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ABSTRACT

Title of thesis: A Novel Habenulo-Mesencephalic Circuit in Aversive Signaling

Paul Leon Brown, Doctor of Philosophy, 2014
Dissertation directed by: Paul Shepard, Ph.D.
Associate Professor

Department of Psychiatry

Midbrain dopamine (DA) neurons are central to reward processes. In general, rewarding
stimuli increase, and aversive stimuli decrease, both DA spike firing and terminal release.
Stimulation of the lateral habenula (LHb), an area activated by aversive stimuli, or its
efferent pathway the fasciculus retroflexus (fr), results in GABAergic inhibition of
midbrain DA neurons, suggesting that the LHb encodes negative valence. The source of
GABAergic inhibition is uncertain, but a recently described brain area, the mesopontine
rostromedial tegmental nucleus (RMTQ), is a strong candidate. A series of experiments
was designed to elucidate the role of the LHb-RMTg-midbrain DA circuit in the
encoding of aversive events. Both low and high intensity foot shocks elevated RMTg
cFos, an immediate early gene that reflects cellular activation. Lesions of the fr blocked
low intensity foot shock induced cFos elevation, demonstrating that the LHb is necessary
for RMTg activation following mild aversive stimuli. To test whether LHb-stimulation
induced inhibition of DA neurons occurs via RMTg GABA neurons, two
electrophysiological experiments were conducted. In patch clamp recordings in rat

parasagittal slices fr stimulation induced excitation in about half of all DA and non-DA



neurons. Few neurons showed inhibition and excision of the RMTg had no effect on the
DA population response to fr stimulation. In the whole animal, however, RMTg lesions
decreased the prevalence of LHb-stimulation induced DA inhibition, giving physiological
support for an LHb-RMTg-midbrain DA inhibitory circuit. To test whether changes in
activation of the LHb-RMT( circuit alter behavioral sequelae associated with the
presentation of aversive stimuli, we monitored the development of learned helplessness
following manipulations of this circuit. LHb stimulation concurrent with foot shock
during induction increased the prevalence of learned helplessness in rats. Conversely,
lesions of the RMTg impeded the development of a helpless phenotype. We found that
the LHb-RMT(g circuit is activated by aversive events, mediates transient inhibition of
DA neurons, and affects the development of depressive phenotypes. These data, which
elucidate the role played by the LHb and RMTg in the encoding of aversive stimuli, have

implications for future research in the areas of mood disorders and drug abuse.
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CHAPTER 1: INTRODUCTION

1.1 Aversive stimuli induce pathological states

Physical environmental stressors produce a stereotyped, physiological adaptation
involving activation of the hypothalamic-pituitary-adrenal axis and the release of
glucocorticoids that prepares an organism to confront or escape aversive stimuli (Selye,
1948; Selye, 1976). Stressor-induced physiological activation is beneficial in the short
term, but prolonged activation causes pathophysiological changes such as adrenal
hypertrophy, gastrointestinal ulceration, and thymolymphatic atrophy (Selye, 1936). This
general stress response occurs reliably and potently with psychological stressors as well
(Chandola, et al., 2010; McEwan, 2000). A prolonged stress response leads to
neurodegeneration in the brain (McEwan, 2000; Sapolsky, 2005; Stein-Behrens, et al.,
1994; Uno, et al., 1989), leading to the hypothesis that stressors, aversive stimuli that
produce a general stress response, are aggravating factors in the development of certain
psychiatric diseases, such as schizophrenia (Arango, et al., 2001; Corcoran, et al., 2003;
Koenig, et al., 2002) and addiction (Austin, et al., 1999; Goeders, 2002; Koob and Kreek,
2007; Sinha, 2008).

In addition, ample evidence supports a significant contribution of the experience
of stress to the induction of affective disorders such as depression (Arborelius, et al.,
1999; Checkley, 1996). Acute severe life events such as the death of a loved one,
physical assault, and housing loss, increase the odds of major depressive disorder soon
after the event (Kendler, et al., 1999; Kendler, et al., 2004; Kessler, 1997; Muscatell, et

al., 2009), as do chronic stressors that are of lesser severity but increased duration such as



extended job loss, marital problems, and physical illness (Hammen, et al., 1992;
Hammen, et al., 2005; Rojo-Moreno, et al, 2002). This effect of chronic stress is not
limited to personal circumstances; chronic environmental stressors, such as high crime
rate, excessive residential noise, high resident density and turnover, are associated with
an increased prevalence of major depression as well (Grote, et al., 2007; Matheson, et al.,
2006).

Based on the known role stress plays in the etiology of depression, researchers
have used a variety of aversive stimuli to induce in animals physiological and behavioral
outcomes that mimic those seen in human depression (for a thorough review see;
Fernando and Robbins, 2011; Krishnan and Nestler, 2011). Common stress-mediated
animal models for the study of depression in rodents include: learned helplessness
(uncontrollable shock that leads to subsequent escape deficits in a learning task);
behavioral despair (forced swim that leads to subsequent swim immobility when tested
again); chronic mild stress (that leads to anhedonia as measured by decreased sucrose
consumption); and social defeat stress (that leads to decreased social interaction). The
phenotypes produced in animals by these stress-mediated procedures (i.e., cognitive
impairment, hypoactivity, anhedonia, social withdrawal) have similarities with diagnostic
criteria for major depressive disorder, including diminished ability to think or
concentrate, psychomotor retardation, decreased interest or pleasure in most activities,
and impaired social function (Diagnostic and Statistical Manual of Mental Disorders, 4"
ed., text rev.; DSM IV-TR; American Psychiatric Association, 2000). Thus the behavioral
endpoints of these procedures appear to model particular aspects of human depression

(Anisman and Zacharko, 1990; Willner, 1991). More importantly the expression of these



phenotypes are diminished or blocked with many antidepressants (Deussing, 2007;
Fernando and Robbins, 2011; Krishnan and Nestler, 2011), reinforcing the validity of
using these models to study the neurological substrates of intense or chronic stress-
induced depressive phenotypes in animals that are analogous to symptoms of depression
in humans.

Though most research on the brain neurotransmitters that underlie depression
have focused on serotonin and noradrenaline (Albert and Benkelfat, 2013; Albert, et al.,
2012), there is increasing evidence that dopamine (DA) plays a role as well (Dunlop and
Nemeroff, 2007; Nestler and Carlezon, 2006). Depressed patients with a markedly flat
affect have DA hypofunction in the caudate (Martinot, et al., 2001) and patients with
major depressive disorder have greater DA transporter availability, presumably leading to
lower extracellular DA levels due to more rapid removal, in the striatum (Yang, et al.,
2008b) compared to healthy controls. There is a high level of comorbidity between
depression and Parkinson’s disease, a motor-impairment disease associated with
neurodegeneration of DA neurons, both after diagnosis (Even and Weintraub, 2012;
Menza, et al., 2006) and during the prodromal phase (Jacob, et al., 2010; Leentjens, et al.,
2003). Individuals with fibromyalgia, a syndrome associated with chronic pain and stress
that also has high comorbidity with depression (Buskila and Cohen, 2007), show elevated
pain sensitivity and a subsequent muted striatal DA release in response to an aversive,
hypertonic saline injection (Wood, et al., 2007). Finally, patients with major depressive
disorder have altered processing of DA reward signals associated with learning (Kumar,
et al., 2008; Tremblay, et al., 2005). These findings support the hypothesis that reduced

DA levels play a role in the onset or maintenance of depression. To better understand



how DA is implicated in depressive symptoms, we need to first understand the

connectivity of midbrain DA neurons and their role in processing aversive stimuli.

1.2 Midbrain DA neuron connectivity

The majority of DA neurons reside in the mesencephalon in cell groups A10, A9,
and A8, which correspond roughly to the ventral tegmental area (VTA), substantia nigra
(SN), and retrorubral field (Bjorklund and Dunnett, 2007; Bjorklund and Lindvall, 1984;
Dahlstrom and Fuxe, 1964). DA neurons within the VTA group are continuous laterally
with the SN, just as DA neurons within the SN are continuous caudally with the
retrorubral field (Fallon and Moore, 1978; Swanson, 1982), making clear anatomical
boundaries between these cell groups difficult. The SN, however, is further divided into
the anatomically well-defined pars compacta (SNc), a dorsally located dense layer of DA
neurons, and the pars reticulata (SNr), a ventrally located group of mainly non-DA
neurons with scattered DA neurons (Beckstead, et al., 1979; Fallon and Moore, 1978;).

Traditionally, the primary projections of midbrain DA neurons have been
conceptualized as consisting of three major systems: the nigrostriatal, mesolimbic, and
mesocortical (Anden, et al., 1966; Berger, et al., 1976; Thierry, et al., 1973; Ungerstedt,
1971). An alternative view, given the overlap of DA terminal fields and the growth of the
theory that the olfactory tubercle and nucleus accumbens (NAcc) are ventral extensions
of the striatum (Heimer, 1972; Heimer, 1978), is that midbrain DA projections can be
reduced to two major systems: the mesostriatal and the mesolimbocortical (Bjorklund and
Dunnett, 2007; Bjorklund and Lindvall, 1984). Regardless of how one categorizes these

systems the projections and terminal fields of midbrain DA neurons are well established.



Tracing studies have consistently shown a heavy innervation of the striatum by terminal
fields of midbrain DA neurons in a topographic manner (Beckstead, et al., 1979;
Bjorklund and Lindvall, 1984; Fallon and Moore, 1978; Swanson, 1982). Ventrally
located SN DA neurons project to the dorsal striatum (caudate and putamen) almost
entirely avoiding the ventral striatum (Beckstead, et al., 1979). Conversely, ventrally
located VTA DA neurons heavily innervate the ventral striatum (Beckstead, et al., 1979;
Fallon and Moore, 1978) with lighter innervation of the dorsal striatum (Beckstead, et al.,
1979). Dorsally located midbrain VTA DA neurons project heavily to the ventral
forebrain areas of the olfactory tubercle (Fallon and Moore, 1978). DA projections to
other forebrain areas are significant, though generally less dense than innervation of
striatal nuclei. The septum receives projections largely from the ventral VTA (Fallon and
Moore, 1978), while both SN and VTA neurons have been shown to innervate the
amygdala (Bjorklund and Dunnet, 2007; Fallon and Moore, 1978; Swanson, 1982).
Cortical areas are a major projection site for midbrain DA neurons as well (Berger, et al.,
1976; Thierry, et al., 1973) especially the prefrontal (from VTA), piriform (from SN),
and cingulate (from VTA and SN) cortices (Fallon and Moore, 1978). In addition, there is
a minor projection to the habenula (Hb) arising from the interfascicular nucleus of the
VTA (Phillipson and Pycock, 1982; Skagerberg, et al., 1984).

It should be noted that DA efferents originating from the medial-SN/lateral-VTA
boundary have overlapping projections (Bjorklund and Lindvall, 1984; Fallon and
Moore, 1978). For the sake of brevity, these overlapping regions were not discussed in
detail and, as such, projections should be considered as rising primarily, though not

exclusively, from the DA area mentioned. It should also be noted that forebrain DA



projections of the SN and VTA follow a stereotyped terminal field topography (Fallon
and Moore, 1978). The medial-lateral and rostral-caudal position of DA neurons within
the midbrain matches the position of their terminal fields in the forebrain. That is,
medially located DA neurons project to medially located forebrain structures. However,
the dorsal-ventral position of DA neurons are inverted relative to their terminal fields,
such that ventral midbrain DA neurons terminate in dorsal areas of the forebrain. From
this brief neuroanatomical description, it is apparent that midbrain DA neurons provide
significant input to the basal ganglia, limbic system, and frontal cortex, and therefore
have the potential to modulate aspects of behavior, motivation, and cognition (Roeper,

2013).

1.3 Midbrain DA response to appetitive stimuli

Concurrent with the research describing the neuroanatomy of midbrain DA areas
and their projections, evidence accumulated that DA neurotransmission is necessary for
reinforcement learning and reward. DA levels in the NAcc are elevated during operant
performance for food reward (Hernandez and Hoebel, 1988), and the reinforcing
properties of food are lowered by the administration of DA antagonists (Spyraki, et al.,
1982a; Wise, et al., 1978a,b), suggesting that the action of DA at terminal fields underlies
the rewarding properties of reinforcers. In fact, one of the common direct
pharmacological results of drug reward (e.g., psychomotor stimulants) is an increase in
available extracellular DA (Horn, 1990; Kuhar, et al., 1991; Sulzer et al., 1995).
Microdialysis studies demonstrate that elevated DA levels in the NAcc are associated

with administration of cocaine (Hernandez and Hoebel, 1988; Hurd, et al., 1989) and



amphetamine (Carboni, et al., 1989; Moghaddam and Bunney, 1989), and the
administration of DA antagonists decreases the reinforcing properties of both these
psychomotor stimulants (de Wit and Wise, 1977; Spyraki, et al., 1982b; Yokel and Wise,
1975; Yokel and Wise 1976). DA levels measured with cyclic voltammetry, a method
with higher temporal resolution than microdialysis, have confirmed transient (0.2 to 10 s)
elevated extracellular NAcc DA levels following cocaine administration (Heien, et al.,
2005). This onset is too rapid to be accounted for by direct pharmacological action,
suggesting that the signaled presentation or administration of drugs of abuse, like food, is
rewarding. In support of this, cues that predict cocaine (Phillips, et al., 2003) and food
(Roitman, et al., 2004) delivery are sufficient to elevate extracellular DA levels. These
studies implicate transient elevations in DA release with the process of reinforcement-
driven learning of rewarding, appetitive stimuli.

Direct electrical stimulation of DA efferents (Kuhr and Wightman, 1986; Ng, et
al., 1991) and pharmacological activation of VTA DA neurons (Suaud-Chagy, et al.,
1992) cause brief elevations in extracellular NAcc DA. In turn, it is widely held that
transient elevations in extracellular DA following rewarding stimuli and the cues that
predict them result from the ability of midbrain DA neurons to transiently increase firing
rate in response to these stimuli. Midbrain DA neurons exhibit two modes of neuronal
firing when recorded in vivo: low frequency (1-5 Hz) tonic firing interrupted by transient,
high frequency (> 15 Hz) phasic, or burst, firing (Freeman, et al., 1985; Grace and
Bunney, 1984a,b; Hyland, et al., 2002). These patterns have further physiological
relevance as increased incidence of phasic firing in DA neurons is associated with greater

DA release in the ventral striatum relative to increased tonic firing (Floresco, et al.,



2003). Work has demonstrated that DA neurons, particularly those of the VTA, show
transient, phasic activation in response to delivery of food reward (Mirenowicz and
Schultz, 1994; Roesch, et al., 2007; Schultz, et al., 1993). More recent optogenetic
experiments have shown that phasic activation of VTA DA neurons in a pattern that
mimics the activation seen following a rewarding stimulus is sufficient to induce operant
behavior (Kim, et al., 2012) and behavioral conditioning (Tsali, et al., 2009). Further work
has demonstrated that SN, and not just VTA, DA neurons are also involved in reward
learning, place conditioning, and drug self-administration (llango, et al. 2014; Wise,
2009). These data are in keeping with the theory that DA encodes the hedonic value of
reward (Wise, 2008). However, when paired with a stimulus that predicts a reward,
phasic DA activation shifts over the course of learning the pairing from the onset of the
reward to the onset of the conditioned stimulus (Mirenowicz and Schultz, 1994; Schultz,
et al., 1993), consistent with an alternative theory that transient DA activation acts as a
motivational signal, imbuing a reward predictive stimulus with salience (Berridge and
Robinson, 2003; Berridge and Robinson, 2009).

While the encoding of cue salience may represent a significant aspect of DA
activation, there is evidence that changes in DA firing rate encode other aspects of
learning. If the reward-predictive power of a cue is less than certain then both
conditioned cue and reward presentation are accompanied by increases in DA firing rate
as well as a slow increase in firing rate during the cue-reward interval (Fiorillo, et al.,
2003), results not seen if a cue perfectly predicts reward. If the probability of receiving a
reinforcer is low then presentation of that reinforcer causes a significantly more robust

increase in DA firing than when the probability of receipt is high (Satoh, et al., 2003).



These studies suggest that DA activation is related to expectation of reward delivery.
Indeed, if a reward delivery is larger than expected, DA cells increase their firing rate;
conversely, reward omissions result in transient decreases in DA cell firing (Fiorillo, et
al., 2003; Roesch, et al., 2007; Satoh, et al., 2003; Schultz, 1998). The same transient
changes in NAcc DA release, increases with unexpected rewards and decreases with
reward omissions, have also been demonstrated (Hart, et al., 2014). These changes in DA
activity that result from violations of reward expectancy have been conceptualized as a
neuronal correlate of prediction error terms (i.e., a signal of the difference between
expected and actual reward value) in behavioral models of conditioning (Schultz, 1998).
It is hypothesized that such transient increases or decreases in DA activity allow
adjustments in behavior to reflect new future expectations. Indeed, fictive activation of
VTA DA neurons in the absence of a reinforcer, in effect signaling an unexpected reward
delivery or positive reward prediction error, is sufficient for the development of learned
operant behavior (Kim, et al., 2012). Inversely, inhibition of VTA DA neurons at the time
of reward delivery, in effect signaling an unexpected reward omission or negative reward

prediction error, disrupts the consumption of food reward (van Zessen, et al., 2012).

1.4 Aberrant reward processing in psychiatric illnesses

In addition to depression, several neuropsychiatric disorders involve both the
aberrant processing of reward information and, as part of their etiology, alterations in DA
function. For example, a core deficit found within substance abuse disorders is
impulsivity, the inability to inhibit behavior or stop a response once initiated, a factor that

drives individuals toward compulsive drug use (Belin, et al., 2008). Such continuation of



a behavioral response despite a harmful outcome suggests a failure to encode the negative
value of aversive consequences (Patterson and Newman, 1993), which corresponds to the
absence of negative reward prediction errors (Schultz, 2007). A factor driving such
impulsivity may be the misattribution of a high salience to drug predictive cues, in large
part due to the DA elevating pharmacological actions of many drugs of abuse (Hyman,
2005; Montague, et al., 2004). Alterations in DA systems have also been hypothesized to
underlie symptoms of schizophrenia based on evidence including the high correlation
between neuroleptic efficacy and binding affinity at D2 DA receptors (Creese, et al.,
1976; Seeman, et al., 1976), elevated amphetamine-induced DA release in the striatum of
patients diagnosed with schizophrenia relative to healthy controls (Abi-Dargham, et al.,
1998), and the ability of DA elevating drugs to produce psychotic symptoms (Abi-
Dargham, et al., 1998; Janowsky, et al., 1973; Lieberman, et al., 1993). It is hypothesized
that this altered baseline DA function is a factor behind findings that patients with
schizophrenia have impaired reinforcement learning (Waltz, et al., 2007) and attenuated
brain activation while experiencing prediction errors (Murray, et al., 2008). Given the
presentation of altered midbrain DA function in a plethora of psychiatric illnesses, a
further understanding of the neurocircuitry that regulates the activation and inhibition of

midbrain DA neurons will aid in the development of future treatments.

1.5 Inhibition of midbrain DA neuron activity in response to aversive stimuli and its
implication in the development of a depressive phenotype in animals
Mildly aversive events, such as omission of an expected reward, lead to transient

decreases in DA cell activity (Fiorillo, et al., 2003; Roesch, et al., 2007; Satoh, et al.,
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2003; Schultz, 1998) that may be thought of as a neuronal correlate of “disappointment”
(Morra, 2007; Wickens, 2008). Acutely these transient decreases in activity may have
little effect beyond their role in reinforcement learning. However, repeated reward
omission, such as that seen under extinction, results in elevated corticosterone levels in
rats (Coe, et al., 1983; Kawasaki and Iwasaki, 1997) suggesting it is a frankly aversive
event. It also raises the question of what effect more intense, stress-inducing events have
on midbrain DA neurons.

The evidence for DA response to aversive stimuli is mixed, but generally supports
the notion that aversive stimuli have an effect on DA neurons that is opposite that of
appetitive stimuli. Almost all DA cells that show an effect to aversive stimuli show
inhibition in firing rate. These stimuli include air puffs to the eye (Cohen, et al., 2012),
cues predicting air puffs (Mirenowicz and Schultz, 1996), tail pinch (Brown, et al., 2009;
Ungless, et al., 2004), and electrical stimulation of the hindpaw (Brown, et al., 2009).
NAcc DA efflux is also altered by aversive stimuli, though the directionality depends
upon what type of aversive stimulus is used and how it is presented. Electrical
stimulation of the medial hypothalamus, an aversive procedure that rats will work to
avoid, leads to suppression of NAcc DA release during a 60 min stimulation period
(Rada, et al., 1998). While social defeat appears to elevate DA release (Anstrom, et al.,
2009; Tidey and Miczek, 1996) as does single session restraint stress (Imperato, et al.,
1993), basal DA levels are lowered by repeated foot shock (Mangiavacchi, et al., 2001)
and repeated restraint stress (Imperato, et al., 1993). Elevations of DA follow escapable
foot shock, but decreases accompany yoked inescapable foot shock (Cabib and Puglisi-

Allegra, 1994). Likewise, sub-second DA efflux increases following a cue predicting
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avoidable shock, an event associated with positive valence, but decreases following a cue
predicting unavoidable shock, an event associated with negative valence (Oleson, et al.,
2012). While some aversive events may elevate DA efflux, the common thread
underlying aversive or stressful stimuli that decrease basal DA levels is their chronic,
uncontrollable nature.

As mentioned previously, several animal models used for the study of depression
are stress-mediated, making specific use of chronic, uncontrollable stressors, and the
evidence for DA influence over the expression of depressive phenotypes in several of
these models has grown extensively. Basal NAcc DA is diminished in both behavioral
despair and chronic mild stress, an effect which is reversed by the tricyclic antidepressant
imipramine (Bekris, et al., 2005; Rossetti, et al., 1993). Lesions of the SN or VTA
increase the prevalence of learned helplessness (Winter, et al., 2007), while chronic mild
stress decreases DA neuron population activity (Chang and Grace, 2014). These studies
suggest a decrease in DA activity accompanies chronic stress and is consistent with
decreased DA activity as an antecedent cause of depressive phenotypes. Evidence to
support this comes from the antidepressant effects of DA agonists in both behavioral
despair (Basso, et al., 2005; Duterte-Boucher, et al., 1988) and chronic mild stress models
(Muscat, et al., 1992). In addition, optogenetic inhibition or excitation of VTA DA
neurons is sufficient to induce or relieve depressive phenotypes respectively in mice
(Tye, et al., 2012). Since a wide range of aversive stimuli inhibit DA neuronal activity,
are implicated in the development of behavioral sequelae common to animal models of
depression, and, most importantly, DA inhibition appears to have a causative role in the

development of depressive phenotype, an understanding of what brain areas exert
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inhibitory control over DA neurons is of interest to further research on the development
of depression and reinforcement learning.

While midbrain DA neurons receive extensive glutamatergic input (Geisler, et al.,
2007) knowledge of the inhibitory inputs responsible for transient decreases in DA cell
activity remains limited. One candidate brain area is the mesenchephalic projecting Hb,
which is not only activated by aversive stimuli (Bianco and Wilson, 2009) but has been
implicated in the development of depressive phenotypes (Amat, et al., 2001; Mirrione, et
al., 2014; Nair, et al., 2013), and as a potential target for therapeutic action in depression

(Li, et al., 2011; Sartorius, et al., 2010; Winter, et al., 2011).

1.6 Midbrain DA neurons are transiently inhibited by LHb stimulation

The Hb is a phylogenetically conserved, epithalamic, midline structure with a
main afferent bundle, the stria medullaris (sm), and a single efferent bundle, the
fasciculus retroflexus (fr: Bianco and Wilson, 2009; Herkenham and Nauta, 1977;
Herkenham and Nauta, 1979; Klemm, 2004). The Hb nucleus consists of medial (MHb)
and lateral (LHb) subnuclei, a distinction based on the qualitatively distinct cell
organization and neuronal connections of each area (Andres, et al., 1999; Herkenham and
Nauta, 1977; Herkenham and Nauta, 1979; Iwahori, 1977; Kim and Chang, 2005).
Afferents to the MHb predominately arise from the septum with lesser input from the
diagonal band of Broca, and lateral pre-optic area (Herkenham and Nauta, 1977;
Sutherland, 1982). Neurons of the MHb are largely substance P or acetylcholine
containing and project via the core of the fr to the interpeduncular nucleus (IPN; Andres,

et al., 1999; Herkenham and Nauta, 1979). The MHb-IPN circuit has one of the highest
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concentrations of nicotinic acetylcholine receptors (NACHR) in the brain (Deutch, et. al,
1987; Gahring, et al., 2004) and plays a prominent role in nicotine withdrawal (Salas, et
al., 2009) and self-administration (Fowler, et al., 2011).

The LHDb is sub-divided into a medial (LHbm) and lateral (LHbI) portion that are
both composed almost entirely of glutamatergic neurons (Geisler, et al., 2003) with
evidence of only sparse, local, non-projecting GABAergic neurons (Brinschwitz, et al.,
2010). The medial/lateral distinction of the LHb is defined largely by their primary
sources of afferent input from limbic and pallidal areas, respectively (Herkenham and
Nauta, 1979). Afferents to the LHbm come primarily from basal forebrain and limbic
structures, predominately the lateral hypothalamus, with smaller projections from the
diagonal band of Broca, lateral preoptic area, and minor projections from the
entopeduncular nucleus and frontal cortex (Greatrex and Phillipson, 1982; Herkenham
and Nauta, 1977; Sutherland, 1982). Afferents to the LHbl come predominately from the
internal segment of the globus pallidus (GPi; analogous to the entopeduncular nucleus in
rodents) with minor projections from the same areas that innervate the LHbm
(Herkenham and Nauta, 1977). LHb efferents project along the outer mantle of the fr
ventrally to the level of the IPN and, with few if any synaptic connections in the IPN,
proceed caudally to mesencephalic structures with a general medio-lateral topography;
the LHbm projects medially while the LHbI projects more laterally (Herkenham and
Nauta, 1979). A major projection, primarily from the LHbm, innervates the dorsal and
median raphe nuclei (DRn and MRn; Herkenham and Nauta, 1979), but there are also
projections to the SN (Herkenham and Nauta, 1979), VTA (Araki, et al., 1988;

Brinschwitz, et al., 2010; Omelchenko, et al., 2009), dorsal tegmentum and locus
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coeruleus (LC; Herkenham and Nauta, 1979). There also exists a smaller rostral
projection of the LHb to thalamic and hypothalamic nuclei (Herkenham and Nauta, 1979;
Sutherland, 1982). The fact that the LHb receives inputs from cortical, motor, and limbic
circuits and projects back to these same areas, either directly or via monoaminergic and
cholinergic centers of the midbrain, has led to the proposition that the LHb integrates
cognitive, behavioral, and motivational states (Lecourtier, et al., 2007; Hikosaka, et al.,
2008).

The LHb generally responds to stressful and aversive stimuli with activation.
Production of immediate early gene transcription factors in the LHb has been noted
following a variety of aversive stimuli including restraint stress (Chastrette, et al., 1991;
Wirtshafter, et al., 1994), femoral artery occlusion (Xie, et al., 1998), lithium chloride
administration (Wirtshafter, et al., 1994), and beta-carboline administration (Kurumaji, et
al., 2003). Noxious stimuli also result in Fos production in the LHb (Matsumoto, et al.,
1994; Nagao, et al., 1993) and increase the firing rate of LHb neurons (Benabid and
Jeaugey, 1989; Dong, et al., 1992; Gao, et al., 1996). In addition, formalin injection,
restraint stress, and inescapable foot shock increase metabolic activity within the LHb
(Brown, et al., 1996; Mirrione, et al., 2014). Aversive stimuli need not be of a high
intensity to activate the LHb. Even exposure to seemingly innocuous stressors such as a
novel environment (Wirtshafter, et al., 1994) are sufficient to elevate Fos production.
Furthermore, the absence of expected rewards increases LHb neuronal firing in monkeys
(Matsumoto and Hikosaka, 2007) and Hb activity in humans (Salas, et al., 2010). Clearly,
the LHb is responsive to a broad range of aversive stimuli and can potentially modulate

the response of midbrain monoaminergic centers to those same stimuli.
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In nearly every way, the LHb appears to have a valence towards rewarding and
aversive events that is the opposite of midbrain DA neurons. Not only that, but
interrupting Hb activity interferes with DA transmission. Nishikawa, et al. (1986)
demonstrated that acute lesions of the fr or the main afferent to the Hb, the sm, elevate
DA metabolite levels in areas with DA axon terminal fields. Chronic lesions of the Hb
have a similar effect (Lisoprowski, et al., 1980), suggesting that the Hb normally
provides tonic inhibitory control over DA cell activity. In support of this conclusion
chemical inactivation of the LHb with glutamate antagonists has been shown to result in a
transient and reversible increase in DA release in the striatum and PFC (Lecourtier, et al.,
2008).

Evidence of a rapid effect of the LHb on midbrain DA neuron firing rate came
from electrophysiological experiments. Single pulse stimulation of the LHb leads to
population-wide, transient inhibition of midbrain DA neurons in rats (Christoph, et al.,
1986; Gao, et al., 1990). Later experiments extended this finding to monkeys (Matsumoto
and Hikosaka, 2007) and showed this inhibition is mediated by GABA(A) receptors (Ji
and Shepard, 2007). As previously stated, neurons of the LHb are primarily
glutamatergic. Since GABAergic neurons in the LHb are sparse and non-projecting
(Brinschwitz, et al., 2010) a disynaptic pathway is implied. However, the source of such

inhibitory input remains an open question.

1.7 Potential sources of LHb induced GABAergic inhibition of DA neurons
One possibility is that GABA neurons of the SN and VTA could account for LHb

induced inhibition of midbrain DA neurons. GABAergic neurons account for
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approximately 30% of all neurons in the SNc and VTA (Nair-Roberts, et al., 2008),
which would appear to be a sufficient population to transiently inhibit DA neurons.
GABA neurons of the SNr are known to innervate the more DA dense SNc (Mailly, et
al., 2003), and in vivo activation of SNr GABA neurons causes a short duration (~20 ms)
inhibition of SNc DA neurons (Tepper, et al., 1995). Likewise, VTA GABA neurons
send axon collaterals to VTA DA neurons (Omelchenko and Sesack, 2009) and
optogenetic stimulation of VTA GABA neurons produces inhibitory post-synaptic
currents, reduces excitability, and causes sustained inhibition in VTA DA neurons (Tan,
etal., 2012; van Zessen, et al., 2012).

There is some evidence that LHb inputs directly activate VTA GABA neurons.
Glutamatergic axons arising from the LHb synapse on GABA neurons of the VTA
(Brinschwitz, et al., 2010), and activation of the LHb or its terminals increases the firing
rate of about half of non-DA neurons of the SN and VTA (Ji and Shepard, 2007;
Stamatakis and Stuber, 2012). However, LHb induced VTA DA inhibition often precedes
and is of longer duration than LHb induced VTA GABA activation (Ji and Shepard,
2007), making it unlikely that VTA GABA neurons are the sole initial and sustaining
source of inhibition. Furthermore, LHb efferents are nearly as likely to synapse on VTA
DA neurons as VTA GABA neurons (Omelchenko, et al., 2009), and the prevalence of
those synapses are insufficient to account for population-level inhibition of DA cell
activity (Brinschwitz, et al., 2010; Omelchenko, et al., 2009). This suggests the presence
of an extrinsic source of GABAergic neurons interposed between the LHb and midbrain

DA neurons.
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In addition to the SN and VTA, projections from the LHb terminate on
cholinergic (laterodorsal tegmentum; LDTg), serotonergic (DRn and MRn), and
adrenergic (LC) centers of the midbrain (Bianco and Wilson, 2009; Mean-Segovia, et al.,
2008). These additional areas also contain significant numbers of GABAergic neurons
(Bennaroch, 2013; Ishida, et al., 2002; Wang and Morales, 2009) and are thus potential
extrinsic sources of LHb-stimulation induced inhibition of DA neurons. However, there
is little evidence to support these candidate areas in this role. Acetylcholine has an
excitatory effect on DA neurons (Yeomans, 1995), and axonal projections from the LDTg
that form inhibitory synapses, and are presumably GABAergic rather than cholinergic, do
so largely on VTA GABA rather than DA neurons (Omelchenko and Sesack, 2005),
making it unlikely that cholinergic brain centers could account for robust inhibition of
DA neurons. Lesions of the DRn increase the firing rate of DA neurons (Gervais and
Rouillard, 2000; Guiard, et al., 2008), suggesting the loss of inhibitory input from
neurons of these nuclei. However this inhibitory input is likely due to serotonergic, rather
than GABAergic, input as serotonin reuptake inhibitors inhibit DA neuron firing rate (Di
Mascio, et al., 1998; Dremencov, et al., 2009), and GABA neurons within the DRn act
primarily as local circuit neurons (Allers and Sharp, 2003). Likewise, GABA neuron
sparing lesions of the LC increase the firing rate of DA neurons (Guiard, et al., 2008),
and non-monoaminergic neurons of the LC are non-projecting, local-circuit neurons
(Steindler and Trosko, 1989), implying a minimal role of GABA neurons from this area
in the inhibition of midbrain DA neurons. While these data do not exclude a role for these
areas in modulating LHb induced inhibition of DA neurons, they do not account for the

rapid, transient, and GABAergic nature of this inhibition.
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1.8 A novel source for LHb induced inhibition of DA neurons

A recently described brain region, the mesopontine rostromedial tegmental
nucleus (RMTg) may fulfill this role. Comprised of a horizontal column that extends
rostro-caudally from the VTA to the anterior tegmental nucleus, the RMTg receives
dense projections from the LHb, is comprised of GABAergic neurons, and projects
massively to midbrain DA neurons (Jhou et al., 2009b; Kaufling, et al., 2009). RMTg
neurons respond to aversive stimuli in a manner similar to LHb neurons, increasing Fos
expression in response to aversive stimuli such as foot shock (Jhou, et al., 2009a), and
high doses of psychostimulants such as acute d-amphetamine (Colussi-Mas, et al., 2007)
and self-administered cocaine (Geisler, et al., 2008; Perrotti, et al., 2005; Zahm, et al.,
2010). RMTg neurons also increase their firing rate in response to foot shock, cues
predicting foot shock, and the omission of a predicted reward (Jhou, et al., 2009a). RMTg
lesions impair the expression of fear- and anxiety-related behaviors (Jhou, et al., 2009a),
suggesting a deficit in the encoding of aversive stimuli. In addition, ultrastructural
evidence confirms that LHb projections synapse onto GABAergic cells in the RMTg,
which in turn synapse on VTA DA neurons (Balcita-Pedicino, et al., 2011). These data
suggest that the RMTg is a likely candidate for the inhibitory source of LHb-stimulation

induced inhibition of DA neurons.

1.9 Open Questions
The role of the RMTg in LHb transmission is by no means fully established.

While the RMTg afferents include the LHb, there are also projections from cortical,
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hypothalamic, and mesencephalic areas (Jhou, et al., 2009a,b; Kaufling, et al., 2009). The
extent to which LHb input is responsible for the activational effects of aversive stimuli on
the RMTg has not been determined. Also, although the anatomical data would suggest so,
there is not yet physiological evidence that LHb-induced inhibition of DA neurons
depends upon a functional RMTg; as mentioned above, there are other potential sources
of inhibitory input. Furthermore, the RMTg mediated behavioral effects of exposure to
aversive stimuli have yet to be fully explored. Others have shown that the LHb plays a
role in the development of depressive behavior in animals, but it is unknown if the RMTg
plays a role as well.

Through the use of anatomical, behavioral, and electrophysiological techniques
we will attempt to answer these specific questions. Is the LHb necessary for RMTg
activation following aversive stimuli? Is the RMTg necessary for LHb stimulation
induced inhibition of midbrain DA neurons? Does altering neurotransmission in this
circuit alter the development of depressive phenotypes? The answers to these questions
will have broad implications for various DA dependent theories of reward learning, as

well as the aberrant functioning of DA systems seen in many neuropsychiatric disorders.
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CHAPTER 2: SPECIFIC AIMS

Overall Hypothesis
The LHb-RMTg-midbrain DA circuit plays a role in the encoding of the

motivational properties associated with aversive events.

Accumulated exposure to aversive events can trigger, in animals, a behavioral
phenotype analogous to certain aspects of human depression, which is mediated in part
by alterations in the activity of midbrain DA neurons. RMTg neurons appear to be
anatomically well situated to alter midbrain DA firing activity. LHb neurons, which are
activated by aversive events such as nociceptive stimuli and the unexpected absence of
rewarding stimuli, are presumed to excite RMTg GABAergic neurons via glutamatergic
input, resulting in the transient suppression of DA cell activity and offering a means by
which aversive events alter DA firing activity. The goal of the experiments presented
here is to test the role of the LHb-RMTg-midbrain DA circuit in the encoding of aversive
events. Three specific aims will assess the anatomical, immunochemical, and behavioral

sequelae of a circuit that is proposed to encode the motivational value of aversive stimuli.

Specific Aim 1

To determine whether LHb projections contribute to the increase in RMTg

immediate early gene activity evoked by aversive stimuli.
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Rationale. Stimuli with negative valence such as the absence of a predicted
reward and the presentation of a noxious stimulus increase the number of Fos positive
cells in the RMTg (Colussi-Mas, et al., 2007; Jhou, et al., 2009a; Perotti, et al., 2005).
While the origin of the afferents responsible for these effects has yet to be established, it
is noteworthy that the LHb, which provides the principal source of excitatory input to the
RMTg, is also strongly activated by the same stimuli that activate RMTg neurons (Dong,
etal., 1992; Gao, et al., 1996; Matsumoto and Hikosaka, 2009). In addition, prolonged
exposure to psychomotor stimulants, which have both rewarding and aversive properties
(Ettenberg, 2004, Ettenberg, et al., 1999) and increase Fos expression in the RMTg
(Colussi-Mas, et al., 2007; Jhou, et al., 2009a; Perotti, et al., 2005), cause degeneration of
axons within the fr that originate in the LHb (Ellison, 2002; Lax, et al., 2013). These data
provide a strong rationale for assessing the role of the LHb in mediating Fos expression
in the RMTg in response to aversive stimuli.

We hypothesize that increases in cFos expression in the RMTg following aversive
stimuli result from activation of the excitatory inputs from the LHb. As such a loss of this
excitatory input would result in diminished cFos expression. We therefore predict that
electrolytic lesions of the fr will prevent the increase in c-Fos expression in the RMTg
elicited by foot shock. For this experiment we will use a foot shock procedure previously
shown to produce cFos expression in the RMTg (Jhou, et al., 2009a) and a more intense
foot shock procedure associated with the induction of learned helplessness, a stress-

mediated animal model for the study of depression.
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Hypothesis 1. Foot shock induced immediate early gene activation in the RMTg
is dependent upon input from the Hb.
Prediction 1. Foot shock will activate cFos in the RMTg and this effect will be

blocked by lesions of the fr.

Specific Aim 2
To determine whether the RMTg is a necessary component in the circuit
mediating widespread inhibition of midbrain DA neurons following activation of the

LHb.

Rationale. Our laboratory previously showed that LHb stimulation inhibits DA
neurons through a GABA(A) receptor dependent mechanism (Ji and Shepard, 2007).
Although the LHb projects directly to midbrain DA areas these projections are
glutamatergic rather than GABAergic (Brinschwitz, et al., 2010). LHb afferents to the
VTA make synaptic connections that are sparse and split equally between GABA and DA
neurons, making it unlikely that SN/VTA GABA neurons solely contribute to the
widespread inhibition in DA cell activity seen following LHb stimulation (Omelchenko,
et al., 2009). The discovery of the RMTg, a major GABAergic area posterior to the
SNc/VTA, that receives its main input from the LHb and projects massively to the
SNc/VTA strongly suggests that it participates in LHb induced inhibition of DA cell
activity. It is hypothesized that without the RMTg inhibition of DA activity via LHb

activation will be attenuated.
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Hypothesis 2. Inhibitory effects of LHb stimulation on DA neurons are mediated
by feedforward inhibition from the RMTg.

Prediction 2A. Inhibition of DA neurons by electrical stimulation of the fr in a
parasagittal brain slice preparation will be blocked by excision of the RMTg.

Prediction 2B. Inhibition of DA neurons by electrical stimulation of the Hb in

vivo will be blocked by lesions of the RMTg.

Specific Aim 3
To determine whether activation of the LHb-RMTg circuit is necessary for an
aversive stimulus to induce the behavioral phenotypes seen in animal models of

depression.

Rationale. RMTg neurons are excited by foot shock, foot shock predictive cues,
and reward omission (Jhou, et al., 2009a). The LHb, which provides the predominant
excitatory input to the RMTg (Jhou, et al., 2009b; Kaufling, et al., 2009), also responds to
aversive stimuli and reward omissions (Matsumoto and Hikosaka, 2009), suggesting that
the LHb contributes significantly to RMTg activation following these aversive events.
Whether the RMTg is an obligatory component of the circuit mediating the aversive
signaling function of the LHb remains to be tested. It is known that inactivation of the
LHb either through lesion (Amat, et al., 2001), high frequency stimulation (Li, et al.,
2011), or pharmacological inhibition (Nair, et al., 2013) blocks the development of
learned helplessness. If negative valence from aversive stimuli is transmitted via the LHb
and RMTg then one would predict that altering the function of this circuit will alter the

development of learned helplessness.
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Hypothesis 3. The development of stress-induced depressive phenotypes are
modulated by activity in the LHb-RMTg circuit.

Prediction 3A. Low frequency stimulation of the LHb will augment the
development of learned helplessness.

Prediction 3B. Lesions of the RMTg will block the development of learned

helplessness.
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CHAPTER 3: STRESS-INDUCED IMMEDIATE EARLY GENE ACTIVATION

IS PARTIALLY DEPENDENT UPON Hb INPUT

3.1 Introduction

The LHb is functionally and anatomically well positioned for encoding the
motivational value of aversive stimuli (Geisler and Trimble, 2008; Hikosaka, 2010;
Shepard, et al., 2006). Activation of the LHb follows both nociception (Dong, et al.,
1992; Gao, et al., 1990; Gao, et al., 1996) and reward omission (Matsumoto and
Hikosaka, 2007). Inactivation of the LHb, via lesion or pharmacological inhibition,
attenuates a depressive phenotype in stress-mediated animals models for the study of
depression including learned helplessness (Amat, et al., 2001), forced swim (Nair, et al.,
2013), and social defeat (Meng, et al., 2011).

Several laboratories have shown that direct activation of the LHb leads to
widespread inhibition of DA neurons in the SN and VTA (Christoph, et al., 1986; Gao, et
al., 1990; Ji and Shepard, 2007; Matsumoto and Hikosaka, 2007), which are blocked by
fr lesions and is GABA(A) receptor mediated (Ji and Shepard, 2007). That most midbrain
DA neurons, contra LHb neurons, are inhibited by aversive stimuli (Ungless, et al.,
2004), and that LHb activation precedes DA inhibition (Matsumoto and Hikosaka, 2007),
implies that LHb activity encodes the aversive nature of a stimulus and transmits that
signal to midbrain DA neurons. However, since LHb efferents are glutamatergic
(Brinschwitz, et al., 2010; Geisler, et al., 2007; Omelchenko, et al., 2009) the source of
inhibition is most likely indirect. Although glutamatergic axons arising from the LHb

primarily synapse on GABAergic neurons in the midbrain (Brinschwitz, et al., 2010),
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LHb innervation of the SN and VTA is relatively sparse and does not selectively target
GABAergic neurons (Omelchenko, et al., 2009), suggesting intrinsic GABA neurons are
not solely responsible for the population-level inhibition of DA neuron activity observed
in response to LHb stimulation.

The RMTg, however, is a potential source of such DA inhibition. It receives a
dense projection from the LHb, is comprised of GABAergic neurons that project
massively to midbrain DA neurons (Jhou, et al., 2009b; Kaufling, et al., 2009), and
expresses Fos positive cells in response to psychomotor stimulants such as d-
amphetamine (Colussi-Mas, et al., 2007) and aversive stimuli such as foot shock (Hong,
etal., 2011). RMTg neurons are excited by aversive stimuli, the cues that predict them,
and reward omission (Hong, et al., 2011; Jhou, et al., 2009a), the same stimuli that
activate LHb neurons (Matsumoto and Hikosaka, 2009). RMT(q lesions in rats impair the
expression of fear- and anxiety-related behaviors (Jhou, et al., 2009a), likely reflecting a
deficit in the encoding of aversive stimuli. These data suggest that the RMTg is one
component of a circuit encoding motivational aspects of aversive stimuli and serving as
an inhibitory relay between the LHb and midbrain DA neurons (Barrot, et al., 2012).

Since the LHb projects heavily to the RMTg, and both areas respond similarly to
aversive stimuli, it is plausible that removal of LHb input would diminish RMTg
activation following an aversive stimulus. To test this hypothesis, we quantified cFos
immunoreactivity in the RMTg following electrolytic lesions of the fr using two foot
shock protocols: low-intensity foot shock previously shown to produce cFos expression
in the RMTg (Jhou, et al., 2009a) and high-intensity foot shock commonly used in the

induction of learned helplessness (Shiriyama, et al., 2002). We predict that fr lesions will
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diminish cFos expression in the RMTg of foot shocked rats irrespective of shock
intensity. Since DA efferents ascend within the fr forming reciprocal connections with
LHb projection neurons (Skagerberg, et al., 1984), and these efferents would also be
destroyed during fr lesion, we also sought to determine whether ascending projections
contribute to the response of LHb neurons to nociceptive stimuli. To accomplish this,
cFos expression following foot shock was determined in each of the three principal
subregions of the Hb including the MHb, LHbm, and LHbI. cFos expression in the
posterior paraventricular nucleus of the thalamus (PVTp), a DA innervated, stress
responsive structure, was also assessed. Portions of the data presented in the current

chapter appeared previously in publication (Brown and Shepard, 2013).

3.2 Methods

Animals. Sixty-nine male Sprague-Dawley rats (250-270 g; Charles River,
Wilmington, MA) were delivered to the animal facilities at the Maryland Psychiatric
Research Center and maintained on a 12:12 hr light:dark cycle with food and water ad
libitum. Rats were given a minimum of 48 hr to acclimate before surgery. Coordinates for
lesions and structure demarcations were taken from Paxinos and Watson (2007). This
study was conducted in strict accordance with recommendations in The Guide for the
Care and Use of Laboratory Animals (Committee for the Guide for the care and use of
laboratory animals, 2011). All procedures were approved by the University of Maryland

School of Medicine Institutional Care and Use Committee.

Surgery. At the time of surgery, rats were anesthetized with isoflurane (2-5% in

100% O,) to the point of non-responsiveness to a toe pinch and maintained at that level
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throughout the procedure. A feedback controlled heating pad was used to maintain body
temperature at 36° C. Rats were mounted in a stereotaxic instrument using atraumatic ear
bars and two small burr holes were drilled through the skull above and lateral to the fr
(AP: —4.5 mm; ML: +/-2.0 mm) before retracting the dura. Bilateral cathodal lesions of
the fr were produced by passing a constant current (0.35 mA, 8s; Isolated Pulse
Stimulator Model 2100, A-M Systems, Carlsborg, WA) through a concentric, bipolar
electrode (SNEX-100X, Rhodes Medical Instruments, Summerland, CA) positioned
within the fr (DV: —7.5 mm at 10°). Sham rats underwent the same surgical procedure but
no current was passed through the electrodes. All rats were given 10 days to recover

before being exposed to foot shock.

Foot shock procedure. Sham and fr lesioned rats were randomly assigned to
either foot shocked or no shock groups. On each of the three days prior to foot shock
exposure, all rats were habituated to the foot shock environment for a time period
equivalent to that of the foot shock session. The foot shock environment was one side of
a two chamber shuttle box (21x21x16 cm; Med Associates, St. Albans, VT) configured
to deliver scrambled shocks to metal floor bars. The chamber was equipped with a pair of
parallel horizontal infrared photobeams positioned 3 cm above the floor and 12 cm apart.
Photobeam breaks were recorded as a measure of locomotor activity in the high-intensity
foot shock experiment. Between sessions, the box was wiped clean with 70% ethanol.
Experiments utilizing low- and high-intensity foot shock procedures were not run

concurrently resulting in procedural differences that are described below.
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Rats in the low-intensity foot shock group received four, 0.5 mA foot shocks
(duration 0.5 s) across a 20 minute session. Rats in the high-intensity foot shock group
were exposed to a modified version of learned helplessness induction (Shiriyama, et al.,
2002) receiving 120, 0.8 mA foot shocks (pseudo-random duration of 5 s to 15 s) across a
40 minute session. At the end of the session all rats were returned to their home cage.
Ninety minutes after the start of the foot shock session rats were administered 0.5 ml ip
Euthasol (390 mg/ml sodium pentobarbital and 50 mg/ml phenytoin sodium; Virbac
Animal Health, Ft. Worth, TX) and perfused transcardially with 100 ml 4° C phosphate
buffered saline (PBS). This was followed by perfusion with 500 ml freshly made 4%
paraformaldehyde solution, in 0.1 M phosphate buffer (pH 7.4, 4° C, low-intensity foot
shock groups) or 500 ml 6% formalin (pH 7.4, 4°C; high-intensity foot shock groups).
Brains were rapidly removed and post-fixed 12 hours (low-intensity) or 30 min (high-
intensity groups) prior to sectioning on a vibrating tissue slicer (VT 1200, Leica, Buffalo

Grove, IL).

Immunohistochemistry. Coronal sections (40 um) were obtained through the
rostral-caudal extent of the Hb and RMTg. Sections not processed for immediate
immunostaining were stored in cryoprotectant (30% sucrose, 30% ethylene glycol, 1%
PVP-40 in PBS at 4°C). For cFos staining we used the 3-3'-daminobenzidine (DAB)
reaction with nickel enhancement. Omission of the primary and secondary antibodies

were used as negative controls in all incubations.
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cFos with low-intensity foot shock. Systematically random sampled sections
spaced at 240 um apart were incubated at 4°C successively, with 3 PBS rinses following
each step, in: 1) 0.3% H.O, in PBS for 30 min, 2) 3.0% Normal goat serum (NGS), 0.3%
Triton-X in PBS for 2 hr, 3) rabbit anti-cFos polyclonal primary antibody (Ab5,
[1:5,000]; EMD Chemicals, San Diego, CA), 1.0% NGS, 0.3% Triton-X in PBS for 60
hours, 4) biotinylated goat anti-rabbit secondary antibody (BA-1000, [1:600]; Vector
Laboratories, Burlingame, CA), 1.0% NGS, 0.3% Triton-X in PBS for 2 hours, 5) avidin-
biotin immunoperoxidase (ABC Elite Kit PK-6100, Vector Laboratories, Burlingame,
CA) in PBS for 30 min, and 6) 0.03% DAB, 0.02% nickel ammonium sulfate in PBS for

2-5 min.

cFos with high-intensity foot shock. The immunostaining procedure with the
high-intensity foot shock groups was altered to match the procedure used in other
laboratories investigating cFos expression in the RMTg (Jhou, et al., 2009b).
Systematically random sampled sections spaced at 120 um apart were incubated at room
temperature successively, with 3 PBS rinses following each step, in 1) 0.3% H.O, in PBS
for 30 min, 2) rabbit anti-cFos polyclonal primary antibody [1:5,000], 3.0% NGS, 0.3%
Triton-X in PBS overnight, 3) biotinylated goat anti-rabbit secondary antibody [1:600],
1.0% NGS, 0.3% Triton-X in PBS for 30 min, 4) avidin-biotin immunoperoxidase in PBS
for 30 min, and 5) 0.03% DAB, 0.02% nickel ammonium sulfate in PBS for 2-5 min.
This change in the immunostaining procedure led to increased object/background contrast

relative to the procedure used in the low-intensity experiment.
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Tyrosine hydroxylase (TH) immunochemistry. Sections adjacent to cFos
processed sections were immunostained for TH using DAB-nickel with cobalt chloride to
create a gray-blue product. Sections were incubated at room temperature successively,
with 3 PBS rinses following each step, in 1) 0.3% H.O, in PBS for 30 min, 2) mouse anti-
TH monoclonal primary antibody (22941; [1:50,000]; Immunostar, Hudson, WI), 3.0%
NGS, 0.3% Triton-X in PBS overnight, 3) biotinylated goat anti-mouse secondary
antibody (BA-9200; [1:400]; Vector Laboratories, Burlingame, CA), 1.0% NGS, 0.3%
Triton-X in PBS for 30 min, 4) avidin-biotin immunoperoxidase in PBS for 30 min, and
5) 0.03% DAB, 0.02% nickel ammonium sulfate, 0.02% cobalt chloride in PBS for 30—

60 s.

Quantification of cFos positive objects and TH expression. All sections were
mounted on glass slides, dried overnight, and coverslipped. For the Hb, PVTp, and
RMTg, sections were analyzed that fell approximately within —2.9 to —4.0, -2.9 to 4.0,
and —6.0 to —7.0 mm from bregma respectively. Photomicrographs were taken of each
stained section using an Axioplan microscope (Zeiss, Thronwood, NY) with DP
Controller software (Olympus, Center Valley, PA) at 10 x. Profile counts of cFos
positive objects in the MHb, LHbm, LHbl, and PVTp were conducted at 20 x on the
same microscope. Profile counts of cFos positive objects in the RMTg were obtained at
20 x on a BH-2 microscope with a camera lucida attachment (Olympus, Center Valley,
PA). An object was counted as cFos positive if it 1) fell within the demarcated borders of

the region of interest described below, 2) was between 5 and 15 pm in diameter (mean
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size in all areas was 9 um), 3) had a round or ovular appearance, and 4) could easily be
differentiated from the background stain.

Demarcation of the borders of the Hb subregions (MHb, LHbm, LHbl) and PVTp
were outlined on photomicrographs of each structure of interest for each section using
Paxinos and Watson as a guide (2007). Demarcation of the RMTg core and periphery
was done in accordance with previous anatomical descriptions (Jhou, et al., 2009b).
Briefly, a 500 pum diameter circle overlaid on the decussating fibers of the tegmentum
and superior cerebellar peduncle constituted the RMTg core, while a 1000 pm diameter
circle positioned with its center on the lateral edge of the RMTg core constituted the
RMTg periphery.

Total volume of the Hb, Hb subregions (MHb, LHbm, LHbl) and PVTp was
determined by using commercial software (AlS, Imaging Research Inc.) to calculate the
area of each demarcated region of interest for each sampled section. These areas, the
number of sections, and distance between sections were used to determine the reference
volume (V.) using the Cavalieri method. V. for the RMTg core and periphery was
calculated in a similar manner within fixed areas demarcated by the circular borders. TH
immunostaining in the Hb and PVTp was outlined and the areas of these regions used to
determine TH V., in the same manner. Using counts of cFos positive objects and the V..,
the estimated number of cFos positive objects per mm: (N.) was determined for each
region of interest utilizing an Abercrombie correction factor with an average object size

of 9 um.
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Lesion determination and statistical analysis. fr lesions from cresyl violet stained
sections for each rat were drawn using a camera lucida at 10x. Area of the remaining fr
was calculated bilaterally and compared to shams. Rats were included in the study if
lesions reduced the fr by 50% or more on each side. Fourteen rats were excluded from the
study based on suboptimal lesions (n = 9), death during the surgical recovery period (n =
2), or poor tissue preservation (n = 3). Average lesion size of rats included in the study
was 72% (interquartile range (IQR), 62—-82%). Data were analyzed using a three-way
mixed analysis of variance (ANOVA, foot shock by lesion by subregion) for the RMTg
core/periphery and a two-way ANOVA (foot shock by lesion) for all other brain areas.
Fisher’s test was utilized for all post hoc comparisons of ANOVAs with significant
interaction effects. All data are expressed as the arithmetic mean + standard error of the

mean.

3.3 Results

Locomotor activity during daily habituation sessions on the three days preceding
foot shock exposure was unaffected by fr lesion (F(1,14) = 0.770, p > 0.05; Figure 3.1).
There was no significant change in locomotor activity across the three habituation days
(F(2,24) = 0.510, p > 0.05), nor was there a lesion by habituation day interaction (F(2,24)
=0.952, p > 0.05). TH innervation of the Hb was diminished in fr lesioned rats (Figure
3.2) as confirmed by comparing the volume of TH immunoreactive fibers (sham vs.
lesion) in both low-intensity (0.059 + 0.007 vs. 0.035 + 0.008 mm?; F(1,24) = 5.004, p <
0.05) and high-intensity (0.129 + 0.005 vs. 0.065 + 0.005 mm?; F(1,21) = 85.852, p <

0.05) experiments. There was no effect of foot shock on TH expression in the Hb. TH
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Figure 3.1 — Locomotor activity of sham and fr lesioned rats during three daily
sessions of habituation. To prevent novelty-induced cFos production on the test day,
rats were given daily habituation sessions (40 min) to the shock environment on each
of the three days preceding foot shock exposure. Locomotor activity was measured
by the total number of beam breaks during the session. There was no significant
difference in locomotor activity between sham and fr lesioned rats.

PVTP PVTp

PVTp PVTp

Figure 3.2 — Representative photomicrographs illustrating the effects of fr lesion
on the expression of TH in the Hb and PVTp. TH immunostaining (dark grey) in
the Hb of a sham operated (A) and fr lesioned (B) rat. Dashed lines delineate the
borders of the MHb, LHbm, and LHbI. Note that positive TH staining in the Hb,
which is most extensive in the LHbm of the sham rat, is greatly diminished in the fr
lesioned rat. TH immunostaining in the PVTp of a sham operated (C) and fr lesioned
(D) rat. Dashed lines delineate the borders of the bilateral PV Tp. Note that positive
TH staining in the PVTp is unaffected by fr lesion. Scale bar = 500 pm.
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expression within the PVVTp was unaffected by fr lesion in both the low-intensity (0.080 +
0.011 vs. 0.086 + 0.012 mm?; F(1,23) = 0.118, p > 0.05) and high-intensity (0.259 +
0.012 vs. 0.240 + 0.012 mm?; F(1,21) = 1.322, p > 0.05) groups. An excluded rat with

one suboptimal and one acceptable lesion is shown in Figure 3.3A.

Low-intensity foot shock. Exposure to low-intensity foot shock resulted in cFos
expression in the RMTg, Hb, and PVTp of sham operated rats (Figure 3.3B-G). While fr
lesioned foot shocked rats did show cFos expression in the Hb, and PVTp (Figure 3.4C-
F) cFos expression was not apparent in the RMTg (Figure 3.4A-B). A three-way mixed
ANOVA of the low-intensity foot shock RMTg cFos data (foot shock by lesion by RMTg
subregion; Figure 3.5A, B) revealed significant effects of foot shock (F(1,26) = 4.360, p
< 0.05), RMTg subregion (F(1,26) = 29.957, p < 0.05), and foot shock by lesion
interaction (F(1,26) = 4.360, p < 0.05). Foot shocked sham rats had significantly elevated
cFos positive objects in the RMTg core (561.3 + 79.7 objects/mm?) relative to no shock
shams (194.5 + 90.4 objects/mm?) and foot shocked fr lesioned rats (251.2 + 97.6
objects/mm?, Fisher’s, both p < 0.05; Figure 3.5A). By contrast, foot shocked fr lesioned
rats had a nearly identical number of cFos positive objects in the RMTg core relative to
no shock fr lesioned rats (249.5 + 84.5 objects/mm?, Fisher’s p > 0.05). Differences
among groups within the RMTg periphery were not significant (Fisher’s, p > 0.05).

To determine whether the Hb also responded to the same aversive stimulus that
activated the RMTg core, we counted cFos positive objects in each of its three
subdivisions, the MHb, the LHbm and the LHDbl, following low-intensity foot shock

(Figure 3.5C-E). Within the MHb there was no significant main effect of foot shock
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Figure 3.3 - Representative
photomicrographs illustrating an fr
lesion, and the effects of low-intensity
foot shock on the expression of cFos in
the RMTg, Hb, and PVTp of a sham
operated rat. Cresyl violet stain of a
section with one incomplete fr lesion
(left) and one acceptable lesion (right, *)
(A). Only rats with acceptable lesions
(>50% destruction of the fr on both
sides) were included in analysis. cFos
expression within the RMTg (B,C), Hb
(D,E) and PVTp (F,G). Boxed areas
within the low-magnification
micrographs (left) approximate the area
of the high-magnification illustrations
(right), which show visible cFos positive
objects. The RMTg core is the area
within the circle (B). Dotted lines
delineate the MHb, LHbm, and LHblI
(D) and PVTp (F). Scale bar = 500 pum
(A, B,D, F), 125 um (C, E, G).
Abbreviations: dorsal third ventricle
(D3V), decussation of the superior
cerebellar peduncle (xcsp), and medial
lemniscus (ml).

Figure 3.4 - Representative
photomicrographs illustrating the
effects of low-intensity foot shock on
the expression of cFos in the RMTyg,
Hb, and PVTp of an fr lesioned rat.
cFos expression within the RMTg (A,B),
Hb (C,D) and PVTp (E,F). Boxes within
the low-magnification micrographs (left)
approximate the area of the high-
magnification illustrations (right), which
show visible cFos positive objects
within the Hb and PV Tp, but not within
the RMTq core. Scale bar = 500 um
(A,C,E), 125 pm (B,D,F).
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Figure 3.5 — Density of cFos positive objects in the RMTg, Hb, and PV Tp of rats
exposed to low-intensity foot shock. Bar graphs illustrate the calculated density of cFos
positive objects (Ny) in sham operated and fr lesioned rats following low-intensity foot
shock in six brain areas: RMTg core (A), RMTg periphery (B), MHb (C), LHbm (D),
LHbI (E), and PVTp (F). Exposure to foot shock significantly elevated cFos expression in
the RMTg. Lesions of the fr prevented this increase in the RMTg core; shocked sham rats
showed significantly elevated cFos expression relative to no shock shams (*) and foot
shocked fr lesioned rats (#, both p < 0.05). Neither shock nor fr lesions altered cFos
expression in the MHb. Exposure to foot shock significantly elevated cFos expression in
the LHbm, LHbI, and PVVTp. However, there were no significant effects of lesion or the
foot shock by lesion interaction for these three areas. The number of subjects per group
for RMTg areas, Hb areas, and the PVTp are shown inside vertical bars of the RMTyg
core, LHbm, and PVTp graphs respectively.
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(F(1,24) = 0.358, p > 0.05), fr lesion (F(1,24) = 0.552, p > 0.05), nor the foot shock by
lesion interaction (F(1,24) = 0.376, p > 0.05). Within the LHbm there was a significant
main effect of foot shock (F(1,24) = 6.402, p < 0.05). While the effect of foot shock
appeared to be attenuated in fr lesioned rats, both the main effect of lesion (F(1,24) =
0.497, p > 0.05) and the lesion by foot shock interaction (F(1,24) = 2.073, p > 0.05) were
not significant. Within the LHbI there was also a significant main effect of foot shock
(F(1,24) = 4.808, p < 0.05) with no significant main effect of lesion (F(1,24) = 1.875, p >
0.05) or foot shock by lesion interaction (F(1,24) = 1.046, p > 0.05).

The PVTp, like the Hb, expresses Fos in response to aversive stimuli (Chastrette,
et al., 1991; McKitrick and Calaresu, 1993; Zhu, et al., 2011), psychostimulants
(Stephenson, et al., 1999) and receives DA innervation from the midbrain (Baker, et al,
1986; Garcia-Cabezas, et al., 2009; Kitahama, et al., 1989), and therefore provides a
control structure for foot shock induced immediate early gene expression. Consequently,
cFos counts within the PV Tp were also obtained (Figure 3.5 F). Within the PVTp there
was a significant main effect of foot shock (F(1,23) = 9.412, p < 0.05) with no effect of
lesion (F(1,23) = 0.011, p > 0.05) or the foot shock by lesion interaction (F(1,23) < 0.001,

p > 0.05).

High-intensity foot shock. Exposure to high-intensity foot shock resulted in cFos
expression in the RMTg, Hb, and PV Tp of sham operated rats (Figure 3.6A-F). Similarly,
fr lesioned foot shocked rats showed cFos expression in the RMTg, Hb, and PVTp
(Figure 3.7A-F) Overall, a three-way mixed ANOVA of the high-intensity foot shock

RMTg cFos data (foot shock by lesion by RMTg subregion; Figure 3.8A,B) revealed a
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Figure 3.6 - Representative
photomicrographs illustrating the
effects of high-intensity foot shock on
the expression of cFos in the RMTyg,
Hb, and PVTp of a sham operated rat.
cFos expression within the RMTg (A,B),
Hb (C,D) and PVTp (E,F). Boxes within
the low-magnification micrographs (left)
approximate the area of the high-
magnification illustrations (right), which
show visible cFos positive objects. Scale
bar =500 um (A,C,E), 125 um (B,D,F).

Figure 3.7 - Representative
photomicrographs illustrating the
effects of high-intensity foot shock on
the expression of cFos in the RMTyg,
Hb, and PVTp of an fr lesioned rat.
cFos expression within the RMTg (A,B),
Hb (C,D) and PVTp (E,F). Boxes within
the low-magnification micrographs (left)
approximate the area of the high-
magnification illustrations (right), which
show visible cFos positive objects. Scale
bar =500 pum (A,C,E), 125 um (B,D,F).
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Figure 3.8 — Density of cFos positive objects in the RMTg, Hb, and PV Tp of rats
exposed to high-intensity foot shock. Bar graphs illustrate the calculated density of
cFos positive objects (Nv) in sham operated and fr lesioned rats following high-
intensity foot shock in six brain areas: RMTg core (A), RMTg periphery (B), MHb
(C), LHbm (D), LHbI (E), and PVTp (F). Exposure to foot shock significantly
elevated cFos expression in the RMTg core, RMTg periphery, LHbm, LHbl, and
PVTp. However, there were no significant effects of lesion or the foot shock by lesion
interaction in any of the six areas. The number of subjects per group for all areas is
shown inside vertical bars of the RMTg core.
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significant effect of foot shock (F(1,21) = 29.757, p < 0.05), and significant difference in
RMTg subregion (F(1,21) = 62.586, p < 0.05). In contrast to the low-intensity
experiment, there was no significant main effect of lesion (F(1,21) = 0.390, p > 0.05) nor
foot shock by lesion interaction (F(1,21) = 0.036, p > 0.05).

The effects of high-intensity foot shock on cFos expression in the MHb, LHbm,
LHbI, and PV Tp are illustrated in Figure 3.8C-E. Although there was a trend toward
elevated cFos in the MHDb following foot shock no significant main effect of shock
(F(1,21) = 3.968, p > 0.05), lesion (F(1,21) = 2.030, p > 0.05), or the shock by lesion
interaction (F(1,21) = 0.219, p > 0.05) were present. Within the LHbm, there was a
significant main effect of foot shock (F(1,21) = 26.612, p < 0.05) while the main effect of
lesion (F(1,21) = 0.712, p > 0.05) and shock by lesion interaction (F(1,21) = 0.883, p >
0.05) were not significant. Within the LHbI there was also a significant main effect of
foot shock (F(1,21) = 12.910, p < 0.05) with no significant main effect of lesion (F(1,21)
= 1.726, p > 0.05) or shock by lesion interaction (F(1,21) = 1.260, p > 0.05). Like the
LHbm and LHDbl, within the PV Tp foot shock significantly increased cFos expression
(F(1,21) = 29.077, p < 0.05) with no main effect of lesion (F(1,21) = 0.260, p > 0.05) or
shock by lesion interaction (F(1,21) = 0.775, p > 0.05; Figure 3.8F). There were no
significant foot shock x lesion interactions in the high-intensity group in any of the areas

examined.

Correlations of lesion size with RMTg core cFos expression. Since an effect of fr
lesion was found in the RMTg core in the low-intensity shock group, one could posit that

this effect was dependent upon the degree to which the fr was lesioned. To determine
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whether cFos expression in the RMTg core varied with the extent of lesion in the fr, we
correlated percent of fr remaining intact with the estimated density of cFos positive
objects for each rat in the fr lesion, foot shocked group for both low-intensity (Figure 3.9
A) and high-intensity (Figure 3.9 B) foot shock. For the purposes of this analysis, we
included two rats in the high-intensity group that were previously excluded from analysis
due to insufficient lesion. We found, paradoxically, a strong negative correlation in both
the low-intensity and the high-intensity conditions. Analysis revealed the effect to be
short of significance at low-intensity (Pearson’s r(4) = -0.808, p > 0.05), but significant at

high-intensity (Pearson’s r(7) = -0.774, p < 0.05).

3.4 Discussion

Results from the present study provide new insights into the way aversive stimuli
are processed by the LHb-RMTg circuit. First, low-intensity foot shock increases cFos
expression in LHb and the recently identified RMTg. These results further show that
lesions of the fr reduce foot shock induced cFos expression in the RMTg core, which
implies that LHb efferents play a significant role in the activation of RMTg neurons in
response to mildly aversive stimuli. However, fr lesions had no effect on RMTg cFos
expression following high-intensity foot shock. Since fr lesions were partially incomplete
we cannot exclude the possibility that the remaining fibers in the fr were recruited during
high-intensity, but not low-intensity, stimulation. However, paradoxically, we found a
negative correlation between the degree to which the fr remained intact and cFos counts
(i.e., the more extensive the lesion the higher the number of cFos positive objects in the

RMT(g core) for both the low-intensity and high-intensity stimulations. Despite the fact
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Figure 3.9 — Scatterplots of cFos positive object density in the RMTg core by
percent fr left intact for both low- and high-intensity foot shocked fr lesioned
rats. Scatterplots of the estimated density of cFos positive objects in the RMTg core
as a function of the percent of fr remaining intact in fr lesioned rats following low-
intensity (A) and high-intensity (B) foot shock. Shown in each figure is the least-
squares regression line, least-squares regression equation, and the r2. White circles
represent rats excluded from previous analysis due to insufficient lesions. In both
cases the correlation was negative, but reached significance only in the high-intensity

condition.
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that all foot shocked, fr lesioned rats in the low-intensity condition had cFos counts
below the mean for their foot shocked, sham counterparts, this correlation suggests that
small lesions of the fr have the greatest effect upon RMTg activation following foot
shock. These data are difficult to interpret but may be the effect of a compensatory
change during the 10 day surgical recovery period. That is, an overwhelming loss of Hb
input to the RMTg may lead to increased connectivity between the RMTg and other brain
areas that signal the onset of aversive stimuli or the remaining LHb fibers themselves,
while a relatively minor loss fails to trigger any change. This would be analogous to
compensation seen in cortical areas following brain injury (Johansen-Berg, 2007). To test
this one could shorten the surgical recovery period, which should decrease the degree of
putative compensatory connectivity, or one could look at structural changes in
innervation of the RMTg following recovery from fr lesion.

The inability of fr lesions to prevent cFos expression in the RMTg following high
intensity foot shock suggests that other inputs to this region mediate this effect, possibly
including brain areas directly involved in nociception. While Hb neurons exhibit graded
responses to peripheral noxious stimuli there are no direct sensory nociceptive inputs to
the LHb and lesions of the structure fail to alter pain threshold (Mahieux and Benabid,
1987) suggesting that LHb neurons are not directly involved in encoding pain intensity.
Rather, LHb neurons appear to receive a “copy” of nociceptive information for use in
behavioral integration (Benabid and Jeaugey, 1989). It is possible that inputs to the
RMTg from the Hb are among the first to be activated in response to mildly aversive
stimuli. However, as the aversive nature of the stimulus increases, other afferent inputs to

the RMTg become principally responsible for driving the observed changes in cFos
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expression. It is worth noting in this regard that the RMTg receives one of its strongest
inputs from the ventrolateral periaqueductal gray, a brain area that receives direct input
from the spinothalamic tract and serves as a key component in nociception (Jhou, et al.,
2009b; Kaufling, et al., 2009).

Second, we have shown that elevated cFos expression in response to aversive
stimuli in the Hb is regionally specific. The MHb is unaffected by low- or high-intensity
foot shock, while the LHb responds to both. cFos activation occurs largely in the LHbm,
a finding previously shown with novel and aversive stimuli (Wirtshafter, et al., 1994).
Elevated cFos expression in the LHbI has been repeatedly observed in response to
psychomotor stimulants such as amphetamines (Engber, et al., 1998; Hamamura and
Ichimura, 1997; Wirtshafter, et al., 1994), and cocaine (Brown, et al., 1992; Zahm, et al.,
2010). Increased locomotor activity that accompanies foot shock administration may
underlie the elevated cFos activation in the LHbl seen with high-intensity foot shock. The
LHbl receives a strong projection from the GPi (Shabel, et al., 2012), a key component of
the basal ganglia. This pathway, unlike other projection neurons of the GPi, is excitatory
in nature (Hong and Hikosaka, 2013; Shabel, et al., 2012; Stephenson-Jones, et al., 2013)
and appears to be a reward evaluation pathway (Bromberg-Martin, et al., 2010b; Hong
and Hikosaka, 2008) distinct from the action selection pathway normally associated with
the GPi (Stephenson-Jones, et al., 2013). Whether these LHb projecting GPi neurons are
involved in foot shock induced LHb cFos expression may be a topic for future study.

Third, fr lesions may alter cFos expression in the Hb itself, as suggested by the
trend toward an increase in cFos expression in the LHbm of fr lesioned rats not exposed

to foot shock (Fig. 3.5D). Moreover, as shown in Figure 3.3, the increase in cFos
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expression following low-intensity foot shock is localized in the LHbm near the
parvocellular subnucleus. The LHbm contains a high-density of TH positive fibers
(Figure 3.2; Geisler, et al., 2003) and DA concentrations in this subregion are
dramatically reduced by 6-OHDA lesions of the VTA (Phillipson and Pycock, 1982).
Since ascending DA projections to the Hb travel within the fr (Li, et al., 1993;
Skagerberg, et al., 1984), lesions of this pathway would be expected to reduce DA
innervation of the Hb. This supposition is supported by the decrease in Hb TH
immunostaining following fr lesion observed in the present study (Fig. 3.2A-B). While
the effects of DA on LHb neurons are incompletely understood, the Hb shows decreased
glucose utilization following acute administration of direct and indirect DA agonists
(McCulloch, et al., 1980; Wechsler, et al., 1979) while showing increased utilization
following acute administration of DA antagonists (McCulloch, et al., 1980). These data
suggest that DA in the LHbm is inhibitory and potentially involved in regulating the Hb
response to aversive stimuli. Supporting this proposition, single pulse stimulation of the
VTA leads to transient inhibition of pain responsive neurons in the LHb (Shen, et al.,
2012; see, however, Kowski, et al., 2009), and cocaine inhibits LHb firing rate via a D2
DA receptor mediated mechanism (Jhou, et al., 2013). Given the tonic nature of DA
neuron activity in vivo, loss of DA innervation of the LHbm may increase the basal
activity of these Hb neurons via disinhibition. Such an increase in basal activity may
explain why fr lesioned, no shock rats had a trend, though non-significant, toward
increased cFos expression within the LHbm. In support of this premise, tyrosine
depletion reduces amphetamine-induced Fos immunoreactivity in the LHb of rats (Le

Masurier, et al., 2004).
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There are a number of alternate possibilities to consider. For example, it is
conceivable that lesioning the descending fibers of the fr leads to retrograde neural
degeneration and non-specific cFos expression in the Hb. Given that the fr is the primary
efferent pathway of the MHb, LHbm, and LHbl (Bianco and Wilson, 2009) if this were
the case it would be expected that fr lesions would increase cFos expression throughout
the Hb. However, fr lesions failed to increase cFos expression in the MHb or LHbI of no
shock rats (Figure 3.5 and 3.8). Alternatively, fr lesions could lead to a generalized
disruption in the encoding of aversive stimuli. To test this, we assessed cFos expression
in the PVTp, an area in close proximity to the Hb that receives DA input (Baker, et al.,
1986; Stephenson, et al., 1999), and is also responsive to aversive stimuli (Chastrette, et
al., 1991; McKitrick and Calaresu, 1993; Zhu, et al., 2011). Despite these similarities to
the LHbm we did not see a similar pattern of change in PVTp cFos expression. While
generally supportive of a role for DA in altering Hb activity during exposure to aversive
stimuli further studies are needed to establish the existence and role of such a feedback
mechanism.

Tract tracing studies have shown that Hb projections to the RMTg arise
preferentially from the LHbl while Hb projections to the VTA, specifically the DA
neuron dense paranigral subnucleus, arise preferentially from the parvocellular
subnucleus of the LHbm. (Goncalves, et al., 2012; see, however, Li, et al., 2011, Quina,
et al., 2014). This would suggest that aversive events that activate the LHbm cause direct
activation of some DA neurons. While the firing rate of most midbrain DA neurons are
inhibited by aversive stimuli (Ungless, et al., 2004), a minority are activated by these

events (Brischoux, et al., 2009; Guarraci and Kapp, 1999; Matsumoto and Hikosaka,
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2009; Wang and Tsien, 2011), and by stimuli predictive of them (Brischoux, et al., 2009;
Guarraci and Kapp, 1999; Matsumoto and Hikosaka, 2009). Thus, direct glutamatergic
projections from the LHbm to the VTA could account for those DA neurons activated by
aversive stimuli while feedforward inhibition mediated by LHb-induced activation of
RMTg neurons is likely to account for the predominant inhibition seen after aversive
stimuli.

The current results demonstrate that the Hb plays a role in regulating RMTg
activation following mildly aversive stimuli, Hb activation following aversive stimuli is
subregion specific, and may be altered by the loss of DA input. Since the Hb is affected
by other monoamines (Gottesfeld, 1983; Moore, et al., 1978) it will be important to
ascertain to what extent changes seen here may be due specifically to the loss of DA
input. While our results are consistent with the involvement of other afferents in
activating RMTg neurons in response to noxious stimuli, they demonstrate that the Hb-

RMTg pathway plays a role in the processing of some types of aversive stimuli.
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CHAPTER 4: Hb STIMULATION EXCITES VTA DA AND NON-DA NEURONS

EXVIVO

4.1 Introduction

Midbrain DA neurons generally exhibit decreased firing rates in response to
aversive stimuli (Brown, et al., 2009; Cohen, et al., 2012; Ungless, et al., 2004), cues that
predict them (Mirenowicz and Schultz, 1996), and even mildly aversive stimuli such as
omission of an expected reward (Fiorillo, et al., 2003; Roesch, et al., 2007; Satoh, et al.,
2003; Schultz, 1998). This transient inhibition of DA neuron firing rate is of import to
error-correction based models of conditioning (Roesch, et al., 2012; Schultz, 1998).
However, there are midbrain DA neurons that, paradoxically, exhibit increased firing
rates in response to aversive stimuli (Brischoux, et al., 2009; Guarraci and Kapp, 1999;
Matsumoto and Hikosaka, 2009; Mirenowicz and Schultz, 1996; Wang and Tsien, 2011)
and the cues that predict them (Brischoux, et al., 2009; Guarraci and Kapp, 1999;
Matsumoto and Hikosaka, 2009; Mirenowicz and Schultz, 1996). Such aversion-activated
DA neurons tend to be topographically concentrated in the dorsolateral SNc, but are also
intermixed with reward-activated DA neurons of the VTA (Bromberg-Martin, et al.,
2010a; Guarraci and Kapp, 1999). This ability of some DA neurons to activate in
response to relevant stimuli in the environment, regardless of the appetitive/aversive
valence, figure prominently in salience based models of conditioning (Berridge, 2012;
Zhang, et al., 2009).

The LHb is one potential source of excitatory input to these aversion-activated
VTA DA neurons. LHb axons innervate and synapse onto DA neurons of the VTA
(Goncalves, et al., 2012; Omelchenko, et al., 2009), and ex vivo experiments have shown
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an excitatory effect of Hb efferent stimulation on VTA DA neurons (Lammel, et al.,
2012; Matsuda and Fujimara, 1992; see, however, Stamatakis and Stuber, 2012). As LHb
neurons generally increase their firing rate in response to aversive stimuli (Benabid and
Jeaugey, 1989; Dong, et al., 1992; Gao, et al., 1996), a direct LHb-VTA pathway may
account for DA activation in response to aversive motivational stimuli. In vivo studies of
LHb effects on DA neurons have been limited mostly to SNc neurons (Christoph, et al.,
1986; Ji and Shepard, 2007; Masumoto and Hikosaka, 2007). Identification of DA
phenotype by electrophysiological means in vivo is less accurate in the VTA than the
SNc (Margolis, et al., 2006; Ungless and Grace, 2012), requiring either a large sample to
offset the effect of erroneously identified neurons or a non-electrophysiological means of
identification, such as juxtacellular labeling with TH counter-staining. Consequently,
further electrophysiological study of the LHb-VTA pathway with a focus on rigorous
biochemical identification of DA neurons is required to elucidate the role of aversive
signaling in the VTA.

In contrast to this direct excitatory input, convergent data from several
laboratories have demonstrated that activation of the LHb, an area consisting largely of
neurons that are glutamatergic (Brinschwitz, et al., 2010; Geisler, et al., 2003),
predominately causes transient inhibition of midbrain DA neurons by a GABA(A)
receptor dependent mechanism (Christoph, et al., 1986; Gao, et al., 1990; Ji and Shepard,
2007; Matsumoto and Hikosaka, 2007). One possible source of this disynaptic LHb-
stimulation induced inhibition are GABA neurons of the SN and VTA, which account for
approximately 30% of all neurons in the SNc and VTA (Nair-Roberts, et al., 2008).

GABA neurons of the SN and VTA send axon collaterals to midbrain DA neurons
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(Mailly, et al., 2003; Omelchenko and Sesack, 2009), and in vivo activation of these
GABA neurons has an inhibitory effect on DA neurons (Tan, et al., 2012; Tepper, et al.,
1995; van Zessen, et al., 2012). LHb axons do, though sparsely, synapse on GABA
neurons of the VTA (Brinschwitz et al., 2010; Omelchenko, et al., 2009), and activation
of the LHDb, fr, or LHb terminals increases the firing rate of some non-DA neurons of the
SN and VTA (Ji and Shepard, 2007; Matsuda and Fujimura, 1992; Stamatakis and
Stuber, 2012). Consequently, confirmation of excitatory LHb input onto non-DA
neurons, to confirm their potential as a source of LHb induced DA neuron inhibition, is
warranted. However, LHb efferents have a low prevalence of synapses onto VTA GABA
neurons (Brinschwitz, et al., 2010; Omelchenko, et al., 2009), and are nearly as likely to
synapse on VTA DA neurons as VTA GABA neurons (Omelchenko, et al., 2009)
suggesting the presence of an extrinsic source of GABAergic neurons interposed between
the LHb and midbrain DA neurons.

One potential extrinsic source of inhibition is the GABAergic RMTg, which is
well positioned anatomically to serve as an intermediary between the LHb and SN/VTA
(Jhou, et al., 2009a,b; Kaufling, et al., 2009). Activation of RMTg neurons has inhibitory
effects on midbrain DA neurons (Hong, et al., 2011; Lecca, et al., 2012; Matsui and
Williams, 2011), RMTg neurons are activated by LHb stimulation (Hong, et al., 2011,
Lecca, et al., 2011), and foot shock induced cFos expression in the RMTg is blocked by
lesions of Hb efferents (Chapter 3). Given that these two sources, GABA neurons of the
SN/VTA and GABA neurons of the RMTg, could both potentially be responsible for

LHb stimulation induced DA inhibition, a test of the relative input from both sources is
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needed. One way to do this is to create a preparation in which the RMT(q is either present
or absent.

We have found that in a parasagittal plane one can create a slice preparation that
contains the fr, VTA, and RMTg (Figure 4.1). In this preparation VTA neurons can be
easily accessed and biochemically identified as DA or non-DA neurons. Consequently we
used this preparation to record from VTA neurons using the patch clamp technique
during fr stimulation. This allowed us to test whether activation of Hb axons increases the
firing rate of some midbrain DA neurons, which has implications for salience signaling;
and of midbrain non-DA neurons, which tests whether GABA neurons of the VTA could
in principle be a source of LHb-stimulation induced inhibition of midbrain DA neurons.
Furthermore, to test our hypothesis that the RMTg is necessary for LHb induced
inhibition of DA neurons, we recorded VTA neurons in slices prepared either as intact
(RMTg+) or with the RMTg connections to the ventral midbrain severed (RMTg-). We
predict that fr-stimulation induced inhibition of VTA DA neurons will be greatly reduced

in the RMTg- preparation.

4.2 Methods

Animals. Female Sprague-Dawley rats (dam with 7 day old pups on arrival,
Charles River Laboratories, Wilmington, MA) were delivered to the animal facilities at
the Maryland Psychiatric Research Center and maintained on a 12:12 hr light:dark cycle
with food and water ad libitum. Pups (7-21 days old) were used for slice recording. This
study was conducted in strict accordance with recommendations in The Guide for the

Care and Use of Laboratory Animals (Committee for the Guide for the care and use of
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Figure 4.1 — Photomicrographs of a rat brain in the sagittal plane containing the
fr, RMTg, and VTA. Sagittal brain slices (40um) from a rat administered a
psychostimulant (methamphetamine, 10 mg/kg, ip), which produces cFos expression
in RMTg neurons (Perrotti, et al., 2005). (A) Brain slice that has been immunostained
for cFos using a nickel-DAB (brown/black) reaction. The fr is visible (green lines) as
is an area of high cFos staining that corresponds to the RMTg (red oval). (B) High
magnification of the boxed area from A showing darkly stained, cFos positive objects
in the RMTg following methamphetamine administration. (C) Brain slice, adjacent to
the one from A, which was immunostained for TH using a cobalt chloride-DAB
(blue/gray) reaction. The dark blue area corresponds to the VTA (blue oval). (D)
Merger of photos from A and C, demonstrating that a sagittal slice can simultaneously
contain the fr, RMTg, and VTA. Scale Bar = 1mm (A, C, D); 0.1mm (B).
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laboratory animals, 2011). All procedures were approved by the University of Maryland

School of Medicine Institutional Care and Use Committee.

Slice preparation and electrophysiology. Rats were decapitated, and the brain
was removed and placed in ice-cold, oxygenated artificial cerebrospinal fluid (aCSF)
containing (in mM): 124 NaCl, 4 KCl, 1.25 NaH2POs, 1.2 MgSOg4, 25.7 NaHCO3, 11
Glucose, 1 Ascorbate, and 2.45 CaCl,. Parasagittal sections (350 um) containing the
extent of the fr, VTA, and RMTg were prepared using a vibrating tissue slicer (Leica VT
1200; Leica Biosystems, Buffalo Grove, IL), while submerged in ice-cold oxygenated
aCSF. Half the slices collected were notched with a single-edged razor blade at the level
of the third nerve (3n) to sever RMT(g projections to the VTA (RMTg- preparation). The
remaining tissue slices were cut posterior to the RMTg (RMTg+ preparation). Slices were
transferred to a static incubation chamber, submerged in room temperature oxygenated
aCSF and maintained for a minimum of 1 hr.

For recording, individual slices were transferred to a submersion-style chamber
(RC-22C, Warner Instruments, Hamden, CT) and perfused with oxygenated aCSF
maintained at 30° C using a feedback-controlled bath heater (TC344B, Warner
Instruments) at a flow rate of 1.5 ml/min. Whole-cell patch recordings were made from
neurons in the VTA visualized with infrared differential interference contrast video
microscopy at 40x using an Olympus BX51WI microscope equipped with a CCD camera
(OLY-150IR; Olympus America, Center Valley, PA). Patch pipettes were pulled from
standard wall borosilicate tubing (1.5 mm outer diameter, 1B150F-4; WPI, Sarasota, FL)

using a horizontal micropipette puller (P-97 Sutter Instruments, Novato, CA, USA) and
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filled with a solution containing (in mM): 131 K-gluconate, 9 KCI, 20 HEPES, 0.1
ethylene glycol tetra-acetic acid, 5 Mg-ATP, 0.5 GTP TRIS, and 15.5 N-(2-aminoethyl)
biotinamide hydrochloride (NEUROBIOTIN Tracer, Vector Laboratories, Burlingame,
CA). Pipette solutions were adjusted to a final pH of 7.2, and an osmolarity between 280—
290 mOsm. Patch electrodes (7-15 MQ) were advanced under positive pressure using a
robotic micromanipulator (Sutter Instruments) and, on contact with a neuron, high
resistance seals formed during application of continuous negative pressure. The
membrane was ruptured by suction and recordings were obtained using an Axoclamp 2B
(Molecular Devices, Sunnyvale, CA, USA) amplifier in continuous current clamp mode.
Voltage recordings were digitized at 10 kHz using a data acquisition system (Digidata
1320A, Molecular Devices, Sunnyvale, CA, USA) and acquired with Clampex 9.0
software package (Molecular Devices, Sunnyvale, CA, USA). Timed current pulses were
generated using a digital pulse generator (PG4000; Neuro Data Instruments Corp., New
York, NY, USA) and applied to the cell through a balanced bridge circuit of the
amplifier.

Twisted pair stimulating electrodes, constructed from 38 ga insulated wires, were
positioned in the fr, approximately 3 mm from the recording area, using a manual
micromanipulator and connected to a constant current stimulator (Model 2100; A-M
Systems, Carlsborg, WA). The fiber bundle was stimulated using single pulses (150 psec
duration, 20-50 V) or trains consisting of 3 identical pulses applied at 50 Hz. At the
conclusion of recording, pipettes were slowly removed from the membrane to maintain

cell integrity. Slices were post fixed in 10% formalin overnight at 4° C and transferred to
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long-term cryoprotectant (30% sucrose, 30% ethylene glycol, 1% PVP-40 in PBS at 4°

C) until histological processing could occur.

Immunofluorescent staining. Brain slices were incubated at room temperature
successively, with 3-6 PBS rinses following each step, in 1) 0.1M Glycine in PBS for 10
min, 2) 0.05M NH.4CI for 60 min, 3) 3.0% NGS, 0.3% Triton-X in PBS for 60 min, 4)
mouse anti-TH monoclonal primary antibody ([1:50,000]; Immunostar, Hudson, WI),
1.0% NGS, 0.3% Triton-X in PBS overnight, 5) 0.3% Triton-X in PBS for 30 min, 6)
Alexa 594 goat anti-mouse secondary antibody ([1:150], Invitrogen, Grand Island, NY),
Alexa 488 streptavidin ([1:150], Invitrogen, Grand Island, NY), 1.0% NGS, 0.3% Triton-
X in PBS for 120 min, and 7) 18 mM 4',6-diamidino-2-phenylindole (DAPI) in PBS for
30 min. Slices were given a final rinse in ddH20O, slide mounted, and air dried for 30-60
minutes. Slices were coverslipped with a fluorescent mounting media (Vectashield,
Vector Labs, Burlingame, CA) and sealed with clear nail polish. Slices were viewed and
photomicrographs captured with a fluorescent microscope (Axioplan; Zeiss, Thornwood,
NY) equipped with a camera and photo capture software (DP 70, DP controller; Olympus
America, Center Valley, PA). Slices were illuminated using a 100 W Mercury lamp and
each of the following filter sets: exciter 365 nm, splitter 395 nm, emitter 420 nm (DAPI);
exciter 485 nm, splitter 510 nm, emitter 515-565 nm (Alexa 488 streptavidin); exciter
546 nm, splitter 580 nm, emitter 596 nm (Alexa 594 goat anti-mouse secondary

antibody).
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Electrophysiological recording and statistical analysis. The active and passive
electrical properties of all cells were determined prior to fr stimulation. The input
resistance (Ri) and membrane time constant (tau) were determined from the electrotonic
response of the cell to a hyperpolarizing current pulse sufficient to fully charge the
membrane capacitance (10-50 pA, 350 ms) and were made during continuous application
of a small hyperpolarizing bias current to prevent spiking. Following removal of the
hyperpolarizing bias current, spontaneous activity, where present, was assessed from
spike trains collected over a 60 sec interval. Action potential characteristics including
peak amplitude, total amplitude, time from peak to trough, and full width at half
maximum (FWHM) were determined from the mean of 10 single spikes.

The effects of fr stimulation were initially assessed during application of a
hyperpolarizing bias current to prevent spiking. Evoked synaptic responses were
averaged across 10 trials; amongst neurons showing evidence of a reliable evoked
response, jitter (standard deviation of onset latency) was calculated from individual trials
using previously described methods (Doyle and Andresen, 2001; Shao, et al., 2009).
Following removal of the hyperpolarizing bias current, spontaneously firing cells were
tested for their response to fr stimulation. Individual spikes from recorded sessions were
isolated from background noise and stimulation artifacts offline using the window
discriminator in pClamp. Peristimulus time histograms were compiled from the 200 ms
immediately preceding and 800 ms following stimulus presentation and were constructed
using 1 ms bin-widths. Neurons were used only if the number of fr stimulations was
sufficient to obtain 250 total spike events for the histogram. CUMSUM plots were

constructed from peristimulus time histograms by adding the contents of each bin to a
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running sum of all previous events and analyzed for excitation or inhibition using
previously described techniques (Ji and Shepard, 2007). Briefly, control activity was
determined from the slope of a least-squares regression line fit to 200 ms of prestimulus
data. Stimulation-induced changes in firing probability were determined by comparing
the slope of discrete regions (baseline, stimulation effect, recovery) of each CUMSUM
plot with control values. A response was defined as an increase or decrease in slope
exceeding 30% of control. No response was defined as a change in slope of less than 30%
of control. Latency to onset and duration of the response to fr stimulation were
determined from the intersection of adjacent lines representing epochs of baseline,
stimulation, and recovery from stimulation activity on CUMSUM plots. For comparison
between treatment groups, data were expressed as firing rate in Hz (calculated for each
bin by the equation [ki / (n * t)], where k = sum of spikes across all sweeps, i = bin
number, n = total number of sweeps, and t = bin width in s). We chose a 25 ms bin width
based on the mean onset latency of the fr stimulation-induced effect for both TH+ and
TH- neurons being within this temporal window, thus balancing the temporal resolution
to a level high enough to capture the signal of the stimulation effect and low enough to
minimize noise. A mean of the four bins (100 ms) preceding stimulation was used as a
baseline. A repeated measures ANOVA with Fisher post-hoc analysis was then
conducted on the baseline and five bins (125 ms) following stimulation, for six time
points in total.

Categorical data were analyzed using Fisher’s exact test. All other data were
analyzed with two-way ANOVAs with post-hoc Fisher’s test. In some cells, response to

fr stimulation was tested in the presence of AMPA and NMDA glutamate receptor
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antagonists (10 uM 6,7-dinitroquinoxaline-2,3-dione [DNQX], and 50 uM (2R)-amino-5-
phosphonovaleric acid [APV], respectively). All data are expressed as the arithmetic

mean * standard error of the mean.

4.3 Results

Active and Passive Electrical Properties of VTA neurons. A total of 152 neurons
from 102 rats were recorded. Only neurons that were located within the boundaries of the
VTA, as determined by the extent of TH positive immunostaining, were included in
analysis. Successful neurobiotin visualization was obtained in 115 patched VTA neurons
distributed throughout the VTA from 85 rats (44 RMTg+ and 41 RMTg-) that were
identified as TH+ or TH- by immunofluorescence (Figure 4.2A,B). Neurons were
assessed individually for active and passive electrical properties. Within the sample of
recorded neurons, 45.2% (52 of 115 neurons) were TH+. Compared to TH- neurons, TH+
neurons had significantly slower firing rates (3.4 vs. 1.9 Hz, F(1,105) = 6.075, p < 0.05;
Figures 4.3A, 4.4A,A”), longer duration action potentials (FWHM; 3.3 vs. 4.4 ms,
F(1,111) = 10.777, p < 0.05; Figures 4.3B, 4.4B,B’), and a longer tau (27.3 vs. 38.1 ms,
F(1,111) = 10.453, p < 0.05; Figure 4.3C). No significant differences were detected
between TH- and TH+ neurons in peak spike amplitude, peak to trough amplitude, peak
to trough duration, or Ri. The effect of RMTg removal had no significant effect on any of

these parameters, nor were there any significant TH by RMTg interactions.

Response of spontaneously active neurons. A total of 108 neurons from 81 rats

(42 from RMTg+ and 39 from RMTg- preparations) were assessed individually for
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Figure 4.2 — Photomicrographs of neurobiotin-tagged, recorded cells. (A) All
patched cells were visualized with neurobiotin (green, top row), and dual stained for
the presence of TH (red, middle row). Positive co-staining indicates a DA neuron
(bottom row). (B) A sagittal map of the VTA (bounded by red dashed lines) with
location of recorded cells. TH+ (left, red dots) and TH- neurons (right, green dots)
were evenly distributed throughout the VTA.
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Figure 4.3 — Neuron parameters that are traditionally used to distinguish DA and
non-DA neurons. Histograms of the firing rate (A), FWHM (B), and tau (C) for
recorded TH+ and TH- neurons. TH+ neurons had significantly lower firing rates,
longer FWHM, and a longer tau than TH- neurons. Note, however, that the overlap of
TH+ and TH- distributions is substantial. Arrows denote the median for TH+ (red)
and TH- (green) in each graph; mean values for each graph are contained in the text.
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Figure 4.4 — Representative recording traces from DA and non-DA VTA
neurons. Traces for firing rate (A and A’), and an averaged single spike waveforms
(B and B’). DA neurons show a slower firing rate and wider waveform than non-DA
neurons. (C and C”) Both neurons show evidence of eEPSP following fr stimulation
including 1) depolarization after single pulse stimulation (bottom left), 2) decrease in
peak depolarization after single pulse stimulation with a decrease in membrane
potential, and (top left), and 3) summation following triple pulse stimulation (bottom
right).
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changes in firing rate following fr stimulation using the CUMSUM techniques described
in the methods. Examples of TH+ neurons that showed excitation and inhibition in
response to fr stimulation are shown in Figure 4.5 and 4.6 respectively. Neurons were
monitored for evidence of antidromic activation including response latency to fr
stimulation equal to conduction time based on the conduction velocity of DA neurons
(0.5 m/s; Gariano and Groves, 1988); invariant latency of spikes following fr stimulation;
and spike firing that follows train stimulation. Collision tests were performed on two
neurons with suspected antidromic activation, both of which were negative (Figure 4.7).

Spontaneously firing TH+ neurons showed little inhibition following fr
stimulation, regardless of slice preparation (Figure 4.8A). A small proportion of RMTg+
(8.7%, 2 of 23) and RMTg- (11.5%, 3 of 26) neurons responded to fr stimulation with a
decrease in firing rate. Approximately half of TH+ neurons (47.8% [11 of 23] RMTg+
and 53.9% [14 of 26] RMTg-) responded with excitation, while the balance had no
response. A comparison of excited versus all other TH+ positive neurons showed no
significant effect of slice preparation (Fisher’s exact test, p = 0.778). This response
pattern was similar with TH- neurons. Amongst RMTg+ neurons many showed
excitation (51.4%, 18 of 35) while only two showed inhibition (5.7%). RMTg- neurons
showed some excitation (45.8%, 11 of 24) with one neuron showing inhibition (4.2%). A
comparison of the two preparations showed no significant difference in the observed
frequency of excited versus all other TH negative neurons (Fisher’s exact test, p = 0.793).

Further analysis was conducted only on neurons that showed excitation in
response to fr stimulation. A two-way ANOVA (slice preparation by TH status)

comparing the onset of excitation showed a significantly shorter onset in TH- neurons
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Figure 4.5 — Representative example of a TH+ neuron responding to fr
stimulation with excitation. (A) A peri-stimulus time histogram comprised of
sufficient sweeps to obtain 250 spike events during the 200 ms preceding and 800 ms
following single pulse fr stimulation (dashed line). The firing rate transiently
increased and recovered over the span of approximately 200 ms post stimulation. (B)
CUMSUM plot (red) generated by adding contents of consecutive bins in the peri-
stimulus time histogram to create a cumulative total of the number of spikes recorded
across sweeps. The three superimposed lines (black) show the firing rate, from left to
right, of the baseline, stimulation effect, and recovery. The increased slope indicates
an increase in firing rate.
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Figure 4.6 — Representative example of a TH+ neuron responding to fr
stimulation with inhibition. (A) A peri-stimulus time histogram comprised of
sufficient sweeps to obtain 250 spike events during the 200 ms preceding and 800 ms
following single pulse fr stimulation (dashed line). The firing rate transiently
decreased and recovered over the span of approximately 200 ms post-stimulation. (B)
CUMSUM plot (red) generated by adding contents of consecutive bins in the peri-
stimulus time histogram to create a cumulative total of the number of spikes recorded
across sweeps. The three superimposed lines (black) show the firing rate, from left to
right, of the baseline, stimulation effect, and recovery. The decreased slope indicates
a decrease in firing rate.
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Figure 4.7 — No evidence of antidromic activation in recorded TH- cells in a
collision test. Two cells with low variance in the onset of fr-stimulation induced
spikes were administered a collision test. (A and A”) Trace showing each cell with a
spontaneous spike (closed circle) to stimulus (*) latency greater than the latency from
stimulus to suspected antidromic spike (open circle). (B and B’) With a shorter
spontaneous spike to stimulus latency the suspect spike still fires, showing that no
collision occurred and these are not antidromically activated spikes. (C) A second
collision test for Cell 1 confirms the lack of antidromic activation.
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Figure 4.8 — Prevalence of neuron response to fr stimulation; Onset and duration
of excitation to fr stimulation. (A) The percentage of neurons of each type (TH+ or
TH-) and in each slice preparation (RMTg+ or RMTg-) showing either excitation, no
effect, or inhibition in response to fr stimulation. Regardless of cell type or slice
preparation, approximately 50% of VTA neurons responded to single pulse fr
stimulation with excitation. A small proportion (approximately 5-10%) responded
with inhibition. Amongst neurons showing excitation, mean onset latency (B) and
duration (C) of the effect is illustrated by neuron type (TH+ or TH-) and slice
preparation (RMTg+ or RMTg-). Both the onset and duration were significantly
shorter in TH- than TH+ neurons (*, Fisher, p < 0.05).
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(F(1,50) = 6.330, p < 0.05) relative to TH+ neurons (Figure 4.8B). There was no main
effect of slice preparation (F(1,50) = 0.934, p > 0.05) nor interaction (F(1,50) = 0.448, p
> 0.05). The duration of excitation was significantly longer in TH positive neurons
relative to TH negative neurons (F(1,50) = 10.153, p < 0.05), with no significant effect of
slice preparation (F(1,50) = 0.452, p > 0.05) nor interaction (F(1,50) = 0.916, p > 0.05;
Figure 4.8C). There was no discernible pattern between recording location, cell type,
slice preparation, and cell response (Figure 4.9).

In addition to the initial excitatory effect of fr stimulation, we also looked at firing
rate during an extended time frame in these same cells. Repeated measures analysis of
TH+ neurons showed a significant effect of time (F(5,115) = 8.298, p < 0.05) but no
effect of RMTg slice preparation (F(1,23) = 1.257, p > 0.05) nor of the slice preparation
by time interaction (F(5,115) = 0.320, p > 0.05; Figure 4.10A). Within both the RMTg+
and RMTg- groups there was a significant elevation in firing rate above the pre-stimulus
baseline at 25 ms post stimulation (Fisher, p > 0.05). Repeated measures analysis of TH-
neurons showed a significant effect of time (F(5,135) = 16.346, p < 0.05) but no effect of
RMTg slice preparation (F(1,27) = 0.691, p > 0.05) nor of the slice preparation by time
interaction (F(5,135) = 0.284, p > 0.05; Figure 4.10B). A significant elevation in firing
rate above baseline was present at 25 ms post stimulation for both the RMTg+ and
RMTg- groups (Fisher, p < 0.05).

To determine whether the excitatory response that followed fr stimulation was
glutamate dependent, the response of some neurons (n=3) to fr stimulation was assessed
during bath application of the glutamatergic antagonists DNQX and APV (Figure 4.11).

All three neurons were determined to be TH- post-recording. In all three neurons, bath
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Figure 4.9 — Sagittal map of recorded neurons by response to fr stimulation.
Neurons are shown by type (TH+ vs. TH-) and slice preparation (RMTg+ vs. RMTg-).
Each recorded neuron from the VTA (area bounded by red dashed line) is represented
by a dot showing whether the neurons was excited by (green), inhibited by (red), or
had no response to (yellow) single pulse fr stimulation. Recorded neurons were evenly
distributed and there was no identifiable pattern in neuron type or response by

location.
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Figure 4.10 — Time course of excitation in VTA neurons following single pulse fr
stimulation. (A) Calculated firing rate of TH+ neurons that show excitation in
response to fr stimulation (time 0). The first pre-stimulation time point is a mean of
the firing rate for 100 ms preceding stimulation. There was no significant effect of
slice preparation (RMTg+ vs. RMTg-) on firing rate. TH+ neurons in both
preparations showed significant elevation in firing rate above baseline during the first
post-stimulation time point (*, Fisher p < 0.05). (B) The same figure as A but for TH-
neurons. There was no significant effect of slice preparation (RMTg+ vs. RMTg-) on
firing rate. TH- neurons in both preparations showed significant elevation in firing
rate above baseline during the first post-stimulation time point (*, Fisher p < 0.05).
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Figure 4.11 — Blockade of fr stimulation induced excitation in TH- neurons by
bath application of glutamate antagonists. Peri-stimulus time histograms with
calculated firing rates of three separate neurons (A, B, C) that showed excitation in
response to fr stimulation (baseline). Bath application of the glutamatergic antagonists
DNQX (10 uM) and APV (50 uM) blocked fr stimulation induced excitation (drug).
Following cessation of bath drug application, fr stimulation induced excitation

returned (wash).
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application of glutamatergic antagonists blocked stimulation induced increases in firing
rate. The excitation returned during the wash period in both neurons tested.

More than half the neurons showed membrane characteristics indicative of evoked
excitatory postsynaptic potentials (eEPSPs) following fr stimulation (Figures 4.3C,C’;
4.12A). These included a larger evoked potential with increased hyperpolarization (i.e.
with an increase in driving force) and showing summation with the application of a pulse
train. Removal of the RMTg had no effect on the proportion of TH+ neurons (RMTg+:
48.0% vs. RMTg-: 59.3%; Fisher’s exact test, p = 0.578) or TH- neurons (RMTg+:
66.7% vs. RMTg-: 63.0%; Fisher’s exact test, p = 1.000) exhibiting putative eEPSPs in
response to fr stimulation. When data were collapsed across type of slice preparation,
there was no significant difference in the observed rate of eEPSPs in TH+ versus TH-
neurons (Fisher’s exact test, p = 0.449). A three-way ANOVA (presence of eEPSP by
slice preparation by TH status) revealed no significant difference in postnatal day (PND)
age between neurons displaying an eEPSP versus those lacking an eEPSP (11.1 £ 0.4 vs.
10.8 + 0.4 PND; F(1,107) = 0.343, p > 0.05).

The mean onset latency of eEPSPs in TH+ and TH- neurons were not
significantly different (mean 7.1 vs. 6.6 ms; F(1,37) = 0.246, p > 0.05; Figure 4.12B).
The jitter of eEPSPs was nearly identical in TH+ and TH- neurons (mean 248 vs. 243 ps;
Figure 4.12C) and was not significantly different (F(1,37) = 0.020, p > 0.05). Most
neurons (83.3% of TH+ and 78.3% of TH-) had a jitter of less than 300 s, consistent
with monosynaptic excitation. Evoked inhibitory postsynaptic potentials were seen rarely

and inconsistently, though our experimental conditions were not optimized to capture
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Figure 4.12 — Prevalence, latency, and jitter of eEPSPs in VTA neurons. (A)
Percentage of neurons of each type (TH+ or TH-) in each slice preparation (RMTg+
or RMTg-) expressing eEPSPs following single pulse fr stimulation. There were no
significant differences in the observed frequency of such neurons between type of
slice preparation. (B) Distribution histogram displaying the number of neurons by
onset latency for TH+ (red) and TH- (green) neurons. (C) Distribution histogram
displaying the number of neurons by size of eEPSP jitter (standard deviation of onset
latency) for TH+ and TH- neurons. Most neurons (> 75%) had a jitter rate of less
than 300 us, consistent with a monosynaptic connection.
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them. In addition, though spontaneous EPSPs were seen during recording, spontaneous

inhibitory postsynaptic potentials were an extremely rare event.

4.4 Discussion

While certain electrophysiological characteristics, such as the presence of a sag
conductance, wide spike waveforms, and pacemaker firing rates in slice, have been used
to identify DA containing cells in the SN (Grace and Ungless, 2012), this approach has
been questioned for VTA DA containing neurons (Margolis, et al., 2006). Subpopulations
of VTA DA neurons have consistently shown non-traditional electrophysiological
properties (Ford, et al., 2006; Lammel, et al., 2008; Neuoff, et al., 2002; Wolfart, et al.,
2001) making reliable discrimination of VTA DA and non-DA neurons based solely on
electrophysiological means questionable. The data from our present study corroborate
this. Several electrophysiological parameters were collected and while there were
significant group differences between TH+ and TH- neurons on some
electrophysiological parameters the distribution overlaps were too great to use them for
identification of DA neurons (see Figure 4.3). Consequently, our decision to
immunochemical identify all recorded cells for TH appears to be well justified.

The data presented here demonstrate that Hb inputs have a significant excitatory
effect on both DA and non-DA VTA neurons. This contradicts a recent study in
horizontal slices that demonstrated excitation following optogenetic activation of LHb
axon terminals in half of VTA non-TH containing neurons, but found excitation in only
5% of TH positive neurons (Stamatakis and Stuber, 2012). More consistent with our

results are previous intracellular recordings in coronal rat slices which showed a
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predominantly excitatory effect of Hb stimulation on electrophysiologically identified
VTA DA and non-DA neurons (Matsuda and Fujimura, 1992), and more recent
recordings, also in coronal slices, from PFC-projecting VTA DA neurons which showed
universal excitation in response to LHb stimulation (Lammel, et al., 2012), both of which
are in keeping with the evidence of LHb innervation and synaptic connections on DA
neurons of the VTA (Goncalves, et al., 2012; Omelchenko, et al., 2009). It is quite
possible the discrepancy amongst these studies arise from the recording preparation. The
orientation of the dendritic arborization of VTA DA neurons is not symmetrical in
rodents, extending further in the medio-lateral direction (400-2500 nm) than in the
anterior-posterior direction (100 — 200 nm; Grace and Bunney, 1995). Therefore LHb
synapses may be lost in one preparation but remain in another.

In addition, our data are consistent with a monosynaptic LHb-VTA pathway.
Most neurons demonstrated eEPSPs with short onset latencies and low jitter (Figure
4.12). Due to variability in placement of recording and stimulating probes an accurate
estimate of conduction velocity is difficult to calculate. However, based on the overall
mean latency of 6.8 ms, a stimulation probe distance of 3 mm, and assuming a synaptic
delay of 0.5 ms from previously reported mammalian recordings (Appenteng, et al.,
1989; Oertel, 1983), we obtain a conduction velocity of 0.47 m/s. Though on the low end
of the range, this is in keeping with previous work that found LHb axonal conduction
velocities in the range of 0.4 - 8.5 m/s (Garland and Mogenson, 1983) and 0.5 - 3.7 m/s
(Park, 1987). Two factors may underlie the slow conduction velocities seen in our
experiment. First, previous estimates of LHb axonal conduction velocity were conducted

in adult male rats under anesthesia with body temperatures in the range of 36 - 38° C
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(Garland and Mogenson, 1983; Park, 1987). Our slice experiments were conducted at 30°
C, and lower temperatures are known to increase synaptic delay (Barret, et al., 1978; Katz
and Miledi, 1965) and decrease conduction velocity (Hutchinson, et al., 1970; Turner,
1953). Second, rat brains are not fully myelinated until adulthood (Banik and Davison,
1969; Cuzner and Davison, 1968). Since, in adult rats, 35% of LHb axons are myelinated
(Balcita-Pendicino, et al., 2011) we would expect neonatal rats to have more
unmyelinated LHb axons and consequently slower conduction velocities. Given this, the
eEPSP latencies and jitters seen in our preparation are consistent with a monosynaptic
LHb-VTA circuit.

Our findings support the glutamatergic nature or this monosynaptic pathway. fr-
stimulation induced excitation of VTA neurons was blocked by the administration of
combined NMDA and AMPA receptor antagonists (Figure 4.11). Although the sampled
neurons were all non-DA, and further tests will be needed to confirm that glutamate
receptor blockade has the same effect on DA neurons, the evidence for a preponderance
of glutamatergic neurons of the LHb (Brinschwitz, et al., 2010; Geisler, et al., 2003) and
ultrastructural evidence of LHb glutamatergic synaptic connections onto VTA DA
neurons (Omelchenko, et al., 2009) strongly imply that the fr-stimulation induced
excitation seen in VTA DA neurons here is also glutamate-dependent.

Though the prediction for this particular experiment, that removal of the RMTg
would decrease the prevalence of DA neurons inhibited by fr stimulation, was not
supported by the data, these results show there is frank excitation of VTA neurons, both
DA and non-DA, by activation of Hb efferents. Indeed the number of neurons inhibited

by fr stimulation in this preparation was surprisingly low given that the in vivo fr
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stimulation leads to almost complete population wide inhibition of midbrain DA neurons
(Christoph, et al., 1986; Gao, et al., 1990; Ji and Shepard, 2007; Matsumoto and
Hikosaka, 2007). Previous work has primarily looked at the response of SNc neurons to
Hb stimulation (Christoph, et al., 1986; Gao, et al., 1990; Ji and Shepard, 2007;
Matsumoto and Hikosaka, 2007) leaving the response of VTA neurons to Hb stimulation
largely unknown. Indeed, midbrain DA neurons recorded in slice in close proximity to
the fr, an area that corresponds to the VTA, respond with excitation (Matsuda and
Fujimura, 1992). It is known that some VTA DA neurons respond with excitation to
aversive motivational events (Wang and Tsien, 2011), raising the possibility that the slice
preparation presently used may give access to such a subpopulation of DA neurons. If
such neurons were activated by Hb activation, they may play a role in increasing
incentive salience during an aversive learning task.

While some antidromic activation of VTA neurons by fr stimulation was shown in
previous work (Matsuda and Fujimura, 1992), no positively identified antidromic
activation was seen in our hands. Previous work found antidromic activation following fr
stimulation in about 8% of VTA neurons recorded in coronal slices (Matsuda and
Fujimara, 1992). However, VTA projections to the Hb arise largely from the
interfascicular nucleus of the VTA (Gruber, et al., 2007; Phillipson and Pycock, 1982;
Stamatakis, et al., 2013) an area which is almost completely absent in our sagittal section,
though not from coronal sections, providing an explanation as to the lack of antidromic
activation seen in the present study.

That the Hb would have an excitatory effect on VTA neurons in the coronal slice,

which lacks an RMTg (Brown and Halliwell, 1981; Matsuda and Fujimura, 1992), is not
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unexpected given what we now know about the inhibitory input of the RMTg on DA
neurons. It was, however, unexpected that fr stimulation would also have an excitatory
effect on VTA DA neurons in the sagittal slice, which retains the RMTg. There are
several possible explanations for this lack of an inhibitory effect.

First, Hb induced inhibition of DA neurons may be an age-dependent
phenomenon. The present experiment made use of young animals while the in vivo
experiments on which our hypothesis was based made use of adult rats. In adolescent rats
there is a developmental alteration in the modulatory effect of DA on cortical
interneurons (Tseng and O’Donnell, 2007), NAcc medium spiny neurons (Huppé-
Gourgues and O'Donnell, 2012) and in synaptic release of DA in the dorsal striatum
(Matthews, et al., 2013). While such developmental changes have been noted at DA
terminals, it is possible that there are unknown developmental differences of DA neurons
at the level of the soma or dendritic arborization. Inputs to DA neurons may similarly
undergo developmental changes that alter how DA neurons respond to Hb stimulation.
For example, the effect of GABA(A) receptor activation is known to undergo a switch
from excitatory to inhibitory in rat hypothalamic neuronal cultures (Chen, et al., 1996),
and pyramidal neurons of the hippocampus (Rivera, et al., 1999). This appears to be due
to a developmental change in the expression of Cl- transporters and subsequent increase
in intracellular Cl- concentrations during the second post-natal week (Ben-Ari, 2002;
Romo-Parra, et al., 2008; see however Bregestovski and Bernard, 2012), an age range
that overlaps with many of the rat pups used in this study. It is possible that midbrain DA
neurons undergo a similar excitatory/inhibitory developmental switch, giving rise to the

preponderance of DA activation seen in the present study following Hb-induced
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activation of the GABAergic RMTg. However, such an effect would not explain the
presence of an equally prominent excitatory effect of Hb stimulation in slices that have
had the RMTg removed. Given that no difference in PND was seen between neurons
displaying or lacking eEPSPs, and the fact that removal of the RMTg had no effect on the
excitatory effect of Hb stimulation, the probability of an excitatory effect of GABA
seems unlikely.

Second, the slice preparation utilized in this experiment contains only VTA
neurons while the original in vivo results drew largely from SNc neurons (Ji and Shepard,
2007). Based on tracing data the RMTg appears to project to both the SNc and VTA
(Barrot, et al., 2012), but it remains unclear whether LHb efferents preferentially synapse
on SNc or VTA projecting RMTg neurons.

Third, it is probable that the slice preparation itself does not retain the fidelity of
the LHb-RMTg-VTA circuit. Identification of the RMTg in the sagittal plane is difficult
and small deviations in the medio-lateral direction may greatly reduce the population of
RMTg neurons. While there is not a clear nerve bundle from the RMTg to the midbrain,
previous research has shown that a sagittal slice retains inhibitory projections from the
RMTg to the VTA in adult rats (Matsui and Williams, 2011) so the loss of this
connection seems unlikely. More likely is the loss of fidelity from the Hb efferents to the
RMTg. This could be tested by recording RMTg GABAergic neurons in this same slice
preparation, with the expectation that fr stimulation would result in RMTg neuronal
excitation if the connection remained intact. Any future work with such a preparation
would necessitate a demonstration of an intact LHb-RMTg-VTA circuit before definitive

conclusions could be drawn.
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Despite the lack of an inhibitory effect of Hb input on VTA neurons in the present
experiment, the excitatory effect we found represents a phenomenon that, in the whole
animal, could potentially translate into the encoding of frankly aversive, salient cues in
the environment by a subpopulation of VTA DA neurons. While previous work has
shown RMTg stimulation produced inhibition in VTA DA neurons it only did so in a
“hotspot” of 50-100 pum in the area of the 3n (Matsui and Williams, 2011). The
recordings in the preparation presently used tended to be in close proximity to the fr, and
avoided the 3n as this was where notch cuts were made in the RMTg- preparations. As
stated previously, neurons of the Hb and DA neurons of the midbrain tend to have an
opposite response to aversive motivational events, with the LHb neurons showing
activation and most DA cells showing inhibition (Dong, et al., 1992; Gao, et al., 1996;
Matsumoto and Hikosaka, 2009). However, DA neurons in the posteromedial and
rostrolateral VTA show increased synaptic strength, as shown by increased
AMPA/NMDA ratios, after exposure to aversive stimuli (Lammel, et al., 2011). A
minority of DA neurons are activated by aversive events (Brischoux, et al., 2009;
Guarraci and Kapp, 1999; Matsumoto and Hikosaka, 2009; Mirenowicz and Schultz,
1996; Wang and Tsien, 2011), and by stimuli predictive of them (Brischoux, et al., 2009;
Guarraci and Kapp, 1999; Matsumoto and Hikosaka, 2009; Mirenowicz and Schultz,
1996). Specifically, DA cells excited by aversion predictive stimuli tend to be in the
dorsolateral SNc but are also intermixed with reward activated DA neurons near the fr of
the VTA (Bromberg-Martin, et al., 2010a; Guarraci and Kapp, 1999), the exact area

recorded from in the present study.
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Though it has been argued brain areas as diverse as the central amygdala
(Bromberg-Martin, et al., 2010a), superior colliculus (Comoli, et al., 2003), and
pedunculopontine tegmentum (PPTg; Pan and Hyland, 2005) may provide a source of
excitation in DA neurons following cues predictive of aversive stimuli there is anatomical
evidence of direct Hb innervation of VTA DA neurons (Goncalves, et al., 2012;
Omelchenko, et al., 2009). Furthermore, Lammel, et al. (2012) demonstrated that
optogenetic stimulation of the LHb preferentially activated VTA DA neurons that were
mesocortical projecting, but inhibited mesolimbic projecting, neurons. The present data
could represent a means by which DA neurons in general encode either appetitive or
aversive cues and stimuli. Indeed, some modern mathematical models of incentive
salience incorporate a factor that allows valence shifts in CS/UCS pairings from positive
to negative and vice versa (Berridge, 2012; Zhang, et al., 2009), seen for example when
rats are given the same UCS (high salinity liquid) during baseline and salt depletion
(Tindell, et al., 2009). In Tindell’s study, neurons of the ventral pallidum, an area
receiving VTA input (Smith and Kieval, 2000), and which were previously non-
responsive to a cue predictive of high saline water, began to respond to the same cue
under conditions of salt depletion.

While the previous experiment has given us valuable information regarding the
excitatory effect of LHb stimulation on DA neurons, it does not answer questions about
the inhibitory effect of the LHb. Is the RMTg necessary for the LHb induced inhibition of
midbrain DA neurons? By switching to in vivo extracellular recordings of SNc neurons
in adult rats, we can solve many of the caveats listed above and potentially answer this

question.
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CHAPTER 5: LHb INDUCED INHIBITION OF MIDBRAIN DA FIRING IN

VIVO IS DIMINISHED BY RMTg LESIONS

5.1 Introduction

Transient decreases in firing rate are typically exhibited by midbrain DA neurons
in response to aversive stimuli (Brown, et al., 2009; Cohen, et al., 2012; Mirenowicz and
Schultz, 1996; Schultz, 1998; Ungless, et al., 2004). The LHb, an area that responds to
aversive motivational stimuli with increased neuronal firing rates (Benabid and Jeaugey,
1989; Dong, et al., 1992; Gao, et al., 1996), if stimulated, also causes midbrain DA
neurons to exhibit transient decreases in firing rate (Christoph, et al., 1986; Gao, et al.,
1990; Ji and Shepard, 2007; Matsumoto and Hikosaka, 2007). This suggests LHb
activation may be a source of the inhibition of DA neurons seen with mildly aversive
stimuli. In support of this Hb activation has been implicated as the source of negative
reward prediction errors, such as those occurring with reward omission, that are
associated with transient decreases in midbrain DA neurons (Bromberg-Martin and
Hikosaka, 2011; Salas, et al., 2010). As the LHb is predominately glutamatergic
(Brinschwitz, et al., 2010; Geisler, et al., 2003), and LHb-stimulation induced inhibition
of DA neurons is GABA(A) receptor dependent (Ji and Shepard, 2007), an intervening
source of GABAergic input is necessary.

As mentioned in the previous chapters, two potential sources may account for
LHb —stimulation induced inhibition of midbrain DA neurons. One may be the intrinsic
GABA neurons of the SN and VTA, which account for 30% of all neurons in the SNc

and VTA (Nair-Roberts, et al., 2008). Non-DA neurons of the SN/VTA receive input,

83



though sparse, from the LHb (Brinschwitz, et al., 2010; Omelchenko, et al., 2009),
increase firing rates in response to LHb stimulation (Ji and Shepard, 2007; Matsuda and
Fujimura, 1992; Stamatakis and Stuber, 2012), and synapse onto midbrain DA neurons
(Mailly, et al., 2003; Omelchenko and Sesack, 2009). Results from the previous chapter
support the proposition that LHb-stimulation leads to prominent activation of VTA non-
DA neurons (Figures 4.8 and 4.10), supporting a role for intrinsic GABA neurons as a
source of LHb-stimulation induced DA inhibition.

Alternatively, the RMTg is well positioned anatomically to mediate the effects of
LHb stimulation on SNc/VTA DA cell activity as an extrinsic source of GABA input
(Jhou, et al., 2009a,b; Kaufling, et al., 2009). RMTg neurons are rapidly activated by
LHb stimulation (Hong, et al., 2011; Lecca, et al., 2011), and project to both the VTA
and SN where they synapse preferentially on DA neurons (Balcita-Pedicino, et al., 2011;
Bourdy, et al., 2014). While the results of our previous chapter did not show an effect of
RMTg excision on the effect of fr-stimulation on DA firing rate (Figures 4.8 and 4.10),
this lack of effect may have resulted from the loss of circuit fidelity occurring during
slice preparation, a problem that can be circumvented by conducting an analogous
experiment in vivo. Since GABA neurons of both the SN/VTA and RMTg, could
potentially account for LHb-stimulation-induced DA inhibition, a test of whether input
from one of these sources is necessary for DA inhibition is needed.

To test our hypothesis that the RMTg is necessary for LHb-stimulation induced
inhibition of DA neurons, we conducted extracellular recordings of SNc/VTA DA
neurons during electrical stimulation of the LHb in anesthetized rats that previously

received either excitotoxic, axon sparing lesions of the RMTg or a sham operation. We
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predicted that stimulation of the LHb would result in profound inhibition of midbrain DA
neurons in sham operated rats and that this inhibition would be diminished or eliminated

by RMT(g lesions.

5.2 Methods

Animals. Adult male Sprague-Dawley rats (200-375 g; Charles River
Laboratories, Wilmington, MA) were delivered to the animal facilities at the Maryland
Psychiatric Research Center and maintained on a 12:12 hr light:dark cycle with food and
water ad libitum. Twenty-seven rats (12 sham and 15 lesion) were used for extracellular
recording with one to five neurons recorded from each animal. Fourteen rats (7 sham and
7 lesion) had been previously used in the results from behavioral experiments described
in Chapter 6. This study was conducted in strict accordance with recommendations in
The Guide for the Care and Use of Laboratory Animals (Committee for the Guide for the
care and use of laboratory animals, 2011). All procedures were approved by the

University of Maryland School of Medicine Institutional Care and Use Committee.

RMTg lesion surgery. Rats were anesthetized with halothane (induced at 3% and
maintained at 1.5% in 100% O3) to the point of non-responsiveness to a toe pinch and
maintained at that level throughout the surgery. A feedback controlled heating pad
maintained body temperature at 36° C. Rats were mounted in a stereotaxic instrument
using atraumatic ear bars (David Kopf Instruments, Tujunga, CA) and a small burr hole
was drilled through the skull above and lateral to the RMTg (AP: -7.2 mm; ML: 2.7 mm)

before retracting the dura. A single barrel glass pipette (tip diameter, 20 um; BF1401,
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WPI, Sarasota, FL) containing either vehicle (0.9% saline) or 0.4 M quinolinic acid (QA)
and held in a gas tight holder was lowered to the level of the RMTg (DV: -8.3 mm @
20°). A volume of 166 nl was ejected by pneumatic picospritzer (PDES-02DX; NPI
electronic GmbH, Tamm, Germany) with nitrogen gas at a rate of approximately 100
nl/min; pipettes were kept in place for 15 min following ejection. Pentobarbital (50
mg/ml; Sigma-Aldrich, St. Louis, MO) was administered twice post-surgically to rats in
the QA lesion group to reduce secondary seizure effects associated with excitotoxicity
(25 mg/kg ip, at the end of surgery; 12.5 mg/kg ip, 45-60 min after surgery). Three rats in
the sham operated group were given the same pentobarbital treatment as the RMTg
lesioned rats, while the remaining nine rats were allowed to wake normally. For all rats

there was a minimum of 10 days between surgery and neuronal recording.

In vivo electrophysiology. Rats were anesthetized with chloral hydrate (400
mg/Kkg, ip), tissues surrounding the ear canals and wound margins were infiltrated with
2% mepivacaine, and the rat was placed in a stereotaxic instrument with atraumatic
earbars (David Kopf Instruments, Tujunga, CA). Additional ip injections of chloral
hydrate were given as needed. Body temperature was maintained at 36°C using a
feedback-controlled heating pad. The scalp was incised and a skull section was removed
to expose the dorsal brain surface of the right hemisphere above the midbrain (AP: -3.0 to
-6.5 mm; ML: 0.0 to 3.0 mm) and the dura was carefully removed for the insertion of
stimulating and recording electrodes. A concentric, bipolar stimulating electrode (SNEX-
100X; Rhodes Medical Instruments, Summerland, CA) was lowered into the LHb (AP: -

3.4 mm; ML: 1.5 mm; DV: 5.2 mm @ 10°). Recording electrodes were prepared from

86



borosilicate glass capillary tubing (1.5 mm outer diameter, BF 1401; World Precision
Instruments, Sarasota, FL) using a vertical puller (PE-2; Narishige, Tokyo, Japan), and
filled with a 1M NaCl solution saturated with fast green dye (Sigma-Aldrich, St. Louis,
MO). Tips were broken back to create microelectrodes with an in vitro impedance
ranging from 5.8 — 8.2 MQ (BP-1000-B micro electrode tester; Winston Electronics Co.,
San Francisco, CA). Recording electrodes were attached to a piezoelectric microdrive
(Inchworm; Burleigh, Mississauga, Ontario, Canada) and lowered into the SN/VTA (AP:
-5.4 mm to -6.2 mm; ML: 1.5-2.5 mm; DV: -6.8 to -8.5 mm). Electrodes were slowly
advanced (1-2 um/s) until a spontaneously active cell could be isolated from background
noise. Electrode potentials were amplified, filtered (0.1-8 kHz bandpass), and monitored
in real time using a digital oscilloscope and audiomonitor. Electrical activity was
digitized at 20 kHz using a 16-bit laboratory interface (Digidata 1321A; Molecular
Devices, Union City, CA) and stored on disk for offline analysis using Spike 2 software
(CED, Manchester, UK).

DA neurons were identified electrophysiologically using previously established
criteria (Ungless and Grace, 2012). Briefly, a neuron was classified as DA-containing
only if it was recorded within the boundaries of the SN or VTA (Paxinos and Watson,
2007) and had the following three characteristics: 1) a firing rate of 1-10 Hz, and 2) an
action potential duration from initiation to the negative trough (i.e. biphasic duration) of
1.1 ms or greater, and 3) either a) a “notch” in the ascending initial phase of the spike, or
b) a triphasic waveform, or c) evidence of burst firing (see below). Neurons that failed to

meet these criteria were classified as non-DA cells and were not systematically studied.
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Once a neuron was isolated, a baseline of approximately 500 spike events was
recorded. Following this, cells were tested for their response to repeated application (0.5
Hz) of rectangular current pulses (biphasic, 1.0 or 0.5 mA, 100 usec duration). A
minimum of 500 spikes was collected during LHb stimulation and cells were allowed to
recover (minimum of 500 spikes) before changing the current intensity. At the conclusion
of a successful recording, fast green was iontophoretically ejected from the pipette tip
using -25 pA of current applied for 30 min. While multiple neurons may have been
recorded from a single track, only one dye spot per track was made. At the end of the
recording session, the position of the stimulating electrode was marked by passing a
constant DC current (-0.1 mA, 8 sec). Subsequently, rats were deeply anesthetized with
chloral hydrate and perfused transcardially with 100 ml of 4° C PBS followed by 500 ml
of 6% formalin (pH 7.4, 4° C). Brains were rapidly removed and post-fixed for 30 min

prior to sectioning.

Histology and RMTg lesion confirmation. Brains were sectioned in the coronal
plane at 40 um on a vibrating tissue slicer (VT 1200; Leica, Buffalo Grove, II) through
the rostral-caudal extent of the LHb and RMTg. Sections containing stimulating electrode
lesions and recording electrode dye spots were slide mounted, and counterstained with
0.1% neutral red for contrast. Only rats with stimulating probes placed in or adjacent to
the boundaries of the LHb/fr and with dye spots clearly localized within the SN or VTA
as determined from Paxinos and Watson (2007), were used for further analysis.

The extent of neuronal death following QA injection into the RMTg was

determined in systematically random sampled sections throughout the injection area (200
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um intervals) processed for immunohistochemical localization of the neuron specific
protein NeuN. Sections were incubated at room temperature successively, with 3 PBS
rinses following each step, in 1) 0.3% H.O, in PBS for 30 min, 2) rabbit anti-NeuN
polyclonal primary antibody (ABN 78, [1:10,000]; Millipore, Billerica, MA), 3.0% NGS,
0.3% Triton-X in PBS overnight, 3) biotinylated goat anti-rabbit secondary antibody
(BA-1000, [1:600]; Vector Laboratories, Burlingame, CA), 1.0% NGS, 0.3% Triton-X in
PBS for 30 min, 4) avidin-biotin immunoperoxidase (Vectastain elite, PK-6100; Vector
laboratories, Burlingame, CA) in PBS for 30 min, and 5) 0.03% 3-3'-diaminobenzidine
(DAB) in PBS for 2-5 min. Omission of the primary antibody was used as a negative
control in all incubations. All sections were mounted on glass slides, dried overnight, and
coverslipped.

Cell counts of the NeuN positive objects were conducted in the RMTg, MRn, and
PPTg using previously described parameters (Jhou, et al., 2013). Briefly,
photomicrographs of brain sections were captured digitally (EOS Rebel/T3; Canon,
Melville, NY) using a microscope (BX41; Olympus America, Center Valley, PA) with a
2X flat field objective (PLAPON 2X; Olympus America, Center Valley, PA) for offline
analysis. Templates delineating the boundaries of the bilateral RMTg through its rostral-
caudal extent (six sections, boundaries determined by retrograde tracing from VTA,
templates provided by Dr. Tom Jhou, MUSC), the MRn, and bilateral PPTg (two and
four sections, boundaries determined from Paxinos and Watson, 2007) were overlaid on
digital photomicrographs of brain sections. All positively-stained, ovular objects within
the bounds of the three areas were counted and summed within the bilateral RMTg and

PPTg. Five RMTq lesioned rats which underwent extracellular recording but from which
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DA neurons were not recorded were included in the analysis of lesion extent. Cell counts
in lesioned rats (n = 20) were compared to the mean cell counts for sham operated rats (n

=4), and quantified as a percentage of neuronal loss.

Electrophysiological recording and statistical analysis. Individual spikes from
recorded sessions were isolated from background noise and stimulation artifacts offline
using the waveform sorting algorithm provided in Spike 2. Basal firing properties were
obtained from the initial baseline recording period and included firing rate, averaged
waveform shape and duration, distribution of interspike intervals (I1SI), and bursting
activity. ISI were used to calculate the percent coefficient of variation (CV), a measure of
the regularity of neuronal firing (Johnson, 1996), using the formula ([c / u] * 100),
where ¢ = the standard deviation of the ISI, and pn = the mean ISI from the baseline
recording of each neuron. Bursting activity was calculated for all cells using previously
validated criteria (Ji and Shepard, 2006). Burst initiation was defined by spike pairs with
an IST < 80 ms. All subsequent spikes were considered part of that burst until an 1SI
exceeded 160 ms, which defined burst termination. Spike doublets were counted as
bursts, but only neurons that exhibited a minimum of three, three-spike bursts over the
course of 500 spikes were classified as bursting neurons. The percentage of spikes
discharged in bursts as well as the percentage of short (two spike) bursts was determined
for each cell that was classified as bursting.

Spontaneous firing patterns were analyzed by the construction of
autocorrelograms from spike trains during baseline recording with a 2 s time window and

5 ms bin width (Tepper, et al., 1995). Neurons not already classified as bursting by burst
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analysis (associated in the autocorrelogram with a rapid, initial peak in spike events
followed by a decay to steady state) were further classified by autocorrelogram pattern.
Neurons exhibiting three or more equally spaced peaks in the autocorrelogram occurring
at integral multiples of the mean ISI, which corresponds to time points of increased firing
probability, were defined as pacemaker neurons. The number of peaks in the
autocorrelograms of pacemaker neurons were calculated as an additional index of firing
regularity. All other neurons were classified as irregular neurons, associated in the
autocorrelogram with a short initial period (50-150 ms) without spike events followed by
a rise to a steady state. Autocorrelograms were analyzed by three blind raters. Inter-rater
agreement on pacemaker/irregular assignment was 93% with high inter-rater reliability
on number of peaks for pacemaker cells (Pearson’s r(13) = 0.93, r(13) = 0.92, r(13) =
0.90, all p < 0.05).

Peristimulus time histograms of spike events occurring 0.5 s before and 1.5 s after
LHb stimulation were compiled using a 1 ms binwidth. CUMSUM plots were
constructed from peristimulus time histograms by adding the contents of each bin to a
running sum of all previous events and were analyzed for excitation or inhibition using
previously described techniques (Ji and Shepard, 2007). Briefly, control activity was
determined from the slope of a least-squares regression line fit to 200 ms of prestimulus
data. Stimulation-induced changes in firing probability were determined by comparing
the slope of discrete regions (baseline, stimulation effect, recovery from stimulation) of
each CUMSUM plot with control values. A response was defined as an increase or
decrease in slope exceeding 30% of baseline. No response was defined as a change in

slope of less than 30% of baseline. Latency to onset and duration of the response to LHb
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stimulation were determined from the intersection of adjacent lines representing epochs
of baseline, stimulation, and recovery from stimulation activity on CUMSUM plots.

For comparison between groups, data were expressed as firing rate in Hz
(calculated for each bin by the equation [ki / (n * t)], where k = sum of spikes across all
sweeps, i = bin number, n = total number of sweeps, and t = bin width in s). We chose a
25 ms bin width based on the mean duration of the LHb stimulation-induced effect for
neurons from RMTg lesioned rats being outside this temporal window, thus balancing the
temporal resolution to a level high enough to capture the signal of the stimulation effect
and low enough to minimize noise. A mean of the four bins (100 ms total) preceding
stimulation was used as a baseline. A repeated measures ANOVA with Fisher post-hoc
analysis was then conducted on the baseline and five bins (125 ms) following stimulation,
for six time points in total. Categorical data were analyzed using Fisher’s exact test;
ordinal data were analyzed with Mann-Whitney U. All other data were analyzed by t-test
or two-way ANOVA with post-hoc Fisher tests. Unless otherwise stated, all data are

expressed as the arithmetic mean + standard error of the mean.

5.3 Results

Representative photomicrographs (Figure 5.1) illustrate the position of the
stimulation probe and recording area located within the LHb and SN, respectively.
Recordings from three rats (1 sham and 2 lesion) were rejected due to placement of the
stimulation electrode outside of the LHDb. A total of 68 neurons (34 sham and 34 lesion)
were recorded. Four neurons (1 sham and 3 lesion) were rejected due to placement of the

recording electrode outside of the SN/VTA. One neuron from the lesion group had an
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Figure 5.1 — Photomicrographs of stimulation site and recording site. (A) Low
magnification photomicrograph of the LHb counterstained with neutral red. The
placement of the stimulation probe is made apparent in the right LHb by the evidence
of an electrolytic lesion. (B) Higher magnification photomicrograph of the stimulation
probe placement from A. Black circles represent the position of the two poles of the
stimulating probe, illustrating that current flow is largely contained within the Hb. (C)
Low magnification photomicrograph of the SN counterstained with neutral red. Most
neurons were recorded in close proximity to the SNc, which is a narrow band of cells
that run medio-laterally and dorsal to the SNr. (D) Higher magnification
photomicrograph of the recording site, marked by the iontophoretic release of fast
green (arrow). Scale bar =1 mm (A and C), 0.4 mm (B and D).
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insufficient number of spike events (< 500) for analysis of the LHb stimulation effect.
The remaining neurons were classified as DA or non-DA based on their
electrophysiological characteristics (Figure 5.2). Nine neurons (3 sham and 6 lesion) did
not pass the criteria for classification as DA neurons and were excluded. The remaining
54 DA neurons (30 sham and 24 lesion) were recorded from 23 rats (11 sham and 12
lesion) and were analyzed for their basal firing properties and response to LHb
stimulation. Most neurons were clearly located within or in close proximity to the SNc
(Figure 5.3), with a small percentage (5.6 %) falling within the boundaries of most lateral
portions of the VTA (Paxinos and Watson, 2007).

A comparison of sham operated rats treated with or without pentobarbital during
surgery showed no significant differences in; firing rate (4.7 = 1.0 vs. 4.0 £ 0.3 Hz; t(28)
=1.027, p > 0.05); mean ISI (282.0 £ 69.1 vs. 289.3 + 26.0 ms; t(28) = -0.117, p > 0.05);
CV for ISI (median value, 49.9 vs. 71.9%; U(21) = 46, p > 0.05); or percent spikes in
bursting activity (median value, 52.7 vs. 46.0%; U(11) = 8, p > 0.05). Additionally, a two
way repeated measures ANOVA (group by AP coordinate) showed no significant effect
of pentobarbital on cell counts in the RMTg (278.2 + 22.6 vs. 268.0 + 27.1 cells/template;
F(1,2) =0.084, p > 0.05) nor an interaction effect (F(1,10) = 1.357, p > 0.05).
Consequently, data from rats administered pentobarbital were combined with data from
rats that received no pentobarbital into a single sham group.

Two-way ANOVASs by group (sham vs. lesion) comparing rats previously run
through the behavioral experiments in Chapter 6 showed no significant interaction effects
for firing rate (F(1,41) = 0.617, p > 0.05), mean ISI (F(1,41) = 0.069, p > 0.05); CV for

ISI (F(1,41) = 3.362, p > 0.05), or duration of LHb-stimulation induced inhibition
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Figure 5.2— Representative examples of DA and non-DA firing characteristics
recorded extracellularly in vivo. DA (left) and non-DA (right) neurons were
distinguished by their electrophysiological characteristics. (A and A’) Five second
trace of spike events from baseline recordings. Neurons were excluded from
classification as DA if the baseline firing rate was outside the range of 1-10 Hz. The
rates presented here are 4.2 Hz (DA) and 13.4 Hz (non-DA). Note that the DA neuron
example contains burst episodes. (B and B’) Five ms trace of the neuronal waveform
averaged from all baseline spikes. Neurons were excluded from classification as DA if
the biphasic duration from spike initiation to negative peak was < 1.1 ms. DA neurons
often had a notch in the rising phase of the spike (black arrow) and a triphasic
waveform (grey arrow). (C and C’) Histograms illustrating the frequency of ISI. Burst
firing DA neurons have a higher frequency of short (< 160 ms) ISls, but a variable
distribution as evidenced by the skewed distribution. By contrast, non-DA neurons
tended to have a pacemaker frequency with a single, normally distributed ISI
histogram. However, some DA neurons also exhibit pacemaker activity (see Figure
5.7). Scale bar=1s (A and A’), 1 ms (B and B’)
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Sham RhTg lesion

Figure 5.3 — Coronal hemi-sections of the rat midbrain illustrating the location of
extracellularly recorded DA neurons. The location of recorded DA neurons in sham
operated (left) and RMTg lesioned (right) rats by distance from bregma (mm). The
blue dashed lines illustrate the bounds of the the VTA, SNc, and SNr. Neurons are
represented by circles illustrating their response to LHb stimulation: inhibition (red),
excitation (green), or no effect (yellow). Most neurons were recorded in or near the
SNc, with smaller numbers being recorded from the lateral VTA and SNr. There was
no identifiable distribution of response type by location.
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(F(1,34) = 0.123, p > 0.05). Since no significant interaction effects were present, data
from rats run through the behavioral experiments in Chapter 6 were combined with data

from rats not run through the behavioral experiments into their respective groups.

QA lesion extent. Representative photomicrographs from a sham operated and
lesioned rat (Figure 5.4) demonstrate the extent and specificity of QA lesions. Median
RMTg neuronal loss in lesioned rats was 72.2% (IQR 60.8% to 84.6%). NeuN cell counts
within the RMTg were significantly reduced in lesioned rats relative to their sham
counterparts overall (F(1,18) =51.426, p < 0.05; n’s = 16 [QA] and 4 [sham]; Figure
5.5A) at each of the six AP coordinates (Fisher, p < 0.05). Neuronal cell counts in the
MRn were also significantly reduced relative to sham operated controls (F(1,21) = 9.717,
p <0.05; n’s =19 [QA] and 4 [sham]; Figure 5.5B); however, neuronal loss in the MRn
was less extensive than in the RMTg (Median 32.5%, IQR 23.2% to 48.2%). In contrast,
median PPTg neuronal loss was minor at 7.4% (IQR 2.4% to 12.7%), confined to the
most medial portion of the nucleus, and not significantly different from sham
counterparts (F(1,21) = 0.910, p > 0.05; n’s = 19 [QA] and 4 [sham]; Figure 5.5C).
Neuronal loss in the RMTg was correlated, though not significantly, with neuronal loss in
the PPTg (Pearson’s r(14) = 0.40, p > 0.05), but strongly correlated with neuronal loss in

the MRn (Pearson’s r(14) = 0.75, p < 0.05).

Basal firing properties of DA neurons. Group comparisons of DA neuron firing
properties showed no significant difference between sham and RMTg lesioned groups in

the two main criteria used for DA identification: firing rate (t(43) = -0.380, p > 0.05;
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Figure 5.4 — Representative photomicrographs of a sham operated and a QA
lesioned rat midbrain. Photomicrographs of the midbrain tegmentum (~ -7.2 mm
posterior to bregma) immunostained for NeuN with overlaid boundaries of the RMTg,
MRn, and PPTg. (A, B) Low- and high-magnification photomicrographs from a sham
operated rat showing the normal density of neurons within the tegmentum. (C, D)
Low- and high-magnification photomicrographs from a QA lesioned rat. Note that
NeuN staining is greatly decreased in the RMTg, slightly decreased in the MRn, and
relatively unchanged in the PPTg. Scale bar = 1.0 mm (A, C); 0.4 mm (B, D).
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Figure 5.5 — QA lesions are confined largely to the RMTg. Total NeuN positive
cell counts for sham (red squares) and QA lesioned (gray squares) rats lying within
the boundaries of the RMTg (A), MRn (B) and PPTg (C) by approximate distance
posterior to bregma. QA greatly reduced the total number of neurons remaining within
the rostral-caudal extent of the RMTg. Neuronal loss existed within the MRn as well,
but to a lesser degree. By contrast, neuronal counts within the PPTg were virtually the
same between sham operated and QA lesioned rats.
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Figure 5.6A) and biphasic duration of the waveform (t(43) = -0.080 p > 0.05; Figure
5.6B). In addition, mean ISI was not significantly different between the groups (t(43) =
0.958, p > 0.05; Figure 5.6C). However, the CV for ISI was significantly different, with
RMTqg lesioned rats having a lower CV (U(43) = 383, p < 0.05; Figure 5.6D), which is
indicative of increased spike regularity (Johnson, 1996).

Burst analysis was also conducted on all DA neurons. While more than half the
neurons recorded from sham operated rats were designated as burst firing neurons
(56.5%, 13 of 23), in RMTq lesioned rats only 18.2% of DA neurons (4 of 22) were of
the burst firing type. Bursting neurons in RMT(g lesioned rats tended toward lower burst
activity, but a comparison found no significant difference between sham and RMTg
lesioned rats in the percent of spikes in bursts (median value, 46.0 vs. 24.6%; U(15) = 39,
p > 0.05) or the percent of doublet bursts (median value, 36.2 vs. 57.1%; U(15) =22, p >
0.05). Neurons not classified as burst firing were further divided into pacemaker and
irregularly firing cells by analysis of autocorrelograms (Figure 5.7A,B). Within the sham
operated group, approximately one in six neurons were classified as pacemaker (17.3%, 4
of 23); in the RMTg lesioned group, the prevalence of pacemaker neurons increased to
54.5% (12 of 22). A comparison of the number of peaks per autocorrelogram in
pacemaker cells revealed no significant difference between sham and lesion (5.9 + 1.4 vs.
4.9 +0.6; t(14) = -0.781, p > 0.05). A one-way ANOVA on firing rate for the three cell
types was significant (F(2,42) = 3.497, p < 0.05) with irregular firing neurons having a
significantly lower firing rate (3.5 = 0.4 Hz; Fisher, p < 0.05) than both pacemaker (4.9 +
0.3 Hz) and burst firing cells (4.8 + 0.4 Hz), which did not significantly differ from each

other (Fisher, p > 0.05). The group difference in prevalence of burst firing neurons
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Figure 5.6 — DA neurons from RMTg lesioned rats exhibit higher regularity of
firing. Mean firing rate (A), biphasic duration (B), and ISI (C) were calculated from
baseline recordings of DA neurons in sham operated and RMTg lesioned rats. No
significant differences were found on these three measures between groups. (D) The
percent CV for ISI, a measure of the firing rate regularity of a neuron (Johnson,
1996), was significantly reduced in RMTg lesioned rats (*, Fisher < 0.05). Data in
CV of ISl graph is presented as a box plot representing the median and IQR.
Whiskers represent the 10 — 90% range; data point outside this range are represented
by circles.
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Figure 5.7 — Neuronal firing patterns are altered by RMTqg lesions. (A)
Representative five second samples of the frequency of spike events for pacemaker,
irregular, and bursting DA cells (scale bar = 1 s). B) Autocorrelograms of the same
DA cells illustrating the frequency with which spikes occur across a one second
window following a single spike at time zero. Firing rate and CV of ISI for each cell
given. Note that despite having similar firing rates each cell type has a distinctive
firing pattern as revealed by the autocorrelograms. (C) Prevalence of pacemaker,
irregular, and burst firing neurons in the sham operated and RMTg lesion groups.
There is a significant shift in RMTg lesion rats away from burst firing and toward
pacemaker firing patterns.
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relative to all other DA neurons was significant, as was the prevalence of pacemaker
neurons relative to all other DA neurons (for both, Fisher’s exact test, p = 0.013), with a
shift away from burst firing and toward pacemaker patterns in RMTg lesioned rats

(Figure 5.7C).

Response of DA neurons to LHb stimulation. Representative examples of DA
neurons inhibited by LHb stimulation are shown for a sham operated and RMTg lesioned
rat in Figures 5.8 and 5.9 respectively. LHb stimulation inhibited nearly all (93.3%, 28 of
30 neurons) DA neurons recorded in sham operated rats with almost no neurons showing
excitation (3.3% 1 of 30; Figure 5.10A). By contrast, the percent of neurons inhibited by
LHb stimulation dropped to 66.7% (16 of 24 neurons) in rats with RMTg lesions.
Comparison of the observed frequency of inhibited versus non-inhibited neurons showed
this drop was significant (Fisher’s exact test, p = 0.016). Neurons from sham-operated
rats that were inhibited by LHb stimulation were split evenly between those that showed
pure inhibition and those which showed inhibition followed by excitation (46.7%, 14 of
30 neurons for each response type). By contrast in the RMTg lesioned rats the percentage
of purely inhibited cells was similar to the sham group (41.7% 10 of 24 neurons) while
the number of neurons that showed inhibition followed by excitation dropped (25% 6 of
24 neurons); however the prevalence of inhibition versus inhibition/excitation neurons
between groups was not significant (Fischer exact test, p = 0.534).

An analysis of the duration of inhibition between both groups (sham vs. lesion)
and cell types (inhibition vs. inhibition/excitation) was conducted (Figure 5.10B). The

duration of inhibition in RMTg lesioned rats (49.1 +/- 16.6 ms) was significantly less
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Figure 5.8 — Representative example of DA neuron inhibition in response to LHb
stimulation in a sham operated rat. (A) A peri-stimulus time histogram comprised
of sufficient sweeps to obtain 500 spike events during the 500 ms preceding and 1500
ms following single pulse fr stimulation (dashed line). The firing rate transiently
decreased and recovered over the span of approximately 500 ms post-stimulation.
Note that this period of inhibition is longer than that seen in a RMTg lesion rat (Figure
5.9). (B) CUMSUM plot (red) generated by adding contents of consecutive bins in the
peri-stimulus time histogram to create a cumulative total of the number of spikes
recorded across sweeps. The three superimposed lines (black) show the firing rate,
from left to right, of the baseline, stimulation effect, and recovery. The decreased
slope indicates a decrease in firing rate.
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Figure 5.9 — Representative example of DA neuron inhibition in response to LHb
stimulation in an RMTqg lesioned rat. (A) A peri-stimulus time histogram comprised
of sufficient sweeps to obtain 500 spike events during the 500 ms preceding and 1500
ms following single pulse fr stimulation (dashed line). The firing rate transiently
decreased and recovered over the span of approximately 300 ms post-stimulation.
Note that this period of inhibition is shorter than that seen in a sham operated rat
(Figure 6.3). (B) CUMSUM plot (red) generated by adding contents of consecutive
bins in the peri-stimulus time histogram to create a cumulative total of the number of
spikes recorded across sweeps. The three superimposed lines (black) show the firing
rate, from left to right, of the baseline, stimulation effect, and recovery. The decreased
slope indicates a decrease in firing rate.

105




A 100 - B 150 -

* e |

,_|='|— Bl I/E
80 - 125 1 [ NE
EEEE

-

(=4

(=]
1

(=2}
o
1

F-Y
(=]
1
(42
o
1

S

Duration of inhibition (ms)
~
[4,]

25 -

Percent of neurons expressing

Sham Lesion Sham Lesion

—l- Sham (n=28) *
5 1 O~ RMTg lesion (n=16)

Firing Rate (Hz)
w

-25 0 25 50 75 100 125
Time from stimulation (ms)

Figure 5.10 — LHb stimulation at 1.0 mA has an inhibitory effect on DA neurons.
(A) Percentage of neurons exhibiting inhibition (1), inhibition followed by excitation
(I/E), no effect (NE) or excitation (E) in response to LHb stimulation. The primary
effect of LHb stimulation on nearly all DA neurons in sham operated rats was
inhibition (93.3%). The prevalence of inhibition significantly decreased to 66.7% in
RMT(g lesioned rats. (B) Duration of inhibition amongst | or I/E neurons for sham and
RMTg lesioned rats. RMTg lesioned rats had a significantly shorter duration of
inhibition overall. (C) Change in firing rate of I or I/E neurons following LHb
stimulation. Both groups have a significant inhibitory response to LHb stimulation
during the first 25 ms post stimulation. However, RMTg lesioned rats return to normal
more quickly than sham operated rats (*, group difference, Fisher p < 0.05).
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than that in the sham group (107.9 +/- 12.2 ms) as confirmed by a two-way ANOVA
(F(1,40) = 8.158, p < 0.05). There was no significant effect of cell type (F(1,40) = 0.124,
p > 0.05) nor of the group by cell type interaction (F(1,40) = 0.080, p > 0.05). In addition
to the number of cells inhibited and duration of inhibition, the magnitude of firing rate
inhibition was reduced in RMTg lesioned rats (Figure 5.10C). A two way repeated-
measures ANOVA conducted only on DA cells that were inhibited by LHb stimulation
revealed a significant effect of time (F(5,210) = 20.433, p < 0.05) and time by group
interaction (F(5,210) = 2.993, p < 0.05), though no significant main effect of group
(F(1,42) = 2.892, p > 0.05). Both the Sham and RMTg lesioned groups had decreased
neuronal firing at 25 ms post-stimulation relative to baseline (Fisher, p < 0.05). However,
the inhibition in the sham operated group, but not the RMTg lesion group, remained
significantly below baseline at 50, 75, and 100 ms post-stimulation. Furthermore, there
was a significant difference between the groups at 50, 75, and 100 ms post-stimulus, with
neurons from RMTg lesioned rats showing a significantly higher firing rate (Fisher, p <
0.05).

Several neurons (n =17 and 11 from sham operated and RMTgq lesioned rats
respectively) were also tested with a reduced current of LHb stimulation (0.5 mA; Figure
5.11). The percent of cells showing inhibition was similar to that with higher current,
with 94.1% of neurons (16 of 17) from sham rats and 63.6% of neurons (7 of 11) from
RMTg lesioned rats showing inhibition and the balance showing no effect (Figure
5.11A). The effect of RMTg lesion on the observed frequency of inhibited neurons fell
short of significance (Fisher’s exact test, p = 0.062). While more inhibited neurons in the

sham group showed rebound excitation (58.8%, 10 of 17 neurons) than in the RMTg
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Figure 5.11 — Inhibitory effect of LHb stimulation on DA neurons is diminished
at 0.5 mA. (A) Percentage of neurons exhibiting inhibition (I), inhibition followed by
excitation (I/E), no effect (NE) or excitation (E) in response to LHb stimulation. The
primary effect of LHb stimulation on nearly all DA neurons in sham operated rats was
inhibition (94.0%). The prevalence of inhibition significantly decreased to 63.6% in
RMTqg lesioned rats, though this drop was not significant. (B) Duration of inhibition
amongst | or I/E neurons for sham and RMTg lesioned rats were not significantly
different between groups. (C) Change in firing rate of I or I/E neurons following LHb
stimulation. Both groups have a significant inhibitory response to LHb stimulation,
but there were no significant group differences at any time point.

108




lesioned group (27.2%, 3 of 11 neurons) the observed frequency of pure inhibition versus
inhibition/excitation between groups was not significant (Fisher’s exact test, p = 0.650).

The duration of inhibition in RMT(g lesioned rats (41.4 +/- 17.4 ms) was less than
that in the sham group (84.0 +/- 11.7 ms; Figure 5.11B). However, the group effect fell
short of significance (F(1,19) = 4.129, p > 0.05) and there was no significant effect of cell
type (F(1,19) = 0.132, p > 0.05) nor of the group by cell type interaction (F(1,19) =
0.030, p > 0.05). The pattern of inhibition remained at 0.5mA but was reduced in
magnitude (Figure 5.11C). Repeated measures ANOVA on only those cells exhibiting
inhibition to LHb stimulation revealed a significant effect of time (F(5,105) = 12.222, p <
0.05), but no significant group effect (F(1,21) = 0.338, p > 0.05) nor interaction (F(5,105)
=1.407, p > 0.05). A significant inhibition in both groups was found at 25 ms
immediately following stimulation, which continued to be significant in the Sham group
at 50 and 75 ms (Fisher, p < 0.05). There were no significant differences between groups
at any time point.

To determine whether duration of inhibition was current dependent, a comparison
of neurons inhibited by both 1.0 mA and 0.5 mA LHb-stimulation was conducted. There
was a significant group effect (sham: 90.7 + 11.7 ms; lesion: 35.4 = 19.1 ms; F(1,20) =
6.066, p < 0.05) but no current effect (1.0 mA: 64.8 £ 2.9 ms; 0.5 mA: 61.3 £ 2.9 ms;
F(1,20) = 0.718, p > 0.05). The interaction was significant (F(1,20) = 4.797, p < 0.05)
with a significant reduction in duration of inhibition in the sham group (1.0 mA: 96.9 ms;
0.5 mA: 84.5 ms; Fisher, p < 0.05) but no significant change in the lesion group (1.0 mA:

32.7 ms; 0.5 mA: 38.2 ms; Fischer, p > 0.05).
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There was variability in the amount of neuronal loss following QA injection and it
was hypothesized that this may account for some of the variability seen in LHb induced
inhibition in RMTg lesioned rats. To investigate this, a correlation between the extent of
RMTqg lesion and percent change in firing rate of DA neurons for the 50 ms immediately
following 1.0 mA LHb-stimulation was calculated (Figure 5.12), and found to be
significant (Pearson’s r(19) = 0.487, p < 0.05). Rats with the most extensive RMTg
lesions showed the least inhibition; some rats with near complete lesions showed a slight
increase in firing rate. Correlations between the change in firing and the extent of
neuronal loss in the MRn (Pearson’s r(20) = 0.378) and PPTg (Pearson’s r(22) = 0.147)
were not significant (both p > 0.05). Additionally, there were no significant correlations
between the CV for ISI and the extent of neuronal lesion in the RMTg, MRn, or PPTg

(Pearson’s r(19) = -0.129, r(19) = 0.052, r(20) = 0.030 respectively, all p > 0.05).

5.4 Discussion

In the present study, single pulse stimulation of the LHb caused rapid, transient
(~100 ms), population wide inhibition of midbrain DA neurons in anesthetized male rats,
confirming previous work (Christoph, et al., 1986; Gao, et al., 1990; Ji and Shepard,
2007). Our data extended this finding by demonstrating that lesions of the RMTg
attenuate the number of cells inhibited, duration of inhibition, and magnitude of
inhibition. LHb-induced inhibition was significantly correlated with neuronal loss in the
RMTg, but not with the minor neuronal loss in the PPTg, an area with glutamatergic
input known to modulate firing activity of DA neurons (Charara, et al., 1996; Floresco, et

al., 2003; Lokwan, et al., 1999). Neither was inhibition significantly correlated with
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Figure 5.12 — Change in DA firing rate induced by electrical stimulation of the
LHb correlates with extent of RMTg lesion. Scatterplot of percent change in firing
rate for the first 50 ms post LHb stimulation relative to baseline for each DA neuron
plotted against the percent of RMTg neuronal loss due to QA lesion. A significant
linear trend was present, with increased cell loss from lesion correlating with a
decrease in LHb-stimulation induced inhibition. The least squares regression line,
equation that defines it, and r? are shown. Note that in rats with the greatest lesion
extent some cells showed slight excitation following LHb stimulation.
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neuronal loss in the MRn; the small association seen was most likely a spurious
consequence of the high correlation between the degree of neuronal loss in the MRn and
RMTg. For these reasons, it is unlikely that the reduction in LHb-induced inhibition is the
result of lesion spread to secondary areas of the tegmentum. It is noteworthy that local
application of the GABA(A) receptor antagonist bicuculline to the recording area during
LHb stimulation results in a reduction in the number of DA neurons showing inhibition
(to 58%; Ji and Shepard, 2007) similar to the reduction seen presently (to 66.7%). This is
consistent with the anatomical evidence that the RMTg acts as a GABAergic
intermediary between the LHb and midbrain DA neurons (Omelchenko, et al., 2009;
Brinschwitz, et al., 2010; Balcita-Pedicino, et al., 2011; Bourdy, et al., 2014), by
providing functional evidence of this intermediary role.

Though a significant reduction in inhibition did occur with RMTg lesions, we did
not see a complete block of inhibition, which immediately begs the question of why a
small amount of inhibition would remain. This could be due to incomplete lesions, which
is almost certainly a possibility since there were still cells present in the RMTg following
QA application (Figures 5.4, 5.5). Until a more specific means of lesioning or
inactivating the RMTg is developed, this possibility cannot be explored. Also, though the
RMTqg is considered the primary candidate for inhibition of DA neurons via LHb
stimulation, it is known that the LHb projects to other areas that may also provide
inhibitory input to midbrain DA neurons. Finally, the shortened inhibitory effect may be
the result of intrinsic SN/VTA GABA neurons. Though LHb axons only sparsely synapse
with GABA neurons in the VTA we found in the previous chapter a rather robust direct

Hb-induced excitation in VTA non-DA neurons. In addition, optogenetic activation of
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VTA GABA neurons inhibits the firing rate of VTA DA neurons (Tan, et al., 2012; van
Zessen, et al., 2012), produces conditioned place aversion (Tan, et al., 2012), and inhibits
reward consumption (van Zessen, et al., 2012).

Although the demarcation between VTA and RMTg GABA neurons may be
unclear, one possibility is that immediate inhibition of DA neurons following LHb
activation is a function of intrinsic GABA neurons (0 — 50 ms, and seen in both the sham
and lesioned group) while sustained inhibition is a function of RMTg GABA neurons (50
— 100 ms and seen only in the sham group). While admittedly speculative, this might
explain the finding that current reduction only decreased LHb-induced duration of
inhibition in the sham operated group, a possibility if two different inhibitory sources
with differing sensitivity to reduction in LHb stimulation were both involved in the
inhibition of DA neurons. It is interesting to note that we do not see a switch from LHb-
induced DA inhibition to excitation following RMTg lesion, which would block GABA
input only from the RMTg, while Ji and Shepard (2007) found that LHb stimulation had
an excitatory effect on some DA neurons in the presence of GABA(A) receptor
antagonists, which would block GABA(A) receptor action from all sources. This result
would also be consistent with an intrinsic source of GABAergic inhibition that remains in
the RMTg lesion preparation. Thus, the RMTg preparation would allow diminished, but
continued, inhibition of DA neurons, while GABA antagonist preparation would block all
GABA(A) receptor mediated inhibition and unmask a direct excitatory effect of LHb
stimulation on DA neurons. Future work will be needed to identify the role, if any,

intrinsic GABA neurons play in DA inhibition.
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Though not a goal of the present study, we also discovered that DA neurons from
RMTqg lesioned rats have a more regular firing pattern with fewer bursting cells than their
sham operated counterparts. The mechanism by which such change in firing pattern may
occur is uncertain. One possibility is that damage to nearby structures may account for
the change in firing pattern. The serotonergic MRn lies along the midline between the
bilateral RMTg and is partially lesioned in our rats, though not to the same extent as the
RMTg. Alterations in serotonin receptor activation or availability affects the firing
patterns of midbrain DA neurons (Chenu, et al., 2013; Dremenchov, et al., 2009; Lejeune
and Millan, 1998). However, anatomical studies have shown that midbrain DA neurons
receive serotonergic projections from the DRn rather than MRn (Vertes, 1991; Vertes et
al., 1999) making it unlikely that changes in DA firing rate observed in the present study
are a result of neuronal loss in the MRn. The PPTg lies directly lateral to the RMTg,
projects to midbrain DA neurons, and stimulation of this area produces bursting activity
in midbrain DA neurons (Floresco, et al., 2003; Lokwan, et al., 1999). Thus, the loss of
PPTg neurons could explain the loss of burst firing seen presently. However, the median
neuronal loss in this area was less than 10%, limited to the most medial aspect of the
PPTg, and is likely overestimated since cell counts were conducted only on the most
rostral portion of the PPTg. Furthermore, the correlation between the CV of ISI and
degree of PPTg neuronal loss in the present study was effectively non-existent.
Consequently, it is unlikely that alterations in DA firing patterns seen here result from a
loss of PPTg input.

A second possibility is that the loss of tonic GABA release from RMTg lesions

leads to activation of another brain area that then leads to changes in DA firing pattern.
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For example, the RMTg projects to the DRn (Jhou, et al, 2009a) and stimulation of the
DR alters the firing pattern of midbrain DA neurons (Gervais and Rouillard, 2000),
making a change in DRn neuronal activity resulting from the loss of tonic RMTg input
one possible mechanism by which the increase in pacemaker activity was seen presently.

A third possibility is that the loss of GABAergic input from RMTg lesions has an
effect either directly on DA neurons, through a compensatory mechanism such as
upregulation of GABA receptors, or indirectly on terminals presynaptic to DA neurons.
Although the loss of GABAergic input specifically from the RMTg to midbrain DA
neurons has not been studied extensively, the effect of GABA receptor blockade on DA
firing patterns in the SN/VTA has. Local administration of the GABA(A) receptor
antagonist bicuculline, via passive ejection from glass recording electrodes in vivo,
reliable induces burst firing activity in nearly all recorded SNc DA neurons (Ji and
Shepard, 2007; Paladini and Tepper, 1999; Tepper, et al., 1995), as does muscimol-
induced inhibition of the RMTg (Bourdy, et al., 2014), an effect opposite to what was
seen here with RMTg lesions. However, locally applied GABA(B) receptor antagonists
increase the prevalence of pacemaker activity in midbrain DA neurons (Paladini and
Tepper, 1999; Tepper, et al., 1995), similar to the present finding. This raises the
possibility that tonic RMTg activity has an as yet unidentified secondary effect on DA
basal firing patterns via action on GABA(B) receptors. Further work is necessary to test
these possible mechanisms by which tonic RMTg activity may regulate DA firing
patterns.

Changes in the activity of the DA system produce unique behavioral phenotypes

pertinent to the study of depression (Nestler and Carlezon, 2006). Since animal models
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for the study of depression are often stress mediated (Krishnan and Nestler, 2011),
tracking the changes in DA activity to those stressors may offer clues to the etiology and
treatment of depression. Increased burst firing following stressor exposure is a
phenomenon that occurs both in VTA (Anstrom and Woodward, 2005; Chaudhury, et al.,
2012; Fabricius, et al., 2010; Moore, et al., 2001; Razzoli, et al. 2013; see, however, Tye,
etal., 2012) and SN (Moore, et al., 2001) DA neurons. This does not necessarily translate
into overactivation of the DA system as a whole, as chronic stressor exposure decreases
the number of spontaneously active DA neurons in the VTA (Chang and Grace, 2014;
Valenti, et al., 2012) and SN (Moore, et al., 2001). Consequently, increased or decreased
activation of a particular DA neuron, as measured by DA release, may depend upon the
stressor type, severity, and area to which that neuron projects. For example, DA efflux is
increased in the ventral striatum following social defeat (Anstrom, et al., 2009; Tidey and
Miczek, 1996), and foot shock (Castro and Zigmond, 2001; Keefe, et al., 1993);
decreased in the ventral striatum following chronic social defeat (Miczek, et al., 2011),
chronic foot shock (Mangiavacchi, et al., 2001), and forced swim (Rosetti, et al., 1993;
Yadid, et al., 2001); and increased in the PFC following social defeat (Tidey and Miczek,
1996) and forced swim (Jordan, et al., 1994). More consistent, though, is the effect
antidepressant treatments have on DA activity. Increased spontaneous activity of DA
neurons is seen with tricyclic antidepressants (Friedman, et al., 2008; West and Weiss,
2011), serotonin/norepinephrine reuptake inhibitors (Linner, et al., 2001; West and
Weiss, 2011), electroconvulsive shock (Tsen, et al., 2013; West and Weiss, 2011), and

the rapid-acting novel antidepressant ketamine (Belujon and Grace, 2014).
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The present study showed that RMTg lesions decrease the number of DA neurons
expressing bursting activity. RMTg lesions also decrease the potential of midbrain DA
neurons to be inhibited, increasing the likelihood that midbrain DA neurons will remain
spontaneously active in response to environmental stressors. These two effects of RMTg
lesions on midbrain DA neurons could potentially counteract the effects of stress
exposure in an animal model of depression. Furthermore, decreased duration of VTA DA
firing rate inhibition has been correlated with decreased physiological responses
associated with fear (Mileykovskiy and Morales, 2011), LHb inactivation reduces
anxiogenic behavior (Gill, et al., 2013), and RMTgq lesioned rats manifest diminished fear
associated behaviors in conditioned-fear and passive avoidance tasks (Jhou, et al.,
2009b). Consequently, one would posit that the decreased fear response known to
accompany RMT(g lesions in rats would have a protective effect in the development of
depressive phenotypes in stress-mediated animal models such as learned helplessness.

The experiment in the next chapter will test this hypothesis.
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CHAPTER 6: LHb STIMULATION AUGMENTS AND RMTg LESION

INHIBITS THE DEVELOPMENT OF LEARNED HELPLESSNESS

6.1 Introduction

Activation of the LHb following exposure to aversive stimuli has been
demonstrated under a variety of conditions. Noxious stimuli increase the firing rate of
LHb neurons (Benabid and Jeaugey, 1989; Dong, et al., 1992; Gao, et al., 1996; Shen, et
al., 2012). cFos production in the LHb occurs during exposure to aversive stimuli such as
extinction from heroin (Zhang, et. al., 2005) and cocaine (Mahler and Aston-Jones,
2012), restraint stress (Chastrette, et al., 1991; Wirtshafter, et al., 1994), predator stress
(Bowen, et al., 2013), footshock (Chapter 3), and as the result of the administration of
seizure inducing pentylenetetrazol (Del Bel, et al., 1998) or the anxiogenic beta-carboline
(Kurimaiji, et al., 2003). In addition LHb metabolic activity is elevated following
formalin injection, restraint stress, and inescapable foot shock (Brown, et al., 1996;
Mirrione, et al., 2014).

From these studies, it is hypothesized that increased activity in the LHb plays a
role in aversive motivational signaling, identifying outcomes that are undesirable and to
be avoided. In support of this, electrical stimulation of the LHb interferes with sucrose
self-administration (Friedman, et al., 2011), cocaine seeking (Friedman, et al., 2010),
shock avoidance (llango, et al., 2013) and eye saccades performed for liquid reinforcers
(Matsumoto and Hikosaka, 2011), suggesting that fictive LHb activation decreases the
behavior-outcome contingency strength of what are normally reinforced behaviors. Other
work has demonstrated that activation of the LHb is frankly aversive. Continuous

optogenetic stimulation of the LHb at 60 Hz is sufficient to produce behavioral avoidance
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in mice (Stamatakis and Stuber, 2012), and phasic optogenetic stimulation of VTA
projecting LHb neurons at 30 Hz produces conditioned place aversion (Lammel, et al.,
2012). Given this, it is reasonable to conclude that animal models that make use of
aversive stimuli and stress to cause a particular behavioral phenotype may be perturbed
by alteration of LHb activity.

A common factor in the development of depression is the experience of stress
precipitated by an acute severe life event (Kendler, et al., 1999; Kendler, et al., 2004;
Kessler, 1997; Muscatell, et al., 2009) or chronic aversive stressors (Hammen, et al.,
1992; Hammen, 2005; Rojo-Moreno, et al., 2002). Consequently, to study particular
aspects of the psychopathology of depression, stress-mediated animal protocols that
result in physiological and behavioral outcomes that mimic those seen in depression have
been developed (Fernando and Robbins, 2011; Krishnan and Nestler, 2011; Willner,
1984). A number of findings demonstrate a role for the LHb in the development of a
depressive phenotype. The behavioral endpoints produced by several animal models can
be blocked by lesion (Amat, et al., 2001; Yang, et al., 2008a), high frequency stimulation
induced inactivation (Li, et al., 2011; Meng, et al., 2011), and pharmacological
inactivation (Nair, et al., 2013; Winter, et al., 2011) of the LHb. Inversely, the
development of learned helplessness correlates with increased LHb activity during stress
exposure (Mirrione, et al., 2014), and metabolic activity in the LHb is higher in both
selectively bred congenitally helpless rats (Shumake, et al., 2003) and standard breed rats
exposed to stress (Caldecott-Hazard, et al., 1988). This association between increased
LHb activity, stress, and depressive phenotypes may result from downstream effects on

monoaminergic brain regions.
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While serotonin is often the main neurotransmitter associated with the onset and
treatment of depression (Albert and Benkelfat, 2013; Albert, et al., 2012), recent evidence
has implicated DA in depression as well (Dunlop and Nemeroff, 2007; Nestler and
Carlezon, 2006). The firing pattern of DA neurons can be altered to either induce or
prevent the development of a depressive phenotype in stress-mediated animal models
used for studying depression (Chaudhury, et al., 2012; Tye, et al., 2012). Metabolic
activity in the VTA is decreased in congenitally helpless rats (Shumake, et al., 2003).
Stressors decrease the population of spontaneously active midbrain DA neurons (Chang
and Grace, 2014; Moore, et al., 2001; Valenti, et al., 2012), and, in contrast, anti-
depressant administration increases spontaneous activity of midbrain DA neurons
(Belujon and Grace, 2014; Friedman, et al., 2008; Linner, et al., 2001; West and WEeiss,
2011). Since both midbrain DA neurons and the LHb play a role in the development of a
depressive phenotype, and LHb activation can inhibit DA firing rates, it is reasonable to
posit that alteration of LHb neurotransmission will subsequently alter the development of
these depressive phenotypes.

To test the hypothesis that altering the LHb-RMTg-midbrain DA circuit would
alter the development of a depressive phenotype, we conducted two experiments. First,
rats were exposed to low-frequency LHb electrical stimulation concurrent with, and only
concurrent with, exposure to inescapable shocks in the learned helplessness procedure.
The advantage of this procedure for the present experiment is the limited time frame and
physical space of stressor exposure, which allows for easy use of the head mounted
cables necessary for LHb stimulation. Second, we exposed both RMTg lesioned and

sham operated rats to the learned helplessness procedure. We predict that the shuttle-box
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escape deficit seen 24 hours following shock exposure will be augmented in rats exposed
to LHb stimulation relative to controls. Conversely, we predict that the shuttle-box escape

deficit will be mitigated in RMTg lesioned rats due to interruption of LHb transmission.

6.2 Methods

Animals. Seventy-nine male Sprague-Dawley rats (250-350 g; Charles River,
Wilmington, MA) were delivered to the animal facilities at the Maryland Psychiatric
Research Center and maintained on a 12:12 hr light:dark cycle with food and water ad
libitum. Rats acclimated for two to seven days before undergoing surgery. Coordinates
for electrode implantation and QA lesion were taken from Paxinos and Watson (2007).
This study was conducted in strict accordance with recommendations in The Guide for
the Care and Use of Laboratory Animals (Committee for the Guide for the care and use
of laboratory animals, 2011). All procedures were approved by the University of

Maryland School of Medicine Institutional Care and Use Committee.

Experiment 1: LHb stimulation. Thirty-five rats (17 naive, 10 sham, 7
stimulation, and 1 for LHb stimulation parameter determination) were used for the LHb
stimulation experiment.

Surgical implantation of LHb probes. At the time of surgery, rats assigned to the
sham and stimulation group were anesthetized with halothane (1.5-3% in 100% O,) to the
point of non-responsiveness to a toe pinch and maintained at that level throughout the
procedure. A feedback controlled heating pad was used to maintain body temperature at
36° C. Rats were mounted in a stereotaxic instrument (David Kopf Instruments, Tujunga,

CA) using atraumatic ear bars and two small burr holes were drilled through the skull
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above and lateral to the LHb (AP: —3.8 mm; ML: +/—3.6 mm) before retracting the dura.
Two monopolar electrodes (MS303-3A; Plastics One, Roanoke, VA) were lowered
bilaterally to a point just lateral to the LHb (DV: -5.5 at 20°). Electrodes were fixed with
dental cement leaving the threaded connector exposed. All rats were given a minimum of
10 days post-surgical recovery.

Determination of LHb stimulation parameters. Reported baseline firing rates of
LHb neurons that are responsive to noxious stimuli are in the 5 to 10 Hz range (Gao, et
al., 1996; Shen, et al., 2012). Most LHb neurons respond to noxious stimuli with
excitation (Benabid and Jeaugey, 1989; Dong, et al., 1992; Gao, et al., 1996) with
reported firing rates in the 10 to 15 Hz range (Gao, et al., 1996; Shen, et al., 2012).
Consequently, using a frequency range of 10 to 20 Hz to mimic firing rates seen during
application of aversive stimuli, we empirically determined a stimulation pattern that
would lead to nearly complete inhibition of midbrain DA neurons, and have an inhibitory
effect on DA firing limited to the period of stimulation. Extracellular recordings of SNc
DA neurons from one surgical rat with implanted LHb probes were conducted (see
Chapter 5 for detailed extracellular methodology). Biphasic square wave pulses (1.0 mA,
150 us) were applied such that one lead from each electrode acted as a pole for current
passage. This limited current spread to brain areas between the two electrodes, which
included the LHb. At both 10 and 20 Hz, electrical stimulation significantly inhibited the
firing rate of DA neurons (Kolmogorov-Smirnov test, D = 0.562 and 0.925 respectively,
both p < 0.05; Figure 6.1). Since inhibition was not complete under 10 Hz, we chose 20

Hz for the stimulation frequency in the learned helplessness procedure.
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Figure 6.1 — Effect of 10 Hz and 20 Hz Hb stimulation on the firing rate of an
SNc DA neuron. (A) Extracellular recording of the firing rate of a DA neuron during
stimulation of the Hb at 10 Hz (left) and 20 Hz (right). Black bars represent the
periods of stimulation. At both frequencies, the DA neuron was inhibited, though the
inhibition was more apparent at 20 Hz. (B) Distribution of firing rate for each 1 s bin
as a cumulative fraction during baseline firing (solid line) and Hb stimulation (dashed
line). Stimulation at both 10 Hz (left) and 20 Hz (right) inhibited the firing rate of the
DA neurons as evidenced by a leftward shift in the cumulative fraction curve, a shift
that was significant at each frequency (Kolmogorov-Smirnov test, D = 0.562 (10 Hz)
and 0.925 (20 Hz), both p < 0.05).
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Learned helplessness procedure. The shock environment was a two chamber
shuttle-box (21x21x16 cm; Med Associates, St. Albans, VT) configured to deliver
scrambled shocks to metal floor bars. The chamber was equipped with four pairs of
parallel horizontal infrared photobeams positioned 3 cm above the floor and 12 cm apart.
On day one induction, the two head mounted electrodes on the rat were connected via
two cables to a constant current generator (Isolated Pulse Stimulator Model 2100, A-M
Systems, Carlsborg, WA) and rats were then placed in one side of the two chamber
shuttle-box and exposed to a modified version of learned helplessness induction
(Shirayama, et al., 2002; Vollmayr and Henn, 2001) receiving 120, 0.8 mA shocks
(pseudo-random duration of 5 to 15 s) across a 40 minute session. Biphasic square wave
pulse trains (1.0 mA, 150 ps, 20 Hz) were applied concurrent with, and only with, the
foot shock in the LHb stimulation group. Rats in the sham group were attached to the
cables but received no LHb stimulation. A third naive group was exposed to foot shock
without having undergone electrode implantation. At the end of the session all rats were
returned to their home cage and the shock box was wiped clean with 70% ethanol.

On day two, a two-way shuttle-box escape task was performed. All rats were
tested in the same two chamber shuttle-box used on day one. Rats, without cable
attachments to the head mount, were place on one side of the shuttle-box at the beginning
of the session. To reiterate, rats received LHb stimulation only during day one induction,
not on day two. Each trial began with a 3 s tone during which time a door (9 cm wide by
11 cm high) opened between the two chambers of the shuttle-box allowing the rat to
freely move to the other side. At the termination of the tone, current (0.8 mA) was

applied to the floor grid for a maximum of 17 s. If the rat crossed to the other chamber,
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measured by the breaking of the far photobeam array, the shock was terminated, the door
closed, and the trial was scored as an escape. If the rat did not cross before the maximum
shock period the shock was automatically terminated, the door closed, and the trial was
scored as an escape failure. In some cases the rat crossed prior to the shock application, in
which case the door closed and the trial was scored as an avoid (Figure 6.2).
Confirmation of electrode placement. Following behavioral testing, rats were
deeply anesthetized and lesions made at the tips of each implanted electrode (0.35mA,
DC, 16 s; Isolated Pulse Stimulator Model 2100; A-M Systems, Carlsborg, WA). Brains
were removed, flash frozen in cooled isopentane, and cut on a cryostat. Sections were
slide mounted, cresyl violet stained, and the electrode tip locations were determined by
visual inspection under a microscope. A hypothetical straight line between the two
electrode tips, representing the most direct current path, indicated the brain areas most
likely to receive electrical stimulation. Only rats for which the LHb lay along that path

were included in the study.

Experiment 2: RMTg lesion. Forty-four rats (18 sham and 26 lesion) were used
for the RMT(q lesion experiment. Eleven of these rats (6 sham and 5 lesion) were
subsequently used in the results from recording experiments from Chapter 5.

RMTg lesion surgery. Surgical procedures used to lesion the RMTg were identical
to those used in Chapter 5. Four rats in the sham operated group were given the same
pentobarbital treatment as the RMTg lesioned rats, while the remaining 14 rats were
allowed to wake normally. Rats were allowed to recover for 6 to 11 days before

behavioral testing.

125



A B Start

B
Arrival 2
I--“- Avoid or ...
[T
2-7 days -
-
)
=1 F —
Surgery E ' m
E
=
z6d E |
z6days E
~ Escapeor...
=7
m | =
e
Day ene induction oo x
120 Inescapable shocks o i 9 &<
0.8mA,5-15s a8 1w
i
i
24 hr I
|
Daytwoescapetask |  ~°°°7° Escape Failure
30 Escape trials T,E
0.8 mA, max1l7s =
%
o
o

Figure 6.2 — Schematic drawing of experiment timeline and possible outcomes in
the shuttle-box escape task. (A) Timeline of the experiment. All surgical rats were
given a minimum 6 day recovery period prior to the two day learned helplessness
procedure. (B) Timeline of escape trial. Before each trial, the rat was confined to one
side of the shuttle-box. Each of the 30 escape trials begins with a 3 s tone (green line),
during which the door separating the two chambers opened, followed by a 14 s shock
period (red line). Only three behavioral outcomes were possible: (a) a cross during the
tone period would prevent the shock from occurring, close the door, terminate the
trial, and be scored as an avoid, (b) a cross during the shock period would terminate
the shock, close the door, terminate the trial, and be scored as an escape, or (¢) no
cross during the 17 s trial period would close the door and be scored as an escape
failure.
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Learned Helplessness. The procedure used for induction and testing of learned
helplessness was identical to that used for the LHb stimulation experiment with some
minor alterations. None of the rats in the RMTg lesion experiment had head mounts for
cable attachment or received LHb stimulation during the learned helplessness procedure.
On the day two escape task, all rats in the RMTg lesion experiment were initially exposed
to 30 inescapable pre-shocks (parameters identical to day one induction shocks) before
testing on the shuttle-box escape task. This addition increases the probability of escape
failures and is used to prevent a floor effect if the experimental manipulation is expected
to decrease the probability of escape failures (Shirayama, et al., 2002)

RMTg lesion confirmation. Procedures used to section brains, immunostain
sections for the presence of NeuN, and conduct cell counts in the RMTg, MRn, and PPTg
were identical to those used in Chapter 5. Cell counts in a sample of lesioned rats (n = 12)
were compared to the mean cell counts for sham operated rats (n = 4; identical to sham

group in Chapter 5), and quantified as a percentage of neuronal loss.

Statistical Analysis. Locomotor activity on day one induction as measured by
beam breaks was analyzed using a two-way (group by trial block [20 trials/block])
repeated measures ANOVA. Performance on the day two escape task were assessed by a
standard procedure (Shirayama, et al., 2002; VVollmayr and Henn, 2001). Total escape
failures on the day two escape task were used to categorize which rats exhibited learned
helplessness. A escape failure based definition of learned helplessness (20 or more escape
failures out of 30 trials) rather than an escape-latency based definition was adopted as this

produces fewer false positives in animals not previously exposed to inescapable shock
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(Vollmayr and Henn, 2001). Groups were compared for prevalence of learned
helplessness (Fisher’s exact test). The distribution of escape failures across the thirty trial
shuttle-box escape task was analyzed using a two-way (group by trial block [5
trials/block]) repeated measures ANOVA. Due to the correlation between locomotor
activity on day one induction and escape performance on the day two escape task
(Balleine and Job, 1991; Kirk and Blampied, 1985), and the predicted group differences
in performance on the day two escape task, planned group comparisons were conducted
with Fisher tests. ANOVA with post-hoc Fisher tests were conducted on all other

sampled data. All data are expressed as the arithmetic mean * standard error of the mean.

6.3 Results

Experiment 1: LHb stimulation. Locomotor activity during shock exposure on
day one induction is shown in Figure 6.3A. A two-way repeated measures ANOVA
(group by trial block) on the number of beam breaks during shock exposure showed a
significant block effect (F(5,155) = 11.959, p < 0.05) with fewer beam breaks occurring
in later trial blocks. The group effect fell short of significance (naive vs. sham vs. 20 Hz:
315.5 vs. 299.9 vs. 186.5 beam breaks; F(2,31) = 2.847, p > 0.05) and the interaction
effect was not significant (F(10,155) =1.315, p > 0.05). Planned comparisons showed the
20 Hz group had significantly fewer beam breaks than both the naive and sham groups
during trial block one, and significantly less than the naive group during trial block six
(Fisher, p < 0.05). Between shocks, rats tended to have a constant level of locomotor

activity without group differences (Figure 6.3B). Analysis showed no significant effects
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Figure 6.3 — Locomotor activity during exposure to the learned helplessness
induction procedure with LHb stimulation. (A) Number of beam breaks during
shock exposure across 120 shock trials aggregated into six blocks of 20 trials each for
naive (green squares), sham (red squares), and 20 Hz LHb stimulation (gray squares)
rats. There was an overall significant decrease in locomotor activity over the course of
120 foot shocks. Rats given concurrent LHb stimulation had significantly less
locomotor activity than both naive and sham rats (* and # , Fisher p < 0.05) at the
beginning and end of the session. (B) Beam breaks between shocks. There was no
significant effect of trial block on locomotor activity between shock exposures, nor
were there any significant group differences.
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of trial block (F(5,155) = 1.612, p > 0.05), group (F(2,31) = 0.408, p > 0.05), or their
interaction (F(10,155) = 0.798, p > 0.05).

For the day two escape task, rats in the 20 Hz group were more likely to be
categorized as helpless (85.7%, 6 of 7) than rats in the naive (29.4%, 5 of 17) or the sham
(30.0%, 3 of 10) groups (Figure 6.4A). The overall distribution of helplessness was
significantly different between groups (Fisher’s exact test, p = 0.040) with the 20Hz
group having a greater proportion of helpless rats than the naive group (p = 0.023) and
sham group (p = 0.049). The observed frequency of rats exhibiting learned helplessness
did not differ between the naive and sham groups (Fisher’s exact test, p = 1.000). There
was a negative correlation, though it did not reach significance, between total number of
beam breaks on day one induction and number of day two escape task failures (Pearson’s
r(32) = -0.232, p > 0.05).

A two-way repeated measures (group by trial block) ANOVA on escape failures
across the thirty trials of the shuttle-box escape task confirmed a group effect (naive vs.
sham vs. 20 Hz: 1.9 vs. 1.7 vs. 4.3 escape failures/block; F(2,186) = 24.271, p < 0.05;
Figure 6.4B). The 20 Hz group had significantly more escape failures overall than both
the sham and naive groups (Fisher, p < 0.05) which did not significantly differ from each
other. The effect of block (F(5,186) = 0.555, p > 0.05) and the block by group interaction
(F(10,186) = 0.206, p > 0.05) were not significant. Further post- hoc testing showed that,
with the exception of block one, the 20 Hz stimulation group had significantly more

escape failures than sham and naive rats at each time point (Fisher, p < 0.05).
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Figure 6.4 — LHb-stimulation rats have an augmented escape deficit in the
shuttle-box escape task. (A) Distribution of escape failures in the shuttle-box escape
task for naive (green), sham (red), and 20 Hz LHb stimulation (gray) rats. There is a
general bimodal distribution with rats exhibiting either learned helplessness (20 or
more escape failures, dashed line) or resilience during the escape task. The prevalence
of learned helplessness was higher in LHb stimulation ratscompared to both naive and
sham rats (Fisher-Irwin exact, p = 0.023 and 0.049 respectively). (B) Number of
escape failures out of 30 trials by trial block for naive (green squares), sham (red
squares), and 20 Hz LHb stimulation (gray squares) rats. There was a significant
group difference in the number of escape failures. LHb stimulation rats had
significantly more escape failures than both naive and sham rats during all but the first
trial block (* and #, Fisher p < 0.05).
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Experiment 2: RMTg lesion. A comparison of sham operated rats treated with or
without pentobarbital during surgery showed no significant group differences in:
locomotor activity during shock on day one induction (283.9 = 58.5 vs. 294.5 + 32.4
beam breaks; F(1,15) = 0.025, p > 0.05); locomotor activity between shocks on day one
induction (245.1 + 46.8 vs. 161.1 + 26.0 beam breaks; F(1,15) = 2.465, p > 0.05); total
locomotor activity on day one induction (529.0 £+ 100.6 vs. 455.6 + 55.8 beam breaks;
F(1,15) = 0.407, p > 0.05); or total escape failures on the day two escape task (2.7 £ 1.0
vs. 2.2 £ 0.5 escape failures per block; F(1,16) =0.191, p > 0.05). Consequently, data
from both groups were collapsed into a single sham group.

Median RMTg neuronal loss in lesioned rats was 62.0% (IQR 48.8% to 66.1%).
NeuN cell counts within the RMTg were significantly reduced in lesioned rats relative to
their sham counterparts overall (F(1,11) = 52.621, p < 0.05; n’s =9 [QA] and 4 [sham])
and at each of the six AP coordinates (Fisher, p < 0.05; Figure 6.5A). Neuronal cell
counts in the MRn were also significantly reduced relative to sham operated controls
(F(1,14) =6.772, p < 0.05; n’s = 12 [QA] and 4 [sham]; Figure 6.5B); however, neuronal
loss in the MRn was less extensive than in the RMTg (Median 29.9%, IQR 23.2% to
38.5%). In contrast, median PPTg neuronal loss was minor at 5.8% (IQR 1.1% to 12.7%),
confined to the most medial portion of the nucleus, and not significantly different from
sham counterparts (F(1,14) = 0.364, p > 0.05; n’s = 12 [QA] and 4 [sham]; Figure 6.5C).
Neuronal loss in the RMTg was correlated, though not significantly, with neuronal loss in
the PPTg (Pearson’s r(7) = 0.38, p > 0.05), but strongly correlated with neuronal loss in

the MRn (Pearson’s r(7) = 0.70, p < 0.05).

132



A 500

" —@- Sham
g 400 | O~ RMTg lesion
5
o
c 300
o
=
& 200
2 100
-
0 ) L] L] L L] L]
6.4 6.6 6.8 7.0 7.2 7.4
Distance from Bregma (mm)
B 200 - C 300
e : 2 250
O 150 - g
= ] 200
e ] 2
c 100 -1 o 150
x ] a
— Z A 100
S 50 S
2 ] S 50
'D ] ] L] 0 ] L L) L)
7.2 7.4 6.8 7.0 7.2 7.4
Distance from Bregma (mm) Distance from Bregma (mm)

Figure 6.5 — QA lesions are confined largely to the RMTg of rats undergoing the
learned helplessness procedure. NeuN positive counts lying within the boundaries
of the RMTg (A), MRn (B) and PPTg (C) by approximate distance posterior to
bregma. Sham data (red circles) are identical to Figure 5.5; lesion data (gray circles)
include only those rats run through the learned helplessness procedure. QA greatly
reduced the total number of neurons remaining within the rostral-caudal extent of the
RMTg. Neuronal loss existed within the MRn as well, but to a lesser degree. By
contrast, neuronal counts within the PPTg were virtually the same between sham
operated and QA treated rats.
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Rats that had undergone RMTg lesion had increased locomotor activity during
shock exposure on day one induction compared to their sham counterparts (Figure 6.6A).
A two-way repeated measures ANOVA (group by trial block) on the number of beam
breaks during shock exposure showed a significant block effect (F(5,200) = 18.531, p <
0.05) with fewer beam breaks occurring in later trial blocks. The group effect was also
significant (F(2,31) = 6.003, p < 0.05) with RMTg lesioned rats having more beam
breaks; the interaction effect was not significant (F(5,200) = 0.224, p > 0.05). Planned
comparisons showed the RMTg lesion group had significantly more beam breaks than the
sham group during trial blocks five and six (Fisher, p < 0.05). In contrast, between shocks
rats tended to have a constant level of locomotor activity without group differences
(Figure 6.6B). Analysis showed no significant effects of trial block (F(5,200) = 0.786, p >
0.05), group (F(1,40) = 1.160, p > 0.05), or their interaction (F(5,200) = 0.669, p > 0.05)
on the number of beam breaks between shocks.

For the day two escape task, rats in the RMTg lesioned group were less likely to
be categorized as helpless (11.5%, 3 of 26) than rats in the sham group (33.0%, 6 of 18;
Figure 6.7A), a difference that did not reach significance (Fisher’s exact test, p = 0.1284).
However, a two-way repeated measures ANOVA across the 30 trial session confirmed a
group effect (F(1,210) = 5.281, p < 0.05) with RMTg lesioned rats having significantly
fewer escape failures overall than the sham rats (Figure 6.7B). The effect of trial block
(F(5,210) = 4.94, p < 0.05) was significant with animals overall having fewer escape
failures in later trial blocks. The block by group interaction (F(5,210) = 1.925, p > 0.05)
was not significant. Further testing showed that the RMTg lesioned group had

significantly fewer escape failures than the sham group for the first three trial blocks
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Figure 6.6 — Locomotor activity for RMTg lesioned rats is elevated during but
not between shocks. (A) Number of beam breaks across 120 foot shocks, in six
blocks of 20 shocks each, for sham (red circles) and RMTg lesioned (gray circles)
rats. There was an overall significant effect of trial block on locomotor activity during
shock with rats moving less over the course of 120 footshocks. RMTg lesioned rats
moved significantly more overall than sham rats, with a significant group effect
during the last two trial blocks (*, Fisher p < 0.05). (B) Number of beam breaks
between shocks. There were no significant effects of trial block on locomotor activity
between shock exposures, nor were there any significant group differences.
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Figure 6.7 — RMT(g lesioned rats have a diminished escape deficit in the shuttle-
box escape task. (A) Distribution of escape failures in the shuttle-box escape task for
sham (red) and RMTgq lesioned (gray) rats. There is a general bimodal distribution
with rats exhibiting either learned helplessness (20 or more escape failures, dashed
line) or resilience during the shuttle-box escape task. The prevalence of learned
helplessness was lower, though not significantly, in RMTg lesioned than in sham
operated rats. (B) Number of escape failures out of 30 trials by trial block for sham
(red circles) and RMT(g lesioned (gray circles) rats. There is a significant overall
group difference in the number of escape failures. RMTg lesioned rats had
significantly fewer escape failures than sham operated rats during the first three trial
blocks (*, Fisher p < 0.05).
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(Fisher, p < 0.05). There was a significant negative correlation between total number of
beam breaks on day one induction and number of day two escape task failures (Pearson’s
r(40) = -0.547, p < 0.05).

There was variability in the amount of neuronal loss following QA injection and it
was hypothesized that this may account for some of the variability in performance of the
shuttle-box escape task in RMTg lesioned rats. To investigate this, a correlation between
the extent of RMTg lesion and total number of escapes was calculated. While there was a
positive correlation, escapes increased as lesion extent increased, it did not reach
significance (Pearson’s r(7) = 0.651, p = 0.06). Correlations between escapes and the
extent of neuronal loss in the MRn (Pearson’s r(10) = 0.249) and PPTg (Pearson’s r(10) =

0.360) were not significant (both p > 0.05).

6.4 Discussion

In the present experiment, low frequency stimulation of the LHb concurrent with
inescapable foot shock augmented the prevalence of an escape deficit in the learned
helplessness procedure. There is increasing evidence that inactivation of the LHb
impedes the development of a depressive phenotype in several animal models used for
the study of depression. Inactivation of the LHb blocks behavioral despair in a manner
similar to the administration of anti-depressants (Nair, et al., 2013). Blocking Hb
neurotransmission in rodents via Hb lesion blocks the development of learned
helplessness (Amat, et al., 2001), and behavioral despair (Yang, et al., 2008a), as does
high frequency stimulation-induced inactivation of the LHb (Li, et al., 2011). The

depressive phenotype induced by chronic mild stress is also blocked by stimulation-

137



induced inactivation of the LHb (Meng, et al., 2011). Pharmacological inhibition of the
LHb improves depressive-like behavior in congenitally helpless animals (Winter, et al.,
2011). Additionally, congenitally helpless rats show elevated Hb metabolic activity
(Shumake, et al., 2003), as do standard bred rats exposed to chronic stress (Caldecott-
Hazard, et al., 1988). Finally, Hb activity during learned helplessness induction correlates
with the development of learned helplessness (Mirrione, et al., 2014). In summary,
blocking the normal activity of the LHb blocks the development of depressive
phenotypes in stress mediated animal models for the study of depression. Our finding that
activation of the LHb augments the development of a depressive phenotype is consistent
with and complements this literature.

Conversely, RMTg lesions in the present study attenuate the escape deficit in the
learned helplessness model. Previous work has shown that inhibition of the LHb
attenuates escape deficits in learned helplessness (Amat, et al., 2001), behavioral despair
in the forced swim test (Nair, et al., 2013), and a depressive phenotype induced by social
defeat stress in mice (Meng, et al., 2011). It seems reasonable to conclude that lesions of
the RMTg, which is heavily innervated by LHb efferents (Jhou, et al., 2009b; Kaufling, et
al., 2009), not only has an effect on stress-mediated models of depression similar to
blocking LHb neurotransmission, but has its effect precisely because it is blocking LHb
neurotransmission. Furthermore, given that RMTg lesions attenuate LHb-stimulation
induced inhibition of midbrain DA neurons (Chapter 5) and that changes in DA activity
are involved in the development of a depressive phenotype (Dunlop and Nemeroff, 2007,

Nestler and Carlezon, 2006), it is possible that more specifically the blockade of LHb
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neurotransmission to midbrain DA neurons is responsible for the attenuated effect of the
learned helplessness procedure in RMTg lesioned rats.

Diagnostic criteria for depression include, but are not limited to: decreased
interest or pleasure in most activities; weight loss or gain; sleep disturbances;
psychomotor agitation or retardation; diminished ability to think or concentrate; and
impaired social function (DSM IV-TR; American Psychiatric Association, 2000). Animal
models produce one, or sometimes several, analogues of these criteria. Chronic mild
stress in rodents produces anhedonia, quantified by decreased preference for sucrose, as a
primary behavioral outcome, though this procedure also elicits decreased weight gain and
abnormal sleep patterns (Willner, 1997). Forced swim increases immobility time, also
known as behavioral despair, in rodents (Porsolt, et al., 1977a,b). Originally attributed to
a lowered mood state, this may be seen as a form of psychomotor retardation as rats
selectively bred to show low swimming behavior in forced swim also show decreased
home cage motor activity (Weiss, et al., 1998). Social defeat, exposure to an aggressive,
dominant conspecific animal, results in decreased social contact (Meerlo, et al., 1996b),
memory impairments (Krugers, et al., 1997), and decreased open field activity (Meerlo,
et al., 1996a,b). The phenotypes expressed by these models are diminished or blocked by
antidepressants from a variety of classes. Chronic mild stress effects are diminished by
tricyclics, MAO inhibitors, and SSRIs (Willner, 1997). Social defeat effects are mitigated
by tricyclics and SSRIs (Berton, et al., 2006; Kramer, et al., 1999). Behavioral despair is
also reduced by the administration of tricyclics, MAO inhibitors (Porsolt, et al., 1977a,b),
and, with a modified test apparatus and scoring criteria, SSRIs (Detke and Lucki, 1996).

This predictive validity is advantageous for studying aspects of depression.
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The present study made use of a classic model for the study of depression, the
learned helplessness model (Seligman and Beagley, 1975; Seligman and Maier, 1967;
Seligman, et al., 1968). In this model exposure to inescapable shock produces escape
learning deficits, an effect that is termed learned helplessness and one that generalizes to
other inescapable stressors (Altenor, et al., 1977; Brown, et al., 2001). In addition to
producing escape learning deficits, inescapable shock during learned helplessness
induction also reduces locomotor activity (Drugan and Maier, 1982; Van Dijken, 1992;
Weyers, et al., 1989), social interaction (Haller and Bakos, 2002; Short and Maier, 1993),
consumption of highly palatable food (Griffiths, et al., 1992; Minor, et al., 1994), and
increases immobility in a forced swim test (Prince and Anisman, 1984; Weiss, et al.,
1981). Rats selectively bred to develop learned helplessness work less for sucrose
delivery (Vollmayr, et al., 2004) and exhibit decreased sucrose consumption in response
to stress (Enkel, et al., 2010), two measures of anhedonia. That the learned helplessness
procedure produces phenotypes in animals that mimic several of the criteria for the
diagnosis of depression, and that learned helplessness can be blocked or diminished by
the administration compounds from the tricyclic, MAO inhibitor, and SSRI classes of
antidepressants (Kametani, et al., 1983; Martin, et al., 1987; Pryce, et al., 2011,
Valentine, et al., 2008) supports its use as a model presently for investigating the
neurobiological underpinnings of depressive phenotypes.

Although lesions in the present experiment were localized to the RMTg and
spared other midline structures, we cannot completely exclude the possibility that lesions
of an adjacent nuclei may be partially responsible for the behavioral effects seen here. It

may be claimed that lesions of the PPTg affect performance on the shuttle-box escape
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task. However, PPTg lesions increase escape failures in two-way avoidance learning
(Satorra-Marin, et al., 2001); in contrast, in the present study QA lesions decrease escape
failures. In addition, the extent of lesions to the PPTg were small (< 10%) and not
significantly correlated with the number of escape failures. A more likely candidate is the
MR, since our surgical procedure significantly decreased neuronal cell counts in this
area (median loss 29.9%). Neurochemical lesions of the MRn induce locomotor
hyperactivity (Martin and van den Buuse, 2008), and our lesions may have produced a
hyperactive rat that is more likely, by chance, to perform better in the shuttle-box escape
task than its unlesioned counterpart. However our lesioned rats did not appear
hyperlocomotive as evidenced by their similar locomotor levels to sham rats during the
periods between shocks on day one induction (Figure 6.6). Alternatively, it is possible
that MRn lesions alter the aversive nature of a stimulus, however it is unclear the effect
MRn lesions have on an animal’s response to aversive stimuli. Both neurochemical and
electrolytic lesions of the MRn have been shown to be anxiolytic in regards to
conditioned fear (Avanzi, et al., 2003), to inhibitory avoidance on the elevated T maze
(Andrade, et al., 2004), and to open arm time on the elevated plus maze (Andrade and
Graeff, 2001). In spite of this, the effect of lesions of the MRn have also been shown to
have an anxiogenic effect on elevated plus maze activity (Netto, et al., 2002), no effect at
all (Thomas, et al., 2000), or both anxiogenic and anxiolytic effects (Andrade, et al.,
1999). Given the known effect of PPTg lesion is opposite to the effect seen presently, the
uncertain behavioral sequelae that result from MRn lesions, the lack of a significant

correlation between MRn or PPTg lesions and number of escape failures, and the fact that
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the MRn and PPTg lesions were far less extensive than RMTg lesions, attributing the
behavioral effects seen here to the lesion of an adjacent structure is tenuous.

While behavioral performance in the shuttle-box escape task is altered in the
present experiments by LHb stimulation and RMT(q lesion, it is still an open question
how these manipulations result in such a behavioral change. One possibility is that
alterations in pain threshold or sensitivity account for the altered behavioral outcomes in
the learned helplessness task seen here. LHb stimulation is known to produce both short-
and long-term analgesia (Cohen and Melzack, 1986; Cohen and Melzack, 1993; Mahieux
and Benabid, 1987; Terenzi, et al., 1990), which may lessen the subjective intensity of
shock during day one induction leading to a decrease in the incidence of learned
helplessness in LHb stimulated rats. However, LHb stimulated rats show an increase in
the incidence of learned helplessness in our experiment (Figure 6.4). Furthermore, LHb
stimulation evoked analgesia is unlikely to have an effect during day one induction as the
parameters necessary to produce short term analgesia are of greater intensity than those
used in the present experiment (Cohen and Melzack, 1986; Cohen and Melzack, 1993),
and the long-term analgesia associated with LHb stimulation does not peak until 80 min
after stimulation (Mahieux and Benabid, 1987), longer than the duration of our day one
induction shock exposure. Conversely, it may be argued that the reappearance of
analgesia commonly seen during re-exposure to foot shock on the day two escape task
(Jackson, et al., 1979; Drugan, et al., 1981) is enhanced in LHb stimulated rats leading to
an increase in escape failures due to indifference to foot shock. However, even if LHb
stimulation induced analgesia were to remain during the day two escape task, the

expression of learned helplessness occurs independent of the presence of analgesia
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(MacLennan, et al., 1982; Mah, et al., 1980). Consequently, it is unlikely that the
augmented escape deficits seen in our LHb stimulated rats result from putative changes in
pain threshold or sensitivity, although it remains to be seen whether RMTg lesioned rats
have altered pain perception.

Another possibility is that alterations to the LHb-RMT(g circuit directly affect the
ability of rats to perform cognitive tasks such as shuttle-box escape. Little work has been
conducted on the role of the RMTg on cognition, but cognitive impairments are seen with
lesions or high frequency stimulation of the LHb (llango, et al., 2013; Lecourtier, et al.,
2004; Lecourtier and Kelly, 2005; Thornton and Evans, 1984), potentially explaining the
results seen presently. However, this is confounded by the fact that exposure to
inescapable shock itself produces cognitive impairments in associative learning tasks
(Lee and Maier, 1988; Rosellini, et al., 1982; Song, et al., 2006). In fact, learned
helplessness is primarily conceptualized as a cognitive deficit resulting from the lack of
contingency between behavior and shock exposure (Drugan and Maier, 1982; Maier,
1970; Pryce, et al., 2011). This is demonstrated by the fact that, in rats that do not initially
display an escape deficit, learned helplessness can be unmasked by increasing the
cognitive difficulty of the shuttle-box escape task (Jackson, et al., 1978). Further work is
needed to determine whether the manipulations undertaken in the present study affect
performance in cognitive tasks, and to dissociate such an effect, if it exists, from the
cognitive impairing effects of inescapable shock exposure.

It is has been established that LHb neurons are activated by aversive noxious
stimuli (Benabid and Jeaugey, 1989; Dong, et al., 1992; Gao, et al., 1996; Shen, et al.,

2012). LHb neurons are also activated by mildly aversive stimuli such as cues that predict
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reward absence (Matsumoto and Hikosaka, 2009) and omission of expected rewards
(Bromberg-Martin and Hikosaka, 2011). Research on brain activity in humans during
reward learning have also shown increased Hb activity when errors or reward omissions
occur (Li, et al., 2008; Salas, et al., 2010; Ullsperger and Von Cramon, 2003). That the
LHb is activated in these situations does not mean that LHb activity is synonymous with
aversion. For example, despite the responsiveness of LHb neurons to painful stimuli,
lesions of the Hb do not alter pain threshold (Mahieux and Benabid, 1987). However,
there is evidence that activation of the LHb is itself aversive, leading to behavioral
avoidance (Lammell, et al., 2012; Stamatakis and Stuber, 2012). This suggests that
activation of the LHb leads to a subjective change in the intensity of the aversive
stimulus, and altering that activity will alter the perceived severity of a stimulus.

While the subjective intensity of shock is difficult to measure in animals,
changing the number, duration, or intensity of shock offers a means to objectively alter
shock intensity in the learned helplessness procedure. Increasing the number of
inescapable shock exposures reliably increases the prevalence of escape deficits in rats
(Looney and Cohen, 1972; Minor, et al., 1994; Shurman and Katzev, 1975). Reducing the
duration of inescapable shocks to 4 s or less, without altering the number or current
intensity, reliably blocks the development of a later escape deficit (Glazer and Weiss,
1976). A current-dependent effect of day one induction shock on the development of
learned helplessness also exists; rats exposed to high current (2.0 mA) on day one show
longer escape latencies on day two than rats exposed to medium current (1.0 mA), low
current (0.4 mA), or no shock, with no detectable difference between the low current and

no shock group (Rosellini and Seligman, 1978). While control over the termination of
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shock is well known to block stress-induced pathologies (Weiss, 1968) and learned
helplessness (Maier and Watkins, 2005), the ability to reduce the current applied during
inescapable foot shock, without the ability to terminate shock completely, also blocks the
development of learned helplessness (Bersh and Alloy, 1978). In sum, as the intensity of
an aversive stimulus decreases so too does its ability to cause learned helplessness.

Conversely, the development of learned helplessness can be predicted by the
locomotor activity of an animal during day one induction: rats that move less during day
one induction show increased escape latencies on the day two escape task (Balleine and
Job, 1991; Kirk and Blampied, 1985), a correlation that was also found in the current
RMTqg lesion experiment. Based on the diminished ability of an aversive stimulus to
induce learned helplessness in RMTg lesioned rats, one might conclude that RMTg
lesioned rats subjectively experience the inescapable shocks as being less severe than
their sham operated counterparts. Furthermore, given that, from the present study, low
frequency LHb stimulation augments learned helplessness while conversely, from an
earlier study, high frequency LHb inactivation blocks learned helplessness (Li, et al.,
2011), one can posit that activation of the LHb-RMTg circuit modulates the perceived
intensity of an aversive stimulus, acting as a gain adjustment, thereby altering the
development of a depressive phenotype.

We have presented experiments in the last four chapters that provide
physiological, anatomical, and behavioral evidence that the LHb-RMTg-midbrain DA
pathway plays a role in the transmission and encoding of motivational properties of

aversive stimuli. In the next chapter, we will summarize our findings, remodel the
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existing circuit, and propose future work that can further elucidate the function of this

system.
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CHAPTER 7: GENERAL DISCUSSION

7.1 Overview

This work began with the stated purpose of elucidating the role of the LHb-
RMTg-midbrain DA circuit in the encoding of the motivational properties associated
with aversive events. Based on a variety of converging evidence it was presumed that
LHb neurons, which are activated by nociceptive stimuli as well as the absence of
expected appetitive events, excite RMTg GABAergic neurons via glutamatergic input,
resulting in the transient suppression of DA cell activity, which is believed to mediate the
avoidance of aversive events. Stimuli with negative valence activate both the LHb (Dong,
etal., 1992; Gao, et al., 1996; Matsumoto and Hikosaka, 2009) and the RMTg (Colussi-
Mas, et al. 2007; Jhou, et al., 2009a; Perotti, et al., 2005) while they inhibit midbrain DA
neurons (Matsumoto and Hikosaka, 2009). The LHb projects sparsely to GABA neurons
within midbrain DA areas (Omelchenko, et al., 2009) but heavily to GABA neurons of
the RMTg (Jhou, et al., 2009b; Kaufling, et al., 2009). Activation of the LHb leads to
potent and nearly universal inhibition of DA neuronal firing (Christoph, et al., 1986; Gao,
et al., 1990; Ji and Shepard, 2007; Matsumoto and Hikosaka, 2007). Inactivation of the
LHb blocks the ability of stress to produce a depressive phenotype (Amat, et al., 2001;
Li, etal., 2011; Nair, et al., 2013) and lesions of the RMTg reduce the development of
freezing and inhibitory avoidance (Jhou, et al., 2009a), while altering the firing pattern of
midbrain DA neurons produces a depressive phenotype in stress mediated animal models
of depression (Chaudhury, et al., 2012; Tye, et al., 2012), suggesting all three areas

regulate the subjective intensity of a stressful or aversive stimulus.
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What was unknown at the start of our experiments was whether these three
individual areas were acting, as suggested by the anatomical data, as a single circuit
necessary for the processing of aversive events. In the course of this dissertation, we have
shown that the LHb-RMTg-midbrain DA circuit acts as a unified pathway for the
encoding of aversive stimuli. Mild foot shock induced cFos activation in the RMTg is
dependent upon Hb input (Chapter 3), demonstrating that the processing of aversive
stimuli in the RMTg depends upon the LHb. Lesions of the RMTg significantly diminish
LHb induced inhibition of midbrain DA firing rate (Chapter 5), demonstrating that
inhibition of DA neurons, which occurs during exposure to aversive stimuli, depends
upon both the LHb and the RMTg. Finally, altering this circuit by activating the LHb or
lesioning the RMT(g respectively increases or decreases the propensity of an animal to

respond to stressful stimuli with a depressive phenotype (Chapter 6).

7.2 Questions raised from our research

From previous research, it was expected that Hb stimulation would primarily lead
to inhibition of midbrain DA neurons (Christoph, et al., 1986; Gao, et al., 1990; Ji and
Shepard, 2007; Matsumoto and Hikosaka, 2007). While our in vivo work (Chapter 5)
confirmed this finding, our in vitro work (Chapter 4) showed a predominately excitatory
effect of Hb efferent stimulation on midbrain DA neurons. There are several possible
explanations for why the inhibitory effect of the Hb on DA neurons was absent, including
developmental dependence of the circuit, loss of circuit fidelity, and the limited
population of DA neurons from which we sampled. There is evidence that Hb efferents
innervate and make synaptic connections onto DA neurons of the VTA (Goncalves, et al.,

2012; Omelchenko, et al., 2009), and that the DA neurons in the area from which we
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recorded respond to aversive stimuli with excitation (Bromberg-Martin, et al., 2010a;
Guarraci and Kapp, 1999) just as LHb neurons do (Matsumoto and Hikosaka, 2009). It is
likely that we recorded from this particular sub-population of midbrain DA neurons.
While previous research had shown that VTA neurons near the fr are excited by fr
stimulation (Matsuda and Fujimara, 1992), we have extended this finding by
neurochemically confirming the DA nature of recorded neurons and determining that the
fr connection is monosynaptic in nature. This finding is consistent with the hypothesis
that some VTA DA neurons convey salience information, and respond to aversive cues
with excitation (Berridge, 2012; Zhang, et al., 2009). Based on the evidence provided in
this experiment, we can hypothesize that the Hb is a source of excitatory input for such
salience signaling neurons.

One aspect of this habenulo-mesencephalic system that has yet to be fully
elucidated is the apparent role of DA release on LHb neuronal activity and its potential
contribution to reward learning. Immunochemistry has shown innervation of the LHbm
by TH axon terminals (Geisler, et al., 2003; Skagerberg, et al., 1984) that originate
primarily from the interfascicular nucleus of the VTA (Gruber, et al., 2007; Phillipson
and Pycock, 1982; Stamatakis, et al., 2013). It should be noted that the LHbm is not only
activated by stressors (Chapter 3) but that there was a trend, though short of significance,
for unshocked, fr lesioned rats to show higher levels of LHbm cFos activation than their
unshocked, sham counterparts (Figure 3.5D). One potential explanation for this effect is
that the loss of DA input via fr lesion might remove a tonic inhibitory influence of DA on

LHb neurons. If this were the case then exposure to any stimulus, even a non-novel
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stimulus such as being placed in a shock box without exposure to subsequent foot shock,
may be enough to elevate cFos production in the LHb.

However, tests of DA action in the LHb so far have been limited and
inconclusive. Kowski, et al. (2008) found that apomorphine, a non-selective DA agonist,
leads to excitation of neurons in particular subnuclei of the LHb. However, the drug was
given peripherally so indirect actions of the drug cannot be ruled out. Shen, et al. (2012)
showed electrical stimulation of midbrain DA neurons induces excitation or inhibition of
LHb pain-responsive neurons depending on whether that stimulation is tetanic or single
pulse respectively. A time dependent biphasic action of LHb neurons, inhibition followed
by excitation, is seen both in vivo and in slice following administration of systemic
cocaine, which elevates DA levels, an effect which is mimicked by direct DA application
in slice (Jhou, et al., 2013). Again though, it is unclear whether this is a direct effect on
DA levels in the LHb or an indirect effect on some other brain area. By contrast, the same
group also showed that in RMTg-projecting LHb neurons DA induces a depolarizing
current via D4 receptors (Good, et al., 2013). Furthermore, one group has shown that
optogenetic activation of LHb-projecting, TH-containing neurons of the VTA, while
having an inhibitory effect on LHb neurons, release GABA with no detectable DA
release in the LHb (Stamatakis, et al., 2013). Given the lack of consensus on what DA
does, if anything, in the Hb, further work is needed.

The experiments conducted here were designed to determine the extent to which
the RMTg is necessary for DA inhibition following activation of the LHb. We have
shown that while removal of the RMTg greatly diminishes LHb-stimulation induced

inhibition of midbrain DA neurons, it does not ablate it completely (Chapter 5). This may
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be due to incomplete RMTg lesions or a second source of inhibition. Indeed, there is
evidence that local GABAergic activation leads to inhibition of DA neurons (Tan, et al.,
2012; van Zessen, et al., 2012). Data from our in vitro work (Chapter 4) confirms
anatomical data (Omelchenko, et al., 2009) that glutamatergic Hb neurons synapse
directly onto local, presumably GABAergic, neurons of the VTA. Giving that immediate,
short duration LHb-stimulation induced inhibition of DA neurons remained following
RMTqg lesions (Chapter 5) it is possible that local GABA neurons provide immediate
inhibition of midbrain DA neurons while the extended inhibition requires the delayed

inhibitory effect of RMTg GABA neurons.

7.3 Future work

One limitation of the conclusions from our current (Chapter 5) and previous (Ji
and Shepard, 2007) in vivo work is that LHb inhibition of DA neurons was investigated
mainly in the SN. Though RMTg neurons project to both the SN and VTA where they
synapse preferentially upon DA neurons (Balcita-Pedicino, et al., 2011; Bourdy, et al.,
2014), our in vitro work (Chapter 4) would suggest that at least some VTA DA neurons
are excited rather than inhibited by LHb stimulation. Without testing this outcome in the
whole animal, it is uncertain whether our results in vitro are a result of the experimental
preparation. Therefore, future research will need to test VTA DA neurons within the
whole animal to see if they respond to LHb stimulation in the same way that SN DA
neurons do. Due to the difficulty of electrophysiological identification of VTA DA
neurons (Ungless and Grace, 2012) any such study would necessitate neurochemical
identification of recorded neurons, most likely via juxtacellular labeling barring the

development new techniques for cell type identification.
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Further work on the role of Hb projecting VTA neurons (Skagerberg, et al., 1984;
Stamatakis, et al., 2013) is needed to determine what role, if any, local DA release plays
in modulation of Hb activity. One potential avenue for investigation is the direct, local
application of DA receptor agonists/antagonists on LHb neuronal activity, an approach
that has been underutilized in this circuit. Early behavioral studies showed that intra-Hb
injections of apomorphine dose dependently decreased rearing in rats (Thornton and
Evans, 1986). The same group later showed rearing behavior increased or decreased with
intra-Hb injections of D1 or D2 DA receptor agonists respectively (Thornton, et al.,
1987). Electrophysiological studies showed locally applied cocaine, a DA reuptake
inhibitor, inhibits or excites LHb neurons based on whether the recorded neuron is
excited or inhibited by pain, respectively (Dougherty, et al., 1990), but the local
application of DA receptor ligands in this study was limited to the D2 DA receptor
antagonist sulpiride. An in vivo extracellular recording study combined with
iontophoresis of a variety of DA receptor agonists/antagonists would reveal the direct
effect of DA in the LHb while bypassing the systemic effects of previous in vivo studies,
or the isolation of the LHb from the rest of the brain in previous in vitro studies.

A second avenue to answer remaining questions about the influence of VTA DA
neurons on LHb neuronal activity and subsequent behavior could be answered with site
specific lesions of TH containing axon terminals. Direct delivery of 6-OHDA leads to
specific lesions of local catecholaminergic terminals and has been used to investigate the
role of DA in the PFC and NAcc on drug self-administration (Clark, et al., 1988; Jones
and Robbins, 1992; Petit, et al., 1984; Wanchoo, et al., 2010). Likewise, direct, local

administration of 6-OHDA lesions of catecholaminergic terminals in the Hb and has been
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shown to interfere with efficient behavior on a DRL task (Thornton, et al., 1990). This
approach could be used to investigate other behavioral tasks in which the LHb is
implicated. Such site specific lesions could also be used for electrophysiological
recording of the LHb without input from VTA neurons, just as inhibitory optogenetics
can, but with the added advantage of studying the long term effect of LHb projecting
VTA neuron loss.

Assuming that VTA DA neurons are shown to be inhibited by the RMTg in a
manner similar to SN DA neurons, which does appear to be the case (Lecca, et al., 2012),
the role of local GABA neuron activity in LHb induced DA inhibition will need to be
further investigated. We know from anatomical (Omelchenko and Sesack, 2009) and
electrophysiological (Chapter 4) evidence that LHb efferents make synaptic connection
with VTA non-DA neurons, and that activation of VTA GABA neurons can inhibit VTA
DA neurons leading to behavioral changes (Tan, et al., 2012; van Zessen, et al., 2012).
One would predict, based on these data, that local GABA neurons play some role in LHb
induced VTA DA inhibition. A potential test of this prediction would be sustained
inactivation of VTA GABA neurons concurrent with LHb stimulation whilst recording
from VTA DA neurons. If VTA GABA neurons are a significant source of VTA DA
inhibition, then without this source one would see a diminished inhibitory response
similar to what was seen in our RMTg lesion experiment (Chapter 5). However, an
unaltered inhibitory effect of LHb stimulation would point to an extrinsic source, most
likely the RMTg. A replication of such a proposed study in RMTg lesioned rats would

inform researchers whether VTA and RMTg GABA neurons account for the inhibitory
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effect of LHb stimulation on midbrain DA neurons in toto or whether a tertiary source
may be involved.

Finally, while the experiments contained in this work point to the LHb-RMTg-
midbrain DA circuit as being important to the neurotransmission of motivationally
aversive, stressful stimuli, and we have good evidence to believe that DA neurons are
involved in stress-mediated animal models of depression (Cao, et al., 2010; Chaudhury,
etal., 2012; Tye, et al., 2012) and conditioned place aversion (Tan, et al., 2012), they do
not demonstrate that DA neurons are necessary and sufficient for the encoding of
aversive stimuli. The LHb projects to other subcortical areas (Bianco and Wilson, 2009)
and the RMTg projects to other monoaminergic areas (Jhou, et al, 2009b). It may be that
the behavioral effects seen here (Chapter 6) do not act through midbrain DA neurons. If
LHb activation increases the aversive nature of the stressful stimuli (Chapter 6; Lammel,
et al., 2012; Stamatakis and Stuber, 2012), via its connection with the RMTg, then LHb
activation would fail to augment learned helplessness in RMTg lesioned animals. Also, if
RMTqg lesions block the processing of aversive stimuli (Chapter 6; Jhou, et al., 2009a) via
their connection with VTA DA neurons, then inactivation of DA, but not other
monoaminergic areas, would counteract the effects of RMTg lesion. Such experiments
would either establish a role for DA neurons in the processing of aversive stimuli via the

LHb-RMTq circuit or expand that role to other subcortical areas.

7.4 The extended LHb-RMTg-midbrain DA circuit
Based on the findings presented here as well as the work of others, we will
attempt to summarize connections amongst the LHb-RMTg-midbrain DA circuit. This

will include an extension of this circuit to include other afferents to the Hb, Hb and
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RMTq efferents to areas other than the RMTg and SN/VTA, and unknown components
of the circuit (Figure 7.1).

It is clear that Hb efferents descend to the midbrain RMTg and to a lesser extent
the VTA. Although previous work showed preferentially projections from the LHbI to the
RMTg and the LHbm to the VTA in rats (Goncalves, et al., 2012), recent work in mice
has demonstrated no distinctive distribution within the LHb of neurons projecting to
either the RMTg or VTA (Quina, et al., 2014). Projections to the RMTg synapse onto
GABAergic neurons, while projections to the VTA synapse equally on GABA and DA
neurons. These synapses are monosynaptic and glutamatergic in nature, all showing
predominately excitation following LHb stimulation. RMTg neurons respond to aversive
stimuli with activation, and this activation is at least partially dependent on Hb input.

RMTg neurons project to midbrain DA neurons (Balcita-Pedicino, et al., 2011);
they provide feedforward inhibition that accounts for a significant proportion of LHb
induced inhibition of midbrain DA neurons. This inhibitory connection is most clearly
delineated in SN DA neurons, but is presumed to also be present in VTA DA neurons.
Midbrain DA neurons in turn project to the PFC, ventral striatum, and dorsal striatum
influencing cognition, reward learning, and motor control respectively, consequently
leading to changes in behavioral output.

There are reciprocal VTA DA projections to the LHbm, though currently it is
uncertain what role these connections play in Hb activity and eventual behavioral output.
We also know that a group of VTA non-DA neurons receive frank excitatory input from
the Hb. What role these neurons play is uncertain, but it is known that activation of local

GABA neurons rapidly inhibits DA neurons and interrupts conditioning and reward
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Baszal Ganglia

Figure 7.1 — Diagram summarizing current knowledge of the LHb-RMTg-
midbrain DA circuit. Using previous research and the findings of the current work,
we have constructed a summary of the extended LHb circuit. Efferents and neuron
bodies are color coded: green = glutamatergic, red = GABAergic, blue = DAergic,
purple = serotonergic. Question marks represent areas of unknown action, cell
identification, or behavioral output. See text for detailed description.
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based learning. Such GABA neurons of the VTA, and presumably of the SN, may
provide rapid brief inhibition of local DA neurons in advance of the relatively more
delayed and sustained feedforward inhibition from the RMTg.

The LHDb projects to several other midbrain areas, including the LC, DRn and
MRn, and dorsal/ventral tegmental nuclei (Bernard and Veh, 2012; Bianco and Wilson,
2009). While not investigated here, evidence suggests that serotonin has an inhibitory
effect on DA neurons. Loss of serotonergic input via site-specific lesions of the DRn
increase the firing rate of DA neurons (Gervais and Rouillard, 2000; Guiard, et al., 2008);
DA firing rate is decreased by exposure to the serotonin reuptake inhibitors escitalopram
(Dremencov, et al., 2009), paroxetine, sertraline, and fluvoxamine (Di Mascio, et al.,
1998); and serotonin potentiates DA mediated inhibition of DA neurons (Brodie and
Bunney, 1996). Since our experiment in Chapter 5 did not completely eliminate the
possibility of another extrinsic source of LHb induced DA inhibition, it is possible that
the DRn may also play a role in this phenomenon in addition to the RMTg.

Left out of the discussion is the role Hb afferents play in this circuit. Recent
evidence has indicated a role for the GPi in the regulation of LHb neurons. Antidromic
activation studies have located neurons within the GPi which respond to reward
predicting cues with the same valence and in advance of LHb neurons (Hong and
Hikosaka, 2008). Direct stimulation of this area results in activation of LHb neurons
(Hong and Hikosaka, 2013) and evidence exists that this connection is, unlike the
majority of GPi projections, glutamatergic (Shabel, et al., 2012; Stephenson-Jones, et al.,
2013). Furthermore, activation of the pallidal neurons results in conditioned place

aversion (Shabel, et al., 2012). This not only provides evidence that the basal ganglia, a
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system to which midbrain DA neurons project, potentially feedback into the LHb-RMTg
system, but also provides a link between the action selection function normally associated
with the basal ganglia (Stephenson-Jones, et al., 2013) and a novel reward evaluation
function for the basal ganglia (Bromberg-Martin, et al., 2010b; Hong and Hikosaka,

2008).

7.5 Clinical implications
The aberrant function of midbrain DA neurons is an etiological feature implicated
in several neuropsychiatric disorders. Consequently, understanding which brain elements

modify the function of these DA neurons opens potential avenues for novel treatments.

Schizophrenia. Alterations in DA systems have been hypothesized to underlie
symptoms of schizophrenia based on evidence including the high correlation between
neuroleptic efficacy and binding affinity at D2 DA receptors (Creese, et al., 1976;
Seeman, et al., 1976), elevated amphetamine-induced DA release in the striatum of
patients diagnosed with schizophrenia relative to healthy controls (Abi-Dargham, et al.,
1998), and the ability of DA elevating drugs to produce psychotic symptoms (Abi-
Dargham, et al., 1998; Janowsky, et al., 1973; Lieberman, et al., 1993). The finding that
chronic amphetamine use produces a paranoid psychotic state not dissimilar to that seen
in schizophrenia, and that sub-threshold doses of amphetamines will produce a psychotic
state in patients diagnosed with schizophrenia but not in healthy controls, has bolstered
the DA hypothesis of schizophrenia (Curran, et al., 2004). Of note, chronic amphetamine
use reliably produces neurodegeneration of the Hb and fr, leading some to hypothesize

that aberrations in Hb function may underlie some of the symptoms of schizophrenia
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(Ellison, 1994). Animal studies have shown that LHb lesions lead to several deficits
analogous to those seen in schizophrenia, such as cognitive deficits (Lecourtier, et al.,
2004; Lecourtier, et al., 2005), attentional disturbances (Lecourtier and Kelly, 2005),
alterations in pre-pulse inhibition in response to stress (Heldt and Ressler, 2006), and
decreased social interaction following LHb inactivation (van Kerkhof, et al., 2013). Since
the DA hypothesis of schizophrenia posits that an overabundance of DA is responsible
for at least some of the symptoms of schizophrenia, one clinical remedy would be an
increase in inhibitory input to midbrain DA neurons. Further research on the variety and
actions of neurotransmitters within the LHb would open up the LHb as a new potential

substrate for pharmacological treatment of schizophrenia.

Depression. The monoamine hypothesis of depression, that diminished levels of
DA, norepinephrine, and particularly serotonin underlie the development of depressive
symptoms, has been the central topic of depression research since the late 1960’s (Lee, et
al., 2010). Animal research has noted that lesions of the Hb result in both elevation of
serotonin levels (Yang, et al., 2008b) and improved behavioral responses in animal
models of depression (Sourani, et al., 2012; Yang, et al., 2008a). In patients diagnosed
with major depressive disorder, tryptophan depletion elevates cerebral blood flow in the
LHb (Morris, et al., 1999; Roiser, et al. 2009). The implication of this research is that,
under conditions of reduced serotonin levels when depressive symptoms are likely to be
elevated, the LHb is more active in patients with depression than healthy controls. If the
Hb is involved in the development of depression, one would predict that anti-depressant

treatment would diminish Hb activity. In fact, exposure to a low dose of ketamine, a
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novel, rapid-acting pharmacological treatment for depression, results in decreased
metabolism in the Hb (Carlson, et al., 2013). Whether the anti-depressant effects of
ketamine are dependent upon pharmacological activity in the LHb remains to be
determined. However, the LHb presents a new target for the development of novel and

hopefully rapid acting anti-depressants.

Addiction. To date there has been little clinical work on treating addiction via
LHb targets, which is surprising giving the ubiquitous nature of the DA theory of reward
(Wise, 2004) and the overwhelming evidence of the inhibitory influence of the LHb on
midbrain DA neurons (Velasquez, et al., 2014). Animal work has shown the propensity
for cocaine relapse to be correlated with activation of the Hb (James, et al., 2011), and
that electrical stimulation of the LHb can prevent cocaine seeking in rats (Friedman, et
al., 2010). However, targets for deep brain stimulation as a treatment for addiction in
humans has been limited to the NAcc and subthalamic nucleus (Luigjes, et al., 2012).
These previous studies showed that activation of the LHb in animals appears to decrease
the subjective value of drugs of abuse and their associated cues; it seems reasonable that
the same sort of activation in humans would dissociate drugs from their desirable side
effects or drug associated paraphernalia from their saliency. Much as supervised
disulfiram treatment can prevent relapse in alcoholism (Franck and Jayaram-Lindstrom,
2013), future therapies for drug addiction may focus on site specific activation of the
LHb during drug consumption or presentation of drug cues. Deep brain stimulation is one
possible approach, as is transcranial magnetic stimulation (Alba-Ferrara, et al., 2014) and,

with further development and sufficient safety and ethical protocols, optogentics.
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7.6 Concluding comments

Various aspects of human affect, behavior, and cognition are dependent upon the
function of the midbrain DA system. Aberrations in this system result in a number of
neuropsychiatric disorders with severe personal and societal costs. Knowledge of the
circuitry that regulates DA activation and inhibition is relevant to the development of
new treatments from which a small but significant proportion of the human population
suffers. In these experiments, we have shown that inhibition of DA neurons occurs
through a discrete circuit that includes the LHb and RMTg, and that this inhibition
signals the intensity of an aversive stimulus. While this mode of inhibition was
confirmed, more experiments will be needed to clarify the potential role other areas in
play DA inhibition and the processing of aversive and stressful stimuli. With such
knowledge, we can endeavor to develop novel therapeutics to improve the human

condition.
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