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Abstract 

 Motivated behaviors ultimately manifest through reward and aversion processes – 

where animals must appropriately approach positive ‘rewarding’ stimuli and avoid 

negative ‘aversive’ stimuli in order to survive. The neural mechanisms mediating these 

basic processes are not yet fully understood. The supramammillary nucleus (SuM) is a 

small posterior hypothalamic nucleus that has connections throughout the cerebrum. It is 

known that stimulation of SuM neurons is rewarding, however, little else is known about 

the neuronal mechanism that mediate this reward or the role this region plays in 

motivated behaviors.  

In this dissertation I describe my research using both classical and modern system 

neuroscience techniques to elucidate the role of the SuM in motivated behaviors. In 

experiments described in chapter 2, I used optogenetics to stimulate specific populations 

of SuM neurons and found that stimulation of distinct subpopulations of SuM neurons 

and their downstream targets induces either reward or aversion. Next, the experiments 

described in chapter 3 tested correlation and causation of SuM activity in reward seeking 

behaviors. The neurons in the SuM showed single-unit activity patterns that correlate to 

various aspects of reward-seeking behaviors and inhibition of this brain region disrupted 

reward-seeking but not reward-consuming behaviors. Lastly, in chapter 4, I provide 

evidence that dopamine is involved in the perceived reward from stimulation of SuM 

neurons, and compare brain activation from optogenetic stimulation of a canonical 

reward pathway and the novel reward pathway described in this dissertation. 
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These data identify the SuM as a potential locus for future research into neural 

mechanisms of approach and avoidance, and psychiatric disorders such as addiction, 

depression, and anxiety, that result from maladaptations in these basic behaviors. 
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Chapter 1 – General Introduction 

 

  My dissertation research is aimed at understanding the role of a brain region 

named the supramammillary nucleus in basic types of motivated behaviors. In this 

introduction I will provide readers with general background information on motivated 

behaviors, and summarize the current thinking about the brain regions that control these 

behaviors and the methods that are used to study them. I have written this introduction to 

be accessible to the educated layperson and bring them up to speed on the topics of my 

dissertation. For more detailed background information see introductions to experimental 

chapters 2, 3, and 4.  

 The following sections provide some basic concepts and definitions related to 

studying the neural mechanism of motivation that I use in shaping my thinking, 

experiments, and arguments. I refer readers to D. Bindra’s, “A unified interpretation of 

emotion and motivation” (Bindra, 1969), and T.C. Schneirla’s, “An evolutionary and 

developmental theory of biphasic processes underlying approach and withdrawal” 

(Schneirla, 1959), as further resources, as they have greatly influenced my ideas on 

motivated behaviors. In the sections to follow I use simplified rephrasings of examples 

from these works, as they very clearly illustrate concepts central to my thesis work.  

Motivated behaviors 

Firstly, what is a motivated behavior? In order to survive all animals must meet 

basic needs that are guided by their physiological state. For example, when a mouse has 

been a mouse and needs calories to keep being a mouse, its physiology necessitates it 
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consume food, and the mouse must perform behaviors that address this need. The same 

can be said, in general, for other basic needs such as thirst, reproduction, and safety. The 

behaviors that an animal performs to meet needs dictated by its physiological state are 

motivated behaviors.  

It is important to note that a physiological need itself does not automatically result 

in a motivated behavior. Rather it is the physiological need in combination with external 

cues in the environment that generate motivated behavior. Take again the example of a 

hungry mouse. If you give food to a full mouse it will not perform the motivated behavior 

to move toward and consume the food. Likewise, if you put a hungry mouse in a room 

without any food, even though its physiological state says it should eat, you again will 

not observe it perform a motivated behavior of moving towards and using its hands and 

mouth to consume something that is not there. Only when you have a hungry mouse and 

food together will the mouse perform these actions, i.e. the motivated behavior. 

Seeking and avoidance 

However complex the action of a motivated behavior may be – whether simple, 

like following an enticing scent to a tasty treat, or complex, like a specialized courtship-

mating ritual in order to reproduce – in the end all motivated behaviors can categorized in 

one of two ways – either to approach something positive, or withdraw from something 

negative. Every animal, from simple single celled organisms to the highly complex and 

intelligent human, must perform these two basic behaviors in order to survive – i.e. move 

towards life sustaining stimuli and away from life threatening stimuli. A clear, and to me 

most interesting, difference between an amoeba moving towards light and a mouse 

moving towards a delicious sugar pellet, is that while they are both approach-type 

behaviors, we recognize that the mouse is behaving in a goal directed manner, whereas 
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the single-cell amoeba is moving towards the light in a merely reflexive manner driven 

directly by molecular changes associated with being showered by light from one 

direction. For creatures, like the mouse in the above examples, capable of goal-directed 

approach and withdrawal behaviors, we appreciate the motivated rather than reflexive, 

aspects of these behaviors and describe them as seeking and avoidance. Seeking 

behaviors are purposeful approach-type behaviors towards a goal called a reward. I will 

commonly refer to this as reward seeking. In contrast, avoidance behaviors, in the context 

of this thesis, are purposeful withdrawal-type behaviors away from something negative 

called an aversion or aversive stimulus.  

Much of my dissertation research is on neural mechanisms of reward seeking, and 

the following introduction sections will focus on behaviors and brain regions associated 

more with reward seeking and less on avoidance.  

Behavioral measures of reward and aversion 

When an animal earns a reward, it is more likely to repeat the behavior that 

earned the reward. This is called operant or instrumental reinforcement and is the basis 

for many of the behavioral paradigms used to study motivated behaviors.  

The lever press. One of the most commonly used behavioral paradigms to study 

reward seeking is pressing a lever to earn a reward. If you place an animal in a room that 

equipped with only a lever to press, eventually the animal will press the lever by chance 

or pure exploration. When this happens, automatically a specific stimulus is given. If the 

stimulus happens to be a delicious food pellet or sugary drink, it acts as a reward and 

reinforces the behavior that lead to the appearance of the reward, so in the future the 

animal is more likely to press the lever to earn the reward. It is important to note that for 

most laboratory animals, for example mice and rats, the physical act of pressing a lever is 
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relatively foreign to the animal. Therefore, when the animal presses the lever, the 

experimenter can infer that it is a purposeful action and is thus highly indicative of 

reward-seeking. Many of the experiments in this dissertation use lever pressing as a 

behavioral measurement for reward seeking. A drawback of studies using operant 

behaviors like the lever press is they fail to provide a definitive interpretation if the 

animal does not perform the operant behavior. Instead, it leaves the experimenter 

wondering whether the animal simply does not find the stimulus following the operant 

behavior rewarding, or if that stimulus is in fact aversive. If either is the case, the animal 

will not perform the operant behavior.  

Place-preference. When a particular stimulus does not reinforce behavior it 

potentially can still be aversive or neutral, and a paradigm called place-preference is often 

used to discern between these possibilities. Rather than asking the animal to press a lever, 

we can simply place the animal in a behavioral arena with two chambers. The animal is 

free to move around, explore, and enter either of the chambers as it wishes. If the animal 

goes into one of the chambers, we give it a stimulus, and if it goes into the other of the 

two chambers, it gets nothing. If the animal finds the stimulus rewarding, it will most 

likely spend more time in the chamber where it receives the stimulus. Conversely, if the 

animal avoids the chamber where it receives the stimulus, we can infer the stimulus is 

aversive. Lastly, if the stimulus is neutral the animal will likely spend equal time in each 

room. So, the place preference paradigm is powerful in that it can provide evidence that 

lever pressing cannot, i.e. discerning between a neutral stimulus and an aversive stimulus.  

Intracranial techniques 

Both lever pressing and place preference can be used to study the 

“rewardingness” or “aversiveness” of an external stimulus; e.g. a food pellet, access to a 



5 

 

playmate, an addictive drug; anything that can be given to animal contingent on its 

behavior. However, a fundamental question of neuroscience is what happens in the brain 

when the animal performs these behaviors and interacts with these stimuli. When a 

mouse consumes a food reward, many different stimuli – from the smell or taste of the 

food, to the satiating effect of food entering the stomach, to its caloric and metabolic 

content – all end up converging on the brain and acting to produce the reinforcement that 

factors into the animals seeking behavior. The question is, how does the brain work to 

incorporate this information and produce seeking? Presumably, when the animal 

experiences a reward, certain parts of the brain are turned on, or stimulated, and others 

are turned off, or inhibited, as a consequence of this reward. In doing so, these parts of 

the brain generate a “reward signal” to the animal. By mimicking this stimulation or 

inhibition using experimental methods, we can begin to ask questions about what parts of 

the brain affect seeking behavior.  

Electrical stimulation. In the early 1950s, James Olds and Peter Milner 

conducted seminal work demonstrating that rats will learn to lever press for delivery of 

brief electrical stimulation into a discrete region of the brain (Olds and Milner, 1954). 

This behavioral phenomenon is termed intracranial self-stimulation (ICSS). Their initial 

studies jump-started decades of research using focal electrical stimulation to interrogate 

specific areas of the brain for their affective properties. Using this relatively simple 

procedure of implanting electrodes into a region of interest, researchers were able to ask 

whether stimulation of those neurons support ICSS and were thereby likely involved in 

brain reward mechanism. Similarly, electrical stimulation that did not support ICSS can 
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be further interrogated with place aversion paradigms to determine whether the brain 

region might be involved in negative affect.  

While very powerful in certain circumstances, electrical stimulation has a 

particular drawback which is that it stimulates both the inputs and output neurons of a 

region, along with any neuron axons passing through (Ranck, 1975). This makes 

specifying discreate regions and circuits as involved in reward or aversion difficult, since 

the affective properties might be due to fibers of passage as opposed to the circuits being 

targeted. 

Intracranial microinjections of drugs. The limitations of electrical stimulation, 

in terms of its non-specify and overall ability to identify reward structures in the brain, 

are overcome in part by a technique called intracranial self-administration (ICSA). Here, 

instead of implanting an electrode into the region being interrogated for reward or 

aversion mechanisms, a small cannula is implanted to infuse pharmacological agents 

directly into the brain region of interest. As drugs act only on the receptors of the cells in 

the brain region being studied and not fibers of passage, researchers using ICSA rather 

than ICSS can be can more strongly conclude that the neurons in that brain region are 

primarily involved in the affective properties being observed. In addition, this allows 

investigators to determine the effects of specific drugs on a particular brain region, and 

the signals this brain region might generate when the drug is otherwise administered 

systemically. Thus, ICSA has been powerful in understanding the reinforcing action of 

addictive drugs and the neurocircuitry involved in addiction and other psychiatric 

disorders (Ikemoto and Wise, 2004). Like electrical ICSS, ICSA has several key 

limitations. In particular, drugs diffuse through brain tissue and often have long temporal 
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action kinetics on the order of minutes. Neurons in brain regions identified as rewarding 

by ICSA are often heterogeneous in terms of pathway and cell type, and their functional 

properties likely act on a timescale on the order of milliseconds to seconds. Thus, ICSA 

lacks temporal, spatial, and genetic specificity necessary to dissect out neural mechanism 

of reward and aversion with certainty.  

Optogenetics. The shortcomings of electrical and pharmacological manipulations 

described above are overcome with a relatively new technique called optogenetics. 

Optogenetics was first demonstrated in the mid 2000’s (Boyden et al., 2005; Bi et al., 

2006) and over the past decade has revolutionized systems neuroscience research. 

Optogenetics involves using genetic approaches, usually via viral transfection, to express 

light-gated ion channels and pumps on specific populations of neurons. The neurons that 

express the light-gated affecter proteins are then influenced via light emitted from the tip 

of an intracranially implanted optic fiber. Neurons can then be excited or inhibited 

depending on the type of light-gated affecter protein used, the most popular being 

channelrhodopsin (ChR2) for excitation and halorhodopsin for inhibition. Both the 

confined spread of light from the tip of an optic fiber and the genetic specificity of what 

neurons express these proteins greatly enhance the spatial resolution of optogenetics – 

making it possible to specifically stimulate and inhibit specific populations and pathways 

within the brain. Likewise, the temporal resolution of these optogenetic proteins are on 

the same timescale as natural neuronal activity and can therefore be utilized in a much 

broader scheme of brain manipulation in terms of when and for how long the excitation 

and inhibition last. For example, optogenetics allows stimulation or inhibition of a 
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specific pathway in the brain only during certain parts of a behavior, making it much 

more convincing to establish a causal role for the neurocircuitry being studied. 

Another powerful application of optogenetics is its ability to identify specific 

neurons in vivo during neural recording experiments. The genetic identity of the neurons 

being recorded can be specified by expressing ChR2 on specific neurons in a population 

whose activity is being recorded, and then photo-stimulating the pathway or brain region. 

Researchers can use this methodology, termed photo-tagging (Anikeeva et al., 2012), to 

define correlative roles for specific populations of neurons during specific behaviors.  

Neurocircuitry of reward seeking 

Seeking and avoidance are basic components of all motivated behaviors and are 

critical for the survival of an organism and its species. Such critical behaviors for survival 

are often strongly conserved evolutionarily. Since these behaviors are evolutionarily 

conserved, the physiology that governs them and the brain regions that control them are 

as well. For the brain, in general, evolution builds upon existing brain regions. That is, 

brain regions deep and in the middle of the brain are more evolutionarily conserved and 

are therefore more involved in basic behaviors that are necessary for survival (Glickman 

and Schiff, 1967; Swanson, 2000).  

The search for regions in the brain that promote reward began after classic 

experiments by Olds and Milner in the mid-1950s, where they demonstrated that rats 

would press a lever to earn delivery of electrical stimulation to a discrete region of the 

brain (Olds and Milner, 1954). In the decades to come, researchers performed careful 

mapping of brain regions that were rewarding when stimulated with electricity. These 

studies identified regions in the midbrain, particularly around dopamine (DA) cells in 

ventral tegmental area (VTA) and substantia nigra pars compacta (SNc) as areas that 
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promote populations that promote reward (Routtenberg and Malsbury, 1969; Crow, 1972; 

Corbett and Wise, 1980). 

Since then, studies investigating the neural mechanism of reward seeking have 

primarily focused on the role of the dopamine mesolimbic system. VTA DA neurons are 

known to respond to rewards and cues that predict rewards (Schultz, 1997), acting as a 

teaching signal that is critical to shaping an animal’s decision making and behavioral 

repertoire. It is also known that blocking DA in the brain attenuates reward seeking 

behaviors (Ikemoto and Panksepp, 1996; Wise, 2008). In addition, many of the regions 

directly and functionally connected to the DA mesolimbic system have been implicated 

in reward seeking and aversion, other complex motivated behaviors, and psychiatric 

disorders such as addiction, anxiety, and depression which seem to stem from 

maladaptations in these behaviors. In fact, many of these brain regions are now indeed 

targets for therapies such as deep brain stimulation and transcranial magnetic stimulation 

as treatments for various psychiatric disorders.  

It is important to note that many of these regions, including the VTA DA system 

were first identified as playing a role in affective processes by ICSS, ICSA, and place 

preference/aversion studies. Therefore, identifying regions that support these basic 

behavioral phenomena can be a crucial first step in understanding that region’s role in 

fundamental behavioral processes and potential treatments for serious psychiatric 

disorders. 

The supramammillary nucleus 

Clearly, the dopamine and its related circuitry is important in mediating reward 

processes. However, regions outside the classical DA mesolimbic system have also been 

identified as playing a role in reward processes (Ikemoto, 2010; Ikemoto and Bonci, 
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2014). Classical studies mapping brain sites for electrical stimulation reward identify 

many areas as rewarding when stimulated (Olds, 1956; Olds and Olds, 1963), yet many 

received little to no further research in this field. Many of these brain regions, like the 

midbrain DA regions, are seated in subcortical areas, poised to integrate visceral stimuli 

with higher order cognitive processes in order to generate motivationally relevant 

approach and avoidance behaviors (Ikemoto, 2010).  These brain regions are 

understudied or are currently gaining interest in the research community for their roles in 

reward processes (McGinty et al., 2011). Understanding how these regions are involved 

in reward may prove valuable in further understanding psychiatric illnesses that remain 

elusive even with our extensive knowledge of the DA mesolimbic systems and its role in 

motivational processes. 

One such understudied region, and the primary focus of my thesis research, is the 

supramammillary nucleus (SuM). The SuM is a small, posterior hypothalamic structure 

localized just anterior to VTA (Pan and McNaughton, 2004). The hypothalamus is a brain 

region that processes visceral information and is critical for homeostatic adaptation; 

making the SuM part of a system important for generating internal states. SuM neurons 

project diffusely to both cortical and subcortical regions, with its strongest projections to 

the septum and hippocampus (Vertes, 1992), structures important for mediating stress 

responses, exploration, and learning and memory. In fact, many SuM connections are 

with areas involved in higher order cognitive processes. These connections are often 

reciprocal, indicating potential feedback mechanisms for controlling information flow. 

Thus, the SuM may play a unique role in communicating visceral signals to regions 

involved in cognition. Additionally, available research identifies the SuM as a critical 
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component for generating hippocampal-theta-rhythm, a pattern of neuronal activity that 

correlates to exploratory behaviors and general arousal (Pan and McNaughton, 2004).  

Some of the earliest studies into brain areas supporting ICSS implicated the SuM 

in reward, as rats will lever press at very high rates for electrical stimulation in the 

vicinity of the SuM (Olds, 1958; Olds and Olds, 1963). Similarly, recent studies by our 

group show that rats learn to intracranially self-administer several pharmacological 

agents into the SuM - including the excitatory amino acid, AMPA (Ikemoto et al., 2004), 

nicotine (Ikemoto et al., 2006), and the GABAA receptor antagonist, picrotoxin (Ikemoto, 

2005). In fact, rats will stimulate SuM neurons with picrotoxin at similar rates as they 

will stimulate VTA neurons with the drug carbachol (a highly rewarding procedure), and 

they will increase their effort to earn intra-SuM picrotoxin as measured by a progressive 

ratio test, where the amount of lever presses needed to earn a reward are progressively 

increased.  Interestingly, the SuM has only modest projections to the VTA-SNc complex 

(Vertes, 1992; Geisler and Zahm, 2005; Geisler et al., 2007), and no direct input to VTA 

DA neurons (Watabe-Uchida et al., 2012), however there is strong evidence that 

reciprocal functional interactions exist between SuM and mesolimbic DA system 

(Ikemoto, 2010; Ikemoto and Bonci, 2014). Rewarding injections of carbachol into the 

VTA increase cFos in the SuM (Ikemoto et al., 2003). Likewise, DA antagonist 

administration disrupts self-administration of AMPA and picrotoxin into SuM (Ikemoto, 

2010).  

Taken together, the above information strongly suggests that general excitation of 

SuM neurons is rewarding. The research conducted for this thesis investigates how 

activation of this structure mediates reward, and the role that SuM neurons play in natural 
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reward processes. Chapter 2 describes experiments where I used optogenetics to 

investigate the anatomical loci involved in SuM reward, providing evidence for several 

novel neural populations that are rewarding when stimulated. In chapter 3 I record from 

SuM neurons while mice perform a natural reward seeking behavior, and then test how 

this behavior is changed when SuM neurons are inhibited. Chapter 4 describes 

experiments where I tested whether DA plays a role in rewarding stimulation of SuM 

neurons. Finally, Chapter 5 presents concluding remarks for the research community and 

suggestions for future experiments. 
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Chapter 2 – Optogenetic dissection of reward 

mediated by supramammillary nucleus and its 

downstream regions  

Abstract 

 The neural mechanisms mediating basic motivational processes, i.e. reward and 

aversion, are not yet fully understood. Assessing the rewarding or aversive properties of 

focal brain stimulation can provide evidence of a brain region’s involvement in motivated 

behaviors. The supramammillary nucleus (SuM) is a small posterior hypothalamic 

nucleus that provides efferents throughout the cerebrum, and projects particularly 

strongly to the septal area. It is known that stimulation of both SuM and septum neurons 

is rewarding, however, little else is known about the neuronal mechanism that mediate 

this reward. Using optogenetic techniques I found that SuM glutamate neurons projecting 

to the septum are reinforcing when stimulated, and furthermore, SuM neurons may play a 

role in aversive behaviors via their glutamatergic projection to the paraventricular 

thalamus nucleus. Additionally, I found that glutamate neurons in the medial septum are 

likewise reinforcing, and that SuM glutamate neurons are capable of driving medial 

septum glutamate neurons, establishing a novel brain reward circuit. These data identify 

the SuM and medial septum as a potential locus for future research into neural 

mechanisms of reward and aversion. 
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Introduction 

Basic motivated behaviors are fundamental for every day healthy living. 

Motivated behaviors ultimately manifest through reward and aversion processes, where 

animals must approach positive ‘rewarding’ stimuli and avoid negative ‘aversive’ stimuli 

in order to survive (Schneirla, 1959). While the neural mechanisms mediating these basic 

processes are not yet fully understood, it is well known that experimentally delivered 

intracranial stimulation of distinct populations of neurons can be sufficient to drive basic 

approach and avoidance behaviors (Olds and Olds, 1963). Classically, experimenters use 

a purposeful behavior, such as a lever press, as a behavioral response to which temporally 

precise, focal brain stimulation is delivered. Stimulation of a brain region associated with 

reward will reinforce the preceding behavior, that is, it will result in an animal being 

more likely to repeat the behavior in a purposeful manner. Historically, the act of 

purposefully repeating a behavior to earn brain stimulation is a phenomenon termed 

intracranial self-stimulation (ICSS). Similarly, other behavioral paradigms, such as place-

avoidance, where an animal actively avoids an area where it receives focal brain 

stimulation, can be used to determine if a brain area is involved in aversion.  

Approach and avoidance are behaviors fundamental to survival and are clearly 

evolutionarily conserved, that is, all organisms must perform them appropriately to 

survive. For higher order animals with more complex central nervous system, in general, 

evolution builds upon existing brain regions and therefore many of the neural circuits 

involved with motivational processes belong to phylogenetically old structures, i.e. the 

subcortical areas of the brain (Glickman and Schiff, 1967; Swanson, 2000). As such, 

brain regions involved in approach and avoidance motivation are then often deep-seated, 

small, and heterogeneous, making it difficult to uncover the neurocircuitry involved in 
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these basic behaviors. Nonetheless, classical studies using electrical stimulation, lesions, 

or microinjections of pharmacologic agents have implicated key regions and systems 

involved in these behaviors. Indeed, perturbation of many of these brain regions can 

reinforce behavior, and so many brain regions involved in motivated behaviors support 

ICSS. Thus, identifying regions of the brain that support ICSS can be an important first 

step in elucidating the neural mechanism of motivated behaviors. 

Brain structures that support ICSS are often stated to be part of the ‘brain reward 

system’ (Olds and Olds, 1965; Ikemoto and Wise, 2004; Ikemoto and Bonci, 2014), and 

dysregulation of this system is suggested to be a component of various psychiatric 

illnesses (Koob and Kreek, 2007). The most popularly studied and well categorized 

example of such a system is the dopamine (DA) mesolimbic system (Wise, 2008). First, 

careful mapping of midbrain sites that support electrical ICSS first identified regions in 

the vicinity of midbrain dopamine cells, specifically the ventral tegmental area (VTA) 

(Crow, 1972) and substantia nigra pars compacta (Routtenberg and Malsbury, 1969) as 

areas that are reinforcing when stimulated. Decades of further characterization of the 

cells in these regions and their efferent and afferent connections linked midbrain DA 

neurons and their projections to the striatum as mediators of approach and avoidance, as 

well as a wide range of other reward and learning mechanism. Additionally, this system 

may be the locus where many drugs of abuse potentiate their addictive properties (Wise 

and Bozarth, 1987; Koob, 1992; Volkow et al., 1997), and as such might act as a target 

for therapeutics to treat psychiatric disorders associated with addictions. 

The DA mesolimbic system has certainly received the most attention and 

popularity for its implications in reward and aversion and could be considered canonical 
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in terms of brain reward systems. However, regions outside the classical DA mesolimbic 

system have also been identified as playing a role in reward processes (Wise, 2009; 

Ikemoto, 2010; Ikemoto and Bonci, 2014). Indeed, classical studies mapping brain sites 

that elicit reward when electrically stimulated identify many areas as rewarding (Olds, 

1956; Olds and Olds, 1963). Yet many of these regions received little to no further 

research in this field. Most of these brain regions, like the midbrain DA regions, are 

seated in subcortical areas, poised to integrate visceral stimuli with higher order cognitive 

processes in order to generate motivationally relevant and appropriate approach and 

avoidance behaviors (Ikemoto, 2010). Understanding how these regions are involved in 

reward may prove valuable in further understanding psychiatric illnesses that remain 

elusive even with our extensive knowledge in the DA mesolimbic systems and its role in 

motivational processes. 

One such understudied region is the supramammillary nucleus (SuM). The SuM is 

a small hypothalamic nucleus located just dorsal to the mammillary body (MB) and 

anterior to the VTA.  Anatomical arrangement of the SuM is consistent with the notion of 

the SuM as a key integrator for controlling emotional state (Pan and McNaughton, 2004; 

Ikemoto, 2010).  SuM neurons receive afferents from many forebrain and brainstem 

regions, and send efferents to forebrain regions involved in emotion and cognition, with 

the most robust efferents projecting to the basal forebrain, including the septal area, and 

hippocampal complexes (Vertes, 1992; Leranth and Kiss, 1996; Kiss et al., 2000; 

Ochsner et al., 2004; Ikemoto, 2010). Indeed, disinhibition of SuM neurons induced by 

microinjections of GABAA receptor antagonists robustly activates such forebrain regions 

as indicated by dense cFos expression (Shin and Ikemoto, 2010). 
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Because of the SuM’s robust projections to the septo-hippocampal system, the 

SuM has been primarily studied with respect to hippocampal theta rhythm and learning 

and memory (Kocsis and Vertes, 1997; Pan and McNaughton, 2004; Ito et al., 2018; 

Shim et al., 2018). Hippocampal theta rhythm is a pattern of brain activity is primarily 

observed during purposeful behavior (see (Colgin, 2013) for review of hippocampal 

theta). In addition, some evidence suggests that the SuM plays a role in reward.  Rats 

perform ICSS to electrically stimulate SuM (Olds and Olds, 1963), and rats will self-

administer excitatory neurochemicals including GABA receptor antagonists, nicotine, 

and the glutamate agonist AMPA into the SuM (Ikemoto et al., 2004; Ikemoto, 2005; 

Ikemoto et al., 2006).  These data and others suggest that the SuM is involved in 

modulating behavioral state (Risold and Swanson, 1997a; Saper et al., 2010), and the 

activation of SuM neurons induces a positive emotional state (Ikemoto, 2010).   

The septal area receives robust inputs from the hypothalamus – particularly the 

SuM (Vertes, 1992; Leranth and Kiss, 1996; Kiss et al., 2000) – and SuM neurons 

projecting to the septal area are primarily glutamatergic (Carnes et al., 1990; Leranth and 

Kiss, 1996; Kiss et al., 2000). Classically, the septal area is the region that Olds and 

Milner first reported their discovery of brain “pleasure” centers (Olds and Milner, 1954). 

ICSS at the septal area is also shown in human patients (Bishop et al., 1963; Heath, 

1963).  Patients who have received intra-septal stimulation report induced positive 

emotional state with alertness (Heath and Mickle, 1960; Heath, 1972).  Consistent is 

historical conceptualization of the limbic system, which includes the septal area (Papez, 

1937; MacLean, 1949).   
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However, little progress has been made since these initial discoveries, and little is 

known in terms of how the septal area and SuM mediate reward or how they are 

functionally linked with other brain structures in positive emotional state. In the current 

study, I used optogenetic procedures to study SuM and septum neuron subpopulations to 

determine their propensity to support changes in emotional valiance, i.e. reward or 

aversion. First, I studied SuM neuron populations to determine that SuM glutamate 

neurons, and in particular the glutamatergic projection to the septum, are rewarding when 

stimulated. Furthermore, I showed SuM neurons may also play a role in aversive 

behaviors via their glutamatergic projection to the paraventricular thalamus nucleus 

(PVT), a brain region known to be involved with negative affective processes (Penzo et 

al., 2015; Zhu et al., 2016). Lastly, I found that glutamate neurons in the septum are 

likewise reinforcing, and that SuM glutamate neurons are capable of driving septum 

glutamate neurons, establishing a novel polysynaptic reward system. 
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Results 

For optogenetic procedures I use the following notation to describe mice and 

pathways targeted by optogenetic manipulation: 

injection site : optic fiber placement mouse type 

Experiment 1: Phasic excitation of SuM neurons is rewarding 

Accumulating evidence suggests stimulation of SuM neurons, either electrically 

(Olds and Olds, 1963) or pharmacologically (Ikemoto et al., 2004; Ikemoto, 2005; 

Ikemoto et al., 2006) is rewarding. I first preformed experiments to confirm whether 

direct stimulation of SuM cell bodies is indeed reinforcing by injecting an AAV encoding 

the excitatory optogenetic opsin channelrhodopsin (ChR2) driven by the neuron-specific 

promoter of human-synapsin 1 (AAV1-hSyn-ChR2-eYFP) (Figure 1A) into the SuM of 

wild-type (C57BL/6J) mice and implanted optic fibers in dorsal SuM to directly stimulate 

SuM cell bodies (SuM:SuMWT; n=10) (Figure 1B, top). As both viral vectors and light 

from the tip of optic fibers can diffuse into adjacent tissue (Stujenske et al., 2015), I 

additionally prepared groups with viral vectors injected into SuM and placed optic fibers 

ventral to the SuM in the mammillary body (MB) (SuM:MBWT; n=6) (Figure 1B, 

middle) and adjacent to the SuM in the ventral tegmental area (VTA) (SuM:VTAWT; 

n=6) (Figure 1B, bottom). 

Mice were placed in standard operant chambers equipped with two levers (Figure 

1C) and, after two sessions with laser systems turned off to assess basal lever pressing 

rates, were able to lever press to earn optogenetic stimulation. There was no difference in 

active lever press rates between these groups during baseline sessions (Figure 1D; 3group x 

2session ANOVA: Fgroup(2,19)=0.5524, p=0.5845). I consistently observed low baseline 
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lever pressing rates throughout all optogenetic ICSS procedures, so I did not further 

analyze these sessions in later experiments. During acquisition sessions 3-7, mice with 

optic fibers targeting SuM had significantly higher lever press rates than mice with optic 

fibers targeting MB or VTA which did not differ from one another (3group X 5session 

ANOVA; Fgroup(2,19)=15.79, p<0.0001; Tukey posthoc HSD test for main group effect 

p<0.001). Comparison of active lever presses during extinction sessions 8-10 indicated 

SuM:SuMWT mice indeed greatly decrease responding, but had significantly higher lever 

pressing rates in the first extinction session than the other two groups, which is expected 

for mice who experience rewarding effects of stimulation in the previous session (3group x 

3session ANOVA: Finteraction(4, 38)=4.705, p<0.01); Tukey posthoc test pSuM vs MB <0.01, 

pSuM vs VTA <0.0001). By the last extinction session SuM:SuMWT  show no significant 

difference from the two other groups. Subsequently, SuM:SuMWT mice again had 

significantly greater lever pressing rates during reacquisition sessions 11 and 12 (3group x 

2session ANOVA; Fgroup(2,19)=9.852, p=.0012; Tukey posthoc HSD test for main group 

effect p<0.01) and I again observed no difference between the other two groups (Figure 

1D).  

To test flexibility in operant ICSS behavior, I reversed the active-inactive lever 

assignments for all mice. SuM:SuMWT mice quickly learned to press the new active lever 

and decreased pressing the (now) inactive lever (2lever x 2Act/Inact x 2session ANOVA: 

significant lever x act/inact interaction; Finteraction(1,9)=6.118). While both SuM:MBWT 

and SuM:VTAWT mice began to increase lever pressing of the newly active lever, neither 

learned to discontinue pressing of the previously active, now inactive, lever (2lever x 

2Act/Inact x 2session ANOVA: no effect of lever assignment) (Figure 1E). Optic fiber 



21 

 

placements and relative lever press rates for all mice in this experiment are summarized 

in Supplemental Figure 1. 

Experiment 2: Rewarding effects of stimulating subpopulations of SuM neurons 

The SuM is comprised of a heterogeneous population of neurons (Pan and 

McNaughton, 2004), and while experiment 1 suggests that stimulation of neuron cell 

bodies in the SuM is reinforcing, it remains unclear if a specific subpopulation of these 

neurons mediate reinforcement. Thus, I performed a series of optogenetic ICSS 

experiments targeting different subpopulations of SuM neurons to assess their capacity to 

reinforce behavior (Figure 2A).  

SuM neurons are primarily glutamatergic (Pedersen et al., 2017; Root et al., 2018) 

so I assessed whether SuM glutamatergic neurons support ICSS by injecting the Cre-

specific vector, AAV1-ef1a-DIO-ChR2-eYFP into the SuM of vGlut2-Cre 

(SuM:SuMvGlut2, n=12) (Figure 2B, top). Additionally, I prepared a second cohort of 

vGlut2-Cre mice injected with a significantly smaller volume of vector, 50nL 

(SuM:SuMvGlut2 (50nL) n=6), as to further restrict ChR2 expression to the SuM. Both 

groups similarly acquired ICSS (Figure 2C, red and brown lines, respectively) and I 

observed no significant difference in lever pressing rates between these two groups (2group 

x 2lever x 7session ANOVA, Fgroup(1,16)=0.29, p=0.59), so their data was combined for 

future analysis. The SuM also contains dopaminergic (Hayakawa and Zyo, 1994) and 

GABAergic neurons (Pan and McNaughton, 2004; Pedersen et al., 2017; Root et al., 

2018), so I additionally injected the Cre-specific ChR2 into the SuM of Th-Cre 

(SuM:SuMTh, n=9) and vGat-Cre (SuM:SuMvGat, n=11) mice, and again implanted the 

optic fiber just dorsal to the injection site (Figure 2B, middle and bottom, respectively). 
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Optic fiber placements and relative lever press rates for all transgenic mice receiving 

stimulation targeted to SuM cell bodies are summarized in Supplemental Figure 2. 

For acquisition sessions 3-7, the SuM:SuMvGlut2 group had significantly higher 

lever press rates than SuM:SuMTh and SuM:SuMvGat groups, the later groups showing no 

difference from one another (Figure 2C; 3group x 5session ANOVA; Fgroup(2,33)=5.793; 

Tukey HSD posthoc tests for main group effects PvGlut2 vs Th=0.037, PvGlut2 vs vGat=0.016, 

PvGat vs Th=0.99). Note that four SuM:SuMvGlut2 mice failed to approach and press either 

lever more than 15 times total throughout the 7-day training period, and were thus 

removed from the study. Four SuM:SuMvGat mice had optic fibers placed posterior to 

SuM and were removed from the study. Three SuM:SuMTh mice did not show expression 

of ChR2-eYFP, likely do to an injection error, and were removed from the study. We 

note that two Th-Cre mice showed robust lever pressing rates, far higher than any other 

self-stimulating mouse in this study, and akin to optogenetic stimulation of midbrain 

dopamine neurons previously observed by our group (Ilango et al., 2014). Indeed, these 

mice had strong viral expression throughout the extent of the VTA, an observation 

consistent with the view that photostimulation activated VTA dopamine neurons; thus, 

they were also removed from the study. 

Experiment 3: Optogenetic terminal stimulation of SuM glutamate projections 

Experiment 3a: Mice will self-stimulate SuM glutamate neurons projecting to the septum, 

but not PVT or vSub  

In experiments 1 and 2, I confirmed that stimulation of SuM neurons is indeed 

reinforcing, and this effect is primarily mediated by glutamate neurons. Next, I 

investigated SuM glutamatergic efferents that could potentially mediate the rewarding 
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effects SuM stimulation. I hypothesized that SuM glutamate neurons projecting to the 

septum mediate the rewarding effect induced by the stimulation of SuM glutamate neuron 

cell bodies based on three observations: 1) SuM glutamatergic neurons provide robust 

innervation of the septum (Vertes, 1992; Pan and McNaughton, 2004); 2) the septum is 

classically known to support electrical ICSS (Olds and Milner, 1954; Prado-Alcala et al., 

1984; Cazala et al., 1988); and 3) that intra-SuM injections of picrotoxin, which are 

rewarding, induce robust cFos expression in the forebrain, especially the septum (Shin 

and Ikemoto, 2010). I also examined projections to the ventral subiculum (vSub) and the 

paraventricular thalamic nucleus (PVT), which receive input from the SuM (Vertes, 

1992), and have been implicated in motivated behaviors associated with reward seeking 

(Hamlin et al., 2009; Bossert and Stern, 2012; James and Dayas, 2013; Kirouac, 2015), to 

contrast their ability to support ICSS with that of the septum.  

I designed within-subject experiments to test two distinct pathways in each mouse 

by injecting Cre-specific ChR2 vector into the SuM of vGlut2-Cre mice and placing optic 

fibers in two of the three downstream regions. One cohort had optic fibers placed 

unilaterally in the vSub and septal area (n=7), and another cohort had fibers placed in the 

PVT and septal area (n=12). After a six-week incubation period, half of the mice in each 

cohort were connected only to their septal area optic fibers, and the other half of each 

cohort were connected to their other optic fibers, i.e. vSub (Figure 3A, top) and PVT 

(Figure 3B, top). After the two baseline sessions and then being given the opportunity to 

lever press for stimulation of the first pathway for sessions 3-7(Figure 3A and B; bottom, 

before dotted line in graph), the mice were then given the opportunity to lever press for 

stimulation of the second region in sessions 8-12 (Figure 3A and B; bottom, after dotted 
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line in graph). When attached to the septum optic fibers the mice acquire strong ICSS 

behavior, but not when the mice are connected to optic fibers targeting vSub. There was 

no significant effect of order (2order x 2pathway x 5session ANOVA), so data from each 

pathway was grouped for further comparison between pathways (Figure 3C, see below).  

The SuM sends projection to the entire septal complex and basal forebrain 

(Vertes, 1992). However, the initial placement of optic fibers in the septal area for the 

aforementioned experiment were confined to the dorsal area of the lateral and medial 

septum. To examine more ventral area, I prepared a third cohort of mice who had a single 

implant targeting ventral medial septum and the diagonal band of Broca (DBB). 

Supplemental Figure 3 shows a summary of all optic fiber placements and relative lever 

press rates for animals testing SuM glutamatergic projections. Mice with optic fibers in 

the corpus collosum or ventral to the septum in the vicinity of the anterior commissure 

did not lever press and were not included in the analysis. 

The SuM is anatomically adjacent to the VTA, and the VTA contains 

glutamatergic neurons (Yamaguchi et al., 2007; Taylor et al., 2014). If VTA sends 

glutamatergic projections to the septum, the rewarding effect of SuM:SeptvGlut2 could be, 

in part, mediated by the stimulation of VTA glutamatergic neurons projecting to the 

septum.  To address this issue, I tested an additional group with Cre-specific ChR2 

injected into the VTA and optic fiber placed in the septum (VTA:SeptvGlut2, n=6). These 

mice failed to acquire self-stimulation behavior (Figure 3C; green line). When 

comparing ICSS rates for each individual pathway it is clear that SuM:SeptvGlut2 

supported high rates of ICSS, and indeed significantly more than SuM:PVTvGlut2, 

SuM:vSubvGlut2 and VTA:SeptvGlut2 pathways (Figure 3C; 4group  x 5session ANOVA: 
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Fgroup(3,45)=12.7, p<.0001, followed by Tukey HSD posthoc test, all p’s < 0.002). ICSS 

rates for stimulation of SuM:PVTvGlut2 and SuM:vSubvGlut2 and VTA:SeptvGlut2 pathways 

did not differ from one another (p >0.9). 

Photostimulation of SuM vGlut2 terminals should elicit release of glutamate onto 

postsynaptic neurons resulting in increased activity in these projection sites. Thus, to 

verify my optogenetic procedure, a subset of mice from SuM:SeptvGlut2, SuM:PVTvGlut2 

and SuM:vSubvGlut2 groups received photostimulation before sacrificing the animals, 

allowing for staining of brain sections for cFos, a marker of neuronal activity, to examine 

terminal stimulation induced activity in septal area, PVT, or vSub. For each group, cFos-

immunoreactive cells in the respective area (measured from beneath the implanted optic 

fiber) were counted and compared to controls who were mice in the same cohort who 

were treated the same yet received no photostimulation (Figure 4A-C). cFos counts in 

septum and PVT were significantly higher when stimulated than when not (unpaired t-

test, p <0.0001, and p=0.0008, respectively). In the vSub, cFos counts were significantly 

higher in the hemisphere ipsilateral to stimulation than contralateral to stimulation or 

when not stimulated (Figure 5; 2stimulation x 2hemisphere ANOVA: Finteraction=0.0235, p 

=0.0235 followed by Bonferroni posthoc pipsi-stim<0.001). 

Experiment 3b: SuM glutamate neurons mediate both reward and aversion via separate 

pathways 

I observed that ICSS rates for SuM:SeptvGlut2 mice in experiment 2 were far 

greater than those of SuM:SuMvGlut2 mice (Supplemental Figure 4). I reasoned that 

lower rates of ICSS for stimulation of glutamatergic SuM cell bodies when compared to 

their terminals in the septum can be explained if the stimulation of SuM cell bodies 
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recruited neurons that promote reward as well as a separate population that promote 

aversion. A growing body of literature suggest that PVT neurons mediate negative 

affective processes (Bubser and Deutch, 1999; Penzo et al., 2015; Zhu et al., 2016). 

Therefore I tested whether SuM:PVTvGlut2 pathway stimulation was aversive using a real-

time place preference/aversion paradigm, where mice were placed in a chamber with two 

discrete compartments (Figure 6A) and only receive stimulation when they enter one of 

the compartments. I again utilized a within-subject comparison of two pathways by 

injecting Cre-specific ChR2 into the SuM of vGlut2 mice and placing optic fibers in the 

PVT and septum (Figure 6B and C; left); the septum fiber serving as a positive control as 

we had already observed that this manipulation is reinforcing. As expected, when 

attached to the septum-fiber, mice spent more time in the stimulation-compartment of the 

chamber when compared to baseline periods when mice received no stimulation 

anywhere in the chamber. When mice were connected to the PVT-fiber, they drastically 

reduced time spent in the stimulation side of the chamber (Figure 6D; one-way RM-

ANOVA Ftreatment(1.901,5.03)=37.56; Bonferroni posthoc SuM:PVTvGlut2 pbaseline vs 

stim<0.01 and SuM:SeptvGlut2 pbaseline vs stim<0.05). 

Experiment 4: Surveying the septal area for sites that support AMPA ICSA 

The mouse optogenetic terminal stimulation experiments described above indicate 

that stimulation of SuM glutamatergic terminals in the septum promote reinforcement. 

The SuM provides dense, diffuse innervation to the entire septal complex, but possibly in 

part due to the small size of the mouse brain, we were unable to discern from our 

optogenetic experiments whether stimulation of terminals in a specific area of the septum 

support ICSS to a greater or lesser extent. Classically, the lateral septum (LS) is 
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implicated in affective processes via its connections to subcortical and cortical limbic 

structures (Sheehan et al., 2004; Jonsson et al., 2017; Vega-Quiroga et al., 2017) and the 

medial septum (MS) is implicated in locomotion and spatial learning and memory 

(Tsanov, 2017) via its primary connection to hippocampal systems. However, both LS 

and MS have been shown to support electrical ICSS (Olds and Olds, 1963; Prado-Alcala 

et al., 1984; Cazala et al., 1988) . A caveat to electrical ICSS studies is lack of specificity 

in concluding the locus of reinforcing effects as electrical stimulation can stimulate 

neuron cell bodies as well as afferent terminals and fibers of passage. Additionally, 

electrical ICSS does not address whether glutamate release in the septum, in particular, is 

reinforcing. 

I now describe a set of unpublished experiments done by Dr. Rick Shin in the 

Ikemoto lab, as they support data I have presented thus far in this Chapter. Dr. Shin’s 

experiments used a spatially sensitive intracranial self-administration (ICSA) procedure 

to survey the septal area to determine whether direct stimulation of septum cell bodies via 

glutamate receptor agonist, AMPA, has reinforcing effects, and whether specific areas of 

the septum form a ‘hot spot’ for reinforcing properties.  

Rats (n = 111) were given the opportunity to self-administer various 

concentrations of AMPA solutions into discrete sites in septum over multiple sessions by 

systematically increasing the length of injection cannula over multiple sessions 

(Supplemental Figure 5A & B). Low ICSA rates of vehicle (artificial cerebrospinal 

fluid; aCSF) in session 1 (mean = 0.206 infusions per min, Std = 0.20) were observed. 

ICSA was most reliably supported when AMPA was infused along the midline region of 

the septal area (Supplemental Figure 5A).  AMPA infusions laterally in the septum and 
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into the ventral striatum did not generally support ICSA.  Finally, AMPA ICSA was 

completely abolished by co-administration of the AMPA receptor antagonist ZK 200775 

Supplemental Figure 5C; one-way repeated measures ANOVA, F(2,22) = 16.04, p = 

0.0013; Tukey HSD test p < 0.001), confirming that AMPA receptors mediated positive 

affect.  

To provide additional evidence that intra-septum administration of AMPA 

elevates positive mood, the effect of this treatment on visual-stimulus (VS) seeking 

behavior was examined.  Rats are known to increase responding for the presentation of 

VS even though VS has not been associated with any classical primary reinforcer, e.g. 

food (Stewart, 1960; Lloyd et al., 2012; Keller et al., 2014).  If increased activity of 

septum neurons produces positive mood, then rats would increase responding for VS.  

Indeed, the activation of the VTA-VStr dopamine system has been shown to increase VS 

seeking behavior (Shin et al., 2010), and this procedure is used to assess mood state (Drui 

et al., 2014).  When 0.1 or 0.25 mM AMPA was infused into the midline septum in a 

non-contingent manner, rats increased pressing on the active lever, which produced 

contingently VS, while maintaining pressing unchanged on the inactive lever, which did 

not produce VS (Supplemental Figure 5D; 6session x 2lever repeated measures ANOVA; 

concentration x lever interaction Finteraction(5,25) = 8.71, p < 0.0001; Tukey HSD test p < 

0.01; n = 6).  These results corroborate our results from SuM glutamatergic terminal 

stimulation experiments that show glutamate inputs to the septum play a role in positive 

affect, and further suggest that glutamatergic excitation of more midline septum 

structures may more readily support reinforcement than lateral structures. 

Experiment 5: Septum glutamate neurons support optogenetic ICSS 
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While clearly observing that exciting septum neurons via both optogenetically 

induced release of glutamate from SuM terminals and AMPA infusions was reinforcing, 

it remains unclear what subpopulation of septum neurons might mediate this 

reinforcement, as both of these manipulations are non-specific in terms of the septum 

neurons that are down stream of their excitation effects. As such, I returned to using mice 

to design a set of optogenetic ICSS experiments to examine the major subpopulations of 

septum neurons for reinforcing effects (Figure 7A, top). I first confirmed that indeed 

directly stimulating septum neuron cell bodies is reinforcing by injecting AAV1-hSyn-

ChR2-eYFP into the septum of wildtype (c57Bl/6J) mice and implanting optic fibers to 

stimulate those neurons (Sept:SeptWT; Figure 7A, middle left). These mice indeed 

acquire self-stimulation behavior (Figure 7B, red line). The septum is comprised of 

glutamatergic, GABAergic, and cholinergic neuron subpopulations (Risold and Swanson, 

1997b; Manseau et al., 2005), all of which we specifically targeted in separate groups 

using vGlut2-Cre (Sept:SeptvGlut2), vGat-Cre (Sept:SeptvGat), and ChAt-Cre 

(Sept:SeptChAt) mice, respectively, and a Cre-specific ChR2 vector (Figure 7A; middle 

right, bottom left and right). The glutamatergic and cholinergic neuron populations are 

primarily located in the medial septum (MS) so for these preparations I targeted virus and 

optic fibers to the MS, while targeting both MS and lateral septum (LS) in Sept:SeptvGat 

mice, as GABAergic neurons are found throughout the septum (Risold and Swanson, 

1997b; Manseau et al., 2005). Strikingly, only the Sept:SeptvGlut2 mice acquired ICSS, 

and to the same extent that Sept:SeptWT mice performed the behavior (Figure 7B; 4group  

x 5session ANOVA indicate a group x session interaction: Finteraction(12,168)=4.031, 

p<.0001 followed by Tukey posthoc HSD test). 
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Experiment 6: SuM neurons are functionally connected to MS glutamate neurons 

Having observed that SuM neurons projecting to the septum and the MS 

glutamate neurons that are downstream of them both support ICSS, I next wanted to test 

the functional connectivity of these two populations. It has been reported that the SuM 

indeed as monosynaptic connections to MS glutamate neurons (Fuhrmann et al., 2015), 

however, it remains unknown whether the afferents from SuM are capable of driving MS 

glutamate neurons via glutamate transmission. I tested this by injecting a Cre-specific 

ChR2 vector into the SuM and a Cre-specific reporter vector AAV1-DIO-nucTdTomato 

into the MS of vGlut2-Cre mice (Figure 8A). After an incubation period to allow for 

viral expression we took sections at the level of the septum for ex vivo patch-clamp 

electrophysiology testing of MS glutamatergic (Tomato+) and non-labeled neurons 

(Tomato-). All recorded neurons were adjacent to SuM terminals expressing ChR2-eYFP 

(Figure 8B). Of 14 cells recorded, 12 displayed a light-mediated response.  In both 

Tomato+ and Tomato- neurons a 2ms blue light stimulus produced an excitatory 

postsynaptic response (oEPSP). (Figure 8C).  There was no significant difference in the 

magnitude of the light-evoked response between the 2 groups (unpaired t-test p=0.49) 

(Figure 8D). Finally, to verify that indeed the functional connection being driven by 

optogenetic stimulation was glutamatergic, a cocktail of glutamatergic antagonists 

DNQX and AP5 significantly reduced the amplitude of the oEPSP (Figure 8E; paired t-

test, p=0.01). 
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Discussion 

 In the experiments described in this Chapter, I used the modern systems 

neuroscience technique, optogenetics, to further elucidate the neural systems that are 

involved in rewarding stimulation of the supramammillary nucleus.  

SuM cell bodies support optogenetic ICSS. In experiment 1, I confirmed that 

SuM cell bodies support intracranial self-stimulation in mice.  These neurons therefore 

provide the animal with reward signal that reinforces preceding behavior (Olds and 

Milner, 1954; Skinner, 1963). The SuM can be subdivided to the medial SuM and lateral 

SuM, and the organization of the projections from these two subdivisions are primarily 

topographic, in that more lateral projections innervate lateral brain structures such as the 

entorhinal cortex and hippocampus and the medial projections target the septal complex, 

thalamus, and basal forebrain regions (Vertes, 1992) (for a detailed review of the 

anatomy of SuM, see Pan and McNaughton, 2004). Optic fiber placements targeting the 

SuM in my experiments were generally placed to stimulate medial SuM, and I restrict 

conclusions on the rewarding effect of SuM stimulation to more medial SuM.  

The site-control experiments targeting ChR2 to the SuM and placed optic fibers in 

the MB and VTA served several important functions. Firstly, they acted to stimulate 

neuron cell bodies outside the SuM that may express ChR2. The SuM is a relatively small 

brain region, and both viral vectors and ChR2-stimulating properties of light can diffuse 

into tissues adjacent to this region. The spread of light from the tip of implanted optic 

fibers is strongest in the ventral direction, so it is possible that light from the SuM 

targeting optic fibers could be stimulating neurons in the MB. However, mice with optic 

fibers directly stimulating the MB did not perform ICSS at nearly as high levels as seen 
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with mice with optic fibers targeting the SuM. It remains unclear whether directly 

targeting MB neurons with optogenetic vectors and optic fiber implants would support 

ICSS. Viral vectors could also spread laterally into the VTA, a brain region well known 

for containing dopamine neurons and being involved in many reward processes. 

However, mice with optic fibers targeting the VTA with vectors injected into the SuM do 

not support high levels of ICSS, and since we would expect direct stimulation of VTA 

neurons to support ICSS, we conclude that our preparations for optogenetic stimulation to 

the SuM do not much affect the VTA. Similarly, it is possible that ChR2 targeted to SuM 

cell bodies are trafficked to its terminals in these two brain regions. These site controls 

also serve as indicators that rewarding effects of SuM cell body stimulation are not 

mediated directly by its innervation of these two brain regions. 

The same stimulation parameters are used throughout all optogenetic stimulation 

procedures, and I reason this makes it possible to conclude that rewarding effects 

observed at more gross levels of stimulation are mediated by more selective stimulation 

targets. It is possible that other stimulation parameters might be rewarding for some of 

the populations studied in these experiments.  

SuM glutamatergic neurons support optogenetic ICSS. Since the SuM is 

formed by a heterogeneous population of neurons (Pan and McNaughton, 2004) I 

reasoned that the rewarding effects of SuM stimulation might be mediated by specific 

subpopulations of neurons. Glutamatergic neurons but not dopaminergic or GABAergic 

neurons in the SuM supported ICSS and thus likely play a role in the rewarding effects of 

SuM cell body stimulation. The SuM contains distinct subpopulations of glutamate 

neurons, with subpopulations that are both glutamatergic/GABAergic (Soussi et al., 
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2010; Pedersen et al., 2017; Root et al., 2018) and another that is 

glutamatergic/dopaminergic (Kawano et al., 2006). The glutamate/GABA neurons in the 

SuM are mainly localized to the lateral SuM (Pedersen et al., 2017; Root et al., 2018). 

Though it is certainly possible that our preparations might stimulate both 

glutamate/dopamine and glutamate/GABA neurons, we find that mice do not perform 

ICSS when ChR2 is targeted to dopaminergic or GABAergic neurons in the SuM. This is 

constant with recently reported work showing that SuM glutamate neurons, but not 

glutamate/GABA neurons, act as a node for arousal and wakefulness (Pedersen et al., 

2017). Similarly, my results are constant with reports that SuM dopamine neurons are 

unlike A10 dopamine neurons in the VTA and substantia nigra pars compacta (Shepard et 

al., 1988), as A10 dopamine neurons readily support high levels of ICSS, and I observed 

SuM dopamine neurons do not. It is also possible that there are simply too little DA 

neurons in the SuM to drive robust ICSS. 

SuM glutamate neurons projecting to the PVT and vSub do not support 

optogenetic ICSS. After observing that SuM glutamate neurons support ICSS, I 

performed optogenetic terminal stimulation targeting three distinct SuM glutamate 

neuron projections. Only when targeting SuM to septum glutamatergic terminals did mice 

acquire ICSS behavior. Targeting SuM to PVT or SuM to vSub glutamatergic terminals 

did not support ICSS. Critically, although SuM:PVTvGlut2 and SuM:vSubvGlut2 pathways 

did not support ICSS, optogenetic terminal stimulation in these regions do induce neuron 

activity as measured by cFos-immunoreactivity. cFos is an immediate early gene that is 

often used as a marker for neuronal activity, thus indicating that our optogenetic methods 
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do indeed stimulate the targeted pathways, but mice do not find this stimulation 

rewarding.  

Lack of ICSS of SuM:vSubvGlut2 pathway is somewhat surprising, as the vSub 

provides rewarding glutamatergic innervation of the nucleus accumbens (NAc) 

(Groenewegen et al., 1987; Britt et al., 2012) as well as input to the VTA (Luo et al., 

2011), and stimulation of the vSub induces dopamine release in the NAc (Vorel et al., 

2001). In addition, several lines of evidence support a role for the vSub in motivated 

behaviors including relapse to drug seeking (Bossert and Stern, 2012). It is possible that 

optogenetically induced glutamate release in the vSub does not promote excitation of 

vSub cells in a manner that drives reinforcement, as the vSub does support electrical 

ICSS at theta burst frequencies (5-10hz) but not 2hz stimulation (Vorel et al., 2001). 

Alternately, it is possible the SuM neurons innervate a subpopulation of vSub neurons 

that are not involved in reward-promoting circuitry.   

Stimulation of SuM glutamate neurons projecting to the PVT is aversive. It is 

less surprising that SuM:PVTvGlut2 did not support ICSS. Although the literature is mixed 

in terms of the role of PVT in reward and aversion mechanism (Kirouac, 2015; Millan et 

al., 2017), several studies suggest the PVT is involved in negative affect (for a review of 

PVT and aversion see (Hsu et al., 2014)). Recent work using optogenetic and 

chemogenetic techniques show that the PVT plays a critical role in the negative affect 

associated with opiate withdrawal via its projections to the NAc (Zhu et al., 2016), and is 

essential for learning and expression of fear conditioning via its connections to the central 

amygdala (Penzo et al., 2015). Consistent with a role for PVT in aversive processes, I 

found that mice avoid stimulation of the SuM:PVTvGlut2 pathway. This suggests that 
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excitatory inputs from the SuM might drive PVT neurons associated with negative affect. 

This additionally supports my reasoning for why SuM glutamatergic cell body 

stimulation supports lower levels of ICSS than SuM:SeptvGlut2 neurons, in that stimulation 

of the SuM:PVTvGlut2 pathway promotes aversion which reduces the perceived rewarding 

effects from stimulating SuM:SeptvGlut2 neurons at the level of cell bodies in the SuM.   

Interestingly, I have observed that mice receiving optogenetic stimulation of SuM 

cell bodies find continuous stimulation aversive after several seconds (unpublished 

personal observations). I suspect that after several seconds, continuous SuM stimulation 

may more strongly drive SuM:PVTvGlut2 systems and overcome rewarding effects of 

SuM:SeptvGlut2 systems. It is known that several sites that support rewarding brain 

stimulation in a phasic burst type stimulation pattern also become aversive when 

stimulation becomes prolonged (Roberts, 1958; Olds and Olds, 1962). Additionally, the 

SuM is suggested to have a role in retrieval of aversive valence in conditioned taste 

aversion paradigms (Yasoshima et al., 2005), and many anxiety and aversion related 

behavioral manipulations induce cFos in the SuM (Bullitt, 1990; Sandner et al., 1993; 

Duncan et al., 1996; Le Guen et al., 2003). Further research is needed to understand the 

role of SuM in aversion, in particular how the SuM:PVTvGlut2 pathway fits into known 

mechanisms of SuM and PVT mediated aversive processes.  

 Medial septum glutamate neurons support optogenetic ICSS. Stimulation of 

the septum either by optogenetic terminal stimulation of SuM glutamate neurons 

innervating this area, injections of AMPA in the rat septum, or direct optogenetic 

stimulation of septum cell bodies was rewarding. Additionally, neither septum 

GABAergic nor cholinergic neurons supported optogenetic ICSS at the stimulation 
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parameters we used, but MS glutamate neurons did support ICSS. It is well known that 

the septum is a locus for brain stimulation reward (Olds and Milner, 1954; Hodos and 

Valenstein, 1962; Prado-Alcala et al., 1984; Cazala et al., 1988). The lateral septum (LS) 

is comprised of primarily of GABAergic neurons (Risold and Swanson, 1997b) and is 

thought to play a role in affective processes (see (Sheehan et al., 2004) for a review of LS 

and affect). This along with my finding that non-specific activation of septal neurons 

supports ICSS makes it surprising that targeting ChR2 to septum GABAergic neurons did 

not support ICSS. Electrical stimulation of the lateral septum supports lower levels of 

ICSS rates and requires higher currents of electricity to initiate ICSS than compared to 

MS (Cazala et al., 1988). This allows the possibility that past studies reporting rewarding 

effects of LS electrical stimulation might be due to the nonspecific nature of electrical 

stimulation recruiting fibers of passage or MS glutamate neurons. Another possibility for 

why septal GABAergic neurons did not support optogenetic ICSS is the diverse efferent 

and afferent composition of these neurons (Risold and Swanson, 1997a). It is possible 

that selective populations of septal GABA neurons promote either reward or aversion, 

and my approach, which indiscriminatingly stimulated these populations, might drive 

both negative and positive valances and, as such, we attenuated rewarding effects.  

 My finding that MS glutamate neurons support optogenetic ICSS was unexpected. 

Past research on MS septum glutamate neurons has been primarily focused on their role 

in hippocampal theta rhythm and theta-relevant behaviors such as locomotion and 

memory. These neurons are relatively understudied when compared to septal GABAergic 

and cholinergic subpopulations. Within the septum, glutamate neurons show 

heterogeneous firing patterns (Huh et al., 2010), can excite local GABAergic and 
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cholinergic neurons, and can spontaneously fire at theta frequency under physiological 

conditions ex-vivo (Manseau et al., 2005). These neurons innervate the hippocampal 

complex including CA1, CA3, and dentate gyrus (Colom et al., 2005) but do not 

influence hippocampal theta rhythm via direct inputs. Rather, they are capable of driving 

hippocampal theta rhythm via interactions with non-glutamate neurons locally within the 

septum (Robinson et al., 2016). These studies are consistent with the notion that the MS, 

as a whole, acts as a key pacemaker for generation of hippocampal theta rhythm (Petsche 

et al., 1962). Locomotion is a key behavioral correlate of hippocampal theta rhythm 

(McFarland et al., 1975; Sławińska and Kasicki, 1998), and recent reports implicate MS 

glutamate neurons as key integrators and drivers of speed during locomotion (Fuhrmann 

et al., 2015; Justus et al., 2016). To my knowledge, the experiments described in this 

chapter are the first to identify medial septum glutamate neurons as mediating reward and 

thus potential mediators of reinforcement mechanism. 

SuM:SepvGlut2 and medial septum glutamate neurons form a novel reward 

system. I found that both novel rewarding subpopulations reported in this study form a 

functional system, as SuM:SeptvGlut2 neurons are indeed able to drive MS glutamate 

neurons. Like MS glutamate neurons, past research on the SuM has been primarily 

focused on its role in hippocampal theta rhythm and hippocampal theta rhythm associated 

cognitive functions (for a review see (Pan and McNaughton, 2004)), and electrical 

stimulation of SuM and nearby posterior hypothalamic areas (which contain ascending 

fibers from SuM) has been shown to facilitate initiation of voluntary locomotor activities 

(Bland and Vanderwolf, 1972; Bland and Oddie, 2001). Electrolytic lesions of the SuM 

in rats does not disrupt hippocampal theta rhythm of rats freely moving in a small 



38 

 

(relatively uninteresting) chamber (Thinschmidt et al., 1995), indicating the SuM may 

play a role in hippocampal theta rhythm associated with circumstances that necessitate 

more goal directed actions. Supporting this notion is the finding that when the 

GABAergic agonist chlordiazepoxide is injected into SuM before rats must perform a 

FI60 task, the animal shows resistance to behavioral inhibition (Woodnorth and 

McNaughton, 2002), which is an indication that the SuM is important for mediating 

appropriate goal directed environmental interactions, i.e. reward seeking.  

Like hippocampal theta rhythm, locomotion is a primary behavioral component of 

the newly identified reward-inducing populations reported in this chapter. Additionally, 

our group and others have found that another region with strong canonical ties to 

locomotion, the substantia nigra pars compacta, supports ICSS (Corbett and Wise, 1980; 

Wise, 1981; Rossi et al., 2013; Ilango et al., 2014). Many drugs of abuse also have 

locomotor effects and pharmacologic compounds which block the rewarding effects of 

primary reinforcers also have profound effects on locomotion (Wise and Bozarth, 1987; 

Le Moal and Simon, 1991). However, there is a notion that locomotion and reward are 

separable, as it is common for studies to report manipulations that decrease in the 

rewarding effects of primary reinforcers while sparing locomotor effects (Wise, 2004), 

and visa-versa, where manipulations may affect motor behaviors but not reward (Risinger 

et al., 1992). Incentive-salience theories of reward posit rewarding effects of primary 

reinforcers may be separable from locomotor effects, as increased locomotion might 

simply be a correlate of increases in incentive drive, i.e. if the animal’s “wanting” of 

something is increased, locomotion to satiate that want is correlatively increased 

(Robinson and Berridge, 1993). Yet, I found that regions most commonly associated with 
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locomotor activity are indeed rewarding when stimulated, the ramifications of which are 

somewhat contrary to these views. The data presented here suggests that locomotion and 

reward may be more linked anatomically than previously thought and provides additional 

evidence that locomotion may be a common feature of all brain reward mechanism 

(Glickman and Schiff, 1967). This is consistent with the concept of a brain approach-

coordinator module (Ikemoto, 2010), which, in brief, suggests that there exists a brain 

system that includes both canonical reward circuits and regions outside this circuitry 

whose functional interaction mediate approach behavior. A consequence of this is that 

activations of regions involved in the approach coordinator module, which should likely 

include ‘locomotor regions’, should be rewarding when stimulated. Further studies must 

be done to assess whether additional locomotor-related regions support ICSS, and if true, 

would strengthen the view that subcortical locomotor-related systems are component of 

brain reward circuitry and careful consideration should be given to understanding their 

interaction with canonical reward circuits.   
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Materials and Methods 

Mouse in-vivo optogenetic stimulation 

The following procedures describe methodology for experiments 1,2,3, and 5. 

Subjects: The present study used adult male mice (2-4 mo.) weighing 25-35g at the time 

of surgery.  C57BL6J were obtained from Jackson Labs, while transgenic mice were 

obtained (see following) and then bred at the NIDA-IRP animal facility:  (Vglut2)::ires-

cre (Slc17a6tm2(cre)Lowl; Jackson Labs), (vGat)::IRES-Cre (Slc32a1tm2(cre)Lowl; Jackson 

Labs), ChAT-IRES-Cre::frt-neo-frt (Chattm2(cre)Lowl; Jackson Labs), and (Th)::IRES-Cre 

knock-in mice (Lindeberg et al., 2004). When not being tested, all mice were individually 

housed in a vivarium and maintained on a 12:12 light-dark cycle (lights on at 07:00 AM). 

Mice had free access to food and water except during testing. All procedures were 

approved by the Animal Care and Use Committee of the Intramural Research Program, 

National Institute on Drug Abuse and were in accordance with the Guide for the care and 

use of laboratory animals (National Research Council, 2011). 

 

Viral vectors: For experiment 1, the NIDA Optogenetics and Transgenic Technology 

Core produced adeno-associated virus serotype-1 (AAV) encoding channelorhodopsin-2 

(ChR2) and enhanced yellow fluorescent protein (EYFP) mediated by the human 

synapsin 1 (hSyn) promoter from plasmids obtained from the Stanford Optogenetics 

Innovation Lab.; making the vector pAAV1-hSyn-hChR2(H143R)-EYFP. For 

experiments 2-3, and 5, we used the vector pAAV1-Ef1a-DIO-hChR2(H134R)-EYFP-

WPRE-pA obtained from the University of Pennsylvania Vector Core. The final viral 

concentrations were roughly 1.8e12, and 1.0e13 viral genomes/mL for hSyn-ChR2, DIO-

ChR2, respectively.   
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Surgery: Coordinates used for various brain regions are as follows: 

SuM: AP -2.7; ML 0.0; DV -4.6 

MB: AP -2.7; ML 0.0; DV -5.1 

VTA: AP -3.2; ML +0.5; DV -4.0 

MS: AP +0.8; ML 0.0; DV -3.5 

LS: AP +0.8; ML 0.2; DV -3.1 

DBB: AP +0.8; ML 0.2; DV -3.8 

vSub: AP -3.3, ML 2.8, DV -4.3 

PVT: AP -1.8, ML 0.0, DV -2.7 

These coordinates represent the placement of the tip of optic fiber. Injections of ChR2 

viral vectors are always 0.2mm ventral to these coordinates. All DV coordinates are 

measured from skull surface. Mice were anesthetized using isoflourane and placed in a 

stereotaxic apparatus for surgery. For each experiment, one of the viral vectors (exp. 1: 

300nL; exp.2: 150-200nL, and 50nL in a subset of vGlut2-Cre mice; exp. 3a 200nL; all 

other viral injections for other experiments were 150nL) was microinjected by a syringe 

pump (Micro 4, World Precision Instruments) at 50 nL/min, with additional 5-10 min 

waiting before removal of the injection needle (34 gauge, beveled). Then, optic fibers 

(200 µm core size with numerical aperture of 0.37), constructed as described before 

(Sparta et al., 2012), were chronically implanted secured on the skull with dental cement 

(Geristor A and B cement, Denmat; part #s 4506 and #034522101). For experiment 1, 

viral vector was injected into the SuM, and a single optic fiber was implanted to stimulate 

one of the following regions – SuM, MB, or VTA. For experiment 2, a Cre-dependent 

ChR2 was injected into SuM and fibers placed above SuM. For experiment 3, Cre-

dependent ChR2 was injected into SuM and fibers placed in the septum (either MS or 

LS) and PVT or vSub. In experiment 3a, one cohort received implants in both the vSub 

and septal area; another cohort received implants in both PVT and septal area; a third 

cohort had a single implant in the ventral septal area/diagonal band of Broca (DBB), to 
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stimulate ventrally to those placed in the dorsal septal area; and a fourth cohort received 

injections in the VTA and optic fibers in the septum. For experiment 3b, each mouse 

received injections of Cre-dependent ChR2 in SuM and one fiber in septal area and 

another in PVT. For experiment 5, Cre-dependent viral vector injections and optic fibers 

we placements were in the LS or MS.  

 

Recovery and experimenter habituation: For cell body stimulation (exps. 1,2, and 5) a 

two-week recovery/incubation period was followed by handling for 3 days, 5-10min each 

day, by the experimenter conducting behavioral tests, followed by 30min habituation 

session in the test chambers the day before experimentation began. The same post-

surgery procedure was followed for terminal stimulation experiments (exp. 3), except a 

six-week recovery/incubation period was given to allow for trafficking of opsins to 

projection terminals. 

 

Optogenetic intracranial self-stimulation: Self-stimulation experiments were 

conducted in standard operant conditioning chambers (15.9 x 14.0 x 12.7 cm; Med 

Associates, St. Albans, VT) equipped with two levers and a small cue lamp above each 

lever, a house lamp, and 4 pairs of infrared detectors along the cage floor to detect 

locomotion.  Mice were gently connected to a patch cable connected to a 473-nm laser 

for ChR2 stimulation via an optical swivel. Computer software (MEDPC; Med 

Associates, St. Albans, VT) controlled a pulse generator (MASTER 9; AMPI, Jerusalem, 

Israel) that controlled lasers. Each ICSS session lasted for 30 minutes, and sessions were 

typically separated by one day. To facilitate the acquisition of lever pressing, for the first 
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10 sessions, a response on the “active” lever illuminated a cue lamp above the lever for 

one second. A response on the “inactive” had no programmed consequence.  In session 

11 and subsequent sessions, no cue was provided, to eliminate possible approach-

potentiating effects of visual stimuli (Shin et al., 2010; Keller et al., 2013).  During the 

first 2 sessions, lasers were turned off and intracranial photostimulation was not 

delivered, to assess baseline response levels.  During sessions 3-7, active lever pressing 

was rewarded with an intracranial photostimulation via the implanted optic fiber. For all 

optogenetic ICSS procedures in this study we maintained the following parameters for 

delivery of photostimulation: 15 pulses of blue light (473nm), with 5-ms pulse duration 

delivered at 25Hz. For experiments 1 and 2 targeting the SuM, we used 5 mW light 

intensity at the tip of the optic fiber implant in the brain to limit the spread of light as 

much as possible. In experiment 3 to stimulate terminals as well as in experiment 5 to 

stimulate septal neurons we used 10mW laser intensity at the tip of the optic fiber in the 

brain to better requite these larger populations of ChR2 expressing tissue. Acquisition 

sessions 3-7 were followed by three extinction sessions during which active lever 

pressing delivered no photostimulation (sessions 8-10).  Thereafter, two reacquisition 

sessions were carried out with photostimulation (sessions 11-12).  In addition, the mice 

received a lever reversal test over 4 sessions in which the assignment of active and 

inactive levers with respect to the right and left levers was reversed without any cue 

before session 15 (sessions 13-16).  Mice used in experiments 2 and 5 were tested only 

through session 7 to test for acquisition of self-stimulation behavior only. For experiment 

3a, mice were hooked up to one of their fiber implants and tested in the same manner as 

described above through session 7. Then for sessions 8-12, testing exactly similar to 
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sessions 3-7 were repeated, but mice were now connected to the fiber implant in the 

second region. We tested the mice in a counterbalanced way; that is, in sessions 1-7 half 

of the mice performed ICSS for one region, then the second region in sessions 8-12, 

while the second half of mice performed ICSS for the same regions in the opposite order. 

Before euthanasia, a subset of these mice (vSub, n=10; PVT, n=6; septal area, n=6) 

received non-contingent photostimulation (one pulse train every second) for 15 minutes 

in operant chambers to stimulate ChR2 in terminals and analyze cFos, or were handled 

and placed similarly in chambers but received no photostimulation (n=8) to serve as 

control. Mice were left in their home cage for 45 minutes after this final session and then 

quickly euthanized. In addition, for vSub cFos counts, tissue ipsilateral to stimulation was 

compared to the same tissue contralateral to stimulation. For all optogenetic ICSS 

experiments, any mouse who failed to press active lever more than 15 times total during 

acquisition sessions were removed from the study for lack of exposure to effects of the 

stimulation. 

 

Optogenetic within subject real-time place preference/aversion: Mice in experiment 

3b were brought to testing room and left for one hour to acclimate. One the first day of 

testing each mouse was gently attached via either septum or PVT targeting optic fiber to 

a patch cable connected to a 473-nm laser for ChR2 stimulation via an optical swivel 

allowing for freedom to explore the entire arena (ANY-maze mouse place preference 

box; Stoelting Co., Wood Dale, IL). Video tracking software (EthoVision XT, Noldus, 

Leesburg, VA) tracked animal position and generated controlled laser via connection to a 

pulse generator (OPTOG-8, Doric Lenses, Quebec, Canada). After a 20-minute baseline 
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period, light pulses [15pulses, 25hz, 10mW; generated every second] were delivered only 

when mice centers crossed the border from center connector region of the chamber into 

room with striped walls. Mice were tested one time this procedure on separate days, for a 

total of two sessions, to test the effects of each pathway in a counterbalanced manner. 

 

Histology: After completion of the behavioral experiment, all animals were intracardially 

perfused with ice cold 0.9% saline followed by 4% paraformaldehyde. Brains were 

coronally sectioned at 40 µm, mounted directly onto slides, and cover slipped with DAPI 

nuclear counterstain (#H-1200, Vector Labs, Burlingame, CA) in Mowiol 4-88 (sigma, 

#81381). Optical fiber placements and EYFP expression were determined with 

fluorescent microscopy.  

 

cFos Staining and Counting: In experiment 3a, to analyze cFos expression brains were 

coronally sectioned at 40 µm and sections were collected alternating between 4 different 

wells containing 0.1M PB buffer, then transferred to a cryoprotectant solution and kept at 

-80 C until further processing. EYPF and cFos were labeled via immunohistochemistry 

using rabbit anti-cFos (1:2000; #AB152MI, Santa Cruz, Dallas, TX), goat anti-GFP/YFP 

(1:3000; #A11120, Life Technologies, Grand Island, NY) with donkey anti-goat Alexa 

Flour 488 and donkey anti-rabbit Alexa Flour 594 (1:300; Life Technologies).  Mounted 

sections were cover slipped with a mixture of Mowiol 4-88 and DAPI nuclear 

counterstain. cFos-ir cells were counted using ImageJ (http://imagej.nih.gov/ij/) software, 

by automatically counting cells within a 500x500uM area beneath the tip of the optic 

fiber in the region of interest. 

http://imagej.nih.gov/ij/
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Mouse ex-vivo electrophysiology 

The following procedures describe methodology for experiment 6. 

Mice were deeply anesthetized with isoflurane (60-90 seconds) and then rapidly 

decapitated.  Coronal slices containing the septum were cut in ice-cold solution 

containing (in mM) 92 NMDG, 20 HEPES, 25 Glucose, 30 NaHCO3, 1.2 NaH2PO4, 2.5 

KCl, 5 Na-ascorbate, 3 Na-pyruvate, 2 Thiourea, 10 MgSO4, 0.5 CaCl2, saturated with 

95% O2 5% CO2 (pH 7.3-7.4, ~305 mOsm/kg )] and incubated for 5-10 minutes at 35 

degrees Celsius in the same solution.  Slices were allowed to recover for a minimum of 

30 minutes at room temperature in artificial cerebrospinal fluid (ACSF) containing (in 

mM) 126 NaCl, 2.5 KCl, 1.2 MgCl2, 2.4 CaCl2, 1.2 NaH2PO4, 21.4 NaHCO3, 11.1 

Glucose, 3 Na-pyruvate, 1 Na-ascorbate. Recordings were made at 32-35°Celsius in the 

same solution which was bath perfused at 2-3 ml/min.  Intracellular solution contained (in 

mM) 115 K-gluconate, 20 KCl, 1.5 MgCl2, 10 HEPES, 0.025 EGTA, 2 Mg-ATP, 0.2 

Na2-GTP, 10 Na2-phosphocreatine (pH 7.2-7.3, ~285 mOsm/kg). Virus-infected cells 

(Td-tomato+) and axon terminals (eYFP+) were identified using scanning disk confocal 

microscopy (Olympus FV1000), and differential interference contrast optics were used to 

patch neurons.  Whole cell current clamp recordings were performed in visually 

identified neurons in the septum. For ChR2 experiments, a 473 nM laser (OEM laser 

systems, maximum output 500 mW) attached to fiber optic cable was used to deliver light 

to the slice. Light intensity of 8-12 mW was used to stimulate ChR2-expressing terminals 

in slice recordings. For experiments measuring optogenetic evokes EPSPs, 2 ms light 

pulses were delivered at a frequency of 0.5 Hz. Following a ten-minute baseline period, 
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DNQX (10 µM) and AP5 (50 µM) were added to the recording bath solution. Recordings 

were discarded if series resistance or input resistance changed >20% throughout the 

course of the recording.  An Axopatch 200B amplifier (Molecular Devices) and 

Axograph X software (Axograph Scientific) were used to record and collect the data, 

which were filtered at 10 kHz and digitized at 4-20 kHz. 

 

Rat intracranial self-administration (ICSA) 

The following procedures describe methodology for experiment 4. These methods were 

provided by Dr. Rick Shin. 

Animals: We used 111Wistar rats (Harlan, Dublin, VA) weighing 250-350 g at the time 

of surgery.  The colony room was maintained at consistent temperature and humidity on a 

reverse 12 h dark 12 h light cycle (8:00 AM off).  Food and water were freely available 

except during testing.  All procedures were approved by the Animal Care and Use 

Committee of the Intramural Research Program at National Institute on Drug Abuse, and 

were in accordance with the National Institutes of Health guidelines. 

 

Surgery: Rats were stereotaxically implanted with permanent unilateral guide cannulae 

(24 gauges) under sodium pentobarbital (31 mg/kg, i.p.) and chloral hydrate (142 mg/kg, 

i.p.) anesthesia.  Each rat’s guide cannula ended 1.0 mm above one of target regions.  All 

cannulae were inserted into the left hemisphere, unless otherwise stated, except for the 

medial septum, which was at the midline.  The incisor bar was set at 3.3 mm below the 

interaural line.  Stereotaxic coordinates (in mm) were 1.1 anterior to bregma (A), 0.0 

lateral to bregma (L) and 5.9 ventral to the skull surface (V) for the medial septum; A2.0, 
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L1.6, and V7.6 with an insertion angle of 20º for the medial shell; A1.5, L1.5, V6.8 at 20º 

for the dorsomedial shell, A1.1-1.4, L1.1, and V5.5-6.0 with a 20º for the lateral septum; 

A1.3, L1.9, and V7-7.6 at 20º for the diagonal band. Cannulae placed at 20º were inserted 

from the left hemisphere to the right hemisphere.  Each cannula was subsequently 

anchored to the skull by 4 stainless steel screws and dental acrylic, and then a stainless-

steel wire (31 gauge) was inserted to keep it patent.  Rats were housed singly to prevent 

other rats from chewing the implant after the surgery, which was followed by a minimum 

of 5 days of recovery before the start of experimentation.   

 

Drugs: The active enantiomer (S)-AMPA, inactive enantiomer (R)-AMPA, and the 

AMPA antagonist, ZK 200775 (Tocris Bioscience, MO) were dissolved in artificial 

cerebrospinal fluid consisting of (in mM): 148 NaCl, 2.7 KCl, 1.2 CaCl2, and 0.85 

MgCl2, pH adjusted to 6.5-7.5.  

 

Experimental apparatus and self-administration procedure: Each rat was placed 

individually in an operant conditioning chamber (30 x 22 x 24 cm; Med Associates, St. 

Albans, VT) equipped with two retractable levers (45 mm wide x 2 mm thick, protruding 

20 mm from the wall) located below cue lights on a side wall.  An injection cannula was 

inserted and secured into the guide cannula, which was connected by polyethylene tubing 

to a micropump consisting of a drug reservoir and step motor (Ikemoto and Sharpe, 2001) 

that hung a few millimeters above the rat’s head.  When activated, the micropump’s step 

motor turned its shaft in eight incremental steps (9° per step) over five seconds, driving 

its threaded shaft into the drug reservoir and, in turn, pushing a 100-nl volume out of the 
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reservoir into the brain. Each session lasted 90 minutes or until the rats received a total of 

60 infusions.  The maximum number of infusions was set in order to minimize possible 

tissue damage and drug diffusion.  Sessions were separated by 24 hours.  One day before 

the start of testing, rats were placed in testing chambers for 90 minutes to habituate.   

 

Self-administration as a function of brain site and (S)-AMPA concentration: We 

evaluated the effects of (S)-AMPA infusions into various forebrain regions (medial 

septum, lateral septum, medial accumbens shell, dorsal medial accumbens shell, and the 

diagonal band) on self-administration using the following single-lever procedure.  A 

response on the lever (only one of the two levers in the apparatus was made available) 

triggered an infusion and presentation of a 5s tone and light cue just above the lever, 

which did not retract.  The light extinguished after a 15s timeout.  Each rat received the 

following infusions: vehicle in sessions 1 and 8, 0.01 mM (S)-AMPA in sessions 2 and 3, 

0.05 mM in sessions 4 and 5, and 0.25 mM in sessions 6 and 7. 

 

(S)-AMPA administration at various depths of the septal complex: We examined the 

effects of (S)-AMPA in the septum using the same self-administration procedures 

described in above, but varying the depth of the injection cannula along the dorsal-ventral 

plane.  The guide cannula was inserted with the following surgical coordinates:  A0.6-

1.1, L0.0, and V4.1 ventral to the skull surface.  Subsequent extensions of the cannula 

incremented by 0.7 mm until a total depth of 3.5 mm was achieved.  Thus, the tip of the 

injection cannula for (S)-AMPA infusions into the medial septum began at a depth of 4.8 

mm from the skull surface with additional assessments of (S)-AMPA at 5.5, 6.2, 6.9 and 
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7.6 mm in this order.  At each depth, 3 operant sessions were conducted over 3 

consecutive days.  In session 1, rats received vehicle, session 2 received 0.03 mM (S)-

AMPA, and session 3 received 0.1 mM (S)-AMPA.   

 

AMPA receptors and AMPA self-administration: Using the AMPA receptor 

antagonist ZK200775, we examined whether AMPA receptors mediate self-

administration of AMPA into the medial septum.  A separate group of rats that were 

previously trained to lever press for (S)-AMPA infusion underwent the same instrumental 

procedure as in experiment 1, but received vehicle, 0.25 mM (S)-AMPA alone, and a 

mixture of 0.1 mM ZK200775 and 0.25 mM (S)-AMPA over 3 consecutive sessions.  

The order of these treatments was counterbalanced among the rats.   

 

Effects of noncontingent administration of (S)-AMPA on responding reinforced by 

visual signals: Experimentally naïve rats were individually placed in the operant 

conditioning chamber as described above.  Responding on the active lever illuminated the 

cue light just above the lever for one second and extinguished the house light for 7 

seconds (during which lever-pressing was counted but produced no programmed 

consequence). Responding on the inactive lever had no programmed consequence.  The 

left-right locations of the active and inactive levers were counterbalanced among rats, and 

the assignment of active and inactive functions between the levers remained the same for 

each rat throughout the experiment.  In addition, the number of lever-presses required to 

produce visual signals increased by 1 every 10 visual signal presentations that the rat 

earned, to facilitate differential responding between the two levers.  The rats received 
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vehicle in sessions 1 and 6; 0.01 mM AMPA in session 2, 0.05 mM AMPA in session 3, 

0.1 mM AMPA in session 4, and 0.25 mM AMPA in session 5.  Infusions (72 nl each) 

were delivered on a fixed 90 second interval schedule.  Each session lasted 90 minutes 

and sessions were separated by one day. 

 

Histology: Upon completion of the experiments, the rats’ brains were removed under 

deep pentobarbital (31 mg/kg, i.p.) and chloral hydrate (142 mg/kg, i.p.) anesthesia.  The 

brains were placed in 10% formalin solution for a minimum of 2 days prior to sectioning 

on a cryostat.  Frozen coronal sections (40-µm thickness) near the cannula tip were 

mounted on gelatinized glass slides and stained with cresyl violet.  The placements of 

injection cannulae were verified by microscopic examination.  

 

Statistical Analyses: Data were analyzed using Statistica (version 6.1, StatSoft, Inc., 

Tulsa, OK, USA), Graphpad Prism (GraphPad Software, La Jolla, California, USA) 

and/or MATLAB (The MathWorks, Inc., Natick, Massachusetts, USA). Specific 

procedures for statistical tests are described thought the text.   
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Figures 

 

Figure 1: Optogenetic self-stimulation of non-specific SuM neurons 

(A) Schematic of hSyn-ChR2 viral injection targeting SuM neuron cell bodies and optic 

fiber implantation targeting SuM with MB and VTA placements as site controls. 

(B) Examples of histology showing ChR2-eYFP expression in SuM and surrounding 

tissues with optic fiber placements (yellow dotted) in SuM (top), MB (middle), and VTA 

(bottom). Scale bar = 200uM 

(C) Mouse optogenetic ICSS operant chamber. 

(D) Active (closed circles) and inactive (open circles) lever presses per session (means + 

SEM) for animals when virus is injected into the SuM and optic fibers are placed above 

SuM, MB, or VTA. All animals pressed very little on inactive lever, so their data is 
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shown but not further analyzed. SuM:SuMWT groups have significantly higher ICSS rates 

during acquisition sessions 3-7 (***p < 0.001) and reacquisition sessions 11-12 (**p < 

0.01). Their rates decrease to match SuM:MBWT and SuM:VTAWT groups by the end of 

extinction sessions 8-10 (#p < 0.05). 

(E) Lever reversal experiment (means + SEM). Lever 1 active greater than either lever 

inactive, #p < .012; and lever 2 active greater than either lever inactive, *p < 0.001). 
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Figure 2: Optogenetic ICSS of SuM glutamatergic but not dopaminergic or 

GABAergic neurons 

 (A) Schematic of Cre specific ChR2 viral injection targeting SuM neuron cell bodies and 

optic fiber implantation targeting SuM in vGlut2, Th, and vGat Cre driver mouse lines. 

(B) Examples of histology showing ChR2-eYFP expression in SuM in vGlut2-Cre (top), 

Th-Cre (middle), and vGat-Cre mice with optic fiber tracts (yellow) in SuM. Scale bar = 

200uM. 

(C) Active lever presses per session (means + SEM). SuM:SuMvGlut2 ICSS greater than 

SuM:SuMvGat and SuM:SuMTh ICSS. *p < 0.05. 
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Figure 3: Optogenetic dissection of SuM glutamatergic projections in reward and 

aversion 

(A-B) Schematic of Cre-specific virus injection in SuM of vGlut2-Cre mouse and 

optogenetic terminal stimulation in sept vs vSub (a) or sept vs PVT (b). Data (graphs 

below schematics) shows session means for groups receiving stimulation of one pathway 

for sessions 3-7 and the second pathway for sessions 8-12. Notice sharp switch in 

responding when animals are attached to septum fiber vs PVT or vSub fiber. 

(C) Active lever press (means + SEM) per session for individual animals when virus is 

injected into the SuM and optic fibers are targeting septum(n=23), PVT(n=12), or 

vSub(n=7), or when virus is injected into VTA and fiber placed in septum.  All animals 

pressed very little on inactive lever, so their data is not shown. SuM:SeptvGlut2 ICSS 

greater than all other groups sessions 3-7. **p<0.002.  
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Figure 4: cFos-ir cell counting in regions downstream of SuM glutamate projection 

stimulation 

(A-C) Schematics of areas stimulated and imaged for cFos analysis (left). Example 

histology of tissue stained for cFos-immunoreactivity (ir) after optogenetic terminal 

stimulation (middle) or control tissue that received no stimulation of vGlut2 terminals 

from SuM (right). Larger images show GFP from SuM vglut2 terminals in green and 

cFos-ir in red with tips of optic fibers labeled with white arrow. Scale bar = 200uM. 

Smaller images to the right of larger are higher magnification images of regions in yellow 

dotted lines, showing examples of automatic cFos-ir cell counting in a 500x500uM 

region beneath tips of optic fibers. Blue outlines of cFos-ir cells indicate counted cells. 

Scale bar = 100uM.  
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Figure 5: Optogenetic terminal stimulation excites downstream neuron populations  

cFos counts (mean + SEM). cFos counts in septum and PVT were significantly higher 

when stimulated than when not (unpaired t-test , p <0.0001, and p=0.0008, respectively). 

In the vSub, cFos counts were significantly higher in the hemisphere ipsilateral to 

stimulation than contralateral to stimulation or when not stimulated (2stimulation x 2hemisphere 

ANOVA; Finteraction=0.0235, p =0.0235; Bonferroni posthoc pipsi-stim<0.001). 
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Figure 6: Dissociation of rewarding and 

aversive subpopulations of SuM 

glutamatergic neurons 

(A) Schematic of real-time place preference 

chamber.  The stimulation compartment 

(STM) is shown with a dotted line. 

(B-C) Schematic of optogenetic preparation 

of within subject comparison of 

SuM:SeptvGlut2 vs SuM:PVTvGlut2 pathways 

in real-time place preference (top). Example 

heatmaps of mouse position in the chamber 

during 20min baseline period (middle) and 

20min period when stimulation is delivered 

in compartment with striped walls (bottom). 

Warmer colors indicate more time spent in 

that area. 

(D) Time spent in stimulation side (mean + 

SEM) of the real-time place 

preference/aversion chamber during baseline 

and stimulation periods when mice are 

attached to optic fibers targeting 

SuM:SeptvGlut2 or SuM:PVTvGlut2 pathways (**p<0.01, *p<0.05).  
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Figure 7: Septum glutamatergic, but not GABAergic or cholinergic, neurons 

support optogenetic ICSS 

(A) Schematic of hSyn-ChR2 or Cre specific ChR2 viral injection and optic fiber 

placement targeting septum neuron cell bodies in WT, or vGat, vGlut2, and ChAt-Cre 

mice, to stimulate all, GABAergic, glutamatergic, or cholinergic neurons in the septum. 

Below schematic is example histology of ChR2-eYFP expression in the septum and optic 

fiber placements (yellow dotted outline) for the 4 strains of mice used. Scale bar = 

100uM. 

(B) Active lever press (means + SEM) per session for individual animals performing 

optogenetic ICSS for different populations of septum neurons. All animals pressed very 

little on inactive lever, so their data is not shown. Group effects for session 3-7; *, PWT vs 
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vGat = 0.0008, PWT vs ChAt = 0.0071, and PvGlut2 vs vGat = 0.0077, PvGlut2 vs ChAt= 0.0397, and 

Sept:SeptWT and Sept:SeptvGlut2 did not differ, p=0.8036, nor did Sept:SeptvGat and 

Sept:SeptChAt, p=0.99. 
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Figure 8: SuM glutamate neurons drive septum glutamate neurons 

(A) Schematic of preparation for slice-physiology experiments to determine functional 

connectivity between SuM:SeptvGlut2 and Sept:SeptvGlut2 neurons. 

(B) Top row shows an example of a septum neuron expressing Td-tomato, and therefore 

glutamatergic, surrounded by ChR2-eYFP fibers, the image was taken before patch-

clamp electrophysiology of this neuron. Bottom row shows example histology of the 

septal area with Td-tomato positive cells localized primarily to medial septum and 

SuM:SeptvGlut2 terminals innervating the septal complex. Scale bar top = 10uM, bottom = 

200uM. 



62 

 

(C) Representative oEPSPs from recorded septum neurons. Postsynaptic response is 

abolished by glutamatergic antagonists. Blue square represents 2ms blue-light laser 

stimulation. 

(D) Summary data showing the amplitude of oEPSPs in septum neurons.    

(E) Summary data showing the effect of glutamatergic antagonists on oEPSP amplitude. 

In all recorded cells, treatment with glutamate receptor antagonists resulted in a 

significant decrease in the amplitude of the EPSP (paired t-test, ** p=0.01). 
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Supplemental Figure 1: Summary of optic fiber placements for non-specific 

stimulation 

For mice in experiment 1. Diagram of coronal slices showing placements of optic fibers 

and relative active lever press rates at that location. Rectangles indicate tip of optic fiber 

and below is representative area of illumination.  Colors indicate number of active lever 

presses in 30-minute session calculated from average lever presses from sessions 5-7. 

The SuM is outlined in green and VTA is outlined in brown. 



64 

 

 

 

Supplemental Figure 2: Summary of optic fiber placements for SuM subpopulation 

stimulation 

For mice in experiment 2. Diagram of coronal slices indicating placements of optic fibers 

and relative active lever press rates at that location. Rectangles indicate tip of optic fiber 

and below is representative area of illumination.  Colors indicate number of active lever 

presses in 30-minute session; see key in figure, values are calculated from average lever 

presses from last three acquisition sessions. The SuM is outlined in green. 
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Supplemental Figure 3: Summary of optic fiber placements for SuM glutamatergic 

neuron terminal stimulation 

For mice in experiment 3a. Diagram of coronal slices indicating placements of optic 

fibers and relative active lever press rates at that location. Rectangles indicate tip of optic 

fiber and below is representative area of illumination.  Colors indicate number of active 

lever presses in 30-minute session; see key in figure, values are calculated from average 

lever presses from last three acquisition sessions. Mice with septal area fiber placements 

in the corpus collosum or past the level of anterior commissure did not lever press and 

were removed from analysis (marked by dotted circle and X in figure; n=6) 
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Supplemental Figure 4: Optogenetic ICSS rates for SuM glutamate cell body vs 

septum terminals 

Active lever presses per session for SuM:SuMvGlut2 and SuM:SeptvGlut2 (means + SEM). 

Terminal stimulation supported greater lever press rates during sessions 3-7 (2group x 

5session ANOVA; Fgroup(1,22)=7.619, p=0.009). 
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Supplemental Figure 5: Anatomical survey of AMPA ICSA in rat septum  

Work by Dr. Rick Shin in the Ikemoto Lab 

(A) Effectiveness of AMPA self-administration sites.  The effectiveness of self-

administration at each injection site (observations from 111 rats) is classified into one of 

three levels: high (red; when the highest injection rate is 0.667 injections/min or greater); 

medium rate (orange; when the site supported 0.456 injections/min in 2 sessions or 

more); and low rates (gray; when rates fall into all other cases).  Injection sites are plotted 

on coronal sections 15. The numbers indicate distances from bregma.   

(B) Photomicrogram showing a cannula track with estimated injection sites.  This rat 

received AMPA injections at 5 sites along the dorso-ventral track (black squares), and 

self-administered AMPA at a medium rate with cannula 1, high rates with cannulae 2 and 

3, and low rates with cannulae 4 and 5. 
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(C) Effect of the AMPA receptor antagonist on AMPA self-administration. Rats (n = 12) 

received vehicle, 0.25 mM AMPA alone, and a mixture of 0.1 mM ZK200775 and 0.25 

mM AMPA over 3 consecutive sessions.  Co-administration of ZK with AMPA 

significantly reduced self-administration (* P < 0.001).  

(D) Effects of intra-LS AMPA injections on visual-stimulus seeking behavior (* P<0.01). 
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Chapter 3 – Elucidating the role of the 

supramammillary nucleus in reward seeking 

 

Abstract 

 Recent evidence suggests the supramammillary nucleus (SuM), a small posterior 

hypothalamic nucleus, is a site that supports rewarding brain stimulation, and this reward 

is likely mediated via the SuM’s glutamatergic projection to the septal area. However, it 

remains unclear to what extent SuM neurons function during natural reward seeking 

behaviors. Using in-vivo electrophysiological and optogenetic techniques I found that 

some SuM neurons, including those functionally linked to SuM-septum glutamate 

circuitry, responded to reward predictive cues. Additionally, nearly all SuM neurons 

significantly reduced firing rates when mice consume sucrose reward. I then used 

pharmacologic techniques to temporarily inactivate SuM neurons while mice performed a 

sucrose seeking task and found that, indeed, inactivation of SuM neurons greatly 

disrupted sucrose seeking. Additionally, I found inactivation of SuM neurons did not 

affect overall sucrose solution consumption, however, the behavioral profile of sucrose 

consumption is changed in a manner consistent with mice being less motivated to interact 

with the environment. These data suggest SuM is involved in reward seeking. 
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Introduction 

The supramammillary nucleus (SuM) is a small, posterior hypothalamic nucleus 

that has primarily been studied for its role in hippocampal theta rhythm (Pan and 

McNaughton, 2004), which is a pattern of brain activity that correlates to goal-directed 

locomotor activity (Vanderwolf, 1969; Bland and Vanderwolf, 1972; Bland and Oddie, 

2001; Colgin, 2013). Available evidence suggests that the SuM is one several brain 

regions that regulate hippocampal theta rhythm (Pan and McNaughton, 2004) and is 

involved in the generating both the frequency and amplitude of hippocampal theta (Kirk 

and McNaughton, 1993; McNaughton et al., 1995; Pan and McNaughton, 1997, 2002, 

2004). SuM may also facilitate theta rhythm mediated information transfer between brain 

regions active in coordinating environmental interaction (Ito et al., 2018). Much of the 

past research on SuM and its role in theta rhythm were conducted in anesthetized rats, 

and studies in freely moving animals are primarily restricted to comparing perturbations 

of the SuM with electrophysiological recordings of hippocampal theta rhythm. To the 

best of our knowledge, there are no reports on how SuM neurons respond in-vivo in 

awake behaving animals, and furthermore, no reports on how these neurons correlate to 

behaviors outside general locomotion.  

Understanding the role of the SuM in motivationally relevant behaviors has 

become increasingly important given past and present findings that the SuM may play an 

understudied role in approach and avoidance, key behaviors underlying all motivated 

actions (Schneirla, 1959). Past research by our group has found that stimulation of the 

SuM via excitatory neurochemicals including GABA receptor antagonists, nicotine, and 

the glutamate agonist AMPA into the SuM is rewarding (Ikemoto et al., 2004; Ikemoto, 

2005; Ikemoto et al., 2006), which is consistent with classical research that identified 
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electrical brain stimulation as rewarding in the SuM as well (Olds and Olds, 1963). In 

addition, in the experiments described in Chapter 2 of this thesis, I confirmed that 

stimulation of SuM neurons, in particular the glutamatergic subpopulation that project to 

the septum, is rewarding; that is, mice will actively produce a behavior (lever press) to 

earn stimulation of these neurons. These neurons are also capable of driving an additional 

newly found population of rewarding neurons, medial septum (MS) glutamate neurons. 

The septum, including MS glutamate neurons, in turn sends strong projections back to the 

SuM (Gonzalo-Ruiz et al., 1999), forming reciprocal connections between these two 

brain regions and potentially comprising a ‘reward circuit’. However, the extent to which 

activity of SuM neurons in this circuit might relate to natural reward-seeking behaviors is 

unknown.  

This chapter describes a set of experiments where I aimed to further elucidate the 

role that SuM neurons play in natural reward-seeking behaviors. I first performed in-vivo 

electrophysiology recordings of SuM single-unit activity in awake behaving mice while 

they were engaged in a reward seeking task. I additionally identified SuM neurons that 

participate in SuM to septum glutamate pathway circuitry using optogenetic methods in 

tandem with our electrophysiology recordings. My observations suggest that SuM 

neurons perform various roles during reward-seeking behaviors, consistent with the 

notion that this region is important for environmental interaction, and that SuM neurons 

almost uniformly reduce activity well below baseline levels when the mice reach their 

goal. I go on to test whether SuM neurons are causally involved in reward-seeking 

behaviors by temporarily inhibiting this region while mice engage in reward-seeking or 
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reward-consuming behaviors and find that SuM is important for reward-seeking but not 

reward-consuming behaviors.  
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Results 

Experiment 1: Single-unit activity of SuM neurons correlate to motivated behaviors 

I performed in-vivo electrophysiology recordings of SuM neurons (Figure 1A & 

B) while mice engaged in an operant cue-discrimination sucrose seeking paradigm 

(Figure 2A & B). Mice experienced an average of 28 (stdv 8) CS+ and 27 (stdv 8) CS- 

during recording sessions. The average time spent in the sucrose port after lever pressing 

and hearing a CS+ cue was 14.8 s with a standard deviation of 7.1 s, and was 3.1 s with a 

standard deviation of 3.3 s for CS- cue. 

SuM neurons were categorized as SuM:SeptvGlut2 circuit neurons if their firing rate 

increased as a function of optogenetic stimulation of the SuM:SeptvGlut2 pathway after the 

end of each session. I found that 37.5% (n=57/152) of SuM neurons significantly 

increased firing rate to laser stimulation (z-score normalized to a baseline period 2 s 

before laser pulse train was >= 1) and were further analyzed as SuM:SeptvGlut2 circuit 

neurons. Additionally, 60.5% (n=92/152) of SuM neurons showed no change in firing 

rate as a function of laser stimulation (z-score absolute value < 1) (Supplemental Figure 

1), and 2% (n=3/152) of the neurons showed decreased firing rate but were not further 

analyzed. Overall, SuM:SeptvGlut2 circuit neurons show varying responses to CS+ and CS- 

(Figure 3A) and strikingly decrease firing rate upon sucrose consumption (Figure 3B), 

and this decrease returned to baseline levels upon ending sucrose consumption and 

withdrawing from the sucrose port (Figure 3C). I further categorized SuM:SeptvGlut2 

circuit neurons according to their response to CS+ and CS-, and found that 30% of these 

neurons increased firing rate in response to CS+, while 26% decreased in firing rate, and 

44% showed no change in firing rate as a function of CS+ (determined by z-score 

normalized to time period -10 to -6 s before lever press events with values > 1, < 1, or 
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absolute value < 1, respectively)  (Figure 3D, left). Similar analysis of the response of 

SuM:SeptvGlut2 circuit neurons to CS- show 49% increase, 9% decrease, and 42% show 

no change in firing rate as a function of CS- (Figure 3D, right). Whether neurons 

increase, decrease, or show no change during CS+ presentation did not change their 

response to entry into or exit from the sucrose port, as all neurons decrease firing rate 

upon entry (Figure 3E, left) and return to baseline upon exit (Figure 3F, left). Following 

neurons whose firing rates increase, decrease, or do not change upon presentation of CS- 

indicate that indeed they too decreased their firing rate upon entry to sucrose port, but the 

magnitude of this response is overtly smaller and shorter in duration, and upon exit from 

the sucrose port they too returned to baseline firing rates (Figure 3E and F, right). 

I additionally analyzed SuM neurons whose firing rates did not significantly 

change as a function of laser stimulation (SuM non-laser responsive) and found that the 

overall behavior of these neurons are similar to those of SuM:SeptvGlut2 circuit neurons 

(Figure 4; same layout as Figure 3). Indeed, a parts-of-whole analysis of the CS+ and 

CS- cue related mean firing rates of identified SuM:SeptvGlut2 circuit neurons and non-

laser responding neurons show similar proportions of neurons increase and decrease 

firing rates to these cues (Figure 5A and B). A notable difference is a trend where 

SuM:SeptvGlut2 circuit neurons have a larger percentage of neurons that increase firing 

rate to CS- but show no response to CS+ (22.81%) versus neurons that increase firing 

rate to CS+ but show no response to CS- (10.53%; Figure 5A). The opposite was 

observed for non-laser responding neurons with more neurons increasing firing rate to 

CS+ but show no change to CS- (19.57%) compared to neurons that increase firing rate to 

CS- and show no change to CS+ (13.04%) (Chi-squared test; p<0.01). 
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Experiment 2: Inhibition of SuM neurons differentially disrupts sucrose seeking 

and consumption 

In the analysis of behavior correlated activity of SuM neurons during a sucrose 

seeking task I observed SuM neurons displaying various responses to events related to 

environmental interaction, e.g. lever pressing and response to reward predictive cues, but 

essentially all neurons seem to decrease activity as a function of sucrose consumption. 

From these main observations I hypothesized that changes in SuM neuron activity are 

important for goal directed environmental interactions (i.e. seeking) but may not play as 

strong a role in consummatory-type behaviors. To test this hypothesis I trained mice to 

perform the same operant cue discrimination seeking task (Figure 2B), and then assessed 

several metrics of sucrose seeking while temporarily inhibiting SuM neurons by 

intracranially infusing a cocktail of GABAergic agonists, baclofen and muscimol 

(bac+mus) (McFarland and Kalivas, 2001). I implanted cannula targeting the SuM in 11 

mice (Figure 6), and later removed 5 mice due to cannula being outside SuM. Five out of 

the 6 mice with cannula in SuM successfully met criteria for CS+ vs CS- cue 

discrimination (Figure 7A) and received intra-SuM bac+mus or vehicle (sterile saline) in 

a counterbalanced order. When mice performed the sucrose seeking task with temporary 

inactivation of SuM neurons, I observed significant decreases in sucrose rewards earned 

and therefor unsurprisingly time spent in sucrose port (Figure 7B and C). An increase in 

latency to approach sucrose port following both CS+ and CS- cues was also observed 

(Figure 7D and E). When comparing the percent-difference in latencies to approach the 

sucrose port following CS+ vs CS- to calculate a discrimination score, mice consistently 
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showed poorer cue discrimination (Figure 7F). Lastly, mice significantly decreased 

general locomotion in the operant chamber during the sucrose seeking task (Figure 7G).  

Having observed a strong disrupting effect of temporary inactivation of SuM 

neurons on earning sucrose rewards and discriminating between reward predictive cues, I 

wondered to what extent do SuM neurons mediate sucrose consumption itself. The 

observed results in the sucrose seeking task might be expected if inhibition of these 

neurons reduces the overall drive to consume sucrose. However, if sucrose consumption 

is spared by SuM inactivation it would indicate that SuM activity is indeed important for 

aspects of the seeking behaviors. To investigate this, the same mice that performed the 

sucrose seeking task we used and retrained in the operant chamber to drink ad-lib sucrose 

from the sucrose port. Once sucrose consumption stabilized, I tested how temporary 

inactivation of SuM effected sucrose consumption behaviors. I found no significant 

difference in sucrose consumption when bac+mus was infused into SuM compared to 

vehicle infusions (Figure 8A), and yet see similar decrease in locomotion (Figure 8B) as 

observed in our sucrose seeking experiments described above. I additionally observed a 

change in the behavioral profile of sucrose drinking. While inhibition of SuM does not 

change the amount of sucrose consumed, mice do increase in the time spent drinking 

sucrose in any one sucrose drinking bout (Figure 8C). When time spent drinking is 

binned into five-minute epochs through the extent of the sucrose drinking session, I found 

inhibition of SuM skews sucrose drinking to the beginning of the session (Figure 8D; 

6epoch x 2treatment ANOVA; Finteraction(5,25)=4.579, p=0.0042). Time spent in the sucrose 

port for each mouse under both treatments is summarized in Figure 8E. 
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Discussion 

 Operant cue-discrimination sucrose seeking task. In the set of experiments 

described above I performed an electrophysiological characterization of the behavior of 

SuM neurons during an operant reward-seeking task. Mice were tasked with pressing a 

lever to earn sucrose reward that was contingent on two post-lever press cues, a CS+ 

which indicated sucrose delivery and a CS- that indicated no sucrose for that trial. This 

task was chosen because it was unclear how the SuM might be involved in reward-

seeking behaviors. I aimed to design a task that would allow analysis of several specific 

reward-seeking behaviors, including operant approach (movement towards the lever after 

lever presentation), operant behavior (the lever press itself), response to reward 

predicting cues (CS+ and CS- presentations after lever press), approach to a goal 

(movement to enter sucrose reward port), and reward consumption (entry to sucrose port 

and sucrose drinking). Indeed, I observed SuM neurons behaving a manner consistent 

with having a role in many of these distinct behaviors. However, it is possible that other 

paradigms might be more fruitful in elucidating other roles for SuM in reward seeking 

behaviors. Because of the SuM’s strong anatomical and functional connections to the 

hippocampal systems, past research has focused on disruption of the SuM during mostly 

hippocampal dependent behaviors, and has consistently shown that lesions of SuM mimic 

lesions of the hippocampus, in that they disrupt performance in hippocampal related 

behaviors, e.g. open field tests, fear conditioning, passive avoidance, fixed interval 

responding, delayed response responding, and spatial learning in the Morris water maze 

(see Pan and McNaughton, 2004, table 2). Our paradigm does not contain many aspects 

of hippocampal dependent behaviors as our mice are well trained and our task does not 
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include components of action-consequence learning (Corbit and Balleine, 2000). 

However, our paradigm does include components of behavioral inhibition, which is 

suggested to be a key function of the hippocampus (O'keefe and Nadel, 1978; Olton and 

Werz, 1978; Gray and McNaughton, 1983). In our task, mice are exposed to a CS- which 

serves to indicate to the animal that no sucrose is present at the reward port. I observe a 

substantial proportion, over 40%, of recorded SuM neurons that were analyzed for cue 

responsiveness (65/149) significantly increased firing rates to the CS- cue and indeed 

mice show an increased latency to approach sucrose port after presentation of the CS- 

cue. Additionally, the parts-of-whole analysis show a larger proportion of neurons out of 

those categorized into the SuM:SeptvGlut2 circuitry increased their firing rate specifically 

to the CS- cue. This is consistent with the notion that this category of neurons is part of a 

SuM-septo-hippocampal subsystem and may be more tuned to processing information 

related to behavioral inhibition. Likewise, I see neurons categorized as potentially outside 

the SuM:SeptvGlut2 circuitry (non-laser responding neurons) as having a greater proportion 

of neurons that respond selectively to the CS+, which is consistent with the notion that 

these neurons may play a role in relaying information to limbic structures that mediate 

reward-reinforcement mechanism (discussed in further detail below). Additional analysis 

is required to further correlate the activity of SuM neurons to CS- with behavioral 

inhibition, and CS+ with reinforcement learning. I suspect that research exploring the 

single-unit activity of SuM during instrumental learning tasks would likely result in 

additional behavioral correlates for these neurons in hippocampal dependent motivated 

behaviors.  
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 Integration at the SuM is relayed to multiple brain systems. I found that SuM 

neurons that were functionally linked to the septum and are therefore likely part of the 

septal-hippocampal system, and SuM neurons that were categorized as separate from this 

system showed similar patterns of activity during the behavioral task. This is constant 

with anatomical studies that identify the SuM as linked to several distinct brain sub 

systems (Vertes, 1992; Pan and McNaughton, 2004). When considering only 

unidirectional afferents to the SuM, it receives input from relatively fewer regions then it 

sends efferents to. These inputs are primarily ascending inputs from hindbrain regions 

that potentially relay information about visceral states and environmental factors. The 

number of afferent connections increases when reciprocal connections are also 

considered, indicating the SuM forms many feedback loops within its circuitry. The 

composition of afferent, efferent, and reciprocal connections suggests the SuM may 

potentially act bottom-up as a hub for incorporating visceral and sensory stimuli from 

ascending hindbrain inputs, integrate these inputs to modify the arousal state of the 

animal, and relay these state changes to regions involved with generating behavioral 

responses and regions critical for learning and memory (Figure 9). The relatively minor 

differences in the responses of SuM:SeptvGlut2 circuit neurons and SuM non-laser 

responding neurons during the behavioral paradigm suggest SuM indeed acts as a node to 

signal similar information to several systems. An alternate hypothesis is that 

SuM:SeptvGlut2 circuit neurons are greatly under categorized by my methods, and in fact 

most of the neurons recorded are part of the SuM-septo-hippocampal system, which is 

why I observe similar behavior patterns in all neurons. This could be a possibility 

because the SuM has heavy, diffuse innervation of the septum and the optic fiber 
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targeting these terminals may not equally excite all terminals from SuM:SeptvGlut2 

terminals. 

Locomotion and environmental interaction. In the context of the behavioral 

paradigm used in the studies presented in this chapter, I observed SuM neurons maintain 

basal firing rates during the period many seconds before lever press and subsequent 

events. Firing rates changed soon before and after the lever press behavior. These 

observations support the notion that when the animal is engaged in appetitive processes, 

the SuM is online and integrating behavioral and environmental factors. Upon entry to 

the sucrose port, the animal is assumed to have reached its goal and as behaviors 

associated with goal-directed environmental interactions are no longer necessary, the 

SuM seemingly shuts down. This robust decrease in activity upon sucrose port entry 

returns to baseline upon exit from the sucrose port. One explanation for this is that the 

SuM is simply responding in a locomotion-correlated manner. While the SuM is certainly 

implicated in locomotor behavior (see discussion in Chapter 2), I did not see such 

profound decrease in all SuM neurons when the mouse reaches the lever (and locomotor 

activity temporarily stops) nor did SuM neurons uniformly increase activity when the 

mouse heard the CS+ and rapidly locomoted to the sucrose port. I interpret this to 

indicate that the SuM is important for environmental interactions, of which locomotion is 

intimately linked but not the sole function of SuM activity. 

 A causal role for SuM in facilitating goal-directed environmental interaction. 

My experiments uncovered a striking dissociation in effects of SuM inhibition between 

earning sucrose rewards and sucrose-drinking. The behavioral paradigm used in the 

bac+mus inhibition experiments was identical to that used in electrophysiology 
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experiments, allowing me to test the hypothesis derived from those data that the SuM is 

involved in appetitive processes associated with earning sucrose rewards and less critical 

for consummatory behaviors associated with reaching the sucrose reward goal. The 

results indicated that all aspects of behavior that are indicators of environmental 

interactions – rewards earned, responses to and discrimination of reward predictive cues, 

and locomotor activity – are strongly affected by temporary inhibition of the SuM. 

Conversely, mice consumed sucrose and did so at similar volumes as with a non-inhibited 

SuM. I also observed changes in the behavioral profile of sucrose consumption, were 

mice with inhibited SuM drank for longer periods at a time and primarily at the beginning 

of sessions. I interpret this shift in sucrose drinking behavior as a consequence of 

disrupting the animal’s drive for environmental interaction. When animals are not treated 

with intra-SuM bac+mus the length of time they spend drinking at any given bout is 

reduced and seemingly more spread out during the entire 30-minute session, suggesting 

they are potentially more engaged with other behaviors. In contrast, the same mice more-

or-less drink their fill, undisrupted, during the initial 10-minutes of the session, and then 

mostly participate in grooming behaviors (personal observation) and modest exploratory 

behaviors when the SuM is inhibited.  

To the best of my knowledge only two other studies have been published where 

the effects of perturbations to the SuM has been tested in an operant reward-seeking 

paradigm. A recent study by Vogel et. al. found intra-SuM infusions of GLP1-estrogen 

conjugate, a compound known to have anorexic effects when systemically and centrally 

administered, reduces lever pressing for sucrose pellets in rats (Vogel et al., 2016). It is 

unclear what effect the GLP1-estrogen compound has on neuronal activity in the SuM, 
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although some data suggest both GLP-1 and estrogen increase neurotransmission and 

neuronal excitability (Woolley, 2007; Holscher, 2010). It is possible that disruptions of 

normal SuM function, whether decreasing activity in the case of my experiments, or 

potentially increasing activity in the case of GLP1-estrogen compounds, have similar 

effects in disrupting reward-seeking behaviors, making our results consistent. However, 

my experiments offer an alternate explanation to the Vogel et. al. conclusions, in that 

their observed reductions in lever pressing might be less due to attenuating the rewarding 

properties of food, and, rather, potentially arise from disrupting the normal function of 

SuM to mediate appropriate environmental interactions. In contrast to our results, Pan 

and McNaughton found that rats with pretraining AMPAergic lesions of SuM show 

increased lever pressing in fixed-interval (FI) and differential reinforcement of low rates 

of response (DRL) schedules (Pan and McNaughton, 2002). The FI test allows for 

counting of over responding of lever presses as rewards are only received contingently 

upon lever presses after a fixed amount of time, and the DRL task measures behavioral 

inhibition as animals are required to withhold lever pressing for a fixed amount of time 

before rewards become contingent on lever press. In both tests the authors observed rats 

with SuM lesions expressing release from behavioral inhibition, that is, they over-pressed 

in the FI schedule and consistently pressed too early in DRL schedules. These researchers 

also found that their SuM lesions produced hyperlocomotion, which is also in contrast to 

our results. One possibility for the contrast in our results is that rats in the Pan and 

McNaughton study received pre-training lesions, and brain plasticity mechanisms during 

recovery and training may account differences in our observations. However, it is unclear 

at this time how to interpret differences in my results and those of Pan and McNaughton.  
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 Conclusions. These data provide the first evidence that activity of SuM neurons 

display firing patterns that correlate to various aspects of a natural reward seeking 

behavior, i.e. lever pressing to earn highly palatable sucrose solution. I further tested 

hypothesis derived from these recording data to show that SuM activity plays a role in 

environmental interaction components of sucrose seeking and is not necessary for general 

consumption of sucrose-solution. These data lay the groundwork for future investigations 

into the functional role of the relatively understudied supramammillary nucleus in other 

types of motivated behaviors.  
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Materials and Methods 

Mouse in-vivo electrophysiology 

The following procedures describe methodology for experiment 1. 

Surgery: Mice received injections of Cre-specific ChR2 vector into SuM and then were 

left to recover for 1 week, and then participated in sucrose seeking training. Well trained 

mice then received a second surgery to implant tetrode recording Microdrive assemblies 

into the SuM and an optic fiber into the MS. We used a bundle of 4 tetrodes (16 

channels) for in vivo recording in the SuM. The tetrode bundle was coupled with a 

movable (screw-driven) microdrive assembly (~1 g weight) (Wang et al., 2015). Each 

tetrode consisted of four wires (90% platinum and 10% iridium; 18-µm diameter with an 

impedance of ~1–2 MΩ for each wire; California Fine Wire).  

 

Conditioned operant sucrose seeking: Mice were acclimated to water restriction over 

several days. Training for sucrose seeking procedure is as follows: 

First training procedure: Both levers are available throughout the 30-minute session. A 

lever-press results in a two-second auditory cue (CS+), which begins after the lever-press, 

followed by delivery of the sucrose solution (~20uL of 8% sucrose in facility H20) at the 

end of the cue. Additional lever-presses do nothing until mice retrieve the sucrose reward 

as detected by breaking the photobeams in the sucrose port. Occasionally sucrose 

solution droplets are added to the levers to facilitate approach to the lever and training in 

general. Mice had to successfully earn > 21 rewards during the session before moving to 

the second training procedure. 

Second training procedure: Only one lever (same lever throughout the session) enters the 

chamber after a random intertrial interval of 25-65 seconds. Once the lever is presented, 
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the mouse has unlimited time to press the lever which again results in the same CS+ two-

second auditory cue after the lever-press followed by delivery of the sucrose solution at 

the end of the cue. After the sucrose is delivered, the lever is retracted and presented 

again after the random intertrial interval. Mice had to successfully earn > 21 rewards 

during the session before moving to the conditioned operant sucrose seeking procedure. 

Conditioned operant sucrose seeking procedure: This procedure is identical to the second 

training procedure, except a second auditory cue is added and serves as a predictor of no-

sucrose reward (CS-). Trials where a no-sucrose-cue is presented after lever-press occur 

50% of the trials, randomly, while the sucrose-reward-cue (CS+) occur the other 50% of 

trails. We record latency to enter the sucrose port after CS+ vs CS- to measure 

discrimination between the two cues in order to determine whether the mice learn the 

predictive nature of the cues. For all mice, either a 5khz pure tone or 5hz click served as 

the CS+ or CS- in a counterbalanced manner. 

 

Spikes: Neural signals were pre-amplified, digitized and recorded using a Neuralynx 

Digital Lynx acquisition system. Spikes were digitized at 32 kHz and filtered at 600–

6,000 Hz, using one recording electrode that lacked obvious spike signals as the 

reference. The electrode bundle was lowered by ~80 µm after completing one successful 

recording session. Several depths of recording in the SuM were performed in each 

mouse, and data analyzed for recordings in SuM were determined upon histological 

analysis of tetrode endpoint and the distance the tetrodes were driven. We used multiple 

spike-sorting parameters (for example, principle component analysis, energy analysis) of 

Plexon OfflineSorter to isolate recorded spikes. Sorted spikes were processed and 
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analyzed in NeuroExplorer (Nex Technologies) and Matlab (Mathworks). Interspike 

interval histograms were made to confirm that no discharges occurred during refractory 

period (<1.0ms). Low-frequency firing neurons of less than 0.5Hz during a 10-s window 

around lever-pressing events were excluded from the study’s analyses due to insufficient 

number of spikes during behaviors of interest. 

 

Electrophysiological data analyses: Key analyses on electrophysiological data were 

based on the sample size of 152 SuM neurons from 6 mice. These numbers are generally 

considered as sufficient in conducting statistical analyses. 

First neurons were categorized into SuM-septum system neurons by whether they 

were light responsive or not. Following each sucrose seeking behaviors session we 

delivered 50-75 trains consisting of 15 light pulses (10-ms pulse in duration) at 22 hz 

with a variable interval of 10, 12, or 15 s per testing session. To categorize recorded 

neurons as laser-increase, laser-decrease, or laser-unaffected, we calculated the firing rate 

of each neuron for a 2 s time period directly before each laser pulse train and used the 

mean and standard deviation of these values to calculate z-scores for the firing rate of 

each neuron for 0.5 s after the onset of the laser pulse train. Neurons were classified as 

SuM:SeptvGlut2 circuit-increase if the mean of these z-scores was > 1, and SuM:SeptvGlut2 

circuit-decrease if the mean z-score was < -1, and all other neurons were classified as 

SuM non-laser responsive.  

To determine the general event related activity of neurons we generated perievent 

histograms with 200 ms bins 10 s before and after each event. This data was smoothed 

using a moving average filter using a span of 3 data points (600 ms) on either side of a 
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given bin. The firing rates for each individual unit were then normalized by converting to 

z scores calculated using mean baseline firing rates from -10 s to -6 s before lever press 

and nose poke events and +6 to +10 s after nose poke-withdrawal events. We generated 

heatmaps using the smoothed and normalized perievent data to visualize the effect of 

CS+ and CS- cues on SuM neuron firing rates. Neurons were sorted by the difference in 

their firing rates during the 2-s cue period, with neurons whose difference between CS+ 

and CS- had the highest positive value (CS+ higher than CS-) on top and visa-versa for 

neurons responding more to CS- cue on bottom. In order to follow the event-correlated 

activity that each neuron has from sucrose seeking and cue discrimination to sucrose 

drinking behaviors, we additionally generated heatmaps to visualize sucrose port entries 

and exits directly after a CS+ and CS- events using the same sort-order used in the lever 

press heatmap. Additionally, neurons were categorized as to whether their mean z-score 

during CS+, and again for CS-, increased, decreased, or did not have an absolute value z 

> 1 (i.e. no change), and the cumulative traces of their perievent data were plotted on the 

same time scale as heatmap data.  

 

Histology for implantation verification: At the completion of the electrophysiology 

recordings, the final electrode position was marked by passing a 20-s 10-µA current 

using a linear constant current stimulus isolator (Neurolog System) through two tetrodes 

that showed good spiking data. Mice were deeply anesthetized and intracardially perfused 

with ice-cold phosphate-buffered saline followed by 10% formalin. Brains were then 

removed and post-fixed in formalin for at least 24 h. Brains were rapidly frozen and 

sliced on a cryostat (40-µm coronal sections). Sections from the septum and SuM were 
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collected and mounted with the Mowiol mounting medium mixed with DAPI (Vector 

Laboratories) for fluorescent microscopic examination of viral vector expression, as well 

as optical fiber and tetrode placements. 

 

Mouse cannula experiments 

The following procedures describe methodology for experiment 2. 

Surgery: Surgeries were performed as described above for optogenetic fiber 

implantation, however here only a 24-guage guide cannula (Plastics One; Roanoke, VA) 

was sterotaxically implanted into wildtype (c57bl/6J; n = 11) mice to a depth of 3.7mm 

from skull surface above SuM. Mice were allowed to recover for one week before onset 

of water restriction and sucrose seeking training. Dummy cannulas extending just past the 

end of guide cannula were used and were occasionally removed and replaced during 

behavioral acquisition training to habituate mice to cannula procedural handling. 

 

Sucrose seeking: See methods for in-vivo electrophysiology for description of 

conditioned operant sucrose seeking. Once mice acquired CS+ vs CS- cue discrimination, 

a baclofen (Tocris cat#0417) + muscimol (Tocris cat#0289) cocktail (25 ng baclofen + 25 

ng muscimol, dissolved in 0.25 uL sterile saline) was infused via a 31 gauge injection 

cannula (Plastics One; Roanoke, VA) extending 1 mm past guide cannula tip (into SuM) 

over one minute and cannulas were left in place for an additional minute to allow for 

diffusion of the drug into brain tissue. Immediately after the infusion mice were placed 

into behavioral chambers for the 30-minute sucrose seeking session. Each mouse was 

tested after receiving the bac+mus cocktail or vehicle (saline) infusions to serve as 
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control. The order of infusions was counterbalanced with a day of a free sucrose seeking 

session in between to minimize carryover effects between infusion sessions. 

 

Sucrose drinking: After mice finished sucrose seeking testing described above, they 

were retrained in the operant chamber to receive sucrose solution, ad-lib, and the amount 

of sucrose consumed, time spent in sucrose port (as measured by photobeams placed just 

in front of sucrose spigot), and chamber crossing was recorded. Once the daily volume of 

sucrose consumed stabilized, mice were again tested using the same counterbalanced 

bac+mus infusion procedure described above, with a free day of sucrose drinking 

between bac+mus or saline infusions. For analysis of sucrose drinking bouts, we 

identified a sucrose drinking bouts as continuous time in the sucrose port for at least two-

seconds, and required time between separate bouts to additionally be at least two seconds. 
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Figures 

 

Figure 1: In-vivo electrophysiology of SuM neurons in SuM:SeptvGlut2 circuitry 

(A) Schematic of preparation of SuM:SeptvGlut2 optogenetic stimulation and microdrive 

tetrode recordings in SuM. 

(C) example histology of tetrode bundle (tract in dotted yellow) passing through SuM 

with tip lesion (dotted red circle) ending in dorsal MB. Green fluorescence is ChR2-eYFP 

expression. Scalebar 200uM. 
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Figure 2: Operant cue discrimination sucrose seeking paradigm 

(A) Photograph of operant chamber where behavior is preformed  

(B) Diagram of operant cue discrimination sucrose seeking behavior paradigm 
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Figure 3: Behavior of SuM:SeptvGlut2 circuit neurons during sucrose seeking 

behavior 

(A-C) Heatmaps of normalized firing rates of SuM:SeptvGlut2 circuit neurons during lever 

presses that initiate CS+ or CS- events (A), and nose poke entry (E) and nose poke 

withdrawing (F) that follow CS+ or CS- lever presses. The neuron order is constant 

across the heatmaps and are based off cue responsiveness in figure (A).  

(D-E) Traces (mean + SEM) of neurons that are categorized as increasing, decreasing, or 

non-responding to CS+ and CS-.  Traces sit below the heatmap that contains their raw 

data and are on the same time scale. Key below traces identifies trace by color and the 

percentage of neurons in each category. 
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Figure 4: Behavior of SuM non-laser responding neurons during sucrose seeking 

behavior 

(A-C) Heatmaps of normalized firing rates of SuM non-laser responding neurons during 

lever presses that initiate CS+ or CS- events (A), and nose poke entry (E) and nose poke 

withdrawing (F) that follow CS+ or CS- lever presses. The neuron order is constant 

across the heatmaps and are based off cue responsiveness in figure (A).  

(D-E) Traces (mean + SEM) of neurons that are categorized as increasing, decreasing, or 

non-responding to CS+ and CS-.  Traces sit below the heatmap that contains their raw 

data and are on the same time scale. Key below traces identifies trace by color and the 

percentage of neurons in each category. 
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Figure 5: Parts-of-whole analysis of SuM neurons’ response to CS+ and CS- cues 

(A) Proportions of neurons that are categorized as SuM:SeptvGlut2 circuit neurons 

responding to CS+ and CS- cues in particular manner (firing rate increase = green, 

decrease = red, no response to cue = black) 

(B) Same analysis as in A, but for SuM neurons that showed no change in firing rate as a 

function of laser stimulation. 
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Figure 6: Cannulation of SuM for microinfusions of baclofen + muscimol 

(A) Schematic of cannulation targeting SuM for baclofen + muscimol infusions. 

(B) Darkfield histological example of SuM cannulation with injection cannula outlined in 

dotted-yellow; scale bar = 500uM.  

(C) Diagram of coronal slices indicating placements of cannula. 
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Figure 7: Effects of temporary inhibition of SuM on sucrose seeking behaviors 

(A) All mice discriminate well between CS+ and CS- cues on the session before 

counterbalanced cannula infusion test days 

(B-G) Behavioral effects of bac+mus vs saline vehicle on operant sucrose seeking and 

cue discrimination. All graphs are analyzed using paired-t-test 

(*p<0.05,**p<0.01,***p<0.001). 
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Figure 8: Effects of temporary inhibition of SuM on sucrose seeking behaviors 

(A-C) Behavioral effects of bac+mus vs saline vehicle on sucrose drinking. All graphs 

are analyzed using paired-t-test (**p<0.01). 

(D) Times (mean + SEM) spent in the sucrose port for each 5-minute epoch of the 

sucrose seeking session. A significant epoch x treatment interaction was detected. 

(E)  Plots of time spent in sucrose port during entirety of sucrose drinking session for 

each individual mouse during both treatments. 
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Figure 9: Systems connections to SuM 

Regions whose abbreviations are bolded have reciprocal connections to the SuM. 

Abbreviations: AH, anterior hypothalamic nucleus; ATN, anterior thalamic nucleus; 

BNST, bed nucleus of the stria terminalis; CM, central medial thalamic nucleus; CL, 

centrolateral thalamic nucleus; CG, central gray; CGx, cingulate cortex; DBB, diagonal 

band of Broca; DP, dorsal peduncular nucleus; DR, dorsal raphe nucleus; ENT, 

entorhinal cortex; HIPP, hippocampus; IL, infralimbic cortex; LH, lateral hypothalamus; 

LDTg, laterodorsal tegmental nucleus; mMD, medial mediodorsal thalamic nucleus; 

MnR, median raphe; mVP, medial ventral pallidum; PB, parabrachial nucleus; PH, 
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posterior hypothalamic nucleus; PL, prelimbic cortex; PO, preoptic area (medial and 

lateral); PT, paratenial thalamic nucleus; PV, paraventricular thalamic nucleus; RE, 

thalamic nucleus reuniens; SEPT, septum (medial and lateral); VMH, ventromedial 

hypothalamic nucleus; VTg, ventral tegmental nucleus of Gudden. 
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Supplemental figure 1 – related to figures 3, 4, and 5 

Traces (mean + SEM) of neurons categorized as SuM:SeptvGlut2 circuit neurons (blue) and 

neurons that did not respond to laser pulse train, i.e. SuM non-laser responding neurons 

(red). 

  



101 

 

Chapter 4 – Functional interaction between SuM 

and septum reward and the dopamine mesolimbic 

system 

Abstract 

 The dopamine mesolimbic system is classically recognized as the primary reward 

system in the brain. Decades of research has established that dopamine (DA) release from 

ventral tegmental area (VTA) neuron terminals in the ventral striatum (VStr) is critical 

for reinforcement phenomena. However, we’ve provided evidence that the 

supramammillary nucleus (SuM), a small posterior hypothalamic nucleus, is a site the 

supports rewarding brain stimulation, and this reward is likely mediated via the SuM’s 

glutamatergic projection to the septal area. Yet, it remains unclear to what extent this 

novel site for rewarding stimulation is related to the canonical brain reward system. 

Using optogenetic and pharmacological techniques I found that self-stimulation rates of 

SuM neurons and the SuM to septum glutamate pathway are decreased with pretreatment 

using dopamine receptor antagonists. Additionally, I found the dose response pattern of 

decreased self-stimulation rates are identical in mice stimulating the SuM to septum 

glutamate pathway and with mice stimulating the canonical VTA to VStr dopamine 

pathway. I then designed pilot experiments using functional MRI during optogenetic 

stimulation of these two pathways to compare brain wide response to activation of these 

two distinct systems. These data suggest that reinforcing effects of SuM and septal 

stimulation may be mediated by dopamine. Further studies must be performed to identify 
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pathways that mediate SuM and septum’s functional connectivity to the VTA DA system. 

Possible pathways are discussed. 

  



103 

 

Introduction 

Chapter 2 describes experiments confirming that excitation of both SuM and 

septum neuron cell bodies is rewarding. The SuM does directly innervate the VTA, 

though this projection is relatively small (Vertes, 1992) and it is unclear to what extent 

this projection functions in VTA micro-circuitry. Furthermore, it is unlikely that the SuM 

itself provides DA reward inducing inputs to the VTA, as I showed in Chapter 2 

experiment 1, that ChR2 delivered to SuM neurons with stimulation in the VTA does not 

support high levels of ICSS. This suggests that SuM reward is not mediated by direct 

efferent input to the VTA. However, it has been previously shown by our group that 

excitation of SuM cell bodies via experimenter delivered micro-infusions of the 

glutamate receptor agonist AMPA induces dopamine (DA) release in the ventral striatum 

(VStr) (Ikemoto et al., 2004).  

In chapter 2, I additionally showed that SuM reward likely arises via its 

glutamatergic connection to the septum, a brain region which I confirmed to be a locus 

for rewarding brain stimulation. Several populations of septum neurons send projections 

to classic mesolimbic reward structures (Geisler and Zahm, 2005; Geisler et al., 2007), 

however, they provide very little direct input to midbrain dopamine neurons (Watabe-

Uchida et al., 2012). Thus, modulation of VTA dopamine (DA) downstream of septum 

stimulation must arise from polysynaptic mechanisms.  

An important first step to understanding the neural mechanism that mediate SuM, 

SuM:SeptvGlut2, and septum brain stimulation reward is to determine whether dopamine 

itself plays a role in reward derived from stimulation of these neuronal populations. 

Therefore, I first performed experiments to test whether the rewarding effects SuM cell 

body stimulation is reduced by antagonism of the dopamine receptor 1 (DAR1). The 
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DAR1 is known to be highly expressed in the striatum, which receives direct input from 

VTA DA neurons, and stimulation of DAR1-expressing neurons via optogenetic methods 

is rewarding (Kravitz et al., 2012). Similarly, blockade of DARs including DAR1 via 

various dopamine antagonists reduces lever press rates to earn electrical brain stimulation 

(Stellar and Corbett, 1989) and natural rewards such as palatable food pellets (Wise et al., 

1978). Importantly, blockade of DARs in general has been shown to decrease the 

appetitive drive of motivated behaviors (Ikemoto and Panksepp, 1996), possibly via 

reducing the rewarding value of goals (Wise, 2008). Next, I used optogenetic terminal 

stimulation procedures to compare dopamine antagonism on the perceived rewarding 

effects of SuM:SeptvGlut2 stimulation with that of VTA:VStrTh stimulation, the latter of 

which must be mediated by DA. I found that DA receptor antagonism reduces ICSS rates 

for all populations studied. Lastly, I performed a pilot study using fMRI to compare and 

contrast optogenetic stimulation of the SuM:SeptvGlut2 and VTA:VStrTh pathways, with 

the aim that these data would aid in further understanding of whole brain mechanism 

involved in rewarding stimulation of novel and canonical brain reward populations. 
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Results 

Experiment 1: Dopamine receptor antagonism reduces optogenetic ICSS at SuM 

cell bodies 

I first performed a pilot study to assess the effect of DAR1 antagonism on rates of 

optogenetic ICSS of SuM cell bodies by injecting a neuron specific viral vector encoding 

ChR2 into the SuM and placing optic fibers above the SuM to stimulate all neurons in 

this brain region. Mice (n=6) received one session with pre-session IP injections of 

vehicle, followed by two sessions with pre-session IP injections of DAR1 antagonist, 

SCH 23390, followed by a fourth session with another pre-session IP injection of vehicle. 

Active and inactive lever presses and locomotor activity as measured by crosses in the 

operant chamber were recorded. There was no significant difference in active or inactive 

press rates or crossing between vehicle sessions, and similarly between SCH23390 

sessions (paired t-tests). There was a clear trend in effects of treatments (Figure 1A-C). 

Thus, I combined these data by averaging the data for the two vehicle sessions for 

comparison with the average of the two SCH sessions. Pre-treatment with the DAR1 

antagonist SCH23390 decreased both active lever presses and crosses (Figure 1C & F) 

but had no significant effect on inactive lever press rates (Figure 1B & E). 

Experiment 2: Dopamine receptor antagonism similarly reduces optogenetic ICSS 

of SuM:SeptvGlut2 and VTA:VStrTh pathways 

For these optogenetic terminal stimulation procedures I use the following notation 

to describe mice and pathways targeted by optogenetic manipulation: 

injection site : optic fiber placement mouse type 
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The data described in experiments 1 of this chapter indicate that DAR1 

antagonism reduces the reinforcing effects of SuM cell body stimulation. However, these 

results are difficult to interpret because high doses of DAR1 antagonist administration is 

known to disrupt motor performance. Additionally, the effect that these drug 

manipulations might have on clearly defined DA mediated ICSS is unknown. Thus, I 

performed an additional study to compare the effects of DAR antagonism on ICSS rates 

for stimulation of SuM:SeptvGlut2 and VTA:VStrTh pathways. Self-stimulation of the 

VTA:VStrTh pathway must be mediated by the action of DA release and action on DARs 

in the VStr.  Thus, I hypothesized that any observed ICSS of the VTA:VStrTh pathway 

would be reduced by DAR antagonism, and this effect would necessarily be do directly 

blocking the reinforcing effects of DA in the VStr. Observing such affects would more 

clearly define the role that the doses of DAR antagonists used have in reducing DA 

mediated reinforcement. Therefore, if similar effects are observed in mice performing 

ICSS of the SuM:SeptvGlut2 pathway, those effects can be more readily attributed to DA 

mediated reward downstream of the SuM:SeptvGlut2 pathway.  

I used Cre-specific ChR2 to target SuM glutamate neurons in vGlut2-Cre mice 

(n=6) and VTA dopamine neurons in Th-Cre mice (n=8), and placed optic fibers the 

septum and VStr, respectively (Figure 2A & B). Each of these groups acquired 

optogenetic ICSS of their respective pathways (Figure 2C, solid blue background). To 

better compare the effect of DAR antagonists on ICSS rates between these two groups 

laser intensity was adjusted for individual mice such that the ICSS rates for each mouse 

was around 200 active presses per session (Figure 2C, mixed blue background). After 

ICSS rates for each mouse stabilized to <20% change over two sessions mice were pre-
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treated with IP injections fifteen minutes before behavior sessions with first vehicle, then 

a low dose of DAR1 antagonist, SCH39166, (0.025mg/kg), and last a high dose of DAR1 

antagonist (0.05mg/kg). Each session was separated by 24 hours. There was no 

significant difference between groups for active or inactive lever presses while a main 

effect of dose of SCH39166 on active, but not inactive, lever presses was detected (two-

way RM-ANOVA, Fdose(2,24)=29.82, p<0.0001). Dose similarly affected locomotor 

activity in each group, and VTA:VStrTh mice locomoted more than SuM:SeptvGlut2 mice 

(two-way RM-ANOVA, Fdose(2,24)=39.52, p<0.0001; Fgroup(1,12)=4.794, p<0.05) 

(Figure 3A-C).  

I additionally examined the effect of DAR2 antagonism using raclopride after 

mice were retrained in the ICSS procedure for several sessions. Like DAR1, DAR2 is 

also important for mediating the effect of VTA DA reward (Ikemoto et al., 1997; 

Steinberg et al., 2014). The observed effects were like those from DAR1 antagonism 

described above. There was no significant difference between groups, while a significant 

main effect of dose for active lever presses and locomotor activity was detected (two-way 

RM-ANOVA, active lever presses Fdose(2,24)=10.49, p<0.001; crossing 

Fdose(2,24)=5.356, p<0.05). Additionally, there was nearly significant group difference in 

crossing (p = 0.0534). There was no significant effects of DAR2 antagonism on inactive 

lever presses (Figure 3D-E).  

Experiment 3: fMRI analysis of regions recruited by VTA:VStrTh and 

SuM:SeptvGlut2 pathway stimulation 

The above experiments indicate that dopamine may play a role in the rewarding 

effects of SuM and SuM:SeptvGlut2 stimulation. However, the downstream mechanisms by 
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which stimulation of these neurons might reach the DA system to induce DA mediated 

reward remain unknown. Likewise, it is unclear what brain circuitry is recruited by 

stimulation of these SuM neurons and how these contrast to stimulation of canonical 

reward systems. To begin answering these questions, I designed a pilot experiment using 

fMRI to view the brain regions that might be recruited by VTA:VStrTh and SuM:SeptvGlut2 

pathway stimulation. Using the same mice from experiment 3, fMRI imaging was 

performed while anesthetized mice received experimenter delivered stimulation of these 

two pathways. Strikingly similar patterns of BOLD activation was observed when 

comparing stimulation of each pathway (Figure 4A &B). For each pathway there was 

increased BOLD activity in the VStr and septum. For stimulation of the SuM:SeptvGlut2 

pathway increased BOLD was observed in areas corresponding to ventral pallidum and 

pre-optic areas, the lateral hypothalamus, and midline thalamic nuclei. For stimulation of 

the VTA:VStrTh pathway increased BOLD was observed in a large portion of the 

thalamus. A between group comparison show the VStr and, interestingly, the septum, as 

more strongly activated by VTA:VStrTh stimulation than SuM:SeptvGlut2 stimulation 

(Figure 4C).  
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Discussion 

 In the experiments described in this chapter I aimed to determine whether 

dopamine plays a role in the perceived reward from stimulation of newly identified 

populations of neurons that support intracranial self-stimulation. Since the discovery that 

rats will lever press to receive stimulation of neurons corresponding to midbrain DA 

neurons (Corbett and Wise, 1980) decades of research has supported a role for dopamine 

in the reinforcing, and therefore motivating, effects of natural rewards such as food, and 

brain stimulation reward (Wise, 2004). However, neither the SuM nor septum send direct 

input to midbrain DA neurons (Watabe-Uchida et al., 2012) and are more closely linked 

to brain systems outside the canonical dopaminergic mesolimbic reward circuitry (Pan 

and McNaughton, 2004; Ikemoto, 2010). 

However, several studies do indicate a functional connection between SuM and 

septum with VTA DA reward circuitry. Rewarding injections of carbachol into the VTA 

and rewarding stimulation of the lateral hypothalamus induce cFos in the SuM 

(Arvanitogiannis et al., 1997; Ikemoto et al., 2003). Similarly, self-stimulation of the 

medial prefrontal cortex induces cFos in the septum (Arvanitogiannis et al., 2000). 

Rewarding injections of AMPA into the SuM increases VStr DA (Ikemoto et al., 2004) 

and ICSA of picrotoxin into the SuM is reduced following pretreatment with DA 

antagonists (Ikemoto, 2005). Given these data and the data discussed in Chapters 2 and 3 

of this thesis, I tested whether DA plays a role in SuM and septum mediated reward.  

I found that indeed DAR1 antagonism attenuates optogenetic ICSS of SuM 

neurons. Similar effects of DAR1 antagonism were also reported on ICSA of AMPA into 

the septum (Shin & Ikemoto, unpublished observations, Supplemental Figure 1). In 
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experiment 2 describing DAR1 effects on SuM ICSS I found that locomotor activity is 

also reduced upon DAR1 antagonism, however inactive lever presses, while low to begin 

with, are unaffected, indicating the DAR1 effects are more specific to attenuating the 

perceived reward of the stimulation rather than simply reducing overall activity.  

However, limited conclusions can be made based on observing the effects of DA 

antagonism on SuM or septum stimulation alone, as the effects these drugs have on 

similar stimulation of clearly identified DA reward are unknown. Mice readily perform 

optogenetic ICSS of DA neurons in the VTA (Tsai et al., 2009; Ilango et al., 2014; 

Steinberg et al., 2014; Han et al., 2017) and VTA DA neurons projecting to the VStr 

(Steinberg et al., 2014; Han et al., 2017). Steinberg et. al. went on to show that 

optogenetic self-stimulation of VTA cell bodies is dependent on VStr DAR1 and DAR2 

(Steinberg et al., 2014), and it is known that ICSA of DAR agonists in the VStr is 

attenuated by co-administration of either DAR1 or DAR2 antagonists (Ikemoto et al., 

1997). Thus, I compared the effects of DAR antagonism on ICSS of the VTA:VStrTh 

pathway and SuM:SeptvGlut2 pathway, the later comprising reward derived from 

stimulation of both SuM and septum populations, and observed nearly identical effects of 

both DAR1 and DAR2 antagonism on attenuation of ICSS for both pathways. These data 

are consistent with previously discussed data on functional interactions between SuM and 

septum, and the VTA DA reward system, and clearly suggest that rewarding effects of 

SuM and septum stimulation depends on DA. 

However, the pathway mechanism for how stimulation of SuM or septum reaches 

the DA system remains unknown, though it likely occurs downstream of septal neuron 

activity. In chapter 2, we identified medial septum (MS) glutamate neurons as a locus of 
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brain stimulation reward. These neurons innervate the VTA (Fuhrmann et al., 2015), but 

do not directly act on VTA DA neurons (Watabe-Uchida et al., 2012). Currently it is 

unclear whether MS glutamate neurons projecting to VTA have the potential to excite 

VTA DA neurons.  Several other polysynaptic mechanisms exist by which stimulation of 

MS glutamate neurons might excite VTA DA neurons. MS glutamate neurons strongly 

innervate the lateral hypothalamus (LH) (Fuhrmann et al., 2015; Sweeney et al., 2017). 

The LH contains both glutamatergic and GABAergic efferents to VTA neurons. The 

former decreases VTA DA neuron activity and has aversive and anorexic effects (Nieh et 

al., 2015; Stamatakis et al., 2016), and the later increases VTA DA activity and has 

rewarding and hyperphagic effects (Jennings et al., 2013). Both of these LH efferents act 

on VTA DA neurons via GABA neuron intermediates. (Stuber and Wise, 2016). 

However, it is unlikely that MS glutamate neurons potentiate reward via the LH because 

stimulation of the MS to LH glutamate pathway produces anorexic effects (Sweeney et 

al., 2017), and therefore likely interacts with LH glutamate neurons rather than the 

reward promoting LH GABA neurons.  

Another intriguing possibility is that MS glutamate neurons potentiate VTA DA 

reward via intra-septum microcircuitry. MS glutamate neurons are able to drive local 

septal GABAergic and cholinergic neurons (Manseau et al., 2005). A recent report 

suggests septal GABAergic and cholinergic neurons are able to drive VTA DA neuron 

activity via a polysynaptic route along the ventral subiculum-nucleus accumbens-ventral 

pallidum-VTA pathway (Bortz and Grace, 2018), although this mechanism was not 

directly tested. Similarly, stimulation of lateral septum GABAergic neurons have been 

shown to disinhibit VTA DA neurons (Vega-Quiroga et al., 2017) and inhibition of 
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lateral septum GABAergic neurons blocks the ability of systemic alcohol to increase 

VTA DA (Jonsson et al., 2017). This supports the hypothesis formed in chapter 2 where 

lack of ICSS of septum GABAergic neurons was attributed to not specifically targeting 

the appropriate reward promoting subpopulation of those neurons. It is then possible that 

stimulating MS glutamate neurons does locally excite a subpopulation of septum GABA 

neurons that potentiate rewarding effects via increasing VTA DA. 

 The SuM:SeptvGlut2 and VTA:VStrTh neurons form parallel pathways (in the sense 

that they originate in small nuclei in the ventral midbrain and send strong ascending 

projections to striatal-like structures) but are anatomically part of relatively separate 

systems. I was interested in studying brain regions that might be recruited by stimulation 

of these two pathways, and whether similarities or differences might exist that could 

explain the rewarding effects attributed to their stimulation. As simulation of each of 

these pathways is rewarding, I hypothesized that similar regions recruited by both of 

these pathways might be important loci of brain reward. I performed fMRI to examine 

brain wide BOLD increases in response to stimulation of these regions in anesthetized 

mice. Stimulation of each pathway resulted in relatively similar BOLD response in the 

regions that were analyzed, particularly in the septum and VStr. Increased BOLD activity 

in the VStr is expected for VTA:VStrTh pathway stimulation, and is consistent with DA 

being involved in SuM:SeptvGlut2 pathway stimulation reward. It is surprising to observe 

stronger activation of the septum for stimulation of the VTA:VStrTh pathway. This result 

in particular suggests the septum might play an important role in integrating reward 

promoting activity in systems inside and outside the canonical mesolimbic reward 



113 

 

system, and further studies should investigate what function the septum plays in 

rewarding effects mediated by the DA mesolimbic system. 
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Materials and Methods 

Mouse in-vivo optogenetic stimulation 

The following procedures describe methodology for experiments 1 and 2. 

Subjects: The present study used adult male mice (2-4 mo.) weighing 25-35g at the time 

of surgery.  C57BL6J were obtained from Jackson Labs, transgenic mice were obtained 

(see following) and then bred at the NIDA-IRP animal facility:  (Vglut2)::ires-cre 

(Slc17a6tm2(cre)Lowl; Jackson Labs) and (Th)::IRES-Cre knock-in mice (Lindeberg et al., 

2004). When not being tested, all mice were individually housed in a vivarium and 

maintained on a 12:12 light-dark cycle (lights on at 07:00 AM). Mice had free access to 

food and water except during testing. All procedures were approved by the Animal Care 

and Use Committee of the Intramural Research Program, National Institute on Drug 

Abuse and were in accordance with the Guide for the care and use of laboratory animals 

(National Research Council, 2011). 

 

Viral vectors: For experiment 1, the NIDA Optogenetics and Transgenic Technology 

Core produced adeno-associated virus serotype-1 (AAV) encoding channelorhodopsin-2 

(ChR2) and enhanced yellow fluorescent protein (EYFP) mediated by the human 

synapsin 1 (hSyn) promoter from plasmids obtained from the Stanford Optogenetics 

Innovation Lab.; making the vector pAAV1-hSyn-hChR2(H143R)-EYFP. For 

experiment 2 the vector pAAV1-Ef1a-DIO-hChR2(H134R)-EYFP-WPRE-pA was 

obtained from the University of Pennsylvania Vector Core. The final viral concentrations 

were roughly 1.8e12, and 1.0e13 viral genomes/mL for hSyn-ChR2, DIO-ChR2, 

respectively.   
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Surgery: Coordinates used for various brain regions are as follows: SuM: AP -2.7, ML 

0.0, DV -4.6; VTA: AP -3.2, ML +0.5, DV -4.0; MS: AP +0.8, ML 0.0, DV -3.5; VStr: 

AP +1.0, ML +0.5, DV -4.0. These coordinates represent the placement of the tip of optic 

fiber. Injections of ChR2 viral vectors are always 0.2mm ventral to these coordinates. All 

DV coordinates are measured from skull surface. Mice were anesthetized using isoflurane 

and placed in a stereotaxic apparatus for surgery. For each experiment, one of the viral 

vectors (exp. 2: 300nL; exp.3: 150nL) was microinjected by a syringe pump (Micro 4, 

World Precision Instruments) at 50 nL/min, with additional 5-10 min waiting before 

removal of the injection needle (34 gauge, beveled). Then, optic fibers (200 µm core size 

with numerical aperture of 0.37), constructed as described before (Sparta et al., 2012), 

were chronically implanted secured on the skull with dental cement (Geristor A and B 

cement, Denmat; part #s 4506 and #034522101). For experiment 2, viral vector was 

injected into the SuM, and a single optic fiber was implanted to stimulate ChR2 

expressing neurons in the SuM. For experiment 3, a Cre-dependent ChR2 was injected 

into SuM or VTA and fibers placed in the MS or VStr, respectively.  

 

Recovery and experimenter habituation: For cell body stimulation (exp. 1) a two-week 

recovery/incubation period was followed by handling for 3 days, 5-10 min each day, by 

the experimenter conducting behavioral tests, followed by 30 min habituation session in 

the test chambers the day before experimentation began. The same post-surgery 

procedure was followed for terminal stimulation experiments (exp. 2), except a six-week 



116 

 

recovery/incubation period was given to allow for trafficking of opsins to projection 

terminals. 

 

Drugs: Dopamine receptor antagonists were made to stock concentrations and frozen. In 

the morning of drug administration sessions, aliquots of drug were thawed and diluted to 

working concentrations. Drugs were made in sterile saline and HCL was used to aid in 

dissolving if needed, after which NaOH was used to return solution to near pH 7.3. 

Vehicle consisted of the same amount of acid and base added as drug solutions. DA1r 

antagonists R(+)-SCH-23390 hydrochloride (Sigma-Aldrich; D054); SCH 39166 

hydrobromide (Tocris Bioscience; Cat. No. 2299), and DA2r antagonist S(−)-Raclopride 

(+)-tartrate salt (Sigma-Aldrich; R121) were used. 

 

Optogenetic intracranial self-stimulation: Self-stimulation experiments were 

conducted in standard operant conditioning chambers (15.9 x 14.0 x 12.7 cm; Med 

Associates, St. Albans, VT) equipped with two levers and a small cue lamp above each 

lever, a house lamp, and 4 pairs of infrared detectors along the cage floor to detect 

locomotion.  Mice were gently connected to a patch cable connected to a 473-nm laser 

for ChR2 stimulation via an optical swivel. Computer software (MEDPC; Med 

Associates, St. Albans, VT) controlled a pulse generator (MASTER 9; AMPI, Jerusalem, 

Israel) that controlled lasers. Each ICSS session lasted for 30 minutes, and sessions were 

typically separated by one day. To facilitate the acquisition of lever pressing, for the first 

10 sessions, a response on the “active” lever illuminated a cue lamp above the lever for 

one second. A response on the “inactive” had no programmed consequence.  In session 
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11 and subsequent sessions, no cue was provided, to eliminate possible approach-

potentiating effects of visual stimuli (Shin et al., 2010; Keller et al., 2014).  During the 

first 2 sessions, lasers were turned off and intracranial photostimulation was not 

delivered, to assess baseline response levels.  During sessions 3-7, active lever pressing 

was rewarded with an intracranial photostimulation via the implanted optic fiber. For all 

optogenetic ICSS procedures in this study I maintained the following parameters for 

delivery of photostimulation: 15 pulses of blue light (473 nm), with 5-ms pulse duration 

delivered at 25 Hz. For experiment 1 targeting the SuM, I used 5 mW light intensity at 

the tip of the optic fiber implant in the brain to limit the spread of light as much as 

possible. In experiment 2 to stimulate terminals I began with setting the laser to achieve 

10-mW laser intensity at the tip of the optic fiber in the brain to better requite these larger 

populations of ChR2 expressing tissue. Furthermore, in sessions 10-12 of experiment 2, I 

titred the laser intensity to tune lever pressing rates in each group to roughly 200 lever 

presses in the thirty-minute session. To achieve this, in general, laser power was 

increased for most VTA:VStrTh mice and laser power was turned decreased for 

SuM:SeptvGlut2 mice.   

 

Dopamine antagonist procedures: For experiment 1, after acquisition sessions 3-7 the 

mice performed a series of ICSS tests including lever extinction and reacquisition 

sessions, lever reversal experiments, and stimulation parameter titring experiments. Mice 

had been received upwards of 30 ICSS sessions before receiving intraperitoneal (IP) 

injections of saline for three sessions to habituate to the injection procedure, followed by 

two sessions where the DAr1 antagonist SCH23390 (25ug/kg) was injected IP fifteen-
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minutes before ICSS sessions. A final session was again performed with saline-IP to 

assess reacquisition of ICSS after DA antagonist sessions. For experiment 2, mice 

received intraperitoneal (IP) injections of saline for three sessions (sessions 10-12) to 

habituate to the injection procedure. These mice were then required to have stabilized 

ICSS rates, as determined by < 20% change in active lever presses over two sessions, 

before moving on to DAr1 antagonist injection sessions. Mice were tested in three 

consecutive daily sessions receiving in the first session vehicle, followed by a low dose 

of DA1r antagonist SCH36199 (0.025mg/kg) on the next day, and then a high dose of 

SCH36199 (0.050mg/kg) on the third session. Next, mice performed 4-10 sessions of free 

ICSS before being tested with the DAr2 antagonist, raclopride, in the same dose scheme 

– vehicle, followed by low dose (0.05mg/kg), and lastly the high dose (0.1mg/kg).   

 

Histology: After completion of experiments, all animals were intracardially perfused 

with ice cold 0.9% saline followed by 4% paraformaldehyde. Brains were coronally 

sectioned at 40 µm, mounted directly onto slides, and cover slipped with DAPI nuclear 

counterstain (#H-1200, Vector Labs, Burlingame, CA) in Mowiol 4-88 (sigma, #81381). 

Optical fiber placements and EYFP expression were determined with fluorescent 

microscopy.  

 

Mouse anesthetized fMRI with optogenetic stimulation 

The following procedures describe methodology for experiment 3. 

Subjects: Five mice from each of the two groups in experiment 2 were used. 
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fMRI procedure: Mice were initially anesthetized using 1.5-2% Isoflurane (Iso) and a 

bolus injection of Dexmedetomidine (Dex) with a 0.0025 mg/mL concentration at 0.015 

mg/kg dosage. Once mice were asleep, they were moved to the fMRI scanner and 

anesthesia was maintained using Iso at an ideal level for functional scans of < 0.75% 

mixed with oxygen-enriched air (70% N2 + 30% O2) via nose cone and constant 

subcutaneous infusion of Dex at a dose of 0.3mg/kg/hour. Mouse physiology was 

constantly monitored (Small Animal Monitoring and Gating System, SA Instruments, 

Inc., NY) and temperature was maintained at 37.1 ± 0.1 °C with water a heating bath, and 

anesthetics were titred to maintain respiratory rate at 90-120 breath/min. A block design 

consisting of 20 s baseline followed by 5 “ON” (20s) and “OFF” (40s) epochs was used. 

Each ON epoch consisted of continues trains of photostimulation of 15 pulses per second 

delivered at 25 Hz with a 5 ms pulse duration. Laser intensity was set to deliver 10 mW 

of 473 nm light at the tip of the optic fiber in the brain. The following imaging 

parameters were used for high resolution anatomical scans: Field of View (FOV) was 

30x30 mm with a matrix size of 256x256; 25 slices 0.6 mm thickness were acquired 

using a surface planner coil. Echo planner imaging scans were acquired in a single-shot 

with a FOV of 25x15 mm a matrix size of 96x58, with 21 slices at 0.6 mm thickness. 

Processing of the raw fMRI data consisted of, in brief, reregistration, followed by 

realignment and slice time correction, then motion correction and spatial smoothing 

processes. Next data was analyzed using general linear models. All data processing and 

analysis were conducted using the ANFI software package (Cox and Hyde, 1997).  
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Figures 

 

 

Figure 1: Dopamine receptor 1 antagonism attenuates optogenetic ICSS of SuM cell 

bodies 

(A-C) No significant effects are observed between days with the same treatments. Data 

for vehicle and SCH23390 were averaged and compared in D-F (error bars represent 

SEM; **p<0.01). 
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Figure 2: SuM:SeptvGlut2 and VTA:VStrTh pathways both support optogenetic ICSS 

(A-B) Schematics of preparations for optogenetic stimulation of SuM:SeptvGlut2 (A) and 

VTA:VStrTh (B) pathways 

(C) Lever press rates (mean + SEM) for SuM:SeptvGlut2 and VTA:VStrTh pathways. Each 

pathway readily supported optogenetic ICSS. In sessions 10-12 laser power was titred for 

each individual mouse as to support ICSS rates ~200 active presses per session.  
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Figure 3: Dopamine receptor antagonism similarly reduces optogenetic ICSS of 

SuM:SeptvGlut2 and VTA:VStrTh pathways 

(A-C) Effects of low and high doses of DAR1 antagonism on active and inactive lever 

press rates and locomotor activity (mean + SEM). See text for description of statistical 

differences. 
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(D-F) Effects of low and high doses of DAR2 antagonism on active and inactive lever 

press rates and locomotor activity (mean + SEM). See text for description of statistical 

differences. 
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Figure 4: fMRI BOLD responses for VTA:VStrTh and SuM:SeptvGlut2 pathway 

stimulation 

Slices roughly correspond to Franklin and Paxinos Mouse Brain Atlas images 21, 26, 31, 

35, and 41 (from left to right). Only data from diencephalonic regions are shown as fMRI 

is difficult to resolve in forebrain regions of mice, and light from optogenetic stimulation 

causes strong activation of visual regions in the hindbrain which is unrelated to 

experimental concerns. All BOLD responses shown are significant to p<0.01.  

(A) BOLD response patterns from SuM:SeptvGlut2 pathway stimulation. 

(B) BOLD response patterns from VTA:VStrTh pathway stimulation. 

(C) BOLD response greater in VTA:VStrTh pathway stimulation than SuM:SeptvGlut2 

pathway stimulation 
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Supplemental Figure 1: Dopamine receptor 1 antagonism attenuates septal AMPA 

intracranial self-administration.  

Performed by Dr. Rick Shin, Ikemoto Lab.  

ICSA rates of AMPA into the septum is significantly higher than rates of ICSA of vehicle 

(aCSF) and AMPA+dopamine receptor antagonist SCH23390 (error bars represent SEM; 

*p<0.01). 
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Chapter 5 – Summary, conclusions, and future 

directions 

 

Summary 

The preceding chapters of this thesis describe experiments conducted to elucidate 

the anatomical and functional mechanisms by which the SuM might mediate reward 

processes. These set of experiments follow the rich tradition of using intracranial 

stimulation techniques to identify brain regions that are likely involved in motivated 

behaviors by their propensity to drive either of the two basic components of motivated 

behaviors, approach or aversion.  

My interest in the SuM stemmed from studies conducted in the 1950s by the 

pioneers of brain stimulation reward, whose careful and systematic mapping of brain sites 

that support intracranial self-stimulation identified this region as a site that rats would 

vigorously self-stimulate. In his 1958 publication in the journal Science, where he 

effectively introduced the broader scientific community to the discovery of brain 

stimulation reward, James Olds wrote: 

“With electrodes placed in the posterior hypothalamus, just in front of the mammillary 

body, very high rates, in the range of 5000 per hour, occurred frequently.” (Olds, 1958) 

While not mentioning the SuM directly, Olds is effectively describing either the SuM 

itself or its ascending projections. Five-thousand lever presses in an hour is also, 

objectively, a lot of lever presses, which means rats were vigorously engaged in earning 

this stimulation reward. However, from the mid-1960’s and onward, the SuM received 
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little attention for its potential role in reward processes until my PhD mentor, Dr. Satoshi 

Ikemoto, somewhat serendipitously discovered that rats would self-administer excitatory 

drugs into this brain region.  

 With our group’s rekindled interest in the potential role of SuM in motivated 

behaviors, I first set out to determine if any specific subpopulations of SuM neurons are 

particularly rewarding when stimulated. After observing that SuM glutamate neurons 

were, out of the two other major neurotransmitter types found in the SuM, the likely 

mediators of SuM stimulation reward, I tested specific projections of these SuM 

glutamate neurons and found that the projection to the septum was rewarding while the 

projection to the PVT was aversive when stimulated. With my main focus being to 

understand the role of SuM in reward processes, I went on to study the septum in a 

similar fashion, finding that the glutamate neurons located in the medial septum were 

rewarding when stimulated, and SuM glutamate neurons were capable of driving MS 

glutamate neurons.  

These studies identified several novel neuronal populations that support brain 

stimulation reward, and this, along with the dearth of information about how SuM 

neurons might function during natural reward seeking behaviors, made it increasingly 

important to record from these neurons to understand how their activity might mediate 

motivationally relevant behaviors. As such, I performed single-unit recording 

experiments on awake, behaving mice while they engaged in a task where they could 

lever press to earn highly palatable sucrose solution rewards that were contingent on two 

post-lever press cues. During this task, SuM neurons showed changes in activity that 

correlated to several aspects of behavioral events in a motivationally relevant manner. 
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Categorizing SuM neurons into whether or not they participated in SuM-septum 

functional connectivity suggested that the SuM relays similar information to different 

brain subsystems.  

 ICSS studies can provide evidence that a brain region is likely involved in 

motivated behaviors and recording studies can provide strong correlational evidence of 

this involvement, but other perturbations are needed to test causality of a brain region’s 

involvement in specific aspects of motivated behaviors. I went on to examine the effects 

of inhibiting SuM neurons on reward seeking behaviors and found that temporary 

inhibition of SuM neurons during a sucrose-seeking task disrupted several metrics of the 

seeking behaviors. Additionally, temporary inhibition of SuM neurons during a simple 

sucrose drinking test showed that while the behavioral profile of sucrose drinking is 

changed, the amount of sucrose consumed was unchanged when compared to the amount 

consumed with an intact SuM. Ethological analysis of the effects of SuM inhibition 

during the sucrose-seeking and sucrose-consuming paradigms, when taken with 

observations from single-unit data and past literature, suggested that the SuM is likely 

involved with environmental interaction aspects of motivated behaviors and inhibition of 

the SuM reduces the animal’s ability to interact appropriately with the environment to 

produce goal directed actions. 

 The final set of experiments described in this thesis provide evidence that DA 

likely plays a role in the perceived reward from stimulation of SuM and its excitatory 

connection to the septum. They also illustrate that similar brain systems might be 

involved with rewarding stimulation of the SuM to septum glutamate pathway and VTA 

to VStr DA pathway.  
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Concluding remarks 

There are two further messages that I would like to plainly state as concluding 

remarks to the motivation-research community. The first message is that the septum, and 

more specifically the medial septum glutamate neurons, is a locus for brain stimulation 

reward. There appears to be some controversy as to whether the septum mediates primary 

reinforcement via excitation of its neuron cell bodies, and it has been suggested that 

classical studies using electrodes to target the septum in rats and humans had electrode 

tips placed close enough to stimulate the nucleus accumbens or potentially other DA 

mesolimbic fibers of passage (Smith et al., 2010; Berridge and Kringelbach, 2015). 

Indeed, my data suggests that rewarding activation of septal neurons does potentially 

reach the DA mesolimbic system, however my experiments clearly stimulate septal 

neurons, and as such, should clear up any controversy as to whether direct stimulation of 

the septum is rewarding. Focus should now turn to including the septum as a site for 

brain stimulation reward and understanding the neural mechanism that mediate this 

reward and how these mechanisms contribute to motivated behaviors.  

 The second message is that the supramammillary nucleus is involved in general 

motivational processes and is understudied and often overlooked in terms of its 

relationship to reward mechanisms and motivated behaviors. Additionally, this is a 

message of warning to the community, in that the SuM is located adjacent to the VTA 

and careful consideration should be given to neurons being studied. There are many 

published studies that seem to be targeting the SuM while claiming to be investigating the 

VTA and VTA-mediated behaviors. Indeed, initial findings suggesting that the rewarding 

effects of GABAA antagonists was mediated by the VTA were later more appropriately 

attributed to the SuM (Ikemoto, 2010).  
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Future directions 

 There are several attractive avenues for future research into the SuM and its role 

in motivated behaviors.  

Understanding SuM afferents in light of past ICSA studies. Our group 

previously found that rats will self-administer nicotine into the SuM (Ikemoto et al., 

2006). Nicotine, in the form of tobacco smoked in cigarettes or vaporized liquid 

concentrate, is one of the most widely used and habit-forming drugs. Much of the current 

literature in the addiction field focus on the DA mesolimbic system as mediating the 

primary reinforcing effects of nicotine and as such, as targets for nicotine addiction 

therapeutics. Further research into the role of SuM in nicotine addiction, and the 

endogenous cholinergic afferents to the SuM, may prove to be fruitful in understanding 

the overall habit-forming action of nicotine. A simple first question would be to see if 

nicotinic acetylcholine receptors are localized to glutamate neurons in the SuM that 

project to the septum. If this is the case, they may preferentially activate a population of 

SuM neurons we identify in these studies as rewarding when stimulated.  Another 

important study might be to block the action of nicotine in the SuM and test how this 

changes nicotine’s habit-forming effects. 

Similarly, our group has previously found that the disinhibition of SuM neurons 

using the GABAA antagonist, picrotoxin, is, subjectively, one of the most highly 

rewarding pharmacological brain manipulations observed. Intra-SuM picrotoxin supports 

vigorous ICSA and rats will perform progressive ratio tasks to earn its infusion (Ikemoto, 

2010). Elucidating the GABAergic afferents to the SuM whose action when blocked by 

picrotoxin creates such potent reinforcing effects would be useful information in 

understanding the upstream mechanisms of SuM reward. 
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Understanding functional circuitry of MS glutamate neurons. Our finding that 

MS glutamate neurons support ICSS is one of the more surprising results of the 

experiments described in this thesis. As such it opens the door for several questions for 

future research. There are only a handful of publications that specifically target MS 

glutamate neurons as a focus of experiments. Of the three major populations of neurons 

in the septum, i.e. glutamatergic, GABAergic, and cholinergic, the glutamatergic neurons 

are the least studied. Fuhrmann et. al. describe a pseudorabies retrograde tracing study 

they performed to identify monosynaptic inputs to MS glutamate neurons (Fuhrmann et 

al., 2015). Further research into the functional connections of these inputs, whether they 

are inhibitory or excitatory, might shed light on how MS glutamate neurons are 

endogenously controlled, and the role upstream regions might play in MS glutamate 

neuron mediated reward. Likewise, careful study of MS glutamate efferents neurons 

might help further elucidate how these neurons interact with DA mesolimbic system, and 

which of their projections are critical for the rewarding effects of their stimulation.  

 Additionally, since the SuM can drive MS glutamate neurons it would be 

interesting to compare the activity of these two regions in motivated behaviors. The only 

previous publications that have recorded from MS glutamate neurons studied their role in 

locomotor activity. As such it remains unclear how these neurons might be involved in 

motivated behaviors, which their ability to support ICSS suggests they should. Myself 

and others in our lab have begun such studies by performing fiber photometry recordings 

of MS glutamate neurons to understand their population activity during motivationally 

relevant behavior. 
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 In conclusion, my data support a role for the SuM and septum in motivated 

behaviors beyond their role in generating hippocampal theta rhythm and theta rhythm 

correlated locomotor activity. Future research into these regions may shed light on these 

roles, and potentially provide insight into psychiatric disorders that occur from 

maladaptation of motivation, such as depression, anxiety, and addiction, which might be 

missed by focusing on canonical motivation-related brain systems. 
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