was
carried out in the middle of the dark phase of the cycle.
2.1.1.2. Surgery

Prior to surgery rats were administered atropine sulfate (0.5 mg/kg, SC) to
reduce bronchial secretions and were anesthetized with sodium pentobarbital
anesthesia (Somnotol, 65 mg/kg, i.p.). With bregma and lamda at the same horizontal
coordinates, bilateral, monopolar electrodes were aimed at the perifornical region of
the LH (3 mm posterior to bregma, 1.6 mm lateral to the midsagittal sinus, 7.8 mm
below the dura mater), and a 24- gauge stainless-steel guide cannula (Plastics One,
Inc., Roanoke, VA) was aimed at the right lateral ventricle (0.4 mm posterior to
bregma; 1.6 mm lateral to the midsagittal sinus; 4 mm below the dura mater). The
electrodes were constructed from 00 insect pins and were insulated with Formvar to
within 0.5 mm of the tip. A wire twisted around two jeweler’s screws implanted in
the cranium served as the current return. The electrodes and cannula assembly were
bonded to the skull and screw anchors by means of dental acrylic. The intraventricular
cannula was then closed with a removable obturator. To reduce postoperative pain,
Buprenorphine (Buprenex, 0.05 mg/kg, SC) was administered once following

surgery.

2.1.1.3. Apparatus

Subjects were screened for self-stimulation in wooden boxes (25cm x 25 ¢cm

70 cm) with Plexiglas front panels and wire mesh floors. A lever, positioned 3 cm
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above the floor, protruded from the middle of one wall, and a key light positioned 5
cm above the lever signaled the availability of the reward. Electrical stimulation was
generated by dual constant current amplifiers and controlled by hand-operated circuit
pulse generators. Depression of the lever triggered the stimulator. The connector on
the rat’s head was linked to the stimulator via a flexible lead and a 7-channel slip-ring
located at the top of the test chamber.

The experimental sessions took place in a separate room housing computer-
controlled stimulators. Test chambers were similar to those used for training except
they were constructed entirely of Plexiglas and equipped with a ceiling-mounted
white house light. Each test chamber was enclosed in a 50 cm x 50 cm x 90 cm
plywood enclosure lined with sound attenuating foam. Stimulation trains were
generated by microprocessor-controlled circuitry and monitored on an oscilloscope in
an adjoining room. Subjects were monitored during testing by means of a remote-
controlled video camera.
2.1.1.4. Design and Procedure
2.1.1.4.1. Brain stimulation reward procedure

Rats were shaped to lever press for a 0.5 s train of cathodal, rectangular,
constant-current pulses, 0.1 ms in duration, on a continuous reinforcement schedule.
Initially, stimulation parameters were set to low currents and frequencies. If the rat
displayed signs of aversion, training was discontinued; otherwise, the subject was
shaped to press the lever. Stimulation frequencies (pulses per second) were adjusted
to produce optimal levels of responding at a current that remained fixed for each rat

ranging between 100 and 400 pA. Self-stimulation of both sites was assessed, and the
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electrode that supported thé most vigorous lever-pressing in the absence of motoric
side-effects was chosen for further testing.

Following initial training, the subjects were trained in the computer-controlled
testing setup to respond for a descending series of stimulation frequencies, on a 0.5
sec fixed-interval schedule of reinforcement. The stimulation current was held
constant throughout testing, within the range used for initial training. The stimulation
frequency was decreased from trial to trial in steps of 0.033 log,, units (~8%) in order
to generate curves relating the rate at which rewards were earned to the stimulation
frequency (“rate-frequency” curves). Each frequency was available during a single 60
sec trial that was preceded by a 10 sec inter-trial interval during which 5 priming
(non-contingent) trains of stimulation were delivered; the priming trains were
identical to those available during the trial. Stimulation frequencies were adjusted so
as to produce maximal (asymptotic) responding during the first few trials of each
frequency sweep. A rate-frequency curve was deemed complete when the rats emitted
fewer than 5 responses on each of two consecutive trials. Seven rate-frequency curves
were collected per test session. Test sessions lasted anywhere between 1 Y4 to 2 %
hours. The first curve of the session served as a warm-up and was not included in the
data analysis.
2.1.1.4.2. Intraventricular injection procedure.

Cannula placement was verified by administering 50 ng of angiotensin II
(Sigma, St. Louis, MO) and determining whether vigorous drinking began within 5
min. All substances were infused in the right lateral ventricle at a rate of 1 pl/min

through a stainless steel internal cannula (Plastics One, Roanoke, VA) that extended 1
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mm beyond the tip of the guide cannula. The internal cannula was connected to a 5 pl
microsyringe (Hamilton Company) by means of flexible polyethylene tubing. After
infusion, the internal cannula was kept in place for 15 seconds.

2.1.1.4.3. Design

Training in the self-stimulation paradigm lasted for 1-2 days. As an index of
the effectiveness of the rewarding stimulation, we used the stimulation frequency that
maintained a half-maximal rate of reward delivery (M-50). Baseline responding was
deemed stable when mean M-50 values shifted by < 0.04 log;, units from day to day.
Rate-frequency data was collected for 5-7 days following stabilization of baseline
responding and then the influence of food restriction oﬁ BSR was assessed. Daily
food intake was limited to 10 grams/day until body weight reached ~75% of free-
feeding values (approx. 2-3 weeks time). During this time BSR testing was carried
out every few days to maintain self-stimulation performance. When body weights
reached ~75% of normal free-feeding values, the amount of food supplied to each rat
was adjusted daily in an attempt to hold body weight constant. Body weights
stabilized after 2-4 days. During this period regular BSR testing was carried out until
steady M-50 values were achieved.

The influence of a 5 pug dose of CRH (Sigma, St. Louis, MO) on BSR was
tested twice in each rat, once at the end of the baseline (free-feeding) condition, when
body weight was normal, and again at the end of the restriction condition, when body
weight was stabilized at ~ 25% below its normal level. During both conditions vehicle

treatment (0.1 mol/l Tris, pH 7.35) was administered for two consecutive days,



followed by CRH treatment on the third day. BSR testing began 15 min after
injections.
2.1.1.4.4. Food intake

The effectiveness of CRH (5 pg) to suppress food intake was assessed in a
separate group of rats (n = 4). Powdered food was placed in cups attached to
aluminum sheets that were molded to hang on the wall of the home cage. A flat-
bottomed bowl was fixed underneath each food cup to catch spillage. Following a
week of habituation to the powdered food diet, 3-hour food intake was measured after
ICV vehicle (0.1 mol/l Tris, pH 7.35) administration and then measured again the
following day after administration of 5 wl of a 1 ug/pl CRH solution over a 5 min
period. All injections were made in the middle of the dark cycle, in accordance with

self-stimulation testing times.

2.1.1.5. Data analysis

Broken-line functions, with a horizontal lower asymptote, a rising linear
segment, and a horizontal upper asymptote (Gallistel & Freyd, 1987), were fit to each
of the six rate-frequency curves collected daily. To indicate the position of the rate-
frequency curve along the frequency axis, the M-50 value was derived from each
broken-line function by interpolation. Potentiation of the rewarding effect drives these
curves to the left, thus reducing the M-50 value, whereas reductions in reward
effectiveness produces rightward shifts and increases the M-50 value. The maximum
number of rewards earned (Max-R) was estimated from the upper asymptote of each

broken-line function. Changes in Max-R serve as an index of performance capacity
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(Miliaressis, Rompré, Laviolette, Philippe, Coulombe, 1986).

By means of a one-way analysis of variance (ANOVA), a set of 12 M-50 values
from two consecutive days in the free-feeding condition was compared to a set of 12
values obtained just after body weight stabilized at ~75% of normal values for each
subject. Similarly, the ANOVA carried out to assess the effects of food restriction on
performance capacity in each rat entailed comparison of a set of 12 Max-R values
from the free-feeding condition to a set of 12 Max-R values from the food restriction
condition. Delta M-50 was calculated for each rat by subtracting the mean of the 12
M-50 values collected during free-feeding from the mean of the 12 M-50 values
obtained under food restriction. Given that only a proportion of the subjects
demonstrate a decrease in M-50 values following food restriction (“restriction-
sensitive”), a one-way ANOVA was used to compare the delta M-50 values from this
group to the delta M-50 values from the remaining rats that were insensitive to the

food restriction manipulation (restriction-insensitive”).

The CRH test during free-feeding intervened between the gathering of the M-
50 values during free-feeding and the food restriction test, whereas the CRH test
during food restriction was carried out when desired body weight values became
stable. For the analysis of the effects of CRH, a within-subject, one-way ANOVA was
employed to compare a set of 12 M-50 values collected during the two vehicle-
treatment days to the 6 M-50 values collected on the day of CRH administration.
Delta M-50 was calculated for each rat by subtracting the mean of the 12 M-50 values

collected during vehicle administration from the mean of the 6 M-50 values obtained
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just after CRH administration. By means of a two-way ANOVA, delta M-50 values
following CRH administration were compared as a function of restriction-sensitivity
and feeding condition (free-feeding and food restriction). Changes in the Max-R
parameter were evaluated in an analogous fashion. A level of p < 0.05 for a two-tailed
test was considered critical for statistical significance.

Differences in total electrical charge between restriction-sensitive and
restriction-insensitive rats were assessed by means of a one-way ANOVA that
compared total charge per train (uC) in the baseline condition between groups. Total
charge was calculated by multiplying the current (1A) x number of pulses x pulse
duration (0.0001 sec) for each rat.
2.1.1.5.2. Histology

Following completion of testing, the stimulation sites were marked by means
of the Prussian Blue method. With the stimulating electrode serving as the anode, a
100 pA direct current was applied for 15 sec. Rats were then injected with a lethal
dose of sodium pentobarbitol (Somnotol, 100 mg/kg, IP) and perfused intracardially
with phosphate-buffered saline followed by a mixture of 10% formalin (100 ml),
trychloroacetic acid (0.5 g), potassium ferrocyanide (3 g) and potassium ferricyanide
(3 g). Brains were removed and stored in 10% formalin. After immersion in a 20%
sucrose-formalin solution for at least 24 hr, the brains were frozen, sliced on a
cryostat in 30 pm coronal sections, and mounted on pre-coated slides (Fisher

Scientific). Sections were stained for Nissl substance using formal thionin. The
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location of stimulation sites was identified with the aid of a stereotaxic atlas (Paxinos

& Watson, 1998).

2.1.2. Results

2.1.2.1. Food intake
During the 3 hours following a Sug infusion of CRH, total food intake was

64% lower than following vehicle treatment (Fig 2.1.1).

2.1.2.2. Chronic food restriction
Initial body weights ranged from 455 - 610 g. Following food restriction, body
weight fell to 347 - 460 g.

In 8 out of 16 subjects, chronic food restriction reduced M-50 values.
Examples of the data obtained from these rats are shown in Figure 2.1.2A and C and
show that curves taken during food restriction lie to the left of the curves obtained
during free-feeding; the corresponding M-50 values (Fig. 2.1.2E) decreased by
0.03 - 0.27 log units. In the remaining 8 subjects, the rate-frequency curves obtained
during restriction overlap the curves obtained during free-feeding (e.g., Fig. 2.1.2 B
and D), and the corresponding M-50 values remained stable (Fig. 2.1.2F). The results
of a one-way ANOVA revealed that delta M-50 values of the restriction-sensitive
group (-0.104 +£0.08) were significantly lower than the delta M-50 values of the
restriction-insensitive groups (-0.004 +£0.01) (F(1, 15) = 11.96, p = .004). Table 2.1.1
illustrates changes in the maximum number of rewards earned (Max-R) following the

three manipulations. Three subjects in the restriction-insensitive group showed a
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Figure 2.1.1. Effect of an intraventricular infusion of CRH (5 pg) on 3-hr food intake
as compared to vehicle treatment (n=4).
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Figure 2.1.2. Effects of chronic food restriction on self-stimulation at LH sites where
the rewarding effect of electrical stimulation is sensitive (left panels) or insensitive
(right panels) to chronic food restriction. (A,C) Rate-frequency curves obtained with
stimulation of a restriction-sensitive site are shifted leftwards following chronic food
restriction (open symbols) with respect to curves obtained during free-feeding (filled
symbols). (B,D) Conversely, stimulation of a nearby, restriction-insensitive site
generates overlapping rate-frequency curves following chronic food as compared to
curves collected during free-feeding. Each data point in panels A, B, C and D is an
average of six measures collected on each test day. (E,F) Magnitude of the curve
shifts produced by chronic food restriction in all subjects. M-50 represents the
stimulation frequency required to maintain half the maximal number of rewards

carned. (*p < 0.05; ** p < 0.005)
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significant decrease in Max-R, whereas another subject in that group displayed a
significant increase. In the restriction-sensitive group, Max-R was
significantly elevated in 4 rats following food restriction, whereas it decreased in one

subject.

The analysis of total charge per train revealed no systematic differences

between the restriction-sensitive and —insensitive groups (F(1, 15) =0.12, p =.73).

2.1.2.3. Effect of CRH on M-50 values

In 7 of the 8 rats in which M-50 values decreased following chronic food
restriction, CRH administration had very little effect on LH self-stimulation (Fig.
2.1.3E). The rate-frequency curves obtained from these subjects following CRH
administration overlap those obtained after vehicle administration (Fig. 2.1.3A and C),
both during both the free-feeding and food restriction conditions. In contrast, CRH
produced a large and significant potentiation of BSR (a decrease in M-50) in subject
Cl17 (Fig. 2.1.3E).

Strikingly different effects were seen in the 8 rats that were unresponsive to
chronic food restriction. In these subjects, CRH reduced the rewarding impact of the
stimulation. This is illustrated in Figure 2.1.3B and D by the rightward shift of rate-
frequency curves obtained after CRH administration with respect to the curves
obtained after vehicle administration. The increase in the M-50 values produced by
CRH was of similar magnitude during the free-feeding and food restriction conditions

(Fig. 2.1.3F).
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restriction-sensitive sites (left panels) or restriction-insensitive sites (right panels).
(A,C) At restriction-sensitive stimulation sites, rate-frequency curves obtained
following CRH infusion (open symbols) overlap those collected during vehicle
infusion (closed symbols). (B,D) In contrast, at restriction-insensitive stimulation

sites, rate-frequency curves obtained after CRH administration are shifted to the right
with respect to curves collected after vehicle administration. Each data point in panels

A, B, C and D is an average of six measures collected on each test day. (E,F)
Magnitude of the curve shifts produced CRH in all subjects. M-50 represents the
stimulation frequency required to maintain half the maximal number of rewards
earned. (*p < 0.05; ** p <0.005)
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The results of a two-way ANOVA, assessing delta M-50 values following
CRH administration as a function of restriction-sensitivity and feeding condition,
show a significant main effect of restriction-sensitivity: delta M-50 values following
CRH administration were significantly greater for the restriction-insensitive group
(0.082 +0.056) as compared to the restriction-sensitive group (0.018 +0.05) (F(1, 31)
= 26.96, p <.0001). There was no difference in delta M-50 values between feeding
conditions (F(1, 31) = 0.09, p = 0.76) and no interaction between restriction-

sensitivity and feeding condition (F(1, 31) <.001, p = .96).

2.1.2.4. Effects of CRH on performance capacity

As shown in Table 2.1.1, five of the eight restriction-insensitive subjects
showed significant decreases in Max-R following CRH administration during both the
free-feeding and food restriction condition. Three rats from the restriction-sensitive
group showed significant increases in Max-R following CRH administration during
free-feeding, whereas two rats from this group displayed significant decreases. During
food restriction, CRH infusion decreased Max-R in only one restriction-sensitive
subject.

The results of a two-way ANOVA show a significant main effect of
restriction-sensitivity on Max-R values. Max-R values following CRH administration
decreased by an average of 3.27 £3.36 in restriction-insensitive rats as compared to a
mean increase of 0.018 £0.013 in restriction-sensitive rats (F(1, 31) =26.96, p <

.0001). There was no difference in delta Max-R values between feeding conditions
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(F(1,31)=0.09, p = 0.76) and no interaction between restriction-sensitivity and

feeding condition (#(1, 31) <.001, p = .96).

2.1.2.5. Electrode placements

Histological localization of the electrode tips revealed that sites where BSR
was enhanced by chronic food restriction and unaffected by CRH were dorsal or
dorsolateral to the fornix (Fig. 2.1.4). The remaining sites were sometimes nearby, but
tended to lie around the periphery of the region where restriction-sensitive sites have
been found in this and previous studies (Carr & Wolinsky, 1993; Fulton et al., 2000;
Fulton et al., 2002). The site where BSR was enhanced both by food restriction and by
CRH (Rat C17) was the most dorsal of all electrode placements (Plate —3.14). One rat
(C15) died prematurely and the brain of another (C6) was subject to histological error,

thus the location of their electrode tips could not be determined.

2.1.3. Discussion

In half of the 16 subjects, chronic food restriction produced a significant
potentiation of BSR: the rate frequency curves shifted leftwards by varying amounts.
In the remaining subjects, the M-50 values remained remarkably stable despite the
fact that the weight loss in these subjects was as great as in the subjects with
restriction-sensitive electrode placements and was very substantial (~25%). This
finding is consistent with previous reports that food restriction and body weight loss
lower rate-frequency thresholds at certain stimulation sites in the LH (Abrahamsen et

al., 1995; Fulton et al., 2000; Fulton et al., 2002). The simplest explanation for the
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Figure 2.1.4. Location of the tips of the stimulation electrodes. Electrodes producing
rewarding effects that were enhanced by chronic food restriction are designated by
filled triangles (A) and electrodes producing rewarding effects that were unaffected
by chronic food restriction are designated by filled circles (@®). The coronal sections
are based on the atlas of G. Paxinos and C. Watson, (Academic Press, New York,
Fourth Edition, 1998).
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striking contrast in the effect of weight loss is that signals reflecting the state of the fat
stores modulate a neural signal that is induced by or dependent on the stimulation of
neurons arising, terminating, or coursing through the LH. Consistent with this
interpretation is the notion that the rewarding effect of LH stimulation arises from
activation of multiple, functionally distinct sub-populations of intertwined neurons
(Arvanitogiannis, Waraczynski & Shizgal, 1996).

More support for the existence of multiple sub-populations of reward neurons
activated by LH stimulation comes from the different effects of CRH administration
we obtained at the two sets of stimulation sites. At all 8 restriction-insensitive sites,
CRH significantly increased M-50 values, indicating that the rewarding impact of the
stimulation was reduced. In contrast, CRH was without effect at 7 out of the 8
restriction-sensitive sites. In a previous experiment, the modulation of BSR by central
administration of the anorexigenic hormone, leptin, was assessed (Fulton et al., 2000).
The influence of leptin was found to depend on whether the rewarding effect of the
LH stimulation was sensitive to chronic food restriction. Here, we demonstrate that
the influence on BSR of another centrally administered anorexigenic substance, CRH,
also depends on whether the rewarding effect produced at a given LH site was
sensitive to chronic food restriction. Nonetheless, it is unlikely that CRH mediates the
influence of leptin on BSR at restriction-sensitive sites: the effects of CRH at these

sites differed from the previously reported effects of leptin.

That CRH increased M-50 values at restriction-insensitive sites is consistent

with a recent report that CRH and urocortin increase the threshold current required to
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support LH self-stimulation, an effect that was reversed by a nonselective CRH
receptor antagonist (Macey, Koob & Markou, 2000). Such CRH-induced decreases in
BSR are reminiscent of the effects of stressors (Valentino, Dufresne & Riccitelli,
1990; McCutcheon, Rosellini & Bandel, 1991). For example, Valentino and
coworkers subjected rats to an inescapable swim and found that BSR thresholds were
clevated 3 hours post-swim. CRH-containing neurons in addition to those controlling
ACTH release are activated by stressors, and intraventricular administration of CRH
produces anxiogenic effects (Koob & Heinrichs, 1999). Thus, CRH-containing
neurons could well mediate the attenuation of BSR produced by exposure to stressors.
It has also been pointed out (Macey et al., 2000) that CRH is implicated in drug
withdrawal and may contribute to the elevation of BSR thresholds during such states.

The stability of the rate-frequency curves obtained from 7 of the 8 restriction-
sensitive sites following CRH administration stands in contrast to the results reported
by Macey et al. (2000). This contrast could reflect different distributions of electrode
placements in the two studies. For example, it is possible that the stimulation sites in
the study of Macey et al. were drawn largely or solely from the restriction-insensitive
population. If so, the results of the two studies would be in agreement.

The failure of CRH to alter M-50 values at most restriction-sensitive sites
could reflect insensitivity to the effects of this neuropeptide in the restriction-sensitive
sub-population of reward-related neurons and their efferents. Perhaps stimulation of
the restriction-sensitive sub-population antagonizes the anxiogenic effect of CRH. An
alternate model also bears consideration. It is likely that even at the restriction-

sensitive sites, only a portion of the directly stimulated reward-related neurons are
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drawn from the restriction-sensitive sub-population. Perhaps CRH produces two
opposing effects that cancel, enhancing the component of the rewarding effect due to
the restriction-sensitive neurons and attenuating the component due to the restriction-
insensitive neurons. A reason for considering such a view is that a robust reward-
enhancing effect of CRH was seen in the 8" subject in the restriction-sensitive group,
C17. In this subject, CRH produced substantial leftward curve shifts, both during food
restriction and during free-feeding. It is noteworthy that the effect of chronic food
restriction in this subject was larger than in any other, halving the M-50 value. Thus,
if CRH enhances the rewarding effect of stimulating a restriction-sensitive population
of reward-related neurons, such an effect would most likely be seen in this subject. It
is not beyond the realm of plausibility that certain CRH-containing neurons promote
appetitive behaviors whereas others suppress such behaviors. Indeed, although
infusion of CRH into the lateral ventricles does reduce food intake, release of CRH in
the amygdala has been noted during and immediately following ingestive behavior
(Merali, McIntosh, Kent, Michaud & Anisman, 1998).

There were consistent changes in the Max-R values obtained from the
restriction-insensitive sites following CRH administration, reflecting a decrease in
asymptotic performance. In 5 of these 8 cases, CRH significantly reduced Max-R
values when administered during free feeding. During food restriction, even more
pronounced reductions in Max-R were seen in these 5 rats, and there was a trend
towards a similar effect in the remaining three rats. Neither chronic food restriction
nor CRH administration produced consistent alterations in this measure of asymptotic

performance at restriction-sensitive stimulation sites. There were differences between
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the two groups of rats such that CRH produced an overall decrease in the Max-R
parameter in the restriction-insensitive group that was not observed in the restriction-
sensitive group.

Decreases in asymptotic performance may reflect reduction in the capacity of
the subjects to perform the operant response (Milliaresis, Rompré, Laviolette,
Philippe, & Coulombe, 1986). Alternatively, CRH may potentiate a behavior, such as
grooming (Morley & Levine, 1982), that is incompatible with lever pressing. As
discussed above, the absence of systematic changes in Max-R values in the
restriction-sensitive group could reflect the absence of CRH action on the restriction-
sensitive pathway or to an anxiolytic effect of activating these neurons.

In their study of the modulation of BSR by CRH and urocortin, Macey et al.
(2000) did not observe changes in the latency to respond or in an index of response
forcefulness. They concluded that CRH did not reduce performance capacity. The
difference between their results and the changes reported here in the Max-R values
obtained at the restriction-insensitive sites may be due to differences between the two
testing paradigms. In the discrete-trial paradigm employed by Macey et al., an inter-
trial interval averaging 10 sec in duration provides the rats with the opportunity to
engage in behaviors other than lever pressing without losing the opportunity to obtain
rewarding stimulation; the inter-trial interval is longer than the trial. In the paradigm
employed here, the 10-sec inter-trial interval is short in comparison to the 60-sec trial,
and thus the tendency to engage during the trial in behaviors incompatible with lever

pressing is likely to be greater. Thus, CRH-induced potentiation of behaviors such as
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grooming would be more likely to reduce the asymptotic reward rate in the paradigm
employed here than in the paradigm employed by Macey et al.

The position set forth in the discussion above to explain the observed
differences between restriction-sensitive and -insensitive rats is that the response to
chronic food restriction and CRH administration is dependent upon the site of
stimulation. A similar distinction between restriction-sensitive and restriction-
insensitive sites in the LH has also been drawn by others (Blundell & Herberg, 1968;
Carr & Wolinsky, 1993; Carr and Papadouka, 1994; Carr, 1994; Abrahamsen, Berman
and Carr, 1995; Abrahamsen and Carr, 1996; Cabeza de Vaca, Holiman & Carr, 1998;
Carr, Kim & Cabeza de Vaca, 2000). In this study, as in two others, we have found
that the rewarding effect induced via electrode tips dorsal or dorsolateral to the fornix
is always restriction-sensitive, whereas we have never seen restriction-sensitivity at
sites in the far-lateral hypothalamus or at sites medial to the fornix (Fulton et al.,
2000, Fulton et al., 2002). The results are mixed at intervening sites as well as in a
region roughly 1 mm dorsal to the fornix at the anteroposterior level of the
dorsomedial hypothalamus. Our results are consistent with the reports of others such
that sites where BSR is most often enhanced by food restriction lie dorsal or
dorsolateral to the fornix (Carr & Wolinsky, 1993).

That small differences in electrode location could produce differential
recruitment of neural populations seems plausible when data from moveable electrode
mapping studies are taken into account. These studies, carried out using electrode
sizes and stimulation parameters similar to those employed in the present study,

demonstrate that downward displacement of a stimulation electrode by only 130-
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160 uM can produce substantial changes in the BSR threshold (Rompré & Miliaressis,
1985; Forgie & Shizgal, 1993).

An alternative hypothesis that deserves consideration is that the divergent
responses to chronic food restriction and CRH are not due to variation in electrode
placement but rather reflect individual differences in sensitivity to food restriction or
stress. Evidence from related areas of research suggests that such individual
differences can be important. For example, only a proportion of rats become obese in
response to a high calorie diet (“diet-induced obesity”), and glucoresponsive neurons
in these rats show a reduced response to glucose in comparison to diet-resistant rats
(Levin, Dunn-Meynell & Routh, 1999). In addition, there are pronounced individual
differences in the propensity of rats to self-administer rewarding drugs (Piazza,
Deroche-Gamonent, Rouge-Pont, & Le Moal, 2000). By challenging BSR at multiple
stimulation sites in the same rat, it will be possible to determine whether differences
in electrode placement contribute to the observed variation in the response to chronic
food restriction and CRH, above and beyond any contribution of individual
differences. Identifying the neurons responsible for such an effect of varying electrode
placement would shed light on the functional organization of brain reward circuitry.
Similarly, establishing that individual differences render particular subjects more
sensitive to the effects of chronic food restriction and CRH would add to a large body
of work on individual vulnerability to behavioral and physiological dysregulation.
2.1.4. Summary

In a previous study, the rewarding effect produced by electrical stimulation of

restriction-sensitive PFH sites was shown to be reduced by leptin. In contrast, in the
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present study, CRH failed to alter BSR at most restriction-sensitive sites. Thus, CRH
is unlikely to mediate the influence of leptin on the rewarding effect of stimulating
restriction-sensitive sites. At restriction-insensitive sites, CRH produced consistent
rightward shifts of rate-frequency curves, suggesting that the rewarding effect of the
stimulation was attenuated. These rightward shifts are reminiscent of the effects of
stressors on BSR. In addition, asymptotic responding was reduced in most rats with
restriction-insensitive stimulation sites, implying that CRH reduces the capacity of
rats to perform for BSR at these sites. Taken together, the results add to the evidence
that the sensitivity of BSR to chronic food restriction is a crucial variable in
determining the influence of hormones and neuropeptides on the rewarding effect of
the stimulation. Functional heterogeneity in central CRH pathways may contribute to
the contrasting influence of this neuropeptide on the rewarding effect produced by
stimulation of restriction-sensitive and restriction-insensitive sites. In turn, the
demonstration that the reward-modulating effects of both CRH and leptin differ at
these two classes of BSR sites provides further support for the view that central

reward-related circuitry is sub-divided along functional lines (Hoebel, 1969).
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2.2. DOES NEUROPEPTIDE Y CONTRIBUTE TO THE MODULATION OF
BRAIN STIMULATION REWARD BY CHRONIC FOOD
RESTRICTION?

Electrical stimulation of certain sites in the lateral hypothalamus (LH) elicits a
rewarding effect that can be potentiated by chronic food restriction and body weight
loss [Blundell & Herberg, 1968; Carr & Wolinsky, 1993; Fulton, Woodside &
Shizgal, 2000]. The modulation of brain stimulation reward (BSR) by chronic food
restriction can predict alterations in the state of reward circuitry produced by some
hormones involved in energy balance. Thus whereas food restriction can enhance the
rewarding effect of stimulating particular sites in the perifornical region of the LH,
central administration of leptin (Fulton, Woodside & Shizgal, 2000) and insulin (Carr,
Kim & Cabeza de Vaca, 2000) two satiety hormones, have been shown to reduce the
rewarding impact of stimulating these sites. Conversely, at adjacent LH sites where
BSR is unaffected by food restriction leptin acted primarily to increase the reward
effectiveness of the stimulation (Fulton, Woodside & Shizgal, 2000). In addition, we
have recently shown that the influence of another anorexigenic agent, corticotropin-
releasing hormone (CRH) on BSR, depends upon the sensitivity to food restriction
(Fulton, Richard, Woodside & Shizgal, 2001). At restriction-insensitive stimulation
sites CRH increased the threshold for BSR whereas it had no effect at most
restriction-sensitive sites.

Evidence that chronic food restriction and body weight loss can moderate BSR

indicates that the activity of a sub-population of reward-relevant neurons is linked to

changes in long-term energy balance (Cabeza de Vaca, Holiman & Carr, 1998; Fulton
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et al., 2000). That this effect can be reversed by central administration of leptin and
insulin suggests that these peripheral signals are involved in the process whereby food
restriction modifies this subset of reward circuitry. Secreted by adipocytes, leptin, the
protein-product of the obesity gene, acts as a major link between fat stores and the
brain to regulate reproduction and energy balance [Ahima, Prabakaran, Mantzoros,
Lowell & Maratos-Flier, Flier, 1996; Halaas, Gajiwala, Maffei, Cohen, Chalt et al.,
1995; Pelleymounter, Cullen, Baker, Hecht, Winters, Boone & Collins, 1995). Like
leptin, insulin circulates in direct proportion to the amount of adipose tissue and enters
the brain to promote a state of negative energy balance (Schwartz, Woods, Porte,
Seeley & Baskin, 2000). Upon binding to hypothalamic receptors, both leptin and
insulin modulate the release of a variety of neuropeptides, including neuropeptide Y
(NPY) (Schwartz et al., 2000). NPY gene expression within the arcuate nucleus
(ARC) is inhibited by leptin (Stephens, Basinski, Bristow, Bue-Valleskey, Burgett,
Craft, Hale, Hoffman, Hsiung, Kriauciunas et al., 1995) and insulin (Scwartz, Marks,
Sipols, Baskin, Woods, Kahn & Porte, 1991). In addition, knocking out the gene for
NPY in leptin-deficient ob/ob mice reduces obesity, indicating that NPY is necessary
for the complete manifestation of the leptin-deficiency syndrome (Erickson,
Hollopeter & Palmiter, 1996)

NPY is widely distributed throughout neurons of the central and peripheral
nervous system but found in high concentrations in the hypothalamus. A particularly
dense population of NPY neurons involved in the regulation of energy balance resides
in the ARC (Elmquist, Elias & Saper, 1999). These neurons send projections to

hypothalamic nuclei such as the paraventricular nucleus and the LH. Centrally
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administered NPY promotes a state of positive energy balance by dramatically
increasing food intake and decreasing energy expenditure (Levine & Morley, 1984;
Stanley, Kyrkouli, Lampert & Leibowitz, 1986). The most profound feeding effects
are produced when NPY is administered directly into the perifornical region of the LH
(Stanley, Magdalin, Seirafi, Thomas & Leibowitz, 1993). Furthermore, it is pertinent
to the present study that NPY has been reported to increase the rewarding effects of
food as shown by its ability to increase break points under a progressive ratio schedule
of reinforcement (Jewett, Cleary & Levine, 1995).

In consideration of these findings, the present study was carried out to assess
the effects of intraventricular NPY administration on BSR at restriction-sensitive and
restriction-insensitive stimulation sites in the LH. Our goal was to establish whether,
as is the case with leptin and CRH, the influence of NPY on BSR would differ
between the two sub-populations of stimulation sites. Further, if the effects of leptin
on BSR are mediated through suppression of NPY release then NPY administration
would be expected to decrease thresholds for BSR at restriction-sensitive sites,

thereby producing effects opposite to those of leptin and insulin.

2.2.1. MATERIALS AND METHODS

2.2.1.1. Subjects

Male Long Evans rats from the Charles River Breeding Farms (St. Constant,
Quebec) were used. Subjects weighed between 400 and 500 g at the time of surgery.

Following surgery rats were housed individually in plastic solid-floor cages with ad

58



libitum access to food and water. All subjects were kept in a temperature-controlled
room under a reverse 12 hour dark/12 hour light cycle. All behavioral testing was

carried out in the middle of the dark phase of the cycle.

2.2.1.2. Surgery

Atropine sulfate (0.5 mg/kg, SC) was administered to each rat to reduce
bronchial secretions prior to induction of anesthesia with sodium pentobarbital
(Somnotol, 65 mg/kg, i.p.). With bregma and lamda in the same horizontal plane,
bilateral, monopolar electrodes were aimed at the perifornical region of the LH (3 mm
posterior to bregma, 1.6 mm lateral to the midsagittal sinus, 7.8 mm below the dura
mater), and a 24- gauge stainless-steel guide cannula (Plastics One, Inc., Roanoke,
VA) was aimed at the right lateral ventricle (0.4 mm posterior to bregma; 1.6 mm
lateral to the midsagittal sinus; 4 mm below the dura mater). The electrodes were
constructed from 00 insect pins and were insulated with Formvar to within 0.5 mm of
the tip. A wire twisted around two jeweler’s screws implanted in the cranium served
as the current return. The electrodes and cannula assembly were bonded to the skull
and screw anchors by means of dental acrylic. The intraventricular cannula was then
closed with a removable obturator. Buprenorphine (Buprenex, 0.05 mg/kg, SC) was

administered just following surgery to reduce postoperative pain.

2.2.1.3. Apparatus

Screening for self-stimulation took place in wooden boxes (25¢m x 25 cm 70

cm) with Plexiglas front panels and wire mesh floors. A lever, positioned 3 cm above
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the floor, protruded from the middle of one wall, and a key light positioned 5 cm
above the lever signaled the availability of the reward. Electrical stimulation was
generated by dual constant current amplifiers and controlled by hand-operated circuit
pulse generators. Depression of the lever triggered the stimulator. The connector on
the rat’s head was linked to the stimulator via a flexible lead and a 7-channel slip-ring
located at the top of the test chamber.

The experimental sessions took place in a separate room housing computer-
controlled stimulators. Operant chambers were similar to those used for training
except they were constructed entirely of Plexiglas and equipped with a ceiling-
mounted white house light. Each chamber was enclosed in a 50 cm x 50 cm x 90 cm
plywood enclosure lined with sound attenuating foam. Stimulation trains were
generated by microprocessor-controlled circuitry and monitored on an oscilloscope in
an adjoining room. Subjects were monitored during testing by means of a remote-
controlled video camera.
2.2.1.4. Procedure

Rats were shaped to lever press for a 0.5 s train of cathodal, rectangular,
constant-current pulses, 0.1 ms in duration, on a continuous reinforcement schedule.
Initially, stimulation parameters were set to low currents and frequencies. If the rat
displayed signs of aversion, training was discontinued; otherwise, it was trained to
press the lever. Stimulation frequencies (pulses per train) were adjusted to produce
optimal levels of responding at a fixed current between 100 and 400 pA. Self-

stimulation of both sites was assessed, and the electrode that supported the most
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vigorous lever-pressing in the absence of motoric side-effects was chosen for further
testing.

Following initial training, the subjects were trained in the computer-controlled
testing setup to respond for a descending series of stimulation frequencies, on a 0.5
sec fixed-interval schedule of reinforcement. The stimulation current was held
constant throughout testing, within the range used for initial training. The stimulation

frequency was decreased from trial to trial in steps of 0.033 log]¢ units (~8%) in

order to generate curves relating the rate at which rewards were earned to the
stimulation frequency (“rate-frequency” curves). Each frequency was available during
a single 60 sec trial that was preceded by a 10 sec inter-trial interval during which 5
priming (non-contingent) trains of stimulation were delivered; the priming trains were
identical to those available during the trial. Stimulation frequencies were adjusted so
as to produce maximal (asymptotic) responding during the first few trials of each
frequency sweep. A rate-frequency curve was deemed complete when the rats emitted
fewer than 5 responses on each of two consecutive trials.

The placement of the intraventricular cannula was verified by administering
50 ng of angiotensin II (Sigma, St. Louis, MO) and examining whether extended
drinking began within 5 min. All substances were infused in the right lateral ventricle
at a rate of 1 pl/min through a stainless steel internal cannula (Plastics One, Roanoke,
VA) that extended 1 mm beyond the tip of the guide cannula. The internal cannula

was connected to a 5 ul microsyringe (Hamilton Company) by means of flexible
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polyethylene tubing (PE 50). After infusion, the internal cannula was kept in place for
15 seconds.

Rats were tested for BSR during free-feeding in order to obtain stable baseline
responding. As an index of the effectiveness of the rewarding stimulation, we used the
stimulation frequency that maintained a half-maximal rate of reward delivery (M-50).
The influence of chronic food restriction on BSR was assessed by limiting daily food
intake to 10 grams/day until body weights reached ~75% of free-feeding values
(approx. 2-3 weeks time). During this time BSR testing was carried out every few
days to maintain self-stimulation performance. When body weights reached ~75% of
normal free-feeding values, the amount of food supplied to each rat was adjusted daily
in an attempt to hold body weight constant. During this period regular BSR testing
was carried out. At the end of the food restriction phase of the experiment, the
influence of a 4 ug dose of NPY on BSR was assessed. To do this, 4 pl of vehicle
treatment (0.04 M phosphate buffer containing 0.15 M NaCl, 0.01 % ascorbic acid,
and 0.2 % bovine serum albumin [22]) was administered for two consecutive days,
followed by 4 pg of NPY in 4 pl of vehicle on the third day. BSR testing began 15
min after injections.

In the same group of rats, the influence of a 4 pug dose of NPY (Sigma, St.
Louis, MO) on food intake was assessed during the initial free-feeding period. Rats
were habituated to a powdered food diet for at least 1 week prior to food intake
measures. Powdered food was placed in jars attached to aluminum sheets that were

molded to hang on the wall of the home cage. A flat-bottomed bowl was positioned
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underneath each food cup to catch spillage. Food intake was measured each hour for 3
hours following intraventricular administration of vehicle and then measured again the
following day after administration of NPY. All injections were made in the middle of

the dark phase, in accordance with self-stimulation testing times. Food intake data was

not obtained for rat N2 due to illness.

2.2.1.4.1. Data analysis

Seven rate-frequency curves were collected per test session. The first curve
served as a warm-up and was not included in the data analysis. Broken-line functions,
with a horizontal lower asymptote, a rising linear segment, and a horizontal upper
asymptote [12], were fit to each of the six rate-frequency curves collected daily. To
indicate the position of the rate-frequency curve along the frequency axis, the M-50
value was derived from each broken-line function by interpolation. Potentiation of the
rewarding effect drives these curves to the left, thus reducing the M-50 value, whereas
reductions in reward effectiveness produces rightward shifts and increases the M-50

value.

For each subject a one-way analysis of variance (ANOVA) was used to
compare a set of 12 M-50 values from two consecutive days at the end of the free-
feeding condition with a set of 12 M-50 values from two consecutive days after body
weights stabilized at ~75% of free-feeding levels. For the analysis of the effects of
NPY, a one-way ANOVA was employed to compare a set of 12 M-50 values

collected during the two vehicle-treatment days to the 6 M-50 values collected on the
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day of NPY administration. A level of p <0.05 for a two-tailed test was considered
critical for statistical significance.

To assess the effects of NPY on hourly food consumption, food intake
following vehicle treatment was compared to food intake after NPY treatment for
each hour post-injection by means of a one-way ANOVA.
2.2.1.4.2. Histology

Following completion of testing, stimulation sites were marked by means of
the Prussian Blue method. With the stimulating electrode serving as the anode, a 100
pA direct current was applied for 15 sec. Rats were then injected with a lethal dose of
sodium pentobarbitol (Somnotol, 100 mg/kg, IP) and perfused intracardially with
phosphate-buffered saline followed by a mixture of 10% formalin (100 ml),
trychloroacetic acid (0.5 g), potassium ferrocyanide (3 g) and potassium ferricyanide
(3 g). Brains were removed and stored in 10% formalin. After immersion in a 20%
sucrose-formalin solution for at least 24 hr, the brains were frozen, sliced on a cryostat
in 30 pm coronal sections, and mounted on pre-coated slides (Fisher Scientific).
Sections were stained for Nissl substance using formal thionin. The location of
stimulation sites was identified with the aid of a stereotaxic atlas (Paxinos & Watson,
1998).

Visual inspection confirmed the penetration of the cannula into the right lateral

ventricle and the absence of physical obstructions in this portion of the ventricle.

2.2.2. Results

2.2.2.1. Effects of chronic food restriction on BSR
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Following food restriction, body weight fell by an average of 25.4%. Body
weight loss reduced M-50 values in 6 out of the 12 subjects (Fig 2.2.1C). As
exemplified in Figure 2.2.1A, rate-frequency curves for these subjects were shifted to
the left following food restriction as compared to curves collected during free-feeding.
In the remaining subjects, M-50 values remained fairly stable following food
restriction (Fig. 2.2.1D), with one exception (N39), in which case M-50 values
increased after restriction by a small but significant amount. In the latter group of
subjects, the rate-frequency curves taken during food restriction generally overlap
those collected during free-feeding (Fig. 2.2.1B).

2.2.2.2. Effects of NPY on food intake

Overall food intake was increased by an average of 61.3% (sex12.9) during the
first hour, 26.8% (se+20.51) during the second hour and 84.56% (se+63.78) during
the third hour following NPY administration as compared to vehicle-treatment (Fig.
2.2.2A and B). The results of a one-way ANOVA reveal that elevations in food intake
during the first hour post-injection were significant (F(1, 21) = 14.49, p = .001).
Analyses of the second (F(1, 21) = 0.34, p = 0.57) and third hour (F(1, 21)=1.73,p =

0.2) were not significant.

2.2.2.3. Effect of NPY on M-50 values

In the 4 out of the 6 rats in which M-50 values decreased following chronic
food restriction, NPY administration failed to significantly alter M-50 values (Fig.

2.2.3C). In the remaining two rats, N40 and N43, NPY increased M-50 values by an
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Figure 2.2.1. Effects of chronic food restriction on self-stimulation at LH sites where
the rewarding effect of electrical stimulation is sensitive (left panels) or insensitive
(right panels) to chronic food restriction. (A) Rate-frequency curves are shifted
leftwards following chronic food restriction (open symbols) with respect to curves
obtained during free-feeding (filled symbols). (B) In contrast, stimulation of a nearby,
restriction-insensitive site produces overlapping rate-frequency curves following
chronic food restriction relative to curves collected during free-feeding. Each data
point in panels A and B is an average of six measures collected on each test day. (C,
D) Magnitude of the curve shifts produced by chronic food restriction in all subjects.
M-50 represents the stimulation frequency required to maintain half the maximal
number of rewards earned. (*p < 0.05; ** p <0.005)
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Figure 2.2.2. Effects of an intraventricular infusion of NPY (4 pg) on hourly food
intake measured over a period of 3 hours post-injection. Data are expressed as the
percent change in food intake produced by NPY relative to vehicle treatment for each
subject.
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Figure 2.2.3. Effect of NPY on the rewarding impact of LH stimulation at restriction-
sensitive sites (left panels) or restriction-insensitive sites (right panels). (A) At
restriction-sensitive stimulation sites, rate-frequency curves obtained following NPY
infusion (open symbols) overlap those collected during vehicle infusion (closed
symbols). (B) Similarly, at restriction-insensitive stimulation sites, rate-frequency
curves collected after NPY administration overlap curves collected after vehicle
administration. Each data point in panels A, and B is an average of six measures
collected on each test day. (C, D) Magnitude of the curve shifts produced NPY in all
subjects. M-50 represents the stimulation frequency required to maintain half the
maximal number of rewards earned. (*p < 0.05; ** p <0.005)
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average of 0.032 and 0.039 logy, units, respectively. Rate-frequency data from one of
these rats (N40) is shown in Figure 2.2.3A to demonstrate that the curves collected
after NPY administration overlap those obtained following vehicle infusion. There
were no statistically reliable changes in M-50 values following NPY administration in
5 of the 6 subjects in which BSR was insensitive to the effects of food restriction (Fig.
2.2.3D). The exception is rat N46 in which M-50 values were decreased by a small,
yet significant, average of 0.029 log;, units. An example of the rate-frequency curves

obtained for one of these subjects is displayed in Figure 2.2.3B.

2.2.2.4. Electrode and cannula placements

Histological analysis revealed that the restriction-sensitive rewarding effects
arose from stimulation of sites dorsal and/or lateral to the fornix (Fig. 2.2.4 & Table
2.2.1). The remaining sites were scattered around the periphery of the region
containing the restriction-sensitive sites. Visual examination of cannula placement in
the right lateral ventricle during slicing did not reveal any displacement of cannulae or

obstructions in the ventricle.

2.2.3. Discussion

Chronic food restriction resulting in substantial weight loss decreased M-50
values for LH self-stimulation in half of the 12 subjects. Rate-frequency curves for
these subjects were shifted leftward by food restriction indicating that the rewarding

effect of the stimulation was enhanced. Despite the considerable weight loss in the
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Figure 2.2.4. Location of the tips of the stimulation electrodes. Symbols denote
electrode placements for individual rats (see Table 1). The coronal sections are

based on the atlas of G. Paxinos and C. Watson, (Academic Press, New York,
Fourth Edition, 1998).
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Table 2.2.1. Symbols marking electrode placements for individual rats.

Restriction-sensitive Restriction-insensitive
Rat Symbol Rat Symbol

N2 ¥ N18 <&

N17 k) N20 ke

N29 ® N28 &b

N40 [ N39 *

N42 ¢ N41

N43 | N46 ©
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remaining subjects, no considerable change was observed in their M-50 values
following food restriction. These findings are consistent with previous reports that
food restriction and body weight loss lower rate-frequency thresholds only at certain
stimulation sites in the LH (Carr & Wolinsky, 1993; Fulton et al., 2000).

The dose of NPY (4 pg) was chosen because it lies near the middle of the dose
range shown by Jewett et al to enhance food reward on a progressive ratio schedule of
reinforcement (Jewett, Cleary & Levine, 1995). Overall, this dose of NPY produced a
61.3% increase in food intake during the first hour after administration in the present
study. Although all rats showed increased food intake during the first hour, the
magnitude of the increases varied substantially, from 28.4 to 83.3%. Increases in food
intake during the second and third hour were not significant. However, these effects
are not unusual as others have found that a 5 pug dose of NPY delivered into the lateral
ventricle failed to increase 1-hour food intake in rats (Jolicoeur, Michaud, Rivest,
Menard, Gaudin, Fournier & St. Pierre, 1991).

While the 4 ug dose of NPY produced increases in food intake, it did not elicit
any consistent changes in BSR. At restriction-sensitive sites NPY did not significantly
alter M-50 values, with the exception of two subjects in which M-50 values were
slightly increased following NPY administration. Thus, NPY failed to potentiate the
rewarding effect of stimulating restriction-sensitive sites. Similarly, NPY had very
little impact at restriction-insensitive sites: M-50 values were not significantly
changed in 5 out of 6 subjects. In the remaining rat, M-50 values were decreased by

an average of 0.029 log,, units, indicating that NPY produced a modest enhancement
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of the rewarding effect of the stimulation. Together, the results of the current study
suggest that NPY administration does not change thresholds for BSR at either
restriction- sensitive or -insensitive sites. Given, however, that the present study used
only one dose of NPY it remains possible that higher doses would be effective.

That NPY was unable to modify BSR is consistent with a report by Cabeza de
Vaca et al. that frequency thresholds required to support low rates of LH self-
stimulation remained stable when challenged with NPY (Cabeza de Vaca, Holiman &
Carr, 1998. In this study, sensitivity of BSR to food restriction was not assessed.
Rather, the authors assumed, based upon histological verification, that the stimulating
electrodes of the four rats examined were positioned in a restriction-sensitive zone of
the LH. However, sites where BSR is enhanced by food restriction can be located in
close proximity to sites insensitive to this manipulation (Fulton et al., 2000; Fulton et
al., 2002). Furthermore, in most cases the influence of leptin on BSR at sites
insensitive to food restriction was opposite to the effect produced at sites sensitive to
this manipulation. Thus, there are at least two possible interpretations of the failure of
NPY to alter BSR in the study by Cabeza de Vaca et al.: either NPY is truly
ineffective at all placements, or opposite effects at restriction-sensitive and
-insensitive sites cancel out by averaging results across subjects. By testing all
placements for restriction sensitivity and analyzing the results within subject, it was
possible to distinguish between these interpretations in the current study.

Leptin was previously shown to attenuate the rewarding effect of stimulating
sites responsive to food restriction. The increases in M-50 values produced by leptin

on the day of injection in this study ranged from 0.045 to 0.09 log;, units, and M-50
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values remained elevated in most cases for up to 4 days post-injection. Leptin has
been reportéd to reduce NPY expression (Stephens, Basinski, Bristow, Bue-
Valleskey, Burgett, Craft, Hale, Hoffman, Hsiung, Kriauciunus et al., 1995), thus
NPY administration would be expected to enhance BSR at restriction-sensitive sites if
it participated in the effect of leptin on BSR at these sites. In the present study
however, NPY did not produce any consistent alterations in M-50 values at these
sites. Instead, in 4 of the 6 rats with restriction-sensitive stimulation sites no change in
BSR was observed. In the remaining two subjects there were modest elevations in M-
50 values (0.032 and 0.039 log;, units) which are contrary to the hypothesis that NPY
mediates the influence of leptin at restriction-sensitive sites: NPY suppressed the
rewarding effect of the stimulation instead of enhancing it. These findings suggest that
NPY does not contribute to the modulation of restriction-sensitive reward circuitry by
leptin.

Whereas there is strong data supporting a role for NPY in the regulation of
energy balance by leptin (Schwartz, Woods, Porte, Seeley & Baskin, 2000) there is
considerable evidence to suggest that altered NPY signaling is not the only means by
which leptin moderates feeding and energy expenditure. Indeed, whereas mice lacking
leptin (0b/0b) are extremely hyperphagic and obese, NPY-deficient mice have normal
food intake and body weight and show sensitivity to leptin (Erickson, Clegg &
Palmiter, 1996)..

It is now well understood that, in addition to its interaction with NPY, leptin
also influences energy balance via other hypothalamic neuropeptides. Through direct

action on the ARC, leptin reduces the expression of agouti-regulated peptide (AgRP),
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a potent orexigenic neuropeptide coexpressed with NPY (Arvaniti, Huang & Richard,
2001). Leptin also engages a separate population of ARC neurons coexpressing
anorexigenic peptides such as pro-opiomelanocortin (precursor of a-melanocyte-
stimulating hormone) and cocaine-and amphetamine-regulated transcript (Elmquist,
Elias & Saper, 1999). In addition, leptin reduces the expression of two hormones that
stimulate feeding and are produced exclusively in the LH: the orexins and melanin-
concentrating hormone (Hakansson, de Lecea, Sutcliffe, Yanagisawa & Meister,
1999; Kokkotou, Tritos, Mastaitis, Slieker & Maratos-Flier, 2001). Thus, the
unraveling of an elaborate network of neuropeptides involved in the neural control of
energy balance introduces numerous candidates, other than NPY, that could mediate
the effects of food restriction and leptin on brain reward circuitry.
2.2.4. Conclusions

Chronic food restriction and body weight loss potentiated the rewarding effect
produced by electrical stimulation of sites in the PFH. In a previous study, the
rewarding impact of stimulating these sites was shown to be reduced by leptin. In
contrast, a 4 ug dose of NPY failed to alter BSR at most restriction-sensitive sites in
the present study. Thus, it is unlikely that NPY mediates the influence of food
restriction or leptin on the rewarding effect of stimulating restriction-sensitive sites.
Similarly, at restriction-insensitive sites the rewarding impact of the stimulation was
mostly unchanged when challenged with NPY. Taken together, the results of the
present study suggest that NPY does not impinge on brain reward circuitry activated

by stimulating restriction-sensitive and restriction-insensitive stimulation sites in the

LH.
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2.3. THE ROLE OF AGOUTI-RELATED PEPTIDE AND MELANIN-
CONCENTRATING HORMONE IN THE POTENTIATION OF
BRAIN STIMULATION REWARD BY FOOD RESTRICTION

The neural circuitry that is responsible for the rewarding effects of stimuli and
behaviors can be directly activated and studied by means of electrical brain
stimulation reward (BSR). Electrical stimulation of some brain areas can elicit a
powerfully rewarding effect. The artificial activation of neurons near the electrode tip
can induce a meaningful signal such that animals learn to self-administer the
rewarding stimulation and evaluate it along a common dimension with natural
rewards such as food (Conover and Shizgal, 1994).

Chronic food restriction and body weight loss have been shown to increase the
rewarding impact of stimulation delivered to particular stimulation sites in the lateral
hypothalamus (LH) (Blundell & Herberg, 1968; Carr & Papadouka, 1993;
Abrahamsen et al., 1995; Fulton, Woodside & Shizgal, 2000; 2002, Fulton, Richard,
Woodside & Shizgal, 2002). The ability of food restriction to modulate BSR depends
on the placement of the stimulating electrode amongst a functionally heterogeneous
population of reward-relevant fibers (Fulton, Woodside & Shizgal, 2002) and the size
of this effect is contingent on the degree of weight loss (Carr and Wolinsky, 1993;
Fulton et al., 2002). Thus, the enhancement of the rewarding effect of the stimulation
by weight loss is believed to rely on signals reflecting adipose mass. In support of this
hypothesis, the adiposity hormones, leptin and insulin, have been shown to reverse the
potentiation of BSR by weight loss (Carr, Kim, & Cabeza de Vaca, 2000; Fulton et

al., 2000).
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Whether leptin and insulin modulate the neural substrate of BSR directly or by
their effects on other mediators is not clear. A plethora of research has contributed to
the identification of central signaling molecules that mediate the actions of leptin on
food intake and body weight including corticotropin-releasing hormone (CRH) and
neuropeptide Y (NPY) (Grill et al., 2002); Jequier, 2002; Schwartz et al., 2000).
Previous data suggest however that neither of these peptides is a good candidate for
mediating the effects of leptin on BSR. Both Cabeza de Vaca et al. (1998) and Fulton
et al. (2002) reported that BSR remains fairly stable following central NPY
administration. Further, we have recently shown that BSR was relatively unaltered by
CRH at restriction-sensitive stimulation sites although it did increase thresholds at
restriction insensitive sites (Fulton, Richard, Woodside & Shizgal, 2002).

Another important target of leptin is the central melanocortin system
(Schwartz, Woods, Porte, Seeley, & Baskin, 2000; Seeley et al., 1997). Alpha-
melanocyte-stimulating hormone (a-MSH) is the endogenous agonist at the MC3 and
MCH4 receptors, and central administration of a-MSH or synthetic ligands for these
receptors reduce food intake (Fan et al., 1997; Grill et al., 1998; Poggioli et al., 1986).
Interestingly, the MC3/4 receptor has an endogenous antagonist, agouti-related
peptide (AgRP), that is produced exclusively in the arcuate nucleus. AgRP is
upregulated during food restriction (Harold et al., 1999). and leptin deficiency
(Ollman et al., 1997), and transgenic mice overexpressing AgRP are hyperphagic and

obese (Graham et al., 1997).
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A single intraventricular injection of AgRP (83-132) has been shown to
increase food intake for as long as 7 days (Grill et al., 1998; Hagan et al., 2001b).
Furthermore, preference tests reveal that AgRP induces increased consumption of
high fat food over carbohydrate-rich food (Hagan et al., 2001) The long-term actions
of AgRP (83-132) on food consumption are accompanied by elevations in Fos
expression in a key component of reward circuitry, the nucleus accumbens, and thus it
has been speculated that AgRP may contribute to the rewarding properties of food or
feeding-related behaviors (Hagan et al., 2001a; Saper et al., 2002). Additional
evidence implicating the melanocortin system in reward processes comes from a study
by Cabeza de Vaca et al. (2002) demonstrating that MTII, a synthetic agonist to the
MC4 receptor, can potentiate the threshold lowering effect of amphetamine on BSR.
When administered individually, neither MTII nor an AgRP-like antagonist altered
the rewarding effect of the stimulation (Cabeza de Vaca et al., 2002).

Neurons containing melanin-concentrating hormone (MCH) receive
innervation from AgRP fibers (Elias et al., 1998), and AgRP administration has been
show to increase MCH gene expression (Hanada et al., 2000). With somata residing
exclusively in the LH, MCH neurons send widespread projections to many brain
regions, including the nucleus accumbens (Bittencourt et al., 1992; Peyron et al.,
1998). Central MCH administration stimulates food intake over a much shorter period
of time than is typically observed following AgRP administration (ref). Nonetheless,
MCH™ mice are hypophagic and lean (Shimada et al., 1998) suggesting that MCH

contributes to the regulation of body weight.
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In spite of their efficacy in stimulating food intake, it is not yet known whether
AgRP and MCH can modulate the restriction-sensitive component of reward circuitry.
To determine this, the present study assessed the ability of AgRP and MCH to
modulate the rewarding effect produced by stimulating restriction-sensitive or —
insensitive sites in the LH. In light of their orexigenic nature, we hypothesized that
administration of AgRP and MCH would enhance the rewarding effect of the

stimulation at sites sensitive to changes in body weight.

2.3.1. Materials and methods
2.3.1.1. Subjects

Fifteen male Long Evans rats from the Charles River Breeding Farms (St.
Constant, Quebec) were used. Each rat was housed individually in plastic solid-floor
cages with ad libitum access to food and water. All subjects were kept in a
temperature-controlled room under a reverse 12 hour dark/12 hour light cycle that
switched at 8 am/pm. All behavioral testing was carried out in the dark phase of the
cycle.
2.3.1.2. Surgery

The rats were administered atropine sulfate (0.5 mg/kg, SC) to reduce
bronchial secretions and were anesthetized with sodium pentobarbital anesthesia
(Somnotol, 65 mg/kg, i.p.). Bilateral, monopolar electrodes were aimed at the
perifornical region of the LH (3 mm posterior to bregma, 1.6 mm lateral to the
midsagittal sinus, 7.8 mm below the dura mater), and a 24- gauge stainless-steel guide

cannula (Plastics One, Inc., Roanoke, VA) was aimed at the third ventricle (0.8 mm
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posterior to bregma; 0 mm lateral to the midsagittal sinus; 6.2 mm below the dura
mater). The electrodes were constructed from 000 insect pins and were insulated with
Formvar to within 0.5 mm of the tip. A wire twisted around two jeweler’s screws
implanted in the cranium served as the current return. The electrodes and cannula
assembly were bonded to the skull and screw anchors by means of dental acrylic. The
intraventricular cannula was then closed with a removable obturator. To reduce
postoperative pain, Buprenorphine (Buprenex, 0.05 mg/kg, SC) was administered

once following surgery.

2.3.1.3. Apparatus

Subjects were screened for self-stimulation in wooden boxes (25cm x 25 cm
70 cm) with Plexiglas front panels and wire mesh floors. A lever, positioned 3 cm
above the floor, protruded from the middle of one wall, and a key light positioned 5
cm above the lever signaled the availability of the reward. Electrical stimulation was
generated by dual constant current amplifiers and controlled by hand-operated pulse
generators. Depression of the lever triggered the stimulator. The connector on the rat’s
head was linked to the stimulator via a flexible lead and a 7-channel slip-ring located
at the top of the test chamber.

The experimental sessions took place in a separate room housing computer-
controlled stimulators. Test chambers were similar to those used for training except
they were constructed entirely of Plexiglas and equipped with a ceiling-mounted
white house light. Each test chamber was enclosed in a 50 cm x 50 cm x 90 cm

plywood enclosure lined with sound attenuating foam. Stimulation trains were
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generated by microprocessor-controlled circuitry and monitored on an oscilloscope in
an adjoining room. Subjects were monitored during testing by means of a remote-
controlled video camera.

2.3.1.4. Design and Procedure

2.3.1.4.1. Brain stimulation reward procedure

Rats were shaped to lever press for a 0.5 s train of cathodal, rectangular,
constant-current pulses, 0.1 ms in duration, on a continuous reinforcement schedule.
Initially, stimulation parameters were set to low currents and frequencies. If the rat
displayed signs of aversion, training was discontinued; otherwise, the subject was
shaped to press the lever. Stimulation frequencies (pulses per second) were adjusted to
produce optimal levels of responding at a current that remained fixed for each rat,
ranging between 100 and 400 pA. Self-stimulation of both sites was assessed, and the
electrode that supported the most vigorous lever-pressing in the absence of motoric
side-effects was chosen for further testing.

Following initial training, the subjects were trained in the computer-controlled
testing setup to respond for a descending series of stimulation frequencies, on a 0.5
sec fixed-interval schedule of reinforcement. The stimulation current was held
constant throughout testing, within the range used for initial training. The stimulation
frequency was decreased from trial to trial in steps of 0.033 log, units (~8%) in order
to generate curves relating the rate at which rewards were earned to the common
logarithm of the stimulation frequency (“rate-frequency” curves). Each frequency was
available during a single 60 sec trial that was preceded by a 10 sec inter-trial interval

during which 5 priming (non-contingent) trains of stimulation were delivered; the
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priming trains were identical to those available during the trial. Stimulation
frequencies were adjusted so as to produce maximal (asymptotic) responding during
the first few trials of each frequency sweep. A rate-frequency curve was deemed
complete when the rats emitted fewer than 5 responses on each of two consecutive
trials. Seven rate-frequency curves were collected per test session. Test sessions lasted
between 85 to 165 minutes. The first curve of the session served as a warm-up and
was not included in the data analysis.
2.3.1.4.2. Drug injections

A 1 nMol dose of AgRP (83-132) (Phoenix Pharmaceutical Inc, CA) was
dissolved in 2 pl of saline whereas a 5 pg dose of MCH (Phoenix Pharmaceutical Inc,
CA) was dissolved in 3 pl of saline. A 1 nMol dose of AgRP was selected because it
was reported to produce a larger increase in body weight than the 0.1 and 0.5 nMol
doses (Hagan et al., 2000). The Sug MCH does has been shown to produce a
statistically reliable increase in food intake for two hours following injection (Qu,
Ludwig, Gameltoft, Piper, Pelleymounter et al., 1996). Cannula placement in the third
ventricle was verified by observing whether vigorous drinking began within 5 min of
administering 25 ng of angiotensin II (Sigma, St. Louis, MO). All substances were
infused at a rate of 0.2 pl/min through a stainless steel internal cannula (Plastics One,
Roanoke, VA) that extended 1 mm beyond the tip of the guide cannula. The internal
cannula was connected to a 5 pl microsyringe (Hamilton Company, Reno, NV) by
means of flexible polyethylene tubing. After infusion, the internal cannula was kept in

place for 15 seconds.
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2.3.1.4.3. Design

Training in the self-stimulation paradigm lasted for 1-2 days. Baseline (free-
feeding) rate-frequency data were obtained until the mean frequency required to
maintain half-maximal response rate from each session was stable (day-to-day
variation <0.04log,, units). To assess the influence of food restriction on BSR, daily
food intake was limited to 10 grams/day until body weight reached ~75% of free-
feeding values (approx. 3-4 weeks time). During this time BSR testing was carried out
every few days to maintain self-stimulation performance. When body weights reached
~75% of normal free-feeding values, the amount of food supplied to each rat was
adjusted daily in an attempt to hold body weight constant. Body weights stabilized
after 2-4 days. During this period regular BSR testing was carried out until steady
rate-frequency data were achieved.

The AgRP and MCH test intervened between the gathering of rate-frequency
data during free-feeding and the food restriction test. The effect of AgRP (1 nMol) on
BSR was assessed for 4 days following a single injection. Five days later, the
influence of MCH (5 ug) on BSR was examined in 13 of the 15 subjects. Both peptide
injections were preceded by two days of saline administration. BSR testing began 5
minutes after MCH injections and 15 minutes after AgRP injections.
2.3.1.4.4. Food intake measures

Powdered food was placed in cups attached to aluminum sheets that were
molded to hang on the wall of the home cage. A flat-bottomed bowl was fixed

underneath each food cup to catch spillage. Rats were habituated to the powdered
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food diet for one week prior to testing. In the case of AgRP, food intake
measurements coincided with examinations of the influence of AgRP on BSR. Food
intake was measured over a 6 hour period following the self-stimulation test session
(beginning 3 hours after the injection), corresponding to the last half of the dark phase
of the cycle. Given that MCH increases food intake over a period of 2 to 3 hours, the
influence of MCH on feeding was assessed apart from BSR testing. The amount of
food consumed each hour for a 3-hour period was measured in a separate group of rats
(N = 5) with third ventricle cannulas. This 3-hour period coincided with BSR testing
times. As a baseline measure, food intake was measured after saline administration on
the two days preceding neuropeptide treatment.
2.3.1.4.5. Data analysis

Broken-line functions, with a horizontal lower asymptote, a rising linear
segment, and a horizontal upper asymptote (Gallistel & Freyd, 1987), were fit to a
maximum of six rate-frequency curves that could be collected each day. As an index
of the effectiveness of the rewarding stimulation, we used the stimulation frequency
that maintained a half-maximal rate of reward delivery (M-50). M-50 values were
derived from each broken-line function by interpolation to indicate the position of the
rate-frequency curve along the frequency axis. Potentiation of the rewarding effect
drives these curves to the left, thus reducing the M-50 value, whereas reductions in

reward effectiveness produces rightward shifts and increases the M-50 value.

The placement of the electrode amongst a compact and heterogeneous

population of neurons has been shown to determine the effectiveness of chronic food
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restriction to decrease M-50 values (Fulton et al., 2002). Thus, the assessment of
sensitivity to food restriction has to be carried out post hoc for each rat. To determine
the effect of chronic food restriction on thresholds for BSR in each rat a set of 12 M-
50 values from two consecutive days from the end of the free-feeding condition was
compared to a set of 12 values obtained just after body weight stabilized at ~75% of
normal values. The comparison was performed using a one-way within-subjects
analysis of variance (ANOVA). Rats that showed a significant decrease in threshold
following food restriction were assigned to the “restriction-sensitive” group and those
that failed to show such a change were judged restriction-insensitive. To confirm that
this distinction was indeed behaviorally relevant a delta M-50 value was then
calculated for each rat by subtracting the mean of the 12 M-50 values collected during
free-feeding from the mean of the 12 M-50 values obtained under food restriction A

one-way ANOVA was then used to compare the delta M-50 values between the two

groups

The initial analysis of the effects of AgRP on BSR was carried out on each rat
by comparing a set of 12 M-50 values collected during the two vehicle-treatment days
to the 6 M-50 values collected on each of the four days following AgRP
administration. This comparison was performed using a within-subjects ANOVA
followed by a Dunnett test for multiple comparisons. To compare the effects of AgRP
on BSR between the restriction-sensitive and -insensitive groups a AM-50 value was
calculated for each rat on each post-injection day by subtracting the mean of the 12

M-50 values collected during saline administration from the mean of the 6 M-50
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values collected on the post-injection day. A two-way ANOVA was used to compare
the AM-50 values as a function of group (restriction-sensitive vs. —insensitive) and
time (post-injection day). Pairwise comparisons were carried out to examine the
difference between groups for the influence of AgRP on BSR on each of the four
post-injection days by using one-way ANOVAs. The alpha level was adjusted for
each subsequent comparison by performing a layered Bonferroni correction. Thus, the
alpha levels were adjusted to .05, .025, .0167 and .0125 for post-injection days 0 to 3,
respectively. Analyses of the effects of MCH on BSR was carried out in the same way
as those performed for AgRP.

The influence of AgRP on food intake was assessed by comparing food
consumption for all subjects on the saline day to food intake during each of
the four post-injection days using a within-subjects ANOVA followed by a Dunnett
test for multiple comparisons. A within-subjects ANOVA was used to compare the
influence of MCH on food intake as compared to saline treatment. To examine the
effects between treatment days as a function of hour, pairwise comparisons were
performed for each of the three hours post-injection. The alpha level was corrected for
each subsequent comparison by using the layered Bonferroni technique.
2.3.1.4.5. Histology

Following completion of testing, the stimulation sites were marked by means
of the Prussian Blue method. With the stimulating electrode serving as the anode, a
100 pA direct current was applied for 15 sec. Rats were then injected with a lethal
dose of sodium pentobarbitol (Somnotol, 100 mg/kg, IP) and perfused intracardially

with phosphate-buffered saline followed by a mixture of 10% formalin (100 ml),
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trychloroacetic acid (0.5 g), potassium ferrocyanide (3 g) and potassium ferricyanide
(3 g). Brains were removed and stored in 10% formalin. After immersion in a 20%
sucrose-formalin solution for at least 24 hr, the brains were frozen, sliced on a cryostat
in 30 pm coronal sections, and mounted on pre-coated slides (Fisher Scientific).
Sections were stained for Nissl substance using formal thionin. The location of
stimulation sites was identified with the aid of a stereotaxic atlas (Paxinos & Watson,

1998).

2.3.2. Results

2.3.2.1. Effects of AgRP on food intake and body weight

As shown in Figure 2.3.1, AgRP (83-132) administration resulted in a
significant increase in food intake on each of the four post-injection days as compared
to food intake after saline treatment (F(4, 69) = 13.33; p=<0.001) (PI day 0: F(1,27)
=6.85, p<.05; Pl day 1: F(1, 27) = 5.33, p<.05; PI day 2: F(1, 27) =4.29, p<.05; PI

day 3: F(1, 27) = 3.17, p<.05).

2.3.2.2. Effects of MCH on food intake

A 5 pginfusion of MCH in a separate group of rats (N=5) increased food
intake during the first two hours (Fig. 2.3.2), however the results did not meet our
criterion for statistical reliability (F(1, 9) = 1.21; p=0.3) (PI hour 1: F(1,9) = 1.38,

p=0.27; Pl hour 2: (1, 9) = 1.21, p=0.3; P hour 3: (F(1, 9) = 0.08, p = 0.78).
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Figure 2.3.1. The influence of a single 1 nMol dose of AgRP (82-132) on food intake
over four days post-injection. Data are means and SEM (N=14). PI: post-injection
day.
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Figure 2.3.2. The influence of single 5 pug dose of MCH on food intake for 3 hours
post-injection. Data are means and SEM (N=5).
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2.3.2.3. Chronic food restriction

Initial body weights ranged from 445 - 589 g. Following food restriction, body
weights fell to 328 - 432 g. In 6 out of 15 subjects, chronic food restriction
significantly reduced M-50 values. Examples of the data obtained from these rats are
earned. (*p <0.05) shown in Figure 2.3.3A and show that curves taken during food
restriction lie to the left of the curves obtained during free-feeding. Figure 2.3.3C
shows the corresponding AM-50 values following food restriction for rats that were
restriction-sensitive. In the remaining 9 subjects, the rate-frequency curves obtained
during restriction overlap the curves obtained during free-feeding (e.g., Fig. 2.3.3B),
and the corresponding M-50 values remained stable (Fig. 2.3.3D). The results of a
one-way ANOVA revealed that delta M-50 values of the restriction-sensitive group (-

0.105 +se0.038) were significantly lower than the AM-50 values of the restriction-

insensitive groups (-0.001 £s¢0.009) (F(1, 14) = 10.57, p = .006).

2.3.2.4. Effect of AgRP on M-50 values

The results of a two-way ANOVA comparing AM-50 values as a function of
group and time reveal a significant difference between the influence of AgRP on the
rewarding effects produced by stimulating restriction-sensitive and —insensitive sites
(F(1, 59)=17.2; p<0.001). There was no effect of post-injection day (F(1, 59)= 1.39;
p=0.225). As shown in Figure 2.3.4A, M-50 values obtained from restriction-
insensitive sites were increased by AgRP (83-132) on post-injection days 1, 2 and 3 as
compared to M-50 values obtained from restriction-sensitive sites (PI day 0: F(1, 14)

=2.18, p=0.163; Pl day 1: F(1, 14) =5.73, p=0.03; PI day 2: F(1, 14) = 5.89,
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Figure 2.3.3. Effects of chronic food restriction on self-stimulation of LH sites where
the rewarding effect of electrical stimulation is sensitive (top panel) or insensitive
(bttom panel) to chronic food restriction. Each column represents the mean change in
AM-50 (log, units) following food restriction and weight loss Magnitude of the curve
shifts produced by chronic food restriction in all subjects. M-50 represents the
stimulation frequency required to maintain half the maximal number of rewards
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Figure 2.3.4. The influence of a single injection of AgRP on M-50 values for four
post-injection days. A) Group data showing the distinct influence of AgRP at
restriction-sensitive and —insensitive stimulation sites. B) Individual data for rats from
the restriction-sensitive group. C) Individual data for rats from the restriction-
insensitive group. M-50 represents the stimulation frequency (log;o units) required to
maintain half the maximal number of rewards earned. (*p < 0.05)

92



p=0.03; PI day 3: F(1, 14) =9.11, p=0.01). However, the only statistically reliable
difference between M-50 values from restriction-sensitive and —insensitive sites was
on the last post-injection day due to the Bonferonni correction of the alpha levels.
Analyses of individual data revealed that AgRP administration produced significant
decreases in M-50 values on one of the first two post-injection days in 2 of the 6 rats
that showed decreases in M-50 values following food restriction (AS and A22) (Fig.
2.3.4B). In another restriction-sensitive subject AgRP increased M-50 values for two
consecutive days. For the remaining 3 rats, M-50 values remained relatively stable
following AgRP. In contrast, AgRP administration elevated M-50 values for one to
four post-injection days in 7 out of the 9 subjects that were insensitive to the effects of
food restriction on BSR (“restriction-insensitive”) (Fig. 2.3.4C).
2.3.2.5. Effect of MCH on M-50 values

Overall, there was no effect of MCH on BSR in either the restriction sensitive
or insensitive group. As illustrated in Figure 5A, there was no difference between
restriction-sensitive and —insensitive rats with respect to the influence of MCH on
BSR (Pl day 0: F(1, 12) =2.32, p=0.16; PI day 1: F(1, 12) = 3.34, p=0.09). In 2 of the
6 restriction-sensitive rats there were significant increases in M-50 values (Fig.
2.3.5B), which was also observed in one of the rats from the restriction-insensitive
group. In addition, 2 of the 7 rats from the restriction-insensitive group showed
significant decreases in M-50 values on the first day of MCH administration (Fig.

2.3.5C).
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Figure 2.3.5. The influence of a single 5ug injection of MCH on M-50 values for two
post-injection days. A) Group data showing the influence of MCH at restriction-
sensitive and —insensitive stimulation sites. B) Individual data for rats from the
restriction-sensitive group. C) Individual data for rats from the restriction-insensitive
group. M-50 represents the stimulation frequency required to maintain half the
maximal number of rewards earned. (*p < 0.05)
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2.3.2.6. Histology

As depicted in Figure 2.3.6, stimulation sites for restriction sensitive rats were
located dorsolateral to the fornix in the LH. The restriction-sensitive stimulation sites
were positioned in the 1.4 to 1.8 mediolateral range. The stimulation sites for the
restriction-insensitive rats were located nearby: dorsal, lateral and dorsolateral to the
fornix, and in two cases slightly medial to the fornix. The stimulation site for rat A24
could not be determined due to a histological error.

2.3.3. Discussion

Chronic food restriction resulting in ~25% body weight loss enhanced the
rewarding effects of the stimulation in 6 out of the 15 subjects whereas for the
remaining 9 subjects BSR was relatively stable following severe weight loss. The
influence of AgRP on BSR differed between groups: AgRP suppressed the rewarding
impact of the stimulation in the restriction-insensitive group and had no consistent
effect in the restriction sensitive group. In contrast, MCH administration failed to
produce any consistent changes in BSR in either group. Together, these data suggest
that AgRP does modulate brain reward circuitry but that it is unlikely that this effect is
mediated through MCH.

The influence of AgRP on the rewarding stimulation observed here stands in
contrast to the results obtained by Cabeza de Vaca et al. (2002) assessing the impact
of an AgRP-like antagonist, SHU9119, on BSR. In their study, lateral ventricular
injection of SHU9119 (0.5 or 1 pg) failed to alter the rewarding effect of LH
stimulation at 25 and 60 minutes post-injection. One possible explanation for this

discrepancy is that the stimulation sites in the study of Cabeza de Vaca and colleagues
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Figure 2.3.6. Location of the tips of the stimulation electrodes. Electrodes producing
rewarding effects that were enhanced by chronic food restriction are designated by
filled triangles (A) and electrodes producing rewarding effects that were unaffected
by chronic food restriction are designated by filled circles (@). The coronal sections
are based on the atlas of G. Paxinos and C. Watson, (Academic Press, New York,
Fourth Edition, 1998).
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were not distinguished according to their sensitivity to food restriction. Thus, any
individual effects of AgRP at functionally distinct sites could have been cancelled out
in their analysis of group data. Alternatively, the discrepancy between the two sets of
findings may be due to the smaller doses and/or different site of infusion (lateral

ventricle) used by these authors.

Seven out of the nine animals in the restriction-insensitive group showed a
significant increase in threshold for BSR after AgRP treatment. Interestingly, the
ability of AgRP to decrease the rewarding impact of the stimulation at restriction-
insensitive sites lasted for as long as four days. This finding is consistent with the
long-lasting influence of AgRP on food consumption observed in this and previous
studies (Grill et al., 1998; Hagan et al., 2001a)). Long-term elevations in food intake
by AgRP is associated with increased Fos expression in the nucleus accumbens
(Nacc), central amygdala (CeA) and LH (Hagan et al., 2001). These regions are
reciprocally interconnected and are considered important components of reward-
relevant circuitry. It is worth speculating whether the ongoing modulation of
rewarding LH stimulation by AgRP is linked to neural adaptations occurring at the
level of the Nacc, CeA and LH.

Central leptin administration mimicked the effect of fattening at restriction-
sensitive stimulation sites by suppressing the rewarding impact of the stimulation. In
contrast, leptin either enhanced or had no effect on BSR obtained at sites insensitive
to food restriction (Fulton et al., 2000; 2001). Given that leptin deficiency upregulates

AgRP expression (Ollman et al., 1997), one would expect AgRP to produce effects
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opposite to that of leptin to be considered a potential mediator. However, as we have
observed, although, AgRP did enhance BSR in two restriction-sensitive rats, it had no
overall effect on the rewarding stimulation in the restriction-sensitive group. In
contrast, AgRP suppressed BSR in rats that were insensitive to the effects of
restriction. Together, these data do not provide strong support for the notion that
AgRP is one of the signaling molecules mediating the actions of leptin on restriction-

sensitive reward circuitry.

The ability of AgRP to suppress BSR at restriction-sensitive sites is similar to
the influence of CRH on BSR: a single injection of CRH attenuated BSR in
restriction-insensitive rats for as long as two days (Fulton et al., 2002). Such CRH-
induced decreases in BSR are reminiscent of the effects of stressors on LH self-
stimulation (Valentino et al., 1990; McCutcheon et al., 1991). AgRP immunoreactive
fibers project to the paraventricular nucleus, a site of CRH synthesis (Broberger et al.,
1998). In addition, hypothalamic explants treated with AgRP resulted in a significant
increase in CRH release (Dhillo et al., 2002). These findings suggest that AgRP may
be inhibiting restriction-insensitive reward circuitry via its stimulatory actions on
CRH. Interestingly, a-MSH and AgRP alone stimulate CRH release in vitro, but when
combined their effects on CRH release are not additive (Dhillo et al., 2002). This
result suggests that AgRP may not be acting by competitive antagonism at MC3/4
receptors to stimulate CRH release and suggest the presence of some unknown
receptor or mechanism by which this might occur. In this regards, it would be

interesting to determine the contribution of MC3/4 receptors to the rewarding effect
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obtained by stimulating restriction-insensitive stimulation sites by assessing the

influence of an MC3/4 agonist on BSR.

The effect of AgRP treatment in rats in the restriction-sensitive group was
much more variable — two rats showed significant decreases in threshold on at least
one day and one showed a significant increase. This within group variability makes it
difficult to draw any firm conclusions about the effects of AgRP on the restriction
sensitive substrate. Such variability is not surprising given the given that the
stimulation can recruit multiple, functionally distinct subpopulations of reward
neurons (Fulton et al., 2003). Small variations in the placement of the electrode tip
and the path of current flow could alter the relative weights of the subpopulations
sampled by different electrodes, thus the probability of obtaining a stimulation site
that exclusively activates the restriction-sensitive subpopulation of reward neurons is
low. As such, we speculate that in the case of the two rats that showed increases in
BSR by AgRP there was a greater recruitment of restriction-sensitive reward neurons.
In the remaining four cases in which a more modest reduction in M-50 values were
observed following weight loss, it can be assumed that there is a lower ratio of
restriction-sensitive to -insensitive reward-relevant fibers recruited by the stimulation.
Thus, the inability of AgRP to potentiate BSR in these four rats could be due to
actions of AgRP to inhibit restriction-insensitive neurons (as seen in seven subjects),
thereby canceling out or opposing (in the case of A19) the facilitation of restriction-
sensitive reward circuitry by AgRP. In order to make a more conclusive statement

about the impact of AgRP on restriction-sensitive reward circuitry it would be
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necessary to test AgRP in a much larger sample of rats with restriction-sensitive
electrode placements.

The identity of the neurons that give rise to the rewarding effect produced by
stimulating restriction-sensitive and —insensitive sites is unknown. Thus, the eftects of
AgRP on reward circuitry may be occurring directly via antagonism of MC-3/4
receptors on reward-relevant neurons or it may involve the modulation of other
neuropeptides. MCH has been implicated as a downstream signal mediating the
actions of AgRP on feeding and body weight regulation. The present data do not
support a role for MCH in the modulation of reward circuitry by AgRP. In 7 of the 12
rats tested, the rewarding effect of the stimulation was relatively unchanged following
MCH administration. MCH suppressed BSR in two rats from the restriction-sensitive
group, an effect that was also observed in one rat from the restriction-insensitive
group. Increases in BSR were also observed in two additional rats that were
insensitive to the effects of food restriction. Despite the alterations in BSR by MCH in
these few cases, there was no overall distinction in the effects of MCH on BSR
between restriction-sensitive and —insensitive sites.

As with AgRP, the influence of orexin-A on feeding is mediated by opioid
receptors and orexin-A administration preferentially increases intake of high fat over
carbohydrate-rich food (Clegg et al., 2002). Moreover, AgRP administration has also
been shown to increase fos expression in orexin-A neurons 23 hours after injection
(Zheng et al., 2002). Together, these data suggest that AgRP may act through orexin-
A to produce its characteristic effects of feeding. In this regard, it would be interesting

to examine the ability of orexin-A to alter BSR at restriction-sensitive and —insensitive
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sites, especially since orexin-A administration in the pedunculopontine nucleus has
been shown to decrease the rewarding effect of LH stimulation (Yeomans, Hood,
Koziel, Doesburq, Fletcher, Steidl, 2001).

The disparate effects of AgRP, CRH and leptin on the rewarding effect arising
from different subpopulations of neurons may reflect the comparative process
believed to underlie behavioral allocation (Shizgal, 1998; Shizgal et al., 2001). The
effect of AgRP, leptin and CRH at restriction-insensitive sites suggest that these
peptides may contribute to the rewarding effects of stimuli and behavior that are
incompatible with feeding, yet still involved in the regulation of energy balance.
Reward signaling of restriction-insensitive neurons may be linked to energetically
expensive activities, for example. In contrast, the restriction-sensitive component of
reward circuitry may tie long-term changes in energy balance to the rewarding effects
of high fat food or food hoarding. Determining the function of these reward circuits

remains an important goal of future work..

2.3.4. Summary

Chronic food restriction and body weight loss potentiated the rewarding effect
of the stimulation at a subset of stimulation sites in the LH. As we have previously
shown with leptin and CRH, the modulation of BSR by food restriction can predict
the impact of AgRP on BSR. Most notably, AgRP inhibited the rewarding effect of
the stimulation at sites insensitive to restriction. In contrast, AgRP had no consistent
effect on restriction-sensitive stimulation. Nonetheless, AgRP facilitated BSR in two

subjects in which the rewarding impact of the stimulation was substantially enhanced
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by food restriction. Alterations in BSR produced by AgRP do not involve MCH as
MCH treatment failed to consistently alter BSR at restriction-sensitive and —
insensitive sites. Together, this work extends our previous findings regarding the
distinct impact of hormones and neuropeptides on restriction-sensitive reward

circuitry.
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CHAPTER THREE

Leptin and insulin are two adiposity signals that have been shown to reverse
the potentation of BSR by food restriction. These data suggest that leptin and insulin
may be involved in the process whereby food restriction and weight loss potentiate the
rewarding effect produced by stimulating restriction-sensitive sites. How crucial are
both of these hormones to the modulation of BSR by food restriction? Could there be
other peripheral signals mediating the actions of food restriction on reward circuitry?
The next study addresses these questions by examining the impact of food restriction
and weight loss on BSR in a rat strain that develops resistance to circulating leptin and
insulin: the obese Zucker rat (fa/fa). As shown previously, a 48 hour period of food
deprivation fails to enhance BSR at restriction-sensitive sites in lean rats. However,
the obese Zucker rat shows increased hyperphagia in response to an acute period of
food deprivation as compared to lean littermates. Thus, we also determined whether a
48 hour period of food deprivation could enhance BSR at restriction-sensitive sites in
this model. Despite the reduced signaling capacity of the leptin receptor resulting
from the fa mutation, several studies have shown that central leptin administration can
still reduce food intake in this model, albeit to a lesser degree than in leans. Thus, to
determine whether leptin can also affect reward circuitry in this model, we assessed

the effect of central leptin administration on BSR.
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4.1. FOOD RESTRICTION AND LEPTIN IMPACT BRAIN REWARD
CIRCUITRY IN LEAN AND OBESE ZUCKER RATS

Changes in long-term energy stores are met by alterations in behaviors that
contribute to the regulation of energy balance. A highly effective way to modify
behavior is to change the rewarding impact of different activities and their
consequences. Brain stimulation reward (BSR) has long been used to assess the state
of the neural circuitry (“brain reward circuitry”) that computes the value of goal
objects and goal-directed behaviors. Electrical stimulation of several brain regions can
produce a rewarding effect that animals will seek out and work vigorously to obtain.
Alterations in physiological state can modulate the rewarding properties of the
stimulation of particular brain regions, and thus BSR can be used to tease apart
functionally different subsets of neurons.

Stimulating some sites in the lateral hypothalamus (LH) produces a rewarding
effect that is potentiated by chronic food restriction and body weight loss, whereas
self-stimulation of nearby LH sites is unaffected by this manipulation (Blundell &
Herberg, 1968; Carr & Wolinsky, 1993; Fulton, Woodside & Shizgal, 2000). That the
effect of food restriction on BSR is contingent upon the position of the stimulating
electrode is supported by evidence of contrasting effects of food restriction at different
stimulation sites in the same rat (Fulton, Woodside & Shizgal, 2002). Furthermore,
the ability of food restriction to enhance BSR at restriction-sensitive stimulation sites
is proportional to the degree of weight loss, suggesting that peripheral signals
reflecting the status of adipose stores may mediate this process (Carr & Wolinsky,

1993; Fulton et al., 2002). We hypothesize that alterations of long-term energy stores

104



may influence choice among competing behaviors and goal objects by modulating the
activity of the restriction-sensitive sub-population of neurons (Shizgal, Fulton &
Woodside, 2001).

How does brain reward circuitry detect the state of peripheral adiposity stores?
Putative chemical signals linking adiposity stores to the central control of energy
balance include leptin and insulin (Havel, 2001; Woods & Seeley, 2001). Leptin is an
adipocyte-derived hormone that is implicated in the control of feeding, energy
expenditure, and reproduction (Ahima et al., 1996; Pelleymounter et al., 1995).
Circulating levels of leptin are directly proportional to the amount of adipose tissue
(Maffei et al., 1995). Upon accessing the brain, leptin targets the long-form its
receptor (Ob-Rb) in the hypothalamus and caudal brainstem to decrease energy intake
and increase energy expenditure (Elmquist et al., 1998; Grill et al., 2002; Spiegelman
& Flier, 2001). Previously, we found that intraventricular leptin mimicked the effect
of fattening by attenuating the rewarding impact of restriction-sensitive stimulation
(Fulton et al., 2000). Moreover, Carr et al. (2000) have shown that insulin can also
attenuate the rewarding impact of restriction-sensitive stimulation. Together, this
evidence suggests that leptin and insulin may mediate the process whereby chronic
food restriction and weight loss modulates BSR.

If leptin and insulin carry the signal that links peripheral fat stores to the
modulation of BSR we should expect differences in the effect of food restriction on
BSR in the genetically obese Zucker rat (fa/fa), who is profoundly resistant to
circulating leptin and insulin (Burguera, Couce, Curran, Jensen, Lloyd, Cleary et al.,

2000; Lin, Truett, Levens & York, 1996; Stein, Dorsa, Baskin, Figlewicz, Porte &
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Woods, 1987). Obesity in the Zucker rat results from a missense mutation in the gene

encoding the leptin receptor (Leprfa) (Chua, Chung, Wu-Peng, Zhang, Liu et al.,
1996; 1da, Murakami, Ishida, Mizuno, Kuwajima et al., 1996 ). As a consequence of
impaired leptin receptors, the obese Zucker rat exhibits marked hyperphagia,
hyperglycemia, hyperinsulinemia and hyperleptinemia. Thus far the sensitivity of
brain reward circuitry to manipulations of energy balance in the obese Zucker rat is
unknown. We set out to test the influence of chronic food restriction on BSR in obese
Zucker rats to determine whether changes in metabolic signaling associated with
weight loss can influence brain reward circuitry in this leptin and insulin resistant

model.

In contrast to the effects of long-term food restriction on BSR, an acute period of
food deprivation (Fulton et al., 2000) or reductions of short-term metabolic fuel
availability (Cabeza de Vaca et al., 1998) fail to alter BSR at sites sensitive to body
weight loss. This evidence suggests that the modulation of BSR at restriction-sensitive
sites is more directly associated with changes in long-term energy reserves, such as
adipose tissue, rather than fluctuations of short-term energy stores. Should we expect
this to be so as well in the obese Zucker rat? Relative to their lean littermates, acute
food deprivation in obese Zucker rats produces increased hyperphagia (Vasselli,
Cleary, Jen & Greenwood, 1980) and neuronal activation (Timofeeva & Richard,
2001). Thus, short-term food deprivation may have a different influence on brain
stimulation reward in the obese Zucker rat than in lean rats. To determine this, the

effect of acute food deprivation on BSR was assessed in lean and obese Zucker rats.
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In contrast to their insensitivity to circulating leptin, obese Zucker rats do show
some responsiveness to leptin injected directly into the cerebral ventricles. For
example, central leptin administration can reduce food intake and body weight in the
Zucker model, but is less effective in the obese rats than in the lean rats. To determine
whether central leptin administration can influence the rewarding effect of LH
stimulation in the Zucker model, we assessed the effect of this manipulation in both

lean and obese rats.

3.2. Materials and methods
3.2.1. Subjects
Subjects were male Zucker rats, 9 obese (fa/fa) and 8 lean (Fa/?), from the

Charles River Breeding Farms (St. Constant, Quebec). At the time of surgery, lean
rats weighed between 402 and 480 g, and obese rats weighed between 553 and 641 g.
Each rat was housed individually in plastic solid-floor cages with ad libitum access to
food and water. All subjects were kept in a temperature-controlled room under a
reverse 12 hour dark/12 hour light cycle that switched at 8 am/pm. All behavioral
testing was carried out in the second half of the dark phase of the cycle.
3.2.2. Surgery

Prior to surgery, rats were pre-treated with atropine sulfate (0.5 mg/kg, SC) to
reduce bronchial secretions. Obese fa/fa rats were anesthetized with either a ketamine
(Ketaset, 80 mg/kg, i.p.) and xylazine (Rompun, 12 mg/kg, i.p.) mixture or with the
vaporized gas anesthetic, isoflurane (Aerrane). Lean rats were anesthetized with

sodium pentobarbital (Somnotol, 65 mg/kg, i.p.). With bregma and lamda at the same
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horizontal coordinates, bilateral, monopolar electrodes were aimed at the perifornical
region of the LH (3 mm posterior to bregma, 1.6 mm lateral to the midsagittal sinus,
7.8 mm below the dura mater), and a 24- gauge stainless-steel guide cannula (Plastics
One, Inc., Roanoke, VA) was aimed at the right lateral ventricle (0.4 mm posterior to
bregma; 1.6 mm lateral to the midsagittal sinus; 4 mm below the dura mater). The
electrodes were constructed from 00 insect pins and were insulated with Formvar to
within 0.5 mm of the tip. A wire twisted around two jeweler’s screws implanted in
the cranium served as the current return. The electrodes and cannula assembly were
bonded to the skull and screw anchors by means of dental acrylic. The intraventricular
cannula was then closed with a removable obturator. To reduce postoperative pain,
Buprenorphine (Buprenex, 0.05 mg/kg, SC) was administered once following surgery.
3.2.3. Apparatus

Subjects were screened for self-stimulation in wooden boxes (25cm x 25 ¢cm 70
cm) with Plexiglas front panels and wire mesh floors. A lever, positioned 3 cm above
the floor, protruded from the middle of one wall, and a key light positioned 5 cm
above the lever signaled the availability of the reward. Electrical stimulation was
generated by dual constant current amplifiers and controlled by hand-operated circuit
pulse generators. Depression of the lever triggered the stimulator. The connector on
the rat’s head was linked to the stimulator via a flexible lead and a 7-channel slip-ring
located at the top of the test chamber.

The experimental sessions took place in a room housing computer-controlled
stimulators. Test chambers were similar to those used for training except they were

constructed entirely of Plexiglas and equipped with a ceiling-mounted, white house
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light. Each test chamber was enclosed in a 50 cm x 50 cm x 90 cm plywood enclosure
lined with sound attenuating foam. Stimulation trains were generated by
microprocessor-controlled circuitry and monitored on an oscilloscope in an adjoining
room. Subjects were monitored during testing by means of a remote-controlled video
camera.
3.3. Procedure
3.3.1. Brain stimulation reward

Rats were shaped to lever press for a 0.5 s train of cathodal, rectangular,
constant-current pulses, 0.1 ms in duration, on a continuous reinforcement schedule.
Initially, stimulation parameters were set to low currents and frequencies. If the rat
displayed signs of aversion, training was discontinued; otherwise, the subject was
shaped to press the lever. Stimulation frequencies (pulses per second) were adjusted to
produce optimal levels of responding at a current that remained fixed for each rat,
ranging between 150 and 450 pA. Self-stimulation of both sites was assessed, and the
electrode that supported the most vigorous lever-pressing in the absence of motoric
side-effects was chosen for further testing.

Following initial screening, subjects were trained in the computer-controlled
testing setup to respond for a descending series of stimulation frequencies, on a 0.5
sec fixed-interval schedule of reinforcement. The stimulation current was held
constant throughout testing, within the range used for initial training. The stimulation

frequency was decreased from trial to trial in steps of 0.033 log, o units (~8%) in order

to generate curves linking the rate at which rewards were earned to the stimulation

frequency (“rate-frequency” curves). Each frequency was available during a single 60
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sec trial that was preceded by a 10 sec inter-trial interval, during which 5 priming
(non-contingent) trains of stimulation were delivered; the priming trains were
identical to those obtained during the trial. Stimulation frequencies were adjusted so
as to produce maximal (asymptotic) responding during the first few trials of each
frequency sweep. A rate-frequency curve was considered complete when the rats
emitted fewer than 5 responses on each of two consecutive trials. Seven rate-
frequency curves were collected per test session. Test sessions lasted anywhere
between 60 to 150 minutes, approximately. The first curve of the session served as a
warm-up and was not included in the data analysis.
3.3.2. Intraventricular injections

Cannula placement was verified by administering 50 ng of angiotensin I1
(Sigma, St. Louis, MO) and determining whether vigorous drinking began within 5
min. All substances were infused in the right lateral ventricle at a rate of 1 pul/min
through a stainless steel internal cannula (Plastics One, Roanoke, VA) that extended 1
mm beyond the tip of the guide cannula. The internal cannula was connected to a 5 pl
microsyringe (Hamilton Company) by means of flexible polyethylene tubing. After

infusion, the internal cannula was kept in place for 15 seconds.

3.3.3. Food measurement

The ability of a 4 pg dose of leptin (Peprotech, Inc) to suppress food intake
was assessed in the same group of lean and obese rats after BSR testing had
completed. Rats were habituated to a powdered food diet for one week. Powdered

food was placed in cups attached to aluminum sheets that were molded to hang on the
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wall of the home cage. A flat-bottomed bowl was fixed underneath each food cup to
catch spillage. Food intake was measured for 3 hours following ICV vehicle (3.2 pl,
0.1 mol/l Tris, pH 7.35) administration and then again after administration of 4 pg/3.2

ul leptin solution the next day. The amount of food consumed was measured in this
manner for four days following a single injection of leptin. All injections were made
during the second half of the dark cycle, in accordance with self-stimulation testing
times.
3.3.4. Design

Training in the self-stimulation paradigm lasted for one to two days. As a
measure of the rewarding impact of the stimulation, we used the stimulation
frequency that maintained a half-maximal rate of reward delivery (M-50). Baseline
responding was deemed stable when mean stimulation frequency require to maintain

half-maximal responding shifted by < 0.04 log]( units from day to day. Rate-

frequency data was collected for 5 to 7 days following stabilization of baseline (free-
feeding) responding. At the end of this period, the effect of food deprivation on BSR
was assessed by removing all food from the home cage for a period of 48 hours.
Subjects were tested immediately after this period of food deprivation and then were
provided with ad libitum access to food after the test session. Following an additional
day of testing, food consumption was limited to 10 grams/day to investigate the
influence of chronic food restriction on BSR. Food was restricted for 18 to 28 days
until body weight reached ~75% of free-feeding values. During this restriction period

BSR testing was carried out every few days to maintain self-stimulation performance.
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When body weights reached target values, the amount of food supplied to each rat
was adjusted daily in an attempt to hold body weight constant. When body weight
stabilized at ~75%, BSR testing was carried out until steady M-50 values were
achieved.

The influence of leptin (4 pug) on BSR was examined at the end of the restriction
condition, when body weight was stabilized at ~ 25% below its normal level. Vehicle
(3.2 ul of 0.1 mol/l Tris, pH 7.35) was administered for two consecutive days,
followed by leptin (4 g in 3.2 pl of vehicle) treatment on the third day. BSR testing
began 1 hour after injections.

3.3.5. Data analysis

Broken-line functions, with a horizontal lower asymptote, a rising linear
segment, and a horizontal upper asymptote (Gallistel & Freyd, 1987), were fit to each
of the six rate-frequency curves collected daily. To indicate the position of the rate-
frequency curve along the frequency axis, the M-50 value was derived from each
broken-line function by interpolation. Enhancement of the rewarding effect shifts
these curves to the left, thus reducing the M-50 value, whereas reductions in reward
effectiveness produces rightward shifts and increase M-50 values.

To assess the effect of food restriction on each subject, a set of 12 M-50 values
from two consecutive days in the free-feeding condition was compared to a set of 12
values obtained just after body weight stabilized at ~75% of normal values with a one
way ANOVA. Delta M-50 values were calculated for each rat by subtracting the mean

of the 12 M-50 values collected during free-feeding from the mean of the 12 M-50
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values obtained under food restriction. To determine whether groups differed in their
response to food restriction, AM-50 values were compared between each group
(restriction-sensitive/obese; restriction-sensitive/lean; restriction—insensitive/obese;
restriction-insensitive/lean) with a two-way ANOVA.

To determine the effectiveness of the food deprivation manipulation on each
subject, 6 M-50 values taken immediately before food deprivation were compared
with 6 M-50 values collected after ~48 hours of food deprivation using a one-way
analysis of variance (ANOVA). AM-50 was calculated for each rat by subtracting the
mean of the 6 M-50 values collected during baseline from the mean of the 6 M-50
values obtained after food deprivation.

For the analysis of the effects of leptin on BSR, a Dunnett test for multiple
comparisons was performed. Six M-50 values collected during the second vehicle-
treatment day were compared to the 6 M-50 values collected on each of the four days
post-administration of leptin for each rat. AM-50 was calculated for each rat by
subtracting the mean of the 6 M-50 values collected during the second day of vehicle
administration from the mean of the 6 M-50 values obtained from each day post-
injection of leptin. To determine whether groups differed in their response to leptin
treatment, a one-way ANOVA was used to compare delta M-50 values from all four
days following leptin administration between restriction-sensitive and —insensitive
rats. The same analysis was performed to examine differences between genotypes. A
level of p < 0.05 for a two-tailed test was considered critical for statistical

significance.

113



For the analysis of the effects of leptin on food intake, values representing the
ratios of food consumption following leptin treatment to consumption following
vehicle treatment were compared to one by means of a single sample t—test. This
analysis was performed independently for lean and obese rats for each of the 4 days
post-treatment. Differences in the influence of leptin on food intake between
genotypes were assessed by means of an independent-measures t-test for each day
post-treatment.

3.3.6. Histology

At the end of the experiment, the stimulation sites were marked by means of the
Prussian Blue method. With the stimulating electrode serving as the anode, a 100 pA
direct current was applied for 15 sec. Rats were then injected with a lethal dose of
sodium pentobarbitol (Somnotol, 100 mg/kg, IP) and perfused intracardially with
saline followed by a mixture of 10% formalin (100 ml), trychloroacetic acid (0.5 g),
potassium ferrocyanide (3 g) and potassium ferricyanide (3 g). Brains were removed
and stored in 10% formalin. After immersion in a 20% sucrose-formalin solution for
at least 24 hr for cryoprotection, brains were frozen, sliced on a cryostat in 30 um
coronal sections, and mounted on gelatin coated slides. Sections were stained for Nissl
substance using formal thionin. The location of stimulation sites was identified with

the aid of a stereotaxic atlas (Paximos & Watson, 1998).

3.4. Results

3.4.1. Chronic food restriction
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During the free-feeding condition body weights of obese rats ranged from 592 -
761 g and body weights of lean rats ranged from 448 — 564 g. Following food
restriction, body weights of obese rats fell to 458 — 585 g and body weights of lean
rats dropped to 337 — 411 g.

In 5 out of the 9 obese rats, chronic food restriction reduced M-50 values.
Examples of the data obtained from these subjects are shown in Figure 3.1A and show
that curves taken during food restriction lie to the left of the curves obtained during
free-feeding. The corresponding M-50 values decreased by 0.041 —0.392 log, , units
for the obese rats (Fig. 3.1C). Similarly, M-50 values decreased following food
restriction in some lean rats. Rate-frequency curves were shifted leftward by food
restriction in 4 out of the 8 lean rats, and the resultant M-50 values decreased by

0.027 - 0.147 log1 ¢ units (Fig. 3.1C). In the remaining four obese rats, rate-frequency

curves collected during restriction overlap the curves obtained during free-feeding
(e.g., Fig. 3.1B), and the corresponding M-50 values were not significantly altered
(Fig. 3.1D). Similarly, in 3 out of the 4 remaining lean rats M-50 value were not
significantly altered by chronic food restriction as illustrated in Figure 3.1D. In one
lean rat, L.25, there was a small but significant increase in M-50 values following
body weight loss.

Rats were labeled as restriction-sensitive when chronic food restriction produced

statistically significant reductions in M-50 values relative to baseline M-50 values.

The results of a two-way ANOVA, assessing A M-50 values following chronic food
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Figure 3.1. Effects of chronic food restriction on self-stimulation at LH sites where
the rewarding effect of electrical stimulation is either sensitive or insensitive to
chronic food restriction. A) Rate-frequency curves are shifted leftwards during
chronic food restriction (open symbols) with respect to curves obtained during the
free-feeding baseline (filled symbols) in a subset of obese rats. B) In contrast, rate-
frequency curves remained stable following chronic food restriction in the remaining
obese rats. Each data point is an average of six measures collected on each test day.
C) Magnitude of lateral curve shifts produced by chronic food restriction in all
restriction-sensitive lean and obese subjects. D) Magnitude of curve shifts produced
by food restriction in all restriction-insensitive lean and obese subjects. M-50 refers to
the stimulation frequency required to maintain the half-maximal number of rewards
earned. *p < 0.05; ** p < 0.005.
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restriction, indicate a significant main effect of restriction-sensitivity: Food restriction
resulting in ~25% weight loss lowered M-50 values in restriction-sensitive rats

0.151 +0.063 log,, units) as compared to the restriction-insensitive rats (-0.007 £0.016
log,, units) (F(1, 13) = 7.98, p = .014). There was no difference in AM-50 values

between genotypes (F(1, 13) = 1.44, p=0.251) and no interaction between restriction-

sensitivity and genotype (F(1, 13) =0.46, p=0.51).

3.4.2. Acute food deprivation

A sample of the data obtained from restriction-sensitive and restriction-
insensitive rats is displayed in Figure 3.2A and B, respectively, and show that curves
taken after food deprivation overlap curves collected prior to deprivation. A 48-hour
period of food deprivation did not produce any significant changes in M-50 values in
7 out of 8 obese fa/fa rats (Fig. 3.2C and D). In the remaining obese rat, F20, M-50
values were decreased by food deprivation (Fig. 3.2C). In a similar manner, M-50
values remained stable in the face of acute food deprivation in all lean Fa/? rats (Fig.

3.2C and D). Data for rat F19 is unavailable.

3.4.3. Leptin administration

Intraventricular leptin treatment led to reductions in the effectiveness of the
rewarding stimulation (increased M-50 values) on at least one day post-injection in 3
out of the 5 obese rats that showed a potentiation of BSR by food restriction
(“restriction-sensitive”) (Fig. 3.3C). The rate-frequency curves obtained from these

subjects are shifted to the right by leptin administration as exemplified in Figure 3.3A.
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Figure 3.2. Failure of acute food deprivation to alter self-stimulation in lean and
obese rats. A) Rate-frequency curves obtained following 48-hour food deprivation
(open symbols) overlap those collected during free-feeding (closed symbols) in obese
Zucker rats. B) Similarly, in leans rats food deprivation failed to shift rate-frequency
curves. Each data point is an average of six measures collected on each test day. C)
Magnitude of the curve shifts (AM-50) produced by acute food deprivation in all

obese and lean subjects. *p < 0.05; ** p <0.005.
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Figure 3.3. Effect of a single ICV injection of leptin (4 pg) on the rewarding effect
of LH stimulation. A) Leptin shifted rate-frequency curves rightward (leptin: open
symbols; vehicle control: filled symbols) at a stimulation site in an obese rat that was
sensitive to the effects of weight loss (see Figure 2a). B) At a stimulation site in an
obese rat where chronic restriction failed to enhance the rewarding effect (see Figure
2b), BSR was unchanged after leptin administration. Each data point is an average of
six measures collected on each test day. C) Magnitude of curve shifts (AM-50) during
the 4 days following ICV leptin in all restriction-sensitive lean and obese rats. D)
Magnitude of curve shifts (AM-50) during the 4 days following ICV leptin in all

restriction-insensitive rats. ; *p <0.05; ** p <0.005.
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For the remaining 2 rats in this group there was a decrease in M-50 values in one case
(F20) and no significant change in M-50 values in the other (F24). Of the 3 lean rats
that were sensitive to the effects of food restriction, two showed increased M-50
values on at least one of the days following leptin administration as shown in Figure
3C. For the remaining restriction-sensitive lean rat the M-50 value increases were not
statistically significant.

In contrast to the overall effects of leptin at restriction-sensitive sites, leptin
treatment at restriction-insensitive sites failed to increase M-50 values in both obese
and lean Zucker rats. In 2 of the 3 obese rats that were insensitive to the effects of
restriction, leptin administration failed to alter M-50 values on any of the days
following injection (Fig 3.3.D). This is illustrated in Figure 3.3B by the overlap of
rate-frequency curves obtained after administration of leptin and vehicle. In the
remaining restriction-insensitive obese rat there was a significant reduction in M-50
values on one of the days following administration. Similarly, in 2 of the 3 lean rats
that were unresponsive to the effects of food restriction, M-50 values following leptin
treatment were unchanged, and in the remaining rat M-50 values decreased during the
two days following leptin injection (Fig. 3.3B).

A one-way ANOVA revealed a significant difference between restriction-
sensitive and -insensitive rats with respect to leptin treatment: over the four days
following leptin administration delta M-50 values were significantly elevated in

restriction-sensitive rats (0.047 £0.013 log,, units) relative to restriction-insensitive
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rats (-.015 £0.007 log, , units) (F(1, 52) = 15.77, p <.001). There was no contrasting

effects of leptin on M-50 values between genotypes (F(1, 31) =0.44, p = 0.62).

3.4.4. Food intake

As illustrated in Figure 3.4, leptin administration decreased food intake in
obese Zuckers on each of the 4 days post-injection (PI 0: t(7) =2.93, p <.05; PI 1:
t(7) = 2.6, p<.05; P1 2: ¢(7) =2.29, p <.05; P1 3: t(7) = 2.43, p <.05). In lean Zuckers
leptin produced significant reductions in food intake on the first two days post-
treatment (PI0: t(6) = 8.84, p <.005; PI 1: t(6) = 3.88, p<.005), whereas reductions in
food intake on post-injection day 2 and 3 were not statistically significant. There were
no statistically reliable differences in the amount of food consumed between lean and

obese rats on any of the four days post-injection.

3.4.5. Electrode placements

Histological localization of the electrode tips revealed that most stimulation sites
were located dorsal or dorsolateral to the fornix in the LH (Fig. 3.5). In the remaining
rats, one electrode was ventral to the fornix (F24), and the other was in the subincertal
nucleus (L8). Table 3.1 shows the symbols that correspond to the electrode
placements of individual rats. A clear distinction between the distributions of
restriction-sensitive and —insensitive stimulation sites is not apparent. Electrode

placements for rats F10 and F4 could not be determined due to histological error.
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Figure 3.4. Effects of a single ICV injection of leptin (4 pg) on food intake for four
days in obese and lean Zucker rats. Data represent means and SEM. *p < 0.05; ** p <
0.005.
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Figure 3.5. Location of the tips of stimulation electrodes for individual rats (see
Table 3.1). Coronal plates are derived from the atlas of Paxinos and Watson (1998).
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Table 3.1. Symbols marking electrode placements
for individual rats.

Restriction-sensitive Restriction-insensitive

Rat Symbol Rat Symbol
F2 O F3 *
F11 < F7 *
F20 O F19 |
F24 O L8 *

L6 A L13 °
L12 © L25 A
L17 o

L26 phe
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3.5. Discussion

As we found previously, chronic food restriction resulting in significant body
weight loss enhanced the reward effectiveness of the stimulation in a subset of lean
rats. The key finding of the present study was that BSR was also potentiated by food
restriction in a subset of obese Zucker rats despite their known insensitivity to
circulating leptin and insulin. Again consistent with our earlier data, BSR was
unchanged by acute food deprivation in almost all lean rats, even in those rats that
subsequently showed an increase in BSR following chronic food restriction. Similarly,
we found that acute food deprivation failed to enhance BSR in obese rats. Finally, in
the majority of restriction-sensitive lean and obese rats, the rewarding impact of the
stimulation was suppressed by central leptin administration on at least one of the four
days post-injection. In contrast, in all restriction-insensitive rats there was no
attenuation of BSR produced by leptin; instead, leptin either had no effect or

decreased the rewarding impact of the stimulation.

In a subset of the lean and obese Zucker rats, the substantial body weight loss
(~25%) produced by chronic food restriction was accompanied by a reduction in M-
50 values; in these rats, the rewarding impact of the stimulation was potentiated by
chronic restriction. Conversely, BSR remained stable in the face of similar weight loss
in the remaining lean and obese rats. These data are consistent with the existence of a
subset of reward neurons in both the obese and lean Zucker rat whose signaling can be

modified by peripheral signals reflecting body weight. That chronic restriction
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enhances BSR only in a subset of subjects replicates previous findings obtained in
lean rats (Abrahamsen et al., 1995; Fulton et al., 2000).

Both leptin and insulin have been shown to oppose the reward-enhancing
effects of food restriction on BSR and they have been proposed as links between
peripheral fat stores and the activity of the restriction-sensitive subpopulation of
reward neurons. The current finding that leptin can counter the increases in BSR
produced by restriction in some obese Zucker rats supports the notion that leptin acts
centrally to modulate the reward-enhancing effects of food restriction. However, the
sensitivity of BSR to restriction in some obese Zucker rats does not add support for
the notion that leptin and insulin link the state of the peripheral fat stores to central
reward circuitry. It is unlikely that food restriction and weight loss would result in
reduced central levels of these two hormones in the obese Zucker rat. Uptake of leptin
and insulin from the periphery to the cerebrospinal fluid (CSF) is reduced in the obese
Zucker rat, suggesting that the receptor-mediated transendothelial transport systems
are saturated (Burguera et al., 2000; Stein et al., 1987). It is likely, therefore, that a
dramatic reduction in circulating leptin and insulin levels would be required to
produce a decrease in central levels. The chronic food restriction regimen used in the
present study was not sufficient to reduce the body weights of obese Zucker rats to
that of their lean litter mates. In fact, obese Zucker rats with body weights much lower
than those of the restricted obese rats in the present study exhibit higher plasma/CSF
insulin ratios than lean littermates (Stein et al., 1987). Moreover while it is unknown
whether decreasing peripheral leptin levels affects central quantities of the hormone in

the obese Zucker rat, there is evidence that lowering plasma insulin concentrations
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actually increases CSF insulin levels (Alemzadeh & Holshouser, 1999). Determining
the precise role of central insulin and leptin signaling in the potentiation of BSR by
chronic food restriction requires the measurement of CSF concentrations of these two
hormones following food restriction in both lean and obese Zucker rats. Nonetheless,
the evidence available at this point suggests that the facilitation of BSR by food
restriction depends on a peripheral factor other than or in addition to leptin and
insulin. Several other signals link long-term energy stores to the central control of
energy balance, including fatty acid synthase inhibitors (e.g., cerulenin) (Loftus,
Jaworsky, Frehywot, Townsend, Ronnett et al., 2000), and could play a critical role in
signaling the state of long-term energy stores to restriction-sensitive reward neurons.
There was no statistically reliable difference between lean and obese rats with
respect to the magnitude of the restriction-induced reduction in M-50 values.
Nonetheless, it is not very meaningful to carry out such comparisons between two
groups of rats with different distributions of electrode placements. Thus, this finding
could reflect similar sensitivities of lean and obese rats to the effects of restriction on
BSR or differences in the sampling of restriction-sensitive reward neurons in the
groups of lean and obese rats. Electrodes may be situated so as to recruit more or
fewer neurons from the restriction-sensitive subpopulation, resulting in differential
potentiation of BSR by food restriction. In order to determine the relative sensitivity
of BSR to food restriction in lean and obese Zucker rats, one would need an extremely

large group of subjects in order to average out the variations in electrode placement.
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Unlike chronic food restriction, a 48 hour period of food deprivation failed to
enhance BSR in all but one rat. During chronic food restriction, rats were fed their
daily ration immediately after the test session. Given that this relatively small amount
of food is consumed rapidly, short-term energy stores are likely depleted by the time
of the test session on the following day. Accordingly, it was important to assess
whether the facilitation of BSR in obese rats is generated by reductions in long-term
energy stores rather than diminished short-term stores. The failure of acute food
deprivation to increase the rewarding effect of the stimulation at restriction-sensitive
sites in obese rats implies that the potentiation of BSR is contingent upon reducing
long-term energy stores as we have shown previously in lean rats (Fulton et al., 2000).
Furthermore, these results coincide with reports that acute glucopenia and
lipoprivation do not alter BSR at sites sensitive to chronic food restriction(Cabeza de
Vaca et al., 1998).

Despite the absence of intact Ob-Rb leptin receptors in the obese Zucker rat,
intraventricular infusion of leptin significantly decreased the rewarding effect of the
stimulation in 3 out of the 5 restriction-sensitive obese rats, on at least one day post-
injection. Similarly, the rewarding impact of the stimulation was suppressed by
central leptin administration in 2 out of the 3 lean rats with restriction-sensitive sites,
whereas in the remaining rat there was a trend towards this effect.

The reduction in the effectiveness of the rewarding stimulation persisted for as
long as four days after leptin administration, an effect that was seen in a previous
study of the effects of leptin on BSR (Fulton et al., 2000). These findings are also

consistent with the long-lasting suppression of food intake seen in this and a prior
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study following a single injection of leptin (Cusin, Rohner-Jeanrenaud, Striker-
Kongrad & Jeanrenaud, 1996).

The overall effects of leptin on restriction-insensitive reward circuitry stand in
contrast to the actions of leptin at restriction—sensitive stimulation sites: BSR was
either unaltered or potentiated by leptin at restriction-insensitive BSR sites in both
lean and obese rats. Together, these results lend support to our previous findings in
lean rats that leptin can attenuate the rewarding effect of the stimulation only at
stimulation sites that are sensitive to restriction. These contrasting effects of leptin
may reflect the evaluative process that biases choice between competing behaviors. In
this view, the occurrence of a particular goal-directed behavior can be moderated
either by decreasing the reward value it generates or by increasing the value of
competing behaviors. Thus, the neural circuitry underlying BSR at restriction-
sensitive sites may contribute to the regulation of energy balance by altering the
rewarding effect of behaviors that promote changes in long-term energy storage,
whereas at restriction-insensitive sites, BSR may arise from the activation of neurons

subserving incompatible behaviors (Shizgal et al., 2001).

The observation of reward-potentiating effects of leptin at restriction-insensitive
sites may help account for the variable effect of leptin at the restriction-sensitive sites.
In two obese rats with restriction-sensitive sites, M-50 values were either decreased
by leptin (F20) or remained stable (F24). In these cases, it is conceivable that the
sampling of restriction-sensitive and insensitive reward neurons was such as to

generate two opposing effects of leptin.

129



Intraventricular leptin reduced food intake both in lean and obese Zucker rats.
Decreases in food intake following central administration in the Zucker obese rat have
been reported in some cases (Cusin et al, 1996, Lin et al., 1996; Wang, Hartzell, Flatt,
Martin & Baile, 1998) and not in others (Such effects are not surprising, given that the
missense mutation reduces but does not eliminate signaling at the leptin receptor. That
the same dose of intraventricular leptin was effective in altering BSR thresholds in
several of the obese Zucker rats is another indication that the central leptin receptors
retained residual function.

To explain the observed differences between restriction-sensitive and -
insensitive rats we have proposed that the response to chronic food restriction, CRH
and leptin depends on the placement of the stimulating electrode in the LH. In strong
support of this notion, we have recently observed contrasting effects of food
restriction at different stimulation sites in the same rat [18]. Previously, we have
found that the rewarding effect induced via electrode tips dorsal or dorsolateral to the
fornix was restriction-sensitive, whereas we did not see restriction-sensitivity at sites
in the far-lateral hypothalamus or at sites medial to the fornix [15, 16, 17]; restriction
sensitivity has also been seen in a region approximately 1 mm dorsal to the fornix at
the anteroposterior level of the dorsomedial hypothalamus. Not all of the electrode
placements in the present experiment are consistent with the prior data. The location
of the stimulating electrodes in two obese rats and two lean rats that were sensitive to
food restriction were located in the far-lateral hypothalamus, and the electrode in
another obese rat was positioned immediately ventral to the fornix. It is unclear to

what degree these differences reflect strain differences and to what degree they reflect
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variation in the proximity of the restriction-sensitive neurons to the histologically
identified position of the electrode tips.

Research over recent years has made substantial progress in describing the
neuropeptides and receptors that are triggered downstream from leptin to mediate
changes in food intake and energy expenditure [34, 36, 33]. Hypothalamic neurons
expressing Ob-Rb also produce one or more of the neuropeptides involved in the
regulation of energy balance [4, 10, 42]. These include arcuate neurons synthesizing
neuropeptide Y (NPY) and agouti-related protein (AgRP), or (-melanocyte
stimulating hormone (a POMC derivative) and cocaine-amphetamine regulated
transcript. In addition, Ob-Rb is expressed on hypothalamic neurons secreting
corticotropin-releasing hormone (CRH), another neuropeptide implicated in energy
balance [32]. There is, as yet, no evidence that any of these neuropeptides link leptin
to the modulation of brain reward circuitry. Previous data suggests that neuropeptide
Y is not involved in the modulation of BSR by food restriction and leptin as it failed
to alter the rewarding effect of the stimulation at restriction-sensitive and —insensitive
sites [7, 17]. In addition, we have shown that intraventricular CRH administration
fails to alter BSR at most restriction-sensitive sites, but suppresses the rewarding
impact of the stimulation at sites insensitive to restriction [16]. It remains to be
determined how leptin alters the signaling of restriction-sensitive reward neurons and
which neurotransmitters, receptors and neuropeptides are responsible.

3.6. Summary
Chronic food restriction and body weight loss enhanced the rewarding impact

of lateral hypothalamic stimulation in a subset of lean and obese Zucker rats. In
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contrast, a 48 hour period of food deprivation was unable to influence BSR in all but
one of these rats. Thus, as in lean rats, signaling in a subpopulation of reward neurons
in obese Zucker rats can be modulated by changes in adiposity. Leptin was able to
alter brain reward circuitry in spite of the reduced signaling capacity of Ob-Rb. This
observation and the demonstration of reduced food intake following intraventricular
administration of leptin show that there is some residual sensitivity to the effects of
central leptin administration in the obese Zucker rat. Nonetheless, the resistance to
peripheral leptin and insulin manifested by the obese Zucker rat renders rather
unlikely the view that leptin levels couple changes in adiposity to BSR thresholds in
these subjects. If so, leptin may act in lean rats as only one of several peripheral
signals linking the effect of food restriction to brain reward circuitry. Among the other
candidates are several factors that are either secreted by adipocytes or that regulate
adipocyte metabolism, such as adiponectin and cerulenin. It will be of interest to
assess in future studies whether these signals play a role in the modulation of

restriction-sensitive reward circuitry.
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CHAPTER FOUR

The modulation of BSR by food restriction, leptin, CRH and AgRP appears to
depend on the placement of the stimulating electrode amongst a functionally
heterogeneous population of reward-relevant neurons. The close proximity of
restriction-sensitive and —insensitive sites, however, makes it difficult to differentiate
between the two types of sites. It remains possible that individual differences rather
than the position of the stimulating electrode might make the major contribution to the
between rat variability in the ability of food restriction and peptides to alter the
rewarding effect of LH stimulation. This hypothesis deserves consideration in light of
the observed individual differences with respect to the propensity of a rat to develop
obesity in response to high fat diet and self-administration of rewarding drugs. To
determine whether reward circuitry activated via LH stimulation is anatomically and
functionally subdivided, the present study assessed the effect of food restriction and

weight loss at two stimulation sites in each rat.
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4.1. FUNCTIONAL ORGANIZATION OF BRAIN REWARD CIRCUITRY:
POTENTIATION OF BRAIN STIMULATION REWARD BY FOOD
RESTRICTION

Brain stimulation reward (BSR) has been used extensively to characterize and
identify the neural circuitry underlying reward (“brain reward circuitry”). Electrical
stimulation of various brain regions can elicit a rewarding effect that powerfully
directs the animal to seek out and reinitiate the stimulation. The stimulation at some
sites in the medial forebrain bundle (MFB) can produce such a strong control over
behavior that rats will self-starve (Routtenberg & Lindy, 1965; Spies, 1965) and cross
over an electrified grid (Olds, 1958) in order to maintain contact with the lever that
triggers the rewarding stimulation.

The MFB is aldensely packed bundle of fibers, comprising at least 50
components comprising ascending and descending components that course through
the forebrain (Veening, Swanson, Cowan, Nieuwenhuys & Geeraedts, 1982). This
complex anatomical configuration has made it difficult to identify the neurons that
give rise to the rewarding effect. Nonetheless, considerable progress has been made in
describing the physiological and anatomical features of the neurons responsible for
self-stimulation of the MFB (Bielajew & Shizgal, 1982; 1986; Shizgal, Bialejew,
Corbett, Skelton & Yeomans, 1980; Shizgal & Murray, 1994).

In spite of these developments the question of whether the reward circuitry is
functionally homogeneous is still to be resolved. Heterogeneity in the substrate
underlying BSR has been suggested by studies examining the impact of lesions on the

rewarding effect of MFB stimulation. Within a given study anatomically similar
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damage to a particular region can reduce the effectiveness of rewarding LH
stimulation by varying magnitudes (Arvantigiannis et al., 1996; Acheson et al., 2000)
One would expect the size of a lesion effect to vary across rats if the neurons directly
activated by MFB stimulation were composed of intermixed and anatomically distinct
subpopulations. Thus, the size of a lesion effect on BSR would depend on the
alignment of the damaged regions to the specific composition of neurons directly
activated by the electrode. These data provide support for an anatomically
heterogeneous reward substrate, however, it should be noted that they do not speak
directly to the idea that different subpopulations of reward neurons responsible for
BSR are functionally specialized.

In support of the view that reward circuitry is functionally subdivided, it has
been shown that chronic food restriction and body weight loss can potentiate the
rewarding effect of the stimulation at some sites in the LH (Carr & Papadouka, 1994;
Abrahamsen, Berman & Carr, 1995; Fulton, Woodside & Shizgal, 2000; Fuiton,
Richard, Woodside & Shizgal, 2002, Fulton, Woodside & Shizgal, 2002). The ability
of food restriction to enhance BSR at some sites but not at others is consistent with the
view that there are at least two functionally distinct subpopulations of reward neurons
that can be activated via stimulation of the LH. However, it could be argued that the
variation in the sensitivity of BSR to food restriction is due to individual differences
between rats rather than variation in the placement of the stimulating electrode.
Indeed, individual differences in the acquisition of drug self-administration (Piazza,
Deminiere, LeMoal & Simon, 1989; DeSousa, Bush & Vaccarino, 2000) and the

propensity of rats to become obese with a high-fat diet (Levin & Keesey, 1998) have
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been documented. If so, between subject analyses of the effect of food restriction and
weight loss on rewarding LH stimulation does not provide unambiguous evidence for
functional organization in brain reward circuitry.

The present study addresses the question of whether there is functional
specificity of brain reward circuitry is investigated by using a multiple electrode
design to assess the effect of chronic food restriction and body weight loss at two
stimulation sites in each rat. Examination of histological data from multiple studies
(Carr and Wolinsky, 1993; Fulton et al., 2000; Fulton et al., 2002; Fulton et al., 2002)
employing rewarding L.H stimulation suggests that between-site variation in
sensitivity to food restriction is most pronounced in the coronal plane. Thus, instead
of moveable electrodes that have traditionally been used to examine dorsal-ventral
variations in BSR, we assembled fixed dual-electrodes spaced so as to sample
differentially from the restriction-sensitive and —insensitive sites observed in prior

studies.

4.2. Materials and methods

4.2.1. Subjects

Twelve male Long Evans rats from the Charles River Breeding Farms (St.
Constant, Quebec) were used. Subjects weighed between 461 and 603 g at the time of
surgery. Following surgery rats were housed individually in plastic solid-floor cages
with ad libitum access to food~ and water. Subjects were kept in a temperature-

controlled room under a reverse 12 hour dark/12 hour light cycle. All behavioral
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testing was carried out in the latter half of the dark phase of the cycle (between 3 and
6 pm).
4.2.2. Surgery

Atropine sulfate (0.5 mg/kg, SC) was administered to each rat to reduce
bronchial secretions prior to induction of anesthesia with sodium pentobarbital
(Somnotol, 65 mg/kg, i.p.). An assembly of two monopolar electrodes was implanted
into each hemisphere. The medial electrode of each assembly was aimed at the
perifornical region of the LH (3 mm posterior to bregma, 1.6 mm lateral to the
midsagittal sinus, 7.8 mm below the dura mater). Electrodes were constructed from
000 insect pins (Fine Science, Vancouver, BC) and were insulated with Formvar to
within 0.5 mm of the tip. To construct a dual-electrode assembly, Two electrodes
were fixed in a custom jig that held them parallel at a separation of 0.5 mm; the tips
were offset vertically by 0.5 mm. Electrodes were attached together with epoxy glue.
Prior to implantation, a current was passed through each electrode to ensure that the
two electrodes of each assembly were not in electrical contact. A wire twisted around
two jeweler’s screws implanted in the cranium served as the current return. The two
electrodes assemblies were bonded to the skull and screw anchors by dental acrylic.
Buprenorphine (Buprenex, 0.05 mg/kg, SC) was administered just following surgery

to reduce postoperative pain.

4.2.3. Apparatus

Subjects were screened for self-stimulation in wooden boxes (25¢cm x 25 ¢cm

70 cm) with Plexiglas front panels and wire mesh floors. A lever, positioned 3 ¢cm
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above the floor, protruded from the middle of one wall, and a key light positioned 5
cm above the lever signaled the availability of the reward. Electrical stimulation was
generated by dual constant current amplifiers and controlled by hand-operated circuit
pulse generators. Depression of the lever triggered the stimulator. The connector on
the rat’s head was linked to the stimulator via a flexible lead and a 7-channel slip-ring
located at the top of the test chamber.

The experimental sessions took place in a separate room housing computer-
controlled stimulators. Test chambers were similar to those used for training except
they were constructed entirely of Plexiglas and equipped with a ceiling-mounted
white house light. Each test chamber was enclosed in a 50 cm x 50 cm x 90 cm
plywood enclosure lined with sound attenuating foam. Stimulation trains were
generated by microprocessor-controlled circuitry and monitored on an oscilloscope in
an adjoining room. Subjects were monitored during testing by means of a remote-

controlled video camera.

4.2.4. Procedure

Subjects were trained to lever press for stimulation obtained from two of the
four implanted electrodes. Rats were shaped to lever press for a 0.5 s train of cathodal,
rectangular, constant-current pulses, 0.1 ms in duration, on a continuous
reinforcement schedule. Initially, stimulation parameters were set to low currents and
frequencies. If the rat displayed signs of aversion (e.g., vocalization, backwards
movement, jumping) training was discontinued; otherwise, the rat was trained to press

the lever. Stimulation frequencies (pulses per train) were adjusted to produce optimal

138



levels of responding (>25 presses/minute) at the lowest possible current. The lowest
current that could produce optimal levels of responding was used so as to minimize
the possibility of recruiting multiple, reward-relevant sub-populations of neurons. The
current remained fixed for each electrode and ranged between 200 and 600 pA. Self-
stimulation was assessed at the four stimulation sites. The two electrodes that
supported the most vigorous lever-pressing in the absence of motoric side-effects
were chosen for further testing.

Following initial training, the subjects were trained in the computer-controlled
testing setup to respond for a descending series of stimulation frequencies, on a 0.5
sec fixed-interval schedule of reinforcement. The stimulation current was held
constant throughout testing, within the range used for initial training. The stimulation
frequency was decreased from trial to trial in steps of 0.033 log,, units (~8%) in order
to generate curves relating the rate at which rewards were earned to the stimulation
frequency (“rate-frequency” curves). Each frequency was available during a single 60
sec trial that was preceded by a 10 sec inter-trial interval during which 5 priming
(non-contingent) trains of stimulation were delivered; the priming trains were
identical to those available during the trial. Stimulation frequencies were adjusted so
as to produce maximal (asymptotic) responding during the first few trials of each
frequency sweep. A rate-frequency curve was deemed complete when rats made fewer
than 5 responses on each of two consecutive trials. Test sessions comprised seven
rate-frequency curves and took 2-3 hours to complete.

One self-stimulation test session was completed per day and the test electrode

alternated from day-to-day. As an index of the effectiveness of the rewarding
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stimulation, we used the stimulation frequency that maintained a half-maximal rate of
reward delivery (“M-507). Rats were tested for BSR during free-feeding in order to
obtain stable baseline responding (day-to-day variation in M-50 < 0.04 log,, units).
The influence of chronic food restriction on BSR was assessed by limiting daily food

intake to ~10 grams/day until body weights reached ~75% of free-feeding values.

4.2.5. Data analysis

A maximum of seven rate-frequency curves could be collected per test session.
The first curve served as a warm-up and was not included in the analysis. Data from
test sessions in which fewer than three rate-frequency curves were completed were not
included in the analysis. Broken-line functions, with a horizontal lower asymptote, a
rising linear segment, and a horizontal upper asymptote [12], were fit to each rate-
frequency curve plotted along a logarithmic frequency. To indicate the position of the
rate-frequency curve along the frequency axis, the stimulation frequency required to
maintain half-maximal rewards earned (“M-50") was derived from each broken-line
function by interpolation. Enhancing the rewarding effect of the stimulation drives
these curves to the left, thus reducing the M-50 value, whereas reductions in reward
effectiveness produces rightward shifts and increases the M-50 value. The mean M-50
value was calculated for each session used in the analysis. To determine the
magnitude of change in M-50 following ~25% weight loss at each stimulation site, the
mean M-50 of the last free-feeding session was subtracted from the mean M-50 of the
last food restriction session. To ascertain whether changes in M-50 following weigth

loss were statistically reliable, a one-way analysis of variance (ANOVA) was used to
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compare the set of M-50 values from the last free-feeding session with the set of M-50
values from the last food restriction session (~25% weight loss). The maximum
number of rewards earned (MaxR) was calculated to determine whether food
restriction produced any changes in the performance capability of the subject. AMaxR
was determined by subtracting the mean MaxR of the last free-feeding session from
the mean MaxR of the last food restriction session. Changes in MaxR following 25%
weight loss were assessed by carrying out an ANOVA to compare MaxR values from
the last free-feeding session to the values collected in the last food restriction session.
To determine whether food restriction had different effects as a function of
stimulating electrode, a set of AM-50 values and corresponding body weight values
obtained from one stimulation site were compared with a set of delta M-50 and body
weight values from the other stimulation site by means of an analysis of covariance
(ANCOVA). The ANCOVA model performs a linear regression of AM-50 on body
weight for each stimulation site and then compares the two regression lines to
determine if the slopes are different. In cases where the slopes of the two lines are
significantly different there is an interaction between body weight and stimulation

site. A level of p <0.05 was used as the criterion for statistical significance.

4.2.6. Histology

Following completion of testing, stimulation sites were marked by means of
the Prussian Blue method for 7 of the 13 subjects. With the stimulating electrode

serving as the anode, a 100 pA direct current was applied for 15 sec. For the
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remaining 6 subjects a marking lesion could not be made because it would confound
subsequent tissue analyses (for a separate study). Instead, the most ventral part of the
lesion left by the electrode was established as the site of stimulation for these rats.
Rats were injected with a lethal dose of sodium pentobarbitol (Somnotol, 100 mg/kg,
IP) and perfused intracardially with phosphate-buffered saline. To mark the lesion
site, saline was followed by a mixture of 10% formalin (100 ml), trychloroacetic acid
(0.5 g), potassium ferrocyanide (3 g) and potassium ferricyanide (3 g), whereas in the
remaining rats cold saline (300 ml) was followed by 300 ml of 4% paraformaldehyde.
Brains were removed and stored in 10% formalin or 4% paraformaldehyde. Afier
immersion in a 20% sucrose-formalin solution or a 30% sucrose-paraformaldehyde
solution for at least 24 hr, the brains were frozen, sliced on a cryostat in 30 um
coronal sections, and mounted on pre-coated slides (Fisher Scientific, Nepean,
Ontario). Sections from rat brains that received the marking lesion were stained for
Nissl substance using formal thionin. The location of stimulation sites was identified
with the aid of a stereotaxic atlas (Paxinos & Watson, 1998).

4.3. Results

During the free-feeding condition body weights ranged from 509 - 712 g.
Following food restriction body weights fell to 375 — 569 g.

In 5 out of 12 rats, rewarding effect produced by stimulation of the two sites was
altered differentially by food restriction. The data obtained from these subjects are
shown in Figure 4.1A which shows that the slopes of the two regression lines differ.
Thus, in these rats reductions in body weight had a greater impact on M-50 values at

one stimulation site compared to the other. Time-course data collected from two of
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Figure 4.1. Data illustrating the effect of food restriction and weight loss on M-50
values obtained from two separate stimulation sites in each rat. A. Subjects in which
food restriction produced different effects on M-50 values obtained using the two
electrodes. B. Subjects in which food restriction decreases M-50 values obtained
using one or both stimulation sites, but there were no differences in magnitude of
effect between sites. C. Subjects in which food restriction failed to decrease M-50
values at both stimulation sites and there was no difference between sites. Each data
point represents a mean of AM-50 values. Lines represent the regression for each
stimulation site. Open symbols refer to stimulation sites where ~25% weight loss (last
data point to the right) significantly decreased M-50 values. LM: left medial
electrode; LL: left lateral electrode; RM: right medial electrode; RL: right lateral

electrode.
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these subjects reveal that M-50 values obtained using one of the electrodes decreased
as a function of weight loss, whereas those obtained using the second electrode
remained relatively stable; in three other cases, M50 values obtained using the two
electrodes decreased at different rates as a function of weight loss (Fig. 4.2). In 3 out
of the 7 remaining rats there was a significant influence of food restriction on M-50
values at one or both stimulation sites, however there was no interaction between
body weight and stimulation site (Figure 4.2B). In the 4 remaining rats weight loss
failed to decrease M-50 values at either stimulation site and there was no interaction
between body weight and site (Figure 4.2C).

Table 4.1 provides statistical values for the body weight by site interaction,
slopes of regression lines, and the magnitude of change in mean M-50 and MaxR
following ~25% weight loss. In 12 out of the 24 stimulation sites tested, ~25% body
weight loss significantly reduced M-50 values. Changes in the performance of the rat
following weight loss are reflected in the AMaxR value. Only three subjects showed a
significant increase in MaxR (positive values) whereas four subjects showed
significant decreases in MaxR. These changes in MaxR varied across the restriction-

sensitive and —insensitive stimulation sites.
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Figure 4.2. Time-course data for two rats. M-50 values obtained at one stimulation
site but not at another decrease as a function of weight loss for each rat. Each data
point represents a mean of AM-50 values.
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Table 4.1. Summary statistics for each subject

Rat BW xsite Site*  Slope of AM-50 AMaxR
Interaction regression line (logyo units)
M5 K1, 13)=2.81 LM -1.98" -0.053 0.294
LL  -1.86" -0.030 0.457
M6  F(1, 12) = 6.93* LM  -5252 -0.034 22.342%*
LL 4.84° 0.018 3.037**
M8  F(1,15)=1.95 LM 253" -0.117** 3.233**
RM -2.77" 0.034 2.610
M9 F(1,14)=0.34 LM -2.25" -0.037 5.410%*
RL  -1.48" -0.021 2.583
Mil F(1,21)=095 - LM -7.68° -0.037 -0.0479
LL 1.187 0.034 1.280
M16 F(1,18)=1.01 RM  4.847 -0.032 -0.030
RL 3.53% 0.036 -4.083
M17 F(1,21)=10.62** LM -7.32° -0.179** -1.696
RM  -2.30" -0.058 22.601%*
M2l F(1,200= 0 RM  -2.07"! -0.065* -1.989
RL  -1.957 -0.038* -0.417
M26  F(1,17)=9.37* LM 9237 -0.062%* 0.089
RM  -5.03" -0.114%+* 2.873%
M27  F(1, 13) = 9.30% LM -2.941 -0.088** -0.185
RM  1.821 0.086** -3.962%*
M30 (1, 12)=10.30 IM  -3.10" -0.056* -1.144
RL  -3.431 -0.112%* -3.787
M33  F(1,15)=37.54** LM  -3.28" -0.070%* 1.266
RM  -6.957 -0.167** -2.949

* LM: left medial electrode; LL: left lateral electrode; RM: right medial electrode;
RL: right lateral electrode.
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4.3.1. Histology

Electrode placements in 7 rats was assessed whereas in the remaining 5 rats
histological data has not yet been obtained because of analyses being performed for a
separate study. Histological analysis revealed that the restriction-sensitive rewarding
effects arose from stimulation of sites dorsal and/or lateral to the fornix (Fig. 4.3 &
Table 4.2). The remaining sites were scattered around the periphery of the region

containing the restriction-sensitive sites.

4.4. Discussion

The present data demonstrate functional heterogeneity in the neural
substrate underlying BSR. By employing a multiple electrode design we were able to
assess the influence of chronic food restriction at two stimulation sites in each rat to
determine whether the ability of food restriction to potentiate BSR is contingent on
the placement of the stimulating electrode. In 5 out of 12 subjects (Group A), chronic
food restriction and body weight loss differentially altered M-50 stimulation
thresholds at the two stimulation sites. In Group B, weight loss potentiated BSR
obtained from one or both stimulation sites, however there was no significant
difference between sites. As expected, there was another subset of subjects (Group C)
that showed no reductions in the rewarding impact of the stimulation with weight loss
at either site, and thus there was no discrepancy between stimulation sites with respect
to the influence of food restriction on BSR. These findings support and extend
previous data showing that chronic food restriction and weight loss can enhance the

rewarding effects of LH stimulation in rats with electrodes located in the vicinity of
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-2.80

Figure 4.3. Electrode placements for 7 out of the 12 subjects. Individual rats are
colour coded. Triangles: restriction-sensitive placements, and circles: restriction-
insensitive placements. Open symbols refer to the lateral electrode and closed
symbols refer to the medial electrode. See Table 4.2 for further description of
symbols.
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Table 4.2. Symbols marking electrode placements.

Rat Site*  Restriction-  Restriction-
sensitive insensitive
MS LM
LL
M6 LM o
LL O
M8 LM &
RM @
M9 LM
RL
Ml11 LM
LL
Mi16 RM
RL
M27 LM A
RM o

*LM: left medial electrode; LL: left lateral electrode;
RM: right medial electrode; RL: right lateral electrode.
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the perifornical area (Blundell & Herberg, 1968; Carr & Wolinsky, 1993; Fulton,
Woodside & Shizgal, 2000).

In 12 out of the 24 stimulation sites tested, the reward effectiveness of the
stimulation decreased as a function of weight loss. Plotted time-course data from two
rats (Rats M17 and M26) illustrate the highly systematic manner by which M-50
thresholds can decline with body weight at one electrode (filled symbols) while not at
the other. Our evidence that there is a positive relationship between M-50 values and
body weight is consistent with previous findings (Carr and Wolinsky, 1993) and
suggests that signals reflecting the status of adiposity stores link chronic food
restriction to the modulation of BSR. To this end, we have previously shown that
leptin, an adiposity hormone that circulates in direct proportion to the amount of fat
tissue, can oppose the reward-enhancing effects of food restriction on BSR, but only
at restriction-sensitive stimulation sites (Fulton, Woodside & Shizgal, 2000).
Similarly, it has been demonstrated that yet another adiposity signal, insulin, can
attenuate the rewarding effect of stimulating restriction-sensitive sites. These findings
suggest that leptin and insulin may couple the state of long-term energy stores to

restriction-sensitive reward circuitry.

Divergent effects of food restriction on BSR

In subjects of Group A, the effect of food restriction and weight loss on the
rewarding impact of the stimulation differed between the two stimulation sites. Thus,
the ability of chronic food restriction to potentiate BSR depended on the position of

the stimulating electrode. The simplest account for this finding is that there are at least
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two functionally distinct sub-populations of reward-relevant neurons that lie in,
terminate in or course through the LH. In cases where the influence of food restriction
did not differ significantly between electrodes we propose that the relative recruitment
of restriction-sensitive and/or —insensitive neurons by each of the two electrodes was
similar. This outcome is not surprising given the proximity of restriction-sensitive and
restriction-insensitive sites observed in this and previous studies (Carr & Wolinsky,
1993; Fulton, Woodside & Shizgal, 2000; Fulton, Richard, Woodside & Shizgal,
2002, Fulton, Woodside & Shizgal, 2002).

The notion of functional heterogeneity in the substrate for BSR originates from
an early body of work investigating the impact of short- and long-term manipulations
of energy balance on self-stimulation in the LH. Self-stimulation rates were shown to
be increased by acute food deprivation or long-term food restriction and in some cases
at stimulation sites that could induce feeding (Blundell & Herberg, 1968; Carey,
Goodall & Lorens, 1970; Deutsch & DiChiara, 1967; Margules & Olds, 1962).
Moreover, in a manner resembling its influence on food intake, force feeding and
spontaneous meal consumption was shown to suppress self-stimulation rates (Hoebel,
1968; Hoebel & Thompson, 1969). On the basis of these and other data, the idea of a
separate feeding-related reward circuit that could be triggered via LH stimulation was
incorporated into the thinking of the time.

The rate measures used in these studies are not able to factor out changes in
performance, thus many of these experiments were subsequently repeated using the
rate-frequency measures of reward effectiveness (i.e., curve-shift paradigm). With

stimulating electrodes located in the LH, some studies collecting rate-frequency
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curves to measure changes in reward effectiveness of the stimulation reported that
BSR was relatively unaltered by acute manipulations of energy balance, such as food
deprivation (Fulton, Woodside & Shizgal, 2000; Giovino and Wise, 1986) and gastric
loading (Conover & Shizgal, 1994). In contrast, other reports suggested that acute
deprivation enhances the rewarding impact of LH stimulation (e.g., Rossi &
Panksepp, 1986). These inconsistencies called to question the notion of a separate
subpopulation of reward neurons related to feeding and thus, the portrait of a
heterogeneous reward substrate.

Although acute changes in energy balance cues have been shown to have
varied effects on BSR thresholds, several studies have documented the modulation of
BSR by food restriction and weight loss. The potentiation of rewarding LH
stimulation has remained a highly consistent finding in cases where the stimulating
electrode is located in a region close to the fornix (Blundell & Herberg, 1968; Carr &
Wolinsky, 1993). In this study, as in three others, we have found that the rewarding
effect induced via electrode tips immediately dorsal or dorsolateral to the fornix (~ <
0.2mm from fornix) is always restriction-sensitive. Nonetheless, the growing literature
on the predisposition of certain animals to engage in dysregulatory behaviors, such as
over-feeding in response to a high fat diet (Levin & Keesey, 1998) or compulsively
self-administering rewarding drugs (Piazza, Deminiere, LeMoal & Simon, 1989;
DeSousa, Bush & Vaccarino, 2000), offers an alternative explanation for the effect of
food restriction to enhance the rewarding stimulation. This line of reasoning suggests
that the ability of food restriction to increase BSR is due to individual differences.

While the present data cannot rule out individual variability in the reward circuitry
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underlying restriction-sensitivity, they refute the hypothesis that there is no site-
specificity with respect to the effect of food restriction on BSR. Thus, the present data
provide evidence for a functionally heterogeneous substrate and advance our
hypothesis that alterations of long-term energy stores affect choice among competing
behaviors and goal objects by modulating the activity of a restriction-sensitive sub-
population of neurons (Shizgal, Fulton & Wooside, 2001).

The observation that small variations in the placement of the electrode in the
MFB can alter the influence of food restriction on BSR speaks to the complexity of
the neuroanatomy of this fibre tract. Such complexity might also help explain between
subject and study variability in the effect of lesions, current manipulations or
neurochemicals on the rewarding impact of MFB stimulation. For example, the degree
to which tissue damage can reduce the reward effectiveness of the stimulation often
varies from rat to rat and does not seem to depend on the specific damage caused by
the lesion (Arvanitogiannis et al., 1996; Ascheson et al., 2001; Gallistel et al., 1996).
One would expect the size of the lesion effect to vary between rats if the fibers
recruited by MFB stimulation were from anatomically distinct subpopulations and
were juxtaposed through the MFB in a very compact and intermixed manner.

The modulation of BSR by neurochemical manipulations could also be
affected by the relative activation of different subpopulations of reward neurons.
Alterations in the rewarding effect of the stimulation by neurochemical manipulations
is determined by the distinct physiological characteristics of the neurons triggered by
the stimulation and their inputs. Accordingly, the effectiveness of neuropeptides to

alter BSR has been show to vary across subjects and studies. Indeed, we have
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previously demonstrated that the modulation of BSR by the hormones leptin and
corticotropin-releasing hormone depends on whether food restriction can potentiate
the rewarding stimulation (Fulton, Woodside & Shizgal, 2000; Fulton, Richard,
Woodside & Shizgal, 2002). Thus, evidence for functional heterogeneity in brain
reward circuitry may not only help elucidate the variable results observed across
studies of BSR, they have implications for the interpretation of the effects of lesions,

drugs, physiological manipulations, and even changes in stimulation parameters on

BSR.

Diverse reward signals

We have proposed a network of functionally specific pathways that determine
the reward value of stimuli and activities (Shizgal et al., 2001). At least one of these
pathways is linked to the long-term regulation of energy balance. What is the nature
of the rewarding signal produced by stimulating restriction-sensitive sites? In
consideration of the evidence that food deprivation, a manipulation that dramatically
increases the value of food, does not augment BSR obtained from restriction-sensitive
sites (Fulton et al., 2000) it is difficult to characterize these neurons as encoding
information about hunger per se. Nonetheless, it should be noted that feeding can be
elicited by stimulation (“stimulation-induced feeding”) via electrodes in the
perifornical region of the LH and at perifornical sites where self-stimulation is
increased by food restriction (Blundell & Herberg, 1968; Carr & Simon, 1984).
Alternatively, the potentiating effect of weight loss on perifornical self-stimulation

may be tied to the influence of long-term energy stores on non-ingestive behaviors
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that defend body weight, such as food hoarding (Shizgal, Fulton & Woodisde, 2001).
In this respect, it is worth mentioning that electrical stimulation of sites in the LH that
elicit feeding also produces food hoarding behavior (Herberg & Blundell, 1967) .

Additional work is required to determine the precise function of this circuitry and the

manner in which it contributes to energy balance.

There are likely other neural pathways that generate the reward value of food
in 2 manner that responds to the impact of post-ingestive and short-term energy
signals. For example, decreases in BSR thresholds in response to acute deprivation
have been reported in the case of some LH sites in the rat (Rossi & Panksepp, 1992)
and increases in BSR were observed at orbitofrontal sites in monkeys fed to satiety
{Mora, Avrith, Phillips, Rolls, 1979). Along these same lines, there would be
additional pathways that govern the reward value of stimuli and activities important
for the regulation of other motivational states such as copulation. It has been proposed
that the outputs of functionally specific pathways converge at a point downstream so
that the value of different goal-objects and goal-directed behaviors could be evaluated
along a common measurement scale for behavioral choice (Shizgal, 1999). An
important objective for future work is to map the BSR sites that gain access to other
specialized reward pathways so that we may identify, characterize and perhaps target
pharmacologically the circuitry that confers reward value of other stimuli and

activities.
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CHAPTER FIVE

CONCLUSIONS
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The findings in this thesis extend previous research demonstrating the
potentiating effects of chronic food restriction and body weight loss on the rewarding
impact of electrical stimulation obtained from a subset of sites in the LH (Abrahamsen
et al., 1995; Blundell & Herberg, 1968; Carr & Wolinsky, 1995; Fulton et al., 2000).
Earlier findings show that the modulation of BSR by energy restriction depends on the
energy store being altered (Cabeza de Vaca et al., 1998; Fulton et al., 2000). The
ability of chronic food restriction, but not acute food deprivation, to alter BSR at
restriction-sensitive sites was demonstrated by data collected for the Master’s thesis
(Appendix 1). The most parsimonious explanation for the distinct effects of short- and
long-term energy restriction on BSR is that the potentiation of restriction-sensitive
stimulation relies on the depletion of adipose stores. Consistent with this view, the
adipose hormone, leptin, was shown to attenuate the rewarding effect of the
stimulation obtained at restriction-sensitive sites (Fulton et al., 2000). These data
further underline the distinction between restriction-sensitive and —insensitive reward
circuitry and suggest that leptin may be involved in the process whereby weight loss
enhances BSR.

A report from Carr and colleagues shows that insulin may also mediate the
actions of food restriction on restriction-sensitive reward circuitry (Carr et al., 2000).
Like leptin, central insulin injection reversed the increases in BSR produced by
weight loss, however it is not clear whether this effect is specific to restriction-
sensitive stimulation. Thus, both leptin and insulin may tie the actions of weight loss

to the restriction-sensitive subpopulation of reward neurons.
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The hypothesis that leptin and insulin link fat stores to changes in the activity
of restriction-sensitive neurons makes sense when considering that plasma and CNS
levels of these hormones reflect the amount of adipose tissue (Burguera et al., 2000;
Considine et al. 1996; Stein et al., 1987) and that BSR thresholds decrease as a
function of body weight (Carr and Wolisky, 1993; Fulton et al., 2002). Nonetheless, if
the amount of leptin and insulin alone were crucial to the modulation of BSR at
restriction-sensitive sites, then we should expect to see changes in BSR by other
manipulations that alter the levels of these two hormones. Because acute changes in
energy balance can alter leptin and insulin release, the levels of these hormones can
become transiently separated from levels of body fat. For example, a short-term
period of food deprivation lowers plasma leptin and insulin concentrations (Sivitz,
Bailey & Donahue, 1996), yet as I have shown, an acute period of food deprivation
failed to alter thresholds for BSR at restriction-sensitive sites. If leptin and insulin are
important signals for the modulation of restriction-sensitive reward circuitry in lean
rats then there must be additional mechanisms that contribute to the long-term
regulatory control of reward circuitry by these hormones, apart from those that
respond to acute fluctuations.

It has yet to be resolved whether leptin and insulin produce their effects on
reward circuitry directly or via their influence on neuropeptides known to mediate the
actions of these hormones on food intake. Many of the same targets in the
hypothalamus are shared by leptin and insulin. Although less well-studied, insulin
also appears to regulate AgRP, NPY, a-MSH and CART (Obici et al., 2001; Sipols et

al., 1995; Williams et al., 1989). Hypothalamic nuclei, including the PVN and LH, are

159



richly innervated by the ARC neuropeptidergic systems. The PVN neurons
synthesizing CRH and LH neurons containing MCH or orexin have been described as
“second-order” neurons involved in the control of food intake (Schwartz et al., 2000).
Both leptin and insulin receptors have been identified on these second-order neurons,
however, unlike leptin, it is not yet known whether insulin affects the release of CRH,
MCH and orexin. The results of experiments in Chapter Two provide little support for
the notion that CRH NPY, AgRP and MCH contribute to the modulation of BSR by
food restriction, leptin and insulin. The anorexigenic peptide, CRH, had a strikingly
dissimilar effect at restriction-sensitive and —insensitive sites, yet CRH largely failed
to alter BSR at restriction-sensitive sites. Both NPY and MCH failed to consistently
alter BSR at all stimulation sites tested. AgRP, on the other hand, enhanced the
rewarding effect of the stimulation in two rats that showed the largest increases in
BSR by food restriction. In view of the inconsistent data, further testing of AgRP in
subjects that show larger (>0.15 log,, units) reductions in M-50 stimulation thresholds
with 25 % weight loss is warranted. Given that AgRP-induced increases in BSR were
only seen in these two subjects however, there is insufficient evidence at this moment
to suggest a role for AgRP in the process whereby food restriction and leptin modulate
BSR.

Other candidate peptide mediators in the effects of leptin at restriction-
sensitive stimulation sites include the anorexigenic peptide, CART, and the orexins.
However, the influence of leptin on brain reward circuitry need not be restricted to
its actions on hypothalamic neurons. Other targets of leptin include the amygdala,

thalamic nuclei, the raphe system, pontine nuclei, locus coeruleus, parabrachial
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nucleus, nucleus of the solitary tract and the medullary reticular formation (Elias et
al., 1998; Hay-Schmidt et al., 2001). The neurons that generate the restriction-
sensitive reward signal have not been identified, and it is possible that leptin is
modulating restriction-sensitive reward circuitry via its actions at extrahypothalamic
sites.

The data presented in Chapter Three call into question whether leptin and
insulin are necessary for the regulation of restriction-sensitive reward circuitry. With
the onset of obesity, the fa/fa Zucker rat develops resistance to circulating leptin and
insulin. Specifically, with increasing obesity the CSF-to-plasma ration of these two
hormones drops, suggesting that some form of transport saturation is taking place at
the level of the blood-brain barrier. Given that food restriction was able to enhance the
rewarding effect of the stimulation in a subset of obese rats, signals associated with
adiposity appear to influence reward circuitry. Although food restriction and
consequent weight loss reduce circulating levels of leptin and insulin in the Zucker
rat, central resistance to these hormones appears to decouple their central and
peripheral concentrations. Indeed, there is no evidence showing that food restriction
or weight loss reduces the CNS concentrations of either of these hormones in this
model. Therefore, in the case of the obese Zucker rat there appear to be other
peripheral signals that link fat stores to brain reward circuitry. Nevertheless, we
cannot conclude from these data that there are additional peripheral signals at work in
lean rats since the mutation responsible for obesity in the Zucker rat could lead to

some form of developmental compensation.
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Data in Chapter Four provide evidence for at least two, functionally separate
subpopulations of reward neurons that can be activated by electrical stimulation of the
LH. This hypothesis was confirmed by assessing the modulation of BSR by restriction
using two stimulation electrodes in each rat. In five of twelve subject, restriction
modulated BSR exclusively or more strongly in the case of one of the two stimulation
sites. Thus, alterations in long-term regulatory signals exert an influence on a
functionally unique component of reward circuitry. On the basis of these data, one
would expect rats to choose trains of stimulation that trigger the restriction-sensitive
subpopulation over behaviorally-equivalent trains of restriction-insensitive stimulation
during weight loss. Indeed, a powerful demonstration of the functional segregation of
these reward substrates would be to assess relative preference for their activation
under conditions of concurrent availability following weight loss.

Identifying the neurons that give rise to the rewarding effect of restriction-
sensitive stimulation remains a crucial goal if we are to fully understand their
function, physiology, neurochemistry and anatomical linkage. This will not be an easy
task as there are many fiber systems that course through the LH. The histological data
collected over several studies show that BSR obtained from stimulation sites
immediately dorsolateral to the fornix is almost always sensitive to food restriction
(Figure 5.1). On the basis of these data, it is suggested that the directly activated,
restriction-sensitive neurons lie in, course through or terminate in this area. it cannot
be concluded that these cells are the ones that generate the reward signal.

One method for investigating which neurons are activated by stimulation of

restriction-sensitive sites is to examine immunohistochemical labeling of immediate-
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Figure 5.1. Inclusive histology figure. Electrode placements for rats from
five experiments (Chapter Two, Chapter Four and Appendix). Red triangles:
Restriction-sensitive; Blue circles: Restriction-insensitive. 3v: third
ventricle; Are: arcuate nucleus; DMH: dorsal medial nucleus; f: fornix; LH:
lateral hypothalamus; VMH: ventral medial hypothalamus.
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early genes (IEGs) that serve as markers of neuronal activation. One such IEG
commonly used for this purpose if c-fos. The use of Fos immunohistochemistry as an
effective means to visualize neurons that have been activated by rewarding
stimulation has been successfully demonstrated (Arvanitogiannis, Flores, Pfaus &
Shizgal, 1996; Arvanitogiannis, Tzschentke, Riscaldino, Wise, & Shizgal, 2000).
Given that LH stimulation has been shown to induce widespread Fos labeling, it
would be beneficial to determine differences in Fos expression induced by stimulation
of restriction-sensitive versus restriction—insensitive sites. Such a study would
hopefully elucidate key differences in neural activation uniquely associated with the
restriction-sensitive subset of reward circuitry.

Upon visualization of Fos labeling, one could establish the contribution of a
labeled region by lesioning or inactivation methods. For example, application of a
neurochemical agent that would induce apoptosis while preserving myelin and fibers
of passage could providé crucial evidence that cell bodies in a given brain region are
important for the generation of reward signals produced by restriction-sensitive
stimulation. As described in the Introduction, some studies have identified several
regions that play an important role in the reward effectiveness of MFB stimulation. In
this regard, it is worth mentioning that BSR produced by stimulating sites
immediately dorsolateral to the fornix was substantially reduced by inactivation of the
lateral BNST (Waracynski, 2003). The results of lesion and inactivation studies, in
combination with Fos data, will likely provide useful information for determining

which nuclei to examine first.

164



What is the function of restriction-sensitive reward circuitry?

Identification of the restriction-sensitive subpopulation of reward neurons
would make determining the function of this subset of reward circuitry a less
demanding task. Nonetheless, what has been learned to date imposes some constraints
on likely functional correlates. It is not viable to suggest that these neurons encode
information generally related to hunger given that manipulations that increase the
rewarding effects of food, such as food deprivation, 2-DG or NPY administration, fail
to alter the rewarding impact of stimulating restriction-sensitive sites. Nonetheless,
there is reason to speculate whether this subset of neurons could be, more specifically,
signaling the rewarding properties of high-fat foods.

The ability of rats to distinguish and prefer one macronutrient over another has
been well-documented in the laboratory (see Sclafani, 2001). The preference for and
over-consumption of fat- and sugar-rich foods can be attributed to their palatability
(hedonic response to the food stimuli), availability and to their post-ingestive nutritive
consequences. Under conditions of low-food availability, animals will eat what is
available to them in order to survive. Similarly, in controlled laboratory settings it has
been shown that food deprived rats will increase their consumption of carbohydrate-,
protein- or fat-rich foods when either of these foods are presented alone (Sclafani,
2001). However, when allowed the option to choose between different
macronutrients, rats show clear preferences under certain energy states. Choice tests
with calorically dilute sugar and corn oil suspensions reveal that food restriction
resulting in 15% body weight loss increases preference for corn oil while reducing

preference for sugar (Sclafani & Ackroff, 1993). In a similar study, Sclafani (1996)

165



examined the influence of food restriction and weight loss on choice between non-
nutritive fat and sugar substances. During free-feeding conditions, the percentage of
total intake consumed as saccharin was 80% whereas following weight loss
preference switched to mineral oil such that 76% of total intake was derived from this
source. Given that this preference reversal was observed with non-nutritive
substances, these data suggest that food restriction enhances the orosensory response
to oily, high-fat foods. Most notably, the shift in preference during food restriction
from carbohydrate-rich substances to fatty substances seems to be related to the long-
term energy state of the rat. Access to a meal immediately prior to preferences tests or
24 hours of ad libitum feeding before the test failed to reverse food restricted rats
preference for mineral oil over the saccharin solution (Sclafani, 1996). These results
indicate that flavor preferences are influenced by physiological signals related to long-
term energy balance.

The macronutrient preference findings described above are consistent with
recent evidence implicating separate neural mechanisms driving consumption of high-
fat foods. Manipulations that have been shown to elevate intake of high-fat food over
sugar-rich substances include central administration of AgRP (Hagan et al., 2001),
orexin-A (Clegg et al., 2002), enterostatin (Koizumi et al., 2001) and p opioid
receptor agonists in the ventral striatum (Kelley et al., 2002; Will et al., 2003; Zhang
et al., 2000). On the other hand, NPY, a very potent appetite stimulant, increases
carbohydrate intake to a much greater extent when offered together with fat (Stanley
et al., 1985). Much progress has been made lately in elucidating the neural

mechanisms underlying consumption of fatty foods. In particular, recent data suggests
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that p and K opioid receptor activation (Brugman et al., 2002) and orexin-A
stimulation (Clegg et al., 2002) may be involved in the initial actions of AgRP to
stimulate high fat feeding, suggesting that these peptides may collaborate as part of a
system controlling intake of fatty substances.

It is tempting to suggest that the restriction-sensitive subpopulation of reward
neurons is responsible for generating signals related to the rewarding effects of high
fat food. The relationship between stimulation thresholds and body weight fit well
with the data describing the impact of weight loss to increase preference for high fat
foods. Moreover, threshold reductions produced by food restriction and body weight
can be reversed by p and K receptor antagonism (Carr and Papadouka, 1994). The
verdict is not in with respect to the influence of AgRP on restriction-sensitive reward
circuitry, however the data presented here suggest that AgRP should not be ruled out.
In addition, the effects of AgRP on restriction-sensitive reward circuitry could very
well be mediated at extrahypothalamic sites. It is noteworthy that AgRP
immunoreactivty is very dense in all compartments of the BNST, an area shown to
contribute the rewarding effects of perifornical self-stimulation (Waraczynski, 2003).
Rather than the administering AgRP to the third ventricle as was done in the
experiment presented in Chapter Two, lateral ventriclular administration of AgRP
would be more efficient at targeting areas outside the hypothalamus. Such an
investigation would hopefully provide a more conclusive answer to the question of

whether AgRP signaling contributes to restriction-sensitive reward circuitry.
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That CRH, NPY and MCH failed to consistently alter restriction-sensitive
reward circuitry also correspond with this hypothesis since there is no evidence that
any of these peptides can selectively increase consumption of high fat food (Clegg et
al., 2002; Stanley et al., 1985). Finally, it should be noted that feeding can be elicited
by stimulation via electrodes in the perifornical region of the LH and at perifornical
sites where self-stimulation is increased by food restriction (Blundell and Herberg,
1968; Hernandez and Hoebel, 1989). For these reasons, I speculate that restriction-
sensitive reward neurons may well carry a signal for the rewarding effects of high fat
food.

An alternative explanation is that the modulation of restriction-sensitive
reward circuitry is linked to food hoarding (Shizgal et al., 2001). At normal body
weight rats do not hoard food, however as body weight decreases the amount of food
hoarded grows. In contrast, a short-term period of food deprivation nor pre-feeding
alter the amount of food hoarded (Cabanac & Gosselin, 1996; Fantino & Cabanac,
1980). These findings bode well for the hypothesis that the restriction-sensitive
neurons are linked to the rewarding effects of hoarding. In this respect, it is worth
mentioning that electrical stimulation of sites in the LH that elicit feeding also
produces food hoarding behavior (Herberg and Blundell, 1967).

Whether the restriction-sensitive neurons code information about the reward
value of fatty foods, food hoarding or some other stimulus or behavior, it is likely that
these contribute in some way to long-term energy balance. The findings reported here
and the flood of recent findings on the neurobiological basis of energy balance offer

exciting new opportunities for achieving a better understanding of the role of brain
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reward circuitry in foraging, ingestion and other behaviors that contribute to the

regulation of energy balance.
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APPENDIX

The manuscript presented in this appendix is based on data presented for the
Master’s thesis. As presented here, the text and figures are a copy of an article
published in Science (2000; 287(5450), 125-128), with one exception: Figure 2A is

from the published erratum (Science 2000; 287(5460):1931).
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Abstract

Leptin, a hormone secreted by fat cells, suppresses food intake and promotes weight
loss. To assess the action of this hormone on brain reward circuitry, changes in the
rewarding effect of lateral hypothalamic stimulation were measured following leptin
administration. At five stimulation sites near the fornix, the effectiveness of the
rewarding electrical stimulation was enhanced by chronic food restriction and
attenuated by intracerebroventricular infusion of leptin. In contrast, the rewarding
effect of stimulating neighboring sites was insensitive to chronic food restriction and
was enhanced by leptin in three of four cases. These opposing effects of leptin may
mirror complementary changes in the rewarding effects of feeding and of competing

behaviors.
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Research on the regulation of feeding and energy balance has been galvanized
by the sequencing of the obese (ob) gene and the expression of its protein product,
leptin, a circulating hormone secreted by adipocytes (1). Circulating leptin levels
reflect the size of the fat mass (2) and thus, this hormone has been considered a signal
that regulates long-term energy balance. Rodents with homozygous mutations in the
ob gene (the ob/ob mouse) or in the gene for the leptin receptor (the db/db mouse or
the fa/fa rat) manifest profound hyperphagia and obesity. Central or peripheral
administration of leptin reverses the obesity syndrome found in 0b/0b mice, stimulates

metabolism, and reduces food intake in lean mice or rats (3).

Among the many ways in which leptin could alter food intake is by reducing
the appetitive value of food. Such changes could ensue if leptin were to alter the state
of brain reward circuitry. Self-administration of rewarding electrical brain stimulation
(“self-stimulation™) has long been used to assess the state of this circuitry. Rats and a
wide range of other vertebrates will actively seek out electrical stimulation of certain
brain regions, including the lateral hypothalamus (LH) (4). The effect that induces the
subject to re-initiate the stimulation is called “brain stimulation reward” (BSR).
Weight loss resulting from chronic food restriction has been shown to enhance the
rewarding effect of stimulating LH sites close to the fornix (35); this perifornical region
has been implicated in the control of feeding and energy balance (6). Thus, one might
expect that the rewarding effect produced by stimulation of this region would be
influenced by leptin. We tested this hypothesis by measuring leptin-induced changes

in self-stimulation of the perifornical hypothalamus.
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In the demonstrations by Carr and his co-workers that perifornical self-
stimulation is modulated by chronic food restriction (7), the rate at which the rats
harvested the electrical rewards was measured as a function of the stimulation
frequency. Chronic food restriction shifted the resulting rate-frequency function
leftwards, towards weaker stimulation strengths; the lower the body weight, the
weaker the stimulation required to entice the rats to earn a given number of rewards.
We adopted an analogous approach to determine whether leptin modulates the

rewarding effect of perifornical stimulation.

Male Long Evans rats bearing chronic stimulating electrodes and cerebro-
ventricular cannulas (8) self-stimulated by pressing a lever that triggered a 1 sec train
of rectangular, constant-current pulses, 0.1 msec in duration. The stimulation
frequency was varied across trials over a range that drove the number of rewards
earned from maximal to minimal levels (9) (see Fig. 1, A and B). The measure of the
effectiveness of the rewarding stimulation was the frequency that produced a half-
maximal rate of reward delivery (“M-50") (/0). Manipulations that potentiate BSR

decrease the M-50 value.

Prior to leptin treatment, BSR data were obtained under the influence of
chronic food restriction. Daily food intake was limited to 10 grams/day until body
weight reached ~75% of the weight of age;matched controls. Rate-frequency curves
collected during this period of restriction were compared to those obtained during a
later stage of the experiment, when body weight had returned to normal levels

following a period of free-feeding (11).
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In 5 subjects, chronic food restriction enhanced BSR. As illustrated in Figure
1A, rate-frequency curves obtained in these rats during food restriction lie to the left
of the curves obtained following subsequent re-feeding, and the M-50 values (Fig. 1C)
declined by 0.07 - 0.33 log), units. In contrast, re-feeding following food restriction
had little effect in the remaining 5 subjects. The rate-frequency curves obtained during
restriction in these rats overlap the curves obtained during subsequent free-feeding
(e.g., Fig. 1B), and the M-50 values remained relatively stable (Fig. 1D). Taken
together, the results are consistent with previous reports that food restriction facilitates

self-stimulation only at certain LH sites.

The effects of leptin on self-stimulation were examined at the end of the period
of chronic food restriction, when body weight was ~75% of control values. One hour
prior to the test sessions, 2 pg of recombinant murine leptin (Peprotech Inc., Roanoke,
VA) dissolved in 1.6 pl of water was infused into the right lateral cerebral ventricle
over a 2 min period. In a separate group of rats, this dose produced a reliable
reduction in dark-cycle food intake over a period of 4 hours (/2). In the 5 rats that had
shown enhancement of BSR during chronic food restriction, leptin decreased the
effectiveness of the rewarding stimulation (13). Whereas chronic food restriction
produced leftward shifts in the rate-frequency curves obtained from these subjects,
leptin produced rightward shifts (Fig. 2, A and C) (/4). These leptin-induced
rightward shifts persisted for as long as 4 days following a single infusion.
Intriguingly, leptin had the opposite effect in 3 of 4 rats in which the rewarding effect

of LH stimulation was unresponsive to food restriction. In these 3 rats, leptin
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Figure 1. Effects of chronic food restriction on self-stimulation at I.H sites where the
rewarding effect of electrical stimulation is sensitive (left panels) or insensitive (right
panels) to chronic food restriction. (A) Rate-frequency curves obtained with
stimulation of a perifornical site are shifted leftwards during chronic food restriction
(open symbols) with respect to curves obtained following subsequent re-feeding
(filled symbols). (B) In contrast, stimulation of a neighboring site yields overlapping
rate-frequency curves during chronic food restriction and following re-feeding. Each
data point in panels A and B is an average of six measures collected on each test day.
(C, D) Magnitude of the curve shifts produced by re-feeding following chronic food
restriction in all subjects. M-50 represents the stimulation frequency required to
induce the rat to earn half the maximal number of rewards available per trial. (** p <
0.005)
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Figure 2. Opposite influence of ICV leptin on rewarding effects of LH stimulation.
(A) At a site where chronic restriction enhanced the rewarding effect (Fig. 1A), leptin
shifted the rate-frequency rightward (leptin: open symbols; vehicle control: filled
symbols). (B) At a site where chronic restriction failed to enhance the rewarding
effect (Fig. 1B), leptin shifted the rate-frequency leftward. (C) Magnitude of curve
shifts (AM-50) during the 4 days following ICV leptin at 5 sites where the rewarding
effect was enhanced by chronic food restriction. (Note the break in the y-axis between
0 and -0.155.) (D) Magnitude of curve shifts during the 2 days following ICV leptin at
4 sites where the rewarding effect was not altered by chronic food restriction. (* p <

0.05; ** p <0.005)
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increased the effectiveness of the rewarding stimulation: the rate-frequency curves
were shifted leftwards (Fig. 2, B and D). In one rat in which BSR was unresponsive to
chronic food restriction, the rate-frequency curves were not altered significantly by
leptin administration; the effect of leptin could not be tested in the remaining

restriction-insensitive subject (15).

Following completion of testing, the LH stimulation sites were marked by
means of the Prussian Blue method (76). Sites where BSR was enhanced by chronic
food restriction and diminished by leptin were located dorsal or dorsolateral to the
fornix (Fig. 3). The remaining sites were nearby but non-overlapping. Such a
distribution is consistent with the notion that the rewarding effect of LH stimulation
arises from activation of multiple, functionally different, subpopulations of
inhomogeneously intertwined neurons (/7). In this view, small differences in the
location of the electrode tip and the path of current flow could alter the relative
weights of the subpopulations sampled by different electrodes. In the simplest account
of the results reported here, one of the stimulated subpopulations consists of neurons
that arise in, terminate in, or course through the perifornical hypothalamus; activation
of these cells produces a rewarding effect that is enhanced by chronic restriction and

attenuated by leptin.

The chronic character of the food-restriction regimen, which was in force long
enough to produce substantial weight loss (~25%), was crucial to the enhancement of
BSR. In contrast to the effects of the chronic regimen, acute food deprivation was

ineffective in altering BSR, even when imposed for 48 hours (/8). As shown in Figure
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Figure 3. Location of the tips of the stimulation electrodes. Electrodes producing
rewarding effects that were enhanced by chronic food restriction are designated by
filled triangles (A ), and electrodes producing rewarding effects that were
unaffected by chronic food restriction are designated by filled circles (@). The

coronal sections are based on the atlas of G. Paxinos and C. Watson, (Academic
Press, New York, Fourth Edition, 1998).
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4, most rate-frequency curves obtained during acute deprivation overlap curves
obtained during free feeding, even in the subjects in which BSR was enhanced by
chronic food restriction (Fig. 1, A and C). Thus, the enhancement of BSR by food
restriction appears to depend on signals that contribute to the regulation of long-term

energy balance.

The notion that BSR is modulated by signals related to the long-term rather
than the short-term regulation of energy balance is consistent with previous findings.
For example, at LH sites where BSR is enhanced by chronic food restriction, the
rewarding effect is not altered during acute glucopenia induced by 2-deoxy glucose
(2-DG@) or during acute lipoprivation induced by nicotinic acid (79). It has also been

shown that BSR is insensitive to acute accumulation of sucrose in the gut (20).

The reduction in the effectiveness of the rewarding stimulation persisted for as
long as 4 days after a single injection of leptin. The long duration of this effect is
consistent with a report of body weight changes lasting up to 6 days after a single

injection of leptin (21).

Leptin attenuated BSR at restriction-sensitive sites but facilitated self-
stimulation of 3 of the 4 sites where BSR was unresponsive to chronic food
restriction. These opposite effects of leptin may reflect the comparative process
believed to underlie behavioral allocation (22). In such views, the prevalence of a
particular behavior, such as feeding, can be reduced either by decreasing the reward
value it generates or by increasing the value of competing activities. If so, leptin could

make complementary contributions to energy balance by reducing food reward while
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Figure 4. Failure of acute food deprivation to alter self-stimulation. Data from sites
where the rewarding effect of electrical stimulation was enhanced or unchanged by
chronic restriction are in the left and right panels, respectively. (A, B) Neither in the
case of a site where BSR was enhanced by chronic restriction (Fig. 1A) nor in the case
of a site where BSR was insensitive to chronic restriction (Fig. 1B) did rate-frequency
curves obtained after 48 hours of food deprivation differ systematically from the free-
feeding baseline. (C, D) Magnitude of the curve shifts (AM-50) produced by acute
food deprivation (4 restriction-sensitive and 4 restriction-insensitive sites). In the one
case in which a significant effect was observed (L.45), deprivation produced a small
rightward shift, suggesting that the rewarding effect was attenuated. (* p < 0.05)
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enhancing the value of behaviors incompatible with feeding. At restriction-sensitive
sites, neurons that link long-term changes in energy balance to the rewarding effect of
food may be prominent in generating BSR, whereas at the remaining sites, BSR may
arise primarily from the activation of neurons subserving behaviors incompatible with

the ingestion of energy-rich substances.

The results reported here tie the actions of leptin to modulation of brain reward
circuitry. A rich basis for linking these effects to specific populations of cells has been
provided by recent progress in describing the receptors, neurotransmitters, and
interconnections of hypothalamic neurons. For example, the perifornical area and
other regions of the LH receive projections from leptin-sensitive cells that contain
neuropeptides, such as neuropeptide Y, a-melanocyte-stimulating hormone, agouti-
related protein and cocaine-amphetamine-regulated transcript, that are implicated in
the control of feeding and energy balance (23). The perifornical LH includes neurons
that express the long form of the leptin receptor (24). Orexin or melanin-concentrating
hormone (25), neuropeptides that promote food intake and weight gain (26) have been
found in LH neurons, and LH neurons containing corticotropin releasing hormone
have been implicated in dehydration-induced anorexia (27). Working out the
contribution of such cells to the rewarding effects of electrical brain stimulation and
feeding could prove important to understanding energy balance. Conversely, progress
in understanding the neural control of food intake and energy expenditure may well

shed light on the structure and function of brain reward circuitry.
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