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Abstract 

The ventral tegmental area (VTA) plays a critical role in reward-seeking, and is 

composed primarily of dopamine (~75%) and GABA (~25%) neurons. However, few studies 

have functionally evaluated the role of VTA GABA neurons in behavior. Recently we used a new 

viral approach to target activating DREADDs (Designer Receptor Exclusively Activated by 

Designer Drugs, hM3D) to GAD1+ VTA GABA neurons in wildtype rats. We first sought to 

determine how VTA GABA neurons regulate ethanol seeking behaviors in an operant self

administration task. While the DREADD ligand, clozapine n-oxide (CNO, 0.3 mg/kg, i.p.) did not 

change either the reinforcers obtained under a fixed ratio 1 schedule, or the breakpoints in a 

progressive ratio schedule, we observed a profound change in the pattern of responding for 

ethanol. Specifically, across ethanol doses the number of bouts and the inter-bout intervals 

decreased, while bout length increased. The rats responded more slowly, yet consistently 

throughout the six-hour session. We next explored the effect of VTA GABA activation on the 

perception of time in two fixed interval (Fl) tasks, one in which there were no reward predictive 

cues (non-cued Fl), and another where the start of the Fl was signaled by a constant cue that 

played until the animal obtained a reward (cued Fl). Under saline conditions in both tasks, 

responding was characterized by "scalloping", with an acceleration of responding towards the 

end of the 30s Fl. In the non-cued Fl task, VTA GABA activation decreased the overall rate and 

number of responses, and the time between the end of the 30s interval and when the rats made 

a rewarded response increased. Yet responding still conformed to the scalloped pattern during 

the Fl. However, in the cued Fl task, after VTA GABA activation the distribution of responses 

during the Fl was completely flat (i.e. no scalloping), and responding was more erratic, even 

though total responses and earned rewards earned did not change. The cued Fl30 schedule of 

reinforcement was therefore more sensitive to disruption by VTA GABA activation, likely due to 

the convergent effects on timing and cue processing. Together these results demonstrate that 

VTA GABA activation disrupts operant responding for rewards by altering interval timing. 
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Chapter One: Introduction 

1.1 Importance of Study 

The National Survey on Drug Use and Health estimated that in 2016, approximately 20.1 

million people aged 12 years or older had a substance abuse disorder involving either alcohol or 

illicit drugs in the past year (Services and Administration 2017). This included 15.1 million 

people with an alcohol use disorder, and 7.4 million people with an illicit drug use disorder. 

Clearly better prevention and treatment strategies are needed, but the boundary between 

casual drug use and addiction is not always clear, and the transition from casual use to 

dependence is governed by neural mechanisms not fully understood. While the rewarding 

effects of abused drugs may lead to initial drug seeking in the beginning stages of drug use, 

with further use this positive reinforcement of the drug, as well as a negative reinforcement of 

avoiding drug withdrawal symptoms, helps to maintain drug use, leading to dependence. While 

the role of dopamine in the rewarding and motivational effects of drug use are well 

characterized, the role of GABA is less understood. We sought to understand the effects of 

ventral tegmental area (VTA) GABA neurons on reward seeking in operant behaviors involving 

alcohol or a natural reward (10% sucrose solution). 

1.2 Mesolimbic Dopamine Circuitry 

The mesolimbic dopamine system involves dopamine cell bodies in the VTA that project 

to the nucleus accumbens (NAc, located in the ventral striatum). Mesoaccumbal dopamine 

transmission has a major role in the rewarding effects of drugs of abuse and their associated 

stimuli (For review, see Koob 1992, Ikemoto and Bonci 2014, Salamone, Pardo et al. 2016). 

Dopamine is initially released in the NAc in response to rewards such as drugs of abuse, but 

gradually shifts to include release during cues predicting rewards (Day, Roitman et al. 2007). 

After associative learning, drug associated cues are assigned an incentive salience (Day, 
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Roitman et al. 2007, Flagel, Clark et al. 2010), and can enhance drug seeking (Perry, Zbukvic et 

al. 2014). With repeated drug use, tolerance and subsequent dependence can occur. Other 

mesocorticolimbic structures, such as the amygdala and prefrontal cortex (PFC), may also help 

tie in emotional and executive functioning to these processes (Floresca 2015). The system 

overall plays a large part in drug seeking and initial transition to addiction (Salamone, Pardo et 

al. 2016). 

1.3 Functional Role of the VTA 

Recent research has investigated the functional roles of different neuronal subtypes 

within the VTA. Dopamine, being the most abundant subtype of the VTA (Yamaguchi, Sheen et 

al. 2007, Sanchez-Catalan, Kaufling et al. 2014, Morales and Margolis 2017), has a well 

characterized functional role in regulating motivated behavior, processing of salient stimuli and 

rewards, and reward related learning (Meyer, King et al. 2016). VTA dopamine neurons are 

active when rewards, as well as their associated cues, are presented, but decrease firing when 

an expected reward is omitted, or in response to aversive stimuli (Ungless, Magill et al. 2004, 

Eshel, Tian et al. 2016). Increases in dopamine release in the NAc and other areas in the 

mesocorticolimbic pathway are also induced by drugs of abuse. With time, dopamine release in 

the NAc is also induced by drug associated cues. DAergic projections to the prefrontal cortex 

(PFC) are shown to have a role in executive functioning, working memory, and attentional 

processes (Margolis, Lock et al. 2006). However, the VTA also contains other types of neurons, 

including GABA neurons, glutamate neurons and neurons that co-release dopamine and either 

glutamate or GABA (For review, see Morales and Margolis 2017). The functional role of these 

other neurons in reward seeking behaviors, learning, and processing of cues is an active area of 

research. 

While most GABA neurons within the VTA are thought to be interneurons, which function 

to decrease dopamine excitability (Tan, Yvon et al. 2012, van Zessen, Phillips et al. 2012), 
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about 1 in 5 are GABA projection neurons that project to various other brain regions. Work done 

in mice reveal VTA GABA neurons increase their firing in response to an aversive stimuli (e.g. 

footshock), decreasing VTA DA activity via GABAA receptors (Tan, Yvon et al. 2012). VTA 

GABA activation also induces a conditioned place aversion (Tan, Yvon et al. 2012). During a 

cued reward conditioning task in mice, optogenetic stimulation of VTA GABA neurons had no 

effect on cue-induced anticipatory licking, but reduced overall consumption (e.g. licks) (van 

Zessen, Phillips et al. 2012). Noteworthy is the finding that activation of VTA GPNs pauses 

spontaneous firing of NAc cholinergic interneurons (CINs) through GABAA receptor mediated 

inhibition, and enhances associative learning/discrimination of a conditioned stimulus that 

predicts footshock (Brown, Tan et al. 2012). Striatal CINs also pause during reward association 

learning (Goldberg and Reynolds 2011, Brown, Tan et al. 2012). 

1.4 Anatomical Heterogeneity of the VTA 

Studied in large part for its role in reward processing and addiction, the VTA is a 

heterogeneous brain region located in the midbrain, containing dopamine (~60-70%), gamma 

aminobutyric acid (GABA) (~30-35%), and glutamate (~2-5%) producing neurons (Yamaguchi, 

Sheen et al. 2007, Dobi, Margolis et al. 2010, Tan, Yvon et al. 2012, Taylor, Badurek et al. 

2014). It is composed of five sub-regions (Figure 1.1 ). In more anterior regions of the VT A, the 

parabrachial pigmented nucleus extends laterally to form the limit of the VTA from the 

substantia nigra (SN), and along with the paranigral nucleus, extends over the rostralcaudal 

extent of the VTA. The interfascicular, rostral linear, and caudal linear nuclei make up the 

median portion of the VTA. The interfascicular nucleus extends through the VTA, while the 

rostral linear and caudal linear nucleus overlays it dorsally in the anterior and posterior regions 

of the VTA, respectively (Sanchez-Catalan, Kaufling et al. 2014). While all these sub-regions 

contain dopamine (DA) neurons, anatomical, biochemical, and electrophysiological 

heterogeneity exists between them. 
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Figure 1.1 Schematic of the VTA. The five subdivisions of the VTA are shown on frontal 
plates of the rat brainstem modified from Paxinos, George, and Charles Watson rat brain 
atlases. The anterior-posterior distance from bregma is shown below each plate. 

1.5 Anatomical Connectivity of the VTA 

Various brain structures are shown to both synapse onto and receive connections from 

VTA neurons. In addition to the NAc, VTA DA neurons also project to the prefrontal cortex 

(PFC), amygdala, the lateral septum, hippocampus, bed nucleus of the stria terminalis, locus 
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coeruleus, periaqueductal grey, olfactory tubercle, and ventral pallidum among many others. 

The main targets of dopamine projections within the NAc are medium spiny neurons MSNs (Van 

Bockstaele and Pickel 1995, Carr and Sesack 2000, Meyer, King et al. 2016, Morales and 

Margolis 2017). Early immunolabeling and electron microcopy work in rats also demonstrated 

that 1/3 of the projections to the NAc are GABAergic (Van Bockstaele and Pickel 1995). While 

one recent study indicated that VTA GABA projection neurons (GPNs) to the NAc synapse 

almost exclusively on CINs (Brown, Tan et al. 2012), others have shown that these neurons 

also synapse with MSNs. Ultrastructural and immunolabeling work in rats also revealed that 

about 60% of VTA projections to the PFC are GABAergic (Carr and Sesack 2000). VTA GABA 

neurons in mice also project to other limbic structures, such as the lateral preoptic area, 

magnocellular preoptic nucleus, bed nucleus of the stria terminalis, central amygdala, lateral 

habenula, ventral pallid um, and dorsal raphe in the mouse brain (Taylor, Badurek et al. 2014). 

Electrophysiological recordings in rats and mice suggest the most prominent 

connection from the nucleus accumbens (NAc) to the VTA are onto VTA GABA neurons, 

mediated by GABAA receptors (Xia, Driscoll et al. 2011, Bocklisch, Pascoli et al. 2013, Morales 

and Margolis 2017), while viral based anatomical methods in mice suggest there are sizable 

projections onto VTA DA neurons (Watabe-Uchida, Zhu et al. 2012, Morales and Margolis 

2017). Molecular tracer and electron microscopy analysis in rats suggest some VTA projection 

neurons to the NAc that are also postsynaptic to PFC projection neurons, are GABAergic, while 

some VTA neurons that receive innervation and project to the PFC are dopaminergic (Carr and 

Sesack 2000). Viral based methods also reveal strong inputs from the lateral hypothalamus 

onto VTA DA neurons (Watabe-Uchida, Zhu et al. 2012). 

Ultrastructural studies in rats reveal axon terminals from GABA neurons within the VTA 

have symmetric synapses on local DAergic and non-DAergic neurons (Swanson 1982), and 

GABA interneurons are shown to inhibit VTA DA neurons though GABAA receptors in mice 

(Tan, Yvon et al. 2012, Edwards, Tejeda et al. 2017). Both DAergic and non-DAergic neurons 
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receive input from local glutamate neurons (Dobi, Margolis et al. 2010), and activation of VTA 

glutamate neurons in mice induces firing in DAergic VTA neurons that project to the NAcc 

(Wang, Qi et al. 2015). 

1.6 Functional Connectivity in Mesocorticolimbic Circuit Control of Drug Seeking 

The NAc receives DAergic input from the VTA, as well as glutamatergic input from the 

PFC and amygdala (Phillipson and Griffiths 1985, Fuller, Russchen et al. 1987, S., Aimee et al. 

1993). The NAc also has reciprocal connections to the PFC, orbitofrontal cortices, and anterior 

cingulate, forming a mesocortical loop, which is thought to contribute to motivated behaviors 

including drug seeking (Meyer, King et al. 2016). The NAc also has reciprocal connections with 

the amygdala and hippocampus (Kelley and Domesick 1982), connecting emotional and 

learning centers to stimuli processing and their outcomes. Natural rewards produce an increase 

in DA neuron activity in the ventral striatum, assigning incentive salience, increasing their 

noticeability and "want". However, drugs of abuse also produce alterations in mesocortical 

circuits, leading to the development of salience assigned to them and their associated cues as 

well, leading to an overvaluing in the drug's worth. This is thought to aid in the acquisition and 

maintenance of drug use. 

1.7 Dopamine and Habitual Learning 

Habit formation is thought to play a role in the transition of recreational drug use to 

compulsive drug seeking behaviors. With repeated use, motivated behaviors directed toward 

obtaining natural and drug rewards becomes automated, and the reward related cues and other 

environmental or emotional states drive reward seeking behaviors. There is a shift from goal 

oriented to outcome independent behavior, resulting in habitual responding that is insensitive to 

whether the reward was obtained or the motivational state of the animal. This shift in behavior 

coincides with a shift in cue-induced dopamine release from the ventral to the dorsal striatum. 
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(Balleine and O'Doherty 2010). The dorsal striatum has a role in goal directed behavior, habit 

formation and stimulus-response (S-R) behavior (Yin, Knowlton et al. 2004, Yin, Knowlton et al. 

2006, Meyer, King et al. 2016). 

The shift from goal directed responding to habitual responding occurs after repeated 

pairing of cues, including both conditioned and environmental stimuli, with the reward. For 

example, habitual responding for ethanol is shown to occur within 4-8 weeks of daily training of 

self-administration in rats (Corbit, Nie et al. 2012). This was evaluated through a devaluation 

procedure, in which a reward (e.g. ethanol) is pre-fed to animals before an extinction session in 

an attempt to lower its worth. If animals are still responding under a response-outcome (R-O) 

fashion, they should be satiated before the session start, and responding will be low. However, 

if animals are responding out of habit, the reward predictive cues will drive the behavior, and 

responding will be higher than animals that are not responding habitually (Balleine and 

O'Doherty 2010). 

1.8 Role of Dopamine on Interval Timing 

While dopamine has a clear and well-documented role in motivated behaviors, it is also 

important in other related behavioral processes. Dopamine for example has a large influence of 

the perception of time and regulating temporal control of behavior (Amalric and Koob 1987, 

Meck 1996, Drew, Fairhurst et al. 2003, Meck 2006, Narayanan, Land et al. 2012, Oleson, 

Cachope et al. 2014). The ability to time behaviors has an important role in survival, and is a 

critical component in successfully performing operant tasks. Temporal control can be directly 

evaluated in operant behaviors using fixed interval (Fl) schedules of reinforcement. The 

temporal mechanisms that encode the passage of time are thought to rely heavily on dopamine 

release in the NAc. As time is encoded, the produced value is compared to one where the last 

reward was received. If the two values are similar enough, a decision is made, and a behavioral 

response is elicited (Meck 1996). Recently it was shown that short fixed intervals are timed by 
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dopamine release in the NAc, which occurs with the onset of the reward (Oleson, Cachope et al. 

2014). As DA decreases the propensity to respond increases, inducing the scalloping pattern of 

responding. When a certain threshold of dopamine is reached, the timing of which is dictated by 

dopamine reuptake mechanisms, reward seeking is induced. Thus drugs of abuse, which alter 

these dopamine dynamics can affect the perceived interval or passage of time. DA agonists, or 

drugs that enhance DA transmission, are thought to slow down the perception of time by 

increasing clock speed, inducing behavioral responses to occur sooner (Meck and Church 

1987, Meck 1996, Oleson, Cachope et al. 2014). DA antagonists are shown to do the opposite 

(Drew, Fairhurst et al. 2003). Selective knockdown of tyrosine hydroxylase (TH), which leads to 

decreased DA, disrupts interval timing by decreasing overall responding, and reducing 

responses predicting the end of the interval (Narayanan, Land et al. 2012). Further work on VTA 

dopamine targets to the PFC revealed PFC D1 receptor blockade disrupts interval timing by 

flattening response curves from an otherwise scalloped pattern of responding under saline 

conditions, and significantly reduces responses anticipating interval end and reward availability 

(Narayanan, Land et al. 2012). Lesions to the ventral striatum and SN also disrupt interval 

timing, as well as inactivation of the PFC, but the only evidence of complete loss of temporal 

control is by lesions to the dorsal striatum (Matell and Meck 2000, Narayanan, Land et al. 2012). 

Indeed, Parkinson's patients have a disrupted sense of timing, which is restored after L-DOPA 

treatment (Amalric and Koob 1987, Meck 2006). 

1.9 Objective 

The purpose of this study is to investigate the role of VTA GABA in the mesolimbic 

system on reward seeking behavior. VTA GABA intemeurons are known to synapse and inhibit 

VTA DA neurons, and we therefore hypothesized that chemogenetic VTA GABA activation 

would decrease motivation, and subsequently responding for natural and drug reinforcers under 

both low effort fixed ratio 1 (FR1) and high effort progressive ratio (PR) schedule of 
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reinforcement. To test this hypothesis we have used a novel viral targeting system to restrict 

designer receptors exclusively activated by designer drugs (DREADDs) to VTA GABA neurons, 

in rats trained in an ethanol-gelatin self-administration procedure (Salamone, Pardo et al. 2016). 

Our results show that under most circumstances VTA GABA activation did not inhibit the 

number of reinforcers obtained under either schedule or the breakpoint of the PR. Despite this 

surprising finding, there was an evident effect on the overall pattern of responding, which was 

characterized by slower but very consistent responding. We therefore hypothesized that VTA 

GABA activation inhibited DA neurons of the mesolimbic pathway, in effect temporarily 

inactivating the VTA, allowing the influence of the nigrostriatal dopamine pathway to 

predominate and promoting a habitual responding pattern. To investigate whether rats were 

responding out of habit we performed a devaluation protocol prior to their operant session. An 

alternative hypothesis is that VTA GABA activation increases the persistence of responding by 

disrupting dopamine dependent interval timing mechanisms. To test this hypothesis we 

activated VTA GABA neurons during one of two fixed interval (Fl) procedures. We predicted that 

VTA GABA activation would slow down the rats' internal clock and increase the length of the 

perceived time interval resulting in them responding later in the fixed interval. 

To investigate whether VTA GABA activation produced any confounding effects, we also 

investigated how this manipulation affected locomotion and anxiety, using open field locomotor 

chambers and a fecal boil assay, respectively 

Chapter 2: Materials and Methods 

2.1 Experimental Design 

Our study used both Sprague Dawley and Long Evans rats to study the effects of VTA 

GABA activation on reward seeking. Sprague Dawley rats were trained to respond for ethanol

gelatin in an fixed ratio and progressive ratio schedule of reinforcement, while Long Evans rats 
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were trained to respond for 10% sucrose solution in two variations of a fixed interval 30 seconds 

schedule of reinforcement. VTA GABA neurons were selectively targeted using a dual viral 

approach, to selectively express the activating DREADD, hM3d, which were activated through 

intraperitoneal (i.p.) injections of clozapine N-oxide (CNO, NIDA Drug Supply Program, 

Bethesda, MD) (either 0.3 mg/kg or 1 mg/kg dose) administered 30 minutes before behavioral 

sessions. Rats were also tested with saline using a within-subjects design. At least three days 

were allowed after CNO injections to ensure adequate washout. The effects of VTA GABA 

activation on locomotion and anxiety were measured in all animals at the end of operant tests in 

an open field chamber and observation of fecal boli, respectively. 

2.2 Viruses 

Our studies use a dual-viral (adeno-associated virus2/10, AAV2/10) mediated approach 

to selectively target and activate VTA GABA neurons (Figure 2.1 ). One viral construct contains 

a sequence for Cre recombinase, a type 1 topoisomerase derived from bacteriophage P1, that 

recombines DNA at loxP sites. Transcription of Cre is driven by a GAD1 (also Gad67) promoter, 

the gene sequence that codes for the enzyme glutamate decarboxylase, which is required for 

conversion of glutamate to GABA. The second viral construct consists of the gene for the 

activating (hM3d) a designer receptor exclusively activated by designer drugs (DREADD), linked 

to an mCherry florescent reporter. This transgene is flanked by loxP and lox2722 sites in a flip

excision (FLEX) or double inverted open reading frame (DIO) orientation, and is driven by a 

EF1 a promoter. When co-infused, the viruses transfects all neurons at the injection site, 

however, Cre recombinase is made only in GABA neurons, where it is available to recombine 

and flip the DREADD sequence to put it in the proper orientation for the strong and non

selective EF1 a promoter to drive its expression. Thus the DREADD is selectively produced only 

within GABA neurons (Wakabayashi, Feja et al. 2018). Because DREADDs lack an 
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endogenous ligand to activate them, they remain inactive until injection of a ligand that can 

activate the receptor, such as clozapine-N-oxide (CNO) (Wakabayashi, Feja et al. 2018). This 

chemogenetic approach allows us to utilize wild-type rats and produce transient activation. Viral 

transduction can also be restricted to specific brain regions through controlled microinfusions 

(Smith, Bucci et al. 2016). 

Combinatorial Viral 
Targeting 

Targeting GAD1 
virus 1 

Effector 
virus 2 !+ Cre 

• hM3d 

Figure 2.1 Viral targeting system schematic. The targeting virus 1 consists of a Cre 
sequence driven by a GAD1 promoter, while the effector virus 2 consists of a DIO 
mcherry-tagged DREADD sequence driven by an EF1 a promoter. The DREADD 
sequence is flanked by loxP and lox2722 sites that allows it to be flipped into the correct 
orientation by cre-recombinase. 

2.3Animals 

Subjects. Experimentally na·ive adult male Sprague Dawley (n=14) or Long Evans rats 

(N=32) were obtained from Envigo RMS Incorporated (Indianapolis, IN). Long Evans rats were 

individually housed in shoebox home chambers, while the Sprague Dawley rats were housed in 

individual self-administrations chambers. Animals were on a 12:12 light-dark cycle in which 

lights went off at 3AM and on at 3PM in a temperature and humidity controlled room. Ethanol 
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gelatin self-administration occurred from 1 0AM-4PM, while the Fl operant task was conducted 

for two hours between 12PM to 2PM. Normal rat chow and water were available ad libitum for 

the entire ethanol-gelatin study, while Fl trained rats were restricted to 80-85% of free-feeding 

weight. All handling and care of animals was conducted in accordance to the NIH Guide for 

Care and Use of Laboratory Animals and experimental protocols were approved by Institutional 

Animal Care and Use Committee of the University at Buffalo, SUNY. 

2.4 Surgeries 

Ethanol Self-Administration. Animals were anesthetized intraperitoneal (i.p.) with a 

cocktail consisting of 85 mg/kg ketamine and 10 mg/kg xylazine before being placed in a 

stereotaxic apparatus. An incision was made at the midline of the scalp, and a bilateral mark 

placed at -5.6 mm AP from bregma. A 1.0 mm drill bit was used to drill holes in the skull to allow 

for 1 µL infusions of virus (1 nl GAD1-Cre-AA V 2/10 + 2 nl Ef1 a-DIO-hM3D-AA V 2/10) delivered 

via a Hamilton syringe (Reno, Nevada) using a Stoelting Co. pump (Wood Dale, Illinois) to each 

side of the brain. Coordinates were -5.6 mm AP, ±1.0 mm ML, and -8.5 mm DV. Animals were 

given a rimadyl tablet (5 mg/kg) immediately after surgery and for two days post-surgery. 

Fixed Interval 30s. These Fl experiments were conducted after further refining virus 

amounts and using new gas anesthesia and nanopump systems. Animals were given an 

anesthetic cocktail of 10 mg/kg xylazine and 33 mg/kg ketamine i.p. before being placed in the 

stereotaxic apparatus. During surgery, animals were administered 1-2% isoflurane and oxygen 

(Somnosuite Kent Scientific Corporation, Torrington, CT). The incision was made at the midline 

of the scalp as described in the previous section. A 14 mm drill bit was used to drill bilateral 

holes in the skull above the VTA (-5.6 mm from bregma). Pulled glass pipettes were made using 

a 0.53 mm inner and 1.12 mm outer diameter glass capillary tube (Cat. No. 3-000-203-G/X, 
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Drummond Scientific), pulled using a pipette puller (Narishige Scientific Instrument Lab, No. 

8309, Tokyo, Japan). 0.5 µL of virus (1 nl of GAD1-Cre-AAV 2/10 + 2 nl of Ef1a-DIO-hM3D-AAV 

2/10) was infused to each side of the brain into the VTA using a Nanoject Ill (Drummond 

Scientific Company, Broomall, PA) pump, with a flow rate of 4 nl/sec. Coordinates were -5.6 mm 

AP, ±1.0 mm ML, and -8.5 mm DV. Animals were given a rimadyl tablet (5 mg/kg) the day of 

and two days post-surgery. 

Control Viral Infusions All control animal surgeries were carried out using the same 

methodology described for fixed interval 30s animals, except rats were infused with a virus 

combination consisting of (1 nl GAD1-Cre-AAV 2/10 + 2 nl FLEX-td-tomato-AAV 2/10). 

2.5 Apparatus 

Ethanol Self-Administration Appratus. Eight operant self-administration chambers (30 X 

30 X 31 cm, custom built) were used. Chambers were made out of aluminum with a grid floor, 

with cellu-nest bedding below and on top of the floor. The left wall of each chamber held a 

removable food bin and was solid metal, blocking each animal's view from each other, while the 

right wall held a water bottle. The back wall of each chamber consisted of a metal platform on 

the left and a retractable lever on the right, both 5 cm from the floor. Pumps were placed outside 

each chamber behind the left platform. 60 ml syringes were fitted to each pump, with the tip 

inserted through an opening above the platform such that gelatin would be expressed from the 

syringe onto the platform. A small yellow cue light 3.18 mm in diameter was located above the 

lever. 

Fixed Interval 30s. Eight operant self-administration chambers (30 X 29 X 23 cm) (Med

Associates Inc., Georgia, VT, Model ENV-007) were used. Two nose poke ports (Model ENV-
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1148M) flanked a reward receptacle (Model ENV-200R3BM) all placed 4 cm from the floor, and 

4 cm from each other. A cue light (28V DC, 100 mA, model ENV-221M) 2.54 cm in diameter 

was placed directly above the reward receptacle. A house light (28V DC, 100 mA, model ENV-

215M) was located above and on the wall opposite the nose poke ports, while a speaker 

delivering a 5 kHz tone was also situated on the opposite wall, both 26 cm from the floor. 

Operant chambers were housed inside a sound attenuating boxes equipped with a fan for 

ventilation. Syringe pumps were located outside the sound attenuation boxes. 

Locomotion Chambers. Six open field chambers (43.2 x 43.2 x 30.5 cm, Med Associates 

Inc., Georgia, VT, Model ENV-515) were equipped with three sets of matching infrared photo 

beams projected across the open field along X, Y, and Z axes 

2.6 Procedure 

Ethanol Self-Administration Schedules. Sprague Dawley rats (N= 14) were first exposed 

to 10% ethanol (Everclear grain alcohol, 190 proof) in a 10% maltodextrin-gelatin matrix (wt/wt) 

in their home cages. Animals were initially given 24 hours of free access to the ethanol-gelatin 

for 2 days, followed by 6 hours of free access for 2 days, 3 hours of free access for 2 days, and 

1 hour of free access for 2 weeks. The amount of ethanol-gelatin consumed was measured 

each day. This pre-exposure regimen has been shown to engender binge type consumption 

patterns in rats (Rowland, Nasrallah et al. 2005, Peris, Zharikova et al. 2006). Previous studies 

involving work with ethanol self-administration usually require food and water deprivation to 

induce rats to voluntarily consume sufficient amount of alcohol. Work by Peris et al. (2006) 

found that 10% ethanol administered in a 10% polycose and 0.25% gelatin (w/w) matrix 

required no food or water restriction, and daily and hourly ethanol intake comparable to either 

alcohol preferring or non-genetically selected rats, resulting in pharmacologically relevant levels 

of brain ethanol concentrations (Peris, Zharikova et al. 2006). 
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After this initial exposure was completed, animals were moved into the self

administration chambers and trained to respond for either plain gelatin or 2.5%, 5%, or 10% 

ethanol-gelatin under a fixed ratio 1 (FR1) or progressive ratio (PR) schedule. During FR1, one 

lever press resulted retraction of the lever, activation of the cue light for 20 sec, and activation of 

the pump and delivery of 0.28 g of gelatin. After a 20 sec timeout the cue light deactivated and 

the lever was extended again. This sequence was the same for the progressive ratio (PR) 

schedule of reinforcement, however, with each consecutive reinforcement, the criteria to obtain 

the next reward increased, following the numerical sequence: 1, 2, 4, 6, 9, 12, 15, 20, 25, 32, 

40, 50, 62, 77, 95, 118, 145,178,219,269,328,402,492,602. Animals were first trained on 

10% ethanol-gelatin under FR1 until responding was stable (difference of <10 reinforcers 

between days for 2 consecutive days), and then switched to PR on the same dose until stable 

responding was achieved (difference of <5 breakpoints between days for 2 consecutive days). 

Rats were then switched to 2.5% ethanol-gelatin until stable responding on both FR1 and PR, 

then 5% ethanol gelatin, and then plain gelatin. Rats were tested with each dose in an 

escalating fashion by first re-establishing a baseline of responding for that particular dose, then 

administering saline followed within 24-48 hours by CNO (0.3 mg/kg, i.p.). Each session lasted 

6 hours and were conducted 6 days Monday through Saturday. 

Extinction. After ethanol self-administration dose responses were conducted, the rats 

were tested under extinction conditions in which the conditions were the same as used in fixed 

ratio 1 sessions, however the pumps were fitted with an empty 60 ml syringe. Rats were placed 

on FR1 sessions reinforced with 5% ethanol-gelatin for two days to ensure stable responding. A 

baseline extinction session (i.e. no pre-treatment) was conducted the following day followed by 

several days of standard FR1 sessions reinforced with 5% ethanol-gelatin until responding 

stably returned to previous levels. Rats then underwent a second extinction session with a 

CNO pre-treatment (0.3 mg/kg, i.p.). Rats were returned to 5% ethanol-gelatin reinforced FR1 
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sessions until baseline responding returned, and then they underwent a final extinction test with 

a saline pre-treatment. Extinction sessions lasted 6 hours. 

Devaluation. A pilot devaluation study was conducted in which a subset of animals (N=?) 

were given free access to either plain or 5% ethanol-gelatin in a glass jar in their self

administration chambers 60 minutes prior to the start of the self-administration session. 30 

minutes into free access, rats were administered either a saline or CNO (0.3 mg/kg, i.p.). After 

60 minutes (30 minutes after injections), jars were removed, and animals were run on an 

extinction session (same procedure as described above) for 6 hours. On the first day of testing, 

rats received saline injections, but were counter-balanced across gelatin pre-exposure, with half 

receiving plain gelatin, and half receiving 5% ethanol-gelatin. Rats were then returned to 5% 

ethanol-gelatin reinforced FR1 sessions until stable responding returned, and then received 

CNO injections, with the gelatin pre-exposure dose switched between rats. This continued for 

two more test sessions until all rats had been tested under saline and CNO after pre-exposure 

to both plain and 5% ethanol-gelatin. 

Fixed Ratio 1 Acquisition of Sucrose Self-administration. Long Evans rats were first 

trained on a FR1 schedule in Med-Associates chambers to obtain liquid sucrose solutions. At 

session start a house light and a cue light within the active nose poke port illuminated and 

remained on throughout the duration of the session. A response made in the active nose poke 

port resulted in a 70 µI reward delivery of 10% sucrose solution over 4 seconds. A cue light 

above the reward receptacle illuminated throughout the 4 second reward delivery. Active nose 

pokes made during the reward delivery did not result in any action. Sessions were 1 hour in 

length, or until 120 rewards were earned, whichever occurred first. Acquisition criteria were 

~100 rewards over two consecutive sessions. 
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FRl Training 

House Light 

Active Nose Poke Light 

Active Nose Poke 

Pump 
4s 

Cue light Above Rwd. Cup 

Figure 2.2 Fixed Ratio 1 training schematic. Session started with illumination of the house 
light and active nose poke light, which remained on throughout the session. Every nose poke in 
the active nose poke port was rewarded unless it was made during reward delivery. 

Fixed Interval 30s Non-cued. Following acquisition of operant responding on FR1, Long 

Evans rats (N=16, 8 GABA-hM3d, and 8 GABA-tdTomato rats) were trained to nose poke for 

10% sucrose solution (wt/vol) under a fixed interval 30s schedule of reinforcement (Figure 2.3). 

Animals were first trained on an FR1 schedule of reinforcement (Figure 2.2) until responding 

reached criteria and then moved onto the Fl task. At the start of the Fl session, the house light 

and the active nose poke port illuminated. After the first response in the active nose poke port, 

both lights went out for the remainder of the session, and a pump delivered approximately 70 µL 

of 10% sucrose solution over 4 seconds. During reward delivery, the cue light located above the 

reward receptacle was illuminated. The end of reward delivery was accompanied by the cue 

light extinguishing and the start of a 30s interval. Any responses made during this 30s interval 
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were recorded but had no consequence, but the first response in the active nose poke port 

made after the 30s interval passed resulted in reward delivery. This was repeated through the 

remainder of the session. Sessions lasted two hours or until 100 rewards were obtained, 

whichever occurred first. 

Non-Cued Fl Task 

Active Nose Poke 
I 111 

House Light 

Active Nose Poke Light 

Fixed Interval 30s 

4s 4sPump n n 
4s 4s

Cue light Above Rwd. Cup n----- n 
Figure 2.3 Non-Cued Fl30 schematic. Session starts with the illumination of the house light 
and nose poke light, but both lights go out for the remainder of the session after the first 
response in the active nose poke port. Every response in the active nose poke port made after 
30s from last reward delivery is rewarded. 

Fixed Interval 30s Cued. An additional 16 Long Evans rats (8 GABA-hM3d, and 8 

GABA-tdTomato rats) were trained to nose poke for 10% sucrose solution (wt/vol) under a fixed 

interval 30s schedule of reinforcement in which a cue marked the start of the fixed interval 

(Figure 2.4, and Emmons, De Corte et al. 2017). Rats were first trained on an FR1 schedule of 
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reinforcement (Figure 2.2) until responding reached criteria (~100 rewards over two consecutive 

sessions), and then moved onto the Fl task. At session start, the house light was illuminated, 

and remained on for the duration of the session. The session started with a variable inter-trial 

interval, ranging anywhere from 60-90 seconds. After the inter-trial interval passed, a 30 second 

fixed interval was signaled by a tone (5 kHz). Any responses made during the 30-s fixed interval 

were recorded but had no consequence, but the first response made in the active nose poke 

port after the 30 second interval had passed resulted in a reward delivery, and the termination of 

the tone. The cue light above the reward receptacle did not illuminate during reward delivery. 

Reward delivery prompted the beginning of another variable ITI, and the cycle repeated. 

Sessions lasted for 2 hours, or until 100 rewards were obtained, whichever occurred first. 

Cued Fl Task 

House Light 

Cue (tone) 
__I_T____ __ _I_I_T______ ___I (_60_-_90_s )_! I ( 60_-_90_s ) 

Interval 30s 

Active Nose Poke I I 1111 

4s 
Pump 

Figure 2.4 Cued Fl30s schematic. The session started with illumination of a house light that 
remained on throughout the duration of the session and a random ITI anywhere from 60-90s. 
After the ITI was up, a tone sounded to signal the start of the 30s interval. The first response 
made after the 30s interval was up resulted in reward delivery, the tone was turned off, and 
the cycle repeated. 
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Locomotion. After all operant tasks were completed the rats were removed from the 

operant study and locomotor activity was assessed. Rats were first habituated to the chamber 

for two days of 1-hr sessions prior to testing. Rats were then injected with either saline or CNO 

(0.3 mg/ml, i.p.) 30 minutes to being placed into the open field chamber for 1-hr. The rats were 

also tested under habituated conditions, in which they were placed in the open field chamber for 

30 minutes, then removed for saline or CNO injection (0.3 mg/ml, i.p.) and returned immediately 

back into the open field chambers for an additional 65 minutes. The first 5 minutes post 

injection, as well as the 30 minutes prior to injection, was excluded from data analysis. 

Fecal Bali. Previous studies indicate that rats placed in mild stress conditions will 

produce more fecal boil, which may serve as a measure of anxiety (Enck, Merlin et al. 1989). 

After operant tests, the Long Evans rats were tested as previously indicated (Green, Alibhai et 

al. 2010). Long Evans rats (N=23) were habituated to the testing room for 30 minutes before 

saline or CNO (0.3 mg/kg, i.p.) injections. Thirty minutes after injections, animals were placed in 

an empty, clear polycarbonate cage (20 X 46 X 20 cm) on either a flat, level room temperature 

table (no ice condition), or onto a bin filled with crushed ice (ice condition) for 20 minutes. After 

the 20 minute session, animals were placed back into their home cage. Testing took place 

between hours 10 am and 2 pm. The testing room was dimly lit with a red light. Animals were 

counterbalanced between saline and CNO injections. At least three days were allowed between 

tests. While data analysis includes 15 GABA-hM3d rats, only 8 GABA-tdTomato rats were used 

for data analysis because loud construction in the building around the time of testing 

confounded results for the last 8 GABA-tdTomato rats. 

2.7 Tissue Collection 

Rats were anesthetized with sodium pentobarbital (fatal plus, 390 mg/kg) and 

transcardially perfused with 1 X phosphate buffer solution (PBS) for 8 minutes, followed by 10% 

20 



formalin for 13 minutes. Brains were incubated in formalin in 4°C overnight, and then transferred 

to 30% sucrose solution in 1 X PBS until sectioned. 

Brains were removed from the sucrose and sectioned in 35 micron thick sections using a 

sliding microtome (American Optical Company, Buffalo, NY, Model No. 860) equipped with a dry 

ice stage. Every other section from the PFC (+4.68 mm) to the VTA (-4.6 mm), and every 

section through the VTA (-4.6 mm to -6.5 mm) was collected and stored in 0.1 M PBS+ 0.02% 

sodium azide in 4°C until stained. 

2.8 lmmunohistochemistry 

Sections were stained for mCherry using an a-RFP primary antibody that is also 

immunoreactive with mCherry. Sections were first washed 3 times for 5 minutes in 0.1 M PBS, 

then rinsed in a 0.1 M PBS solution containing 0.5% Triton X-100 (PBST) and 1 % hydrogen 

peroxide (H202) for 30 minutes to quench endogenous peroxides. Sections were then rinsed in 

0.1 M PBS 3 times for 5 minutes before being blocked for 2 hours in a PBS solution composed 

of 5% normal goat serum (Vector Laboratories, Burlingame, CA), 95% 0.1 M PBS, and 0.5% 

Triton-1 00X. Sections were then transferred to a solution of primary antibody (a-RFP biotin anti

rabbit, RFP Rockland 600-406-379) at a final dilution of 1:10,000 in PBST for 1 hour at room 

temperature, and then at 4°C overnight. 

The next day, sections were rinsed in 0.1 M PBS 3 times for 5 minutes, and then 

transferred to a secondary antibody (biotin-SP-conjugated donkey anti-rabbit lgG, Jackson 

lmmunoresearch Labs, cat# 711-065-152) solution containing at a final dilution of 1 :1,000 in 

PBST for 2 hours at room temperature. Sections were then rinsed in 0.1 M PBS for 10 seconds 

before being transferred to an avidin-biotin complex (Vectastain ABC kit, PK-6100, Burlingame, 

CA) solution for 1 hour and 15 minutes. Sections were then rinsed in 0.1 M PBS 3 times for 5 

minutes and then transferred to 3,3 'Diamino benzidine (DAB, 50 mg/ml) (Alfa Aesar, 
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lot:N178043) solution consisting PBST + 0.02% DAB and 0.0003% hydrogen peroxide for 

approximately 3-5 minutes. The reaction was quenched by transferring sections to a PBST + 

0.02% sodium azide solution. The sections were rinsed 3 times for 5 min and then stored in the 

0.1 M PBS +0.02% sodium azide solution in 4°C until mounting on charged slides (StatLab 

Medical Products, millennia 2999, 45° corners, 75 X 25 X 1 mm). Sections were allowed to dry 

overnight. Slides were coverslipped using Fisherbrand glass covers (22 266 882, 24X60- 1.5, lot 

17941) first by dipping in miliQ water twice for 5 seconds, and then the following solutions for 3 

minutes each: 50% ethanol, 70% ethanol, 95% ethanol, 95% ethanol, 100% ethanol, 100% 

ethanol, and xylenes (Fisher Chemical, lot 167765), xylenes. Cover slips were mounted with 

OpticMount 1 Toluene (Mercedes Medical, Sarasota, FL, Item code MER 7720). 

2.9 Analysis 

All graphs were plotted and statistics calculated using GraphPad Prism 7. Raster plots were 

made through Mathworks MATLAB. Response time histograms were normalized to the highest 

average response time to investigate changes in timing apart from changes in response rate 

(Narayanan, Land et al. 2012). Locomotion data (Activity Monitor 7, Med Associates, Model 

SOF-812) was recorded in 5 minute bins. Ethanol self-administration were analyzed by 

repeated measures two way ANOVA with a Sidak's post-hoc test. Devaluation data were 

analyzed with a repeated measures one way ANOVA with a Dunnett's post-hoc test. Fl data 

were analyzed by paired t-tests, and locomotor activity and fecal boli were also analyzed by 

repeated measures two way ANOV A. 

Chapter 3: Results 

3.1 Ethanol-Gelatin Consumption 
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The rats in this study were first fed a 10% ethanol in gelatin mixture, which resulted in an 

average consumption of 4.8 ± 1.0 g of ethanol per 1 hour by the end of the study. The rats 

gained weight according to the expected growth charts for their age. During the initial training 

phase on FR1, the rats appeared to adjust their responding according to the amount of ethanol 

in the gelatin mixture, with a mean total number of responses of 53.2 ± 9.1, 32.8 ± 4.6, and 

15.8 ± 3.1 for the 2.5%, 5% and 10% ethanol-gelatin solutions (Figure 3.1A). Rats consumed a 

mean of 0.96 ± 0.17, 1.2 ± 0.16, and 1.0 ± 0.11 g of ethanol/kg of body weight for the 2.5%, 5% 

and 10% ethanol-gelatin solutions (Figure 3.1 B). The overall gram of ethanol consumed per kg 

of body weight was 1.04 ± 0.09 g/kg. 

Total Responses Total Ethanol Consumption A B 
80 1. 

ClUI .111::Jl 60 -:I:: .c:ClC: 0 "ai 1.0 
&. iii~
gJ 40 

et: 0~ 
Cl 0

C: C: a:i 0. I'll 
~ 20 I'llCII -0 

:I!! 

0 0.0 
2.5% 5% 10% 2.5% 5% 10% 

Ethanol-Gelatin Dose Ethanol-Gelatin Dose 

Figure 3.1 Total responses and ethanol consumed during initial FR1 ethanol training. 
During initial training on FR1, rats adjusted their responses according to the amount of ethanol in 
the gelatin mixture, with fewer responses the higher the ethanol dose (A). Even though rats 
made fewer responses with increasing doses of ethanol-gelatin, the amount of ethanol 
consumed (g/kg) stayed relatively the same, with overall consumption of about 1 g/kg (B). Data 
shown are means± SEM, N = 6. 

3.2 Fixed Ratio and Progressive Ratio 

The mean number of reinforcers obtained on an FR1 schedule with saline pre-treatment 

was 133.7 ± 13.7, 89.6 ± 7.1, 57.5 ± 5.4, and 20.6 ± 2.0 for the plain, 2.5%, 5%, and 10% 

respectively. CNO pre-treatment resulted in a mean of 140.4 ± 25.4, 98.6 ± 16.5, 75.8 ± 16.2, 
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and 68.1 ± 18.7 for the plain gelatin with no ethanol, 2.5%, 5%, and 10% respectively. For mean 

reinforcers earned under FR1, a repeated measures two way ANOVA revealed a significant 

effect of ethanol-gelatin dose (F(3,36J = 19. 79, p < 0.0001 ), but not DREADD treatment (F(1 ,12J = 

2.476, p < 0.1416) (saline or CNO), and no significant interaction of ethanol-gelatin dose X 

DREADD treatment (F(3,36J = 2.359, p = 0.0878, Figure 3.2A). For PR data, the rats produced a 

mean breakpoint of 12.6 ± 1.3, 10.5 ± 0.8, 11.2 ± 0.7, and 10.6 ± 0.7 for plain gelatin, 2.5%. 5%, 

and 10% ethanol-gelatin, respectively, after saline pre-treatment. After CNO, rats produced a 

mean of 11.3 ± 1.1, 11.2 ± 1.1, 10.6 ± 1.1, and 10.8 ± 1.0 breakpoints (reinforcers) for plain 

gelatin, 2.5%. 5%, and 10% ethanol-gelatin, respectively. A repeated measures two way 

AN OVA revealed no significant effect for ethanol-gelatin dose (F(3,36J =1.339, p =0.2769) or 

DREADD treatment (F(1 ,12J = 0.05931, p = 0.8117) under the PR schedule of reinforcement 

(Figure 3.28). 
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Figure 3.2 Total reinforcers obtained does not change with VTA GABA activation. Total 
reinforcers earned decreased across increasing doses of ethanol-gelatin for FR1 (A) but not 
PR (B). Graphs show mean ± SEM, N = 13 
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While there appeared to be little effect of VTA GABA activation on total number of 

reinforcers or breakpoints, it was apparent that the rats were undergoing a pronounced 

behavioral change when observing their cumulative event records (Figure 3.3). Under FR1 

schedules of reinforcement, responding appeared to take place in multiple high rate bouts, 

separated by stretches of little to no responding, throughout the 6 hour session, producing a 

"stepwise" like pattern of activity. However, after VTA GABA activation, responding was slower 

yet consistent throughout the 6 hour session, transforming multiple small bouts into one 

consistent "bout" of activity, characterized by a slower but more consistently response emitted 

every 1-2 minutes. This pattern was observed in both the FR1 and PR schedules of 

reinforcement (see Figure 3.3 for two representative animals). 

In an attempt to quantify this effect, we looked at the total number of inter-bout intervals 

(IBI, defined as a period of time with no responses for 20 or more minutes, Figure 3.4A), and the 

time of the loading phase of the session (defined as the first set of responses before an inter

response time of 10 minutes or more occurred, Figure 3.4B). After saline pre-treatment, rats had 

a mean of 4.2 ± 0.4 inter-bout intervals for plain gelatin, and 4.7 ± 0.3, 3.8 ± 0.4, and 3.4 ± 0.3 

intervals 2.5%, 5%, and 10% ethanol-gelatin, respectively, while CNO pre-treatment resulted in 

a mean of 2.1 ± 0.5 inter-bout intervals for plain gelatin, and 3.2 ± 0.5, 2.8 ± 0.4, and 2.5 ± 0.6 

intervals, 2.5%, 5%, and 10% ethanol-gelatin, respectively. A two way repeated measures 

AN OVA revealed a significant effect of ethanol-gelatin dose (F(3,36) = 3.633, p < 0.0218), and 

DREADD treatment (F(1,12) = 6.926, p = 0.0219), and no ethanol-gelatin dose X DREADD 

treatment interaction (F(3,36) =1.399, p =0.2589) (Figure 3.4A). Sidak's multiple comparisons 

test revealed a significant decrease in IBI length for plain gelatin (p = 0.0006) and 2.5% ethanol

gelatin (p = 0.0130). After saline pre-treatment, the average loading phase of the rats were 0.32 

± 0.03, 0.34 ± 0.1, 0.2 ± 0.03, and 0.12 ± 0.02 hours for plain gelatin, 2.5%, 5%, and 10% 

ethanol-gelatin, respectively, before the first inter-response interval of 10 minutes or 
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Representative Cumulative Event Records 
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Figure 3.3 Individual cumulative event records under FR1 and PR schedules of 
reinforcement for two individual rats. While sometimes this drastic change in 
responding after CNO pre-treatment resulted in a higher number of rewarded lever 
presses (A), many times the number of rewarded lever presses was relatively the same 
(B). Note, in several instance the gelatin rewards obtained was not consumed entirely 
during the 6hrs session. Red and blue numbers next to cumulative responses represent 
total rewards earned. 
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greater. After CNO pre-treatment, the average loading phase increased to 1.9 ± 1.0, 0.8 ± 0.4, 

1.0 ± 0.4, and 1.3 ± 0.6 hours for plain gelatin, 2.5%, 5%, and 10% ethanol-gelatin, respectively. 

A repeated measures two way ANOVA revealed a significant affect for DREADD treatment (F(1 , 

12)= 6.077, p < 0.0298), but not ethanol-gelatin dose (F(3,36)= 2.255, p = 0.986) and no 

significant ethanol-gelatin dose X DREADD treatment interaction (F(3,36) = 2.378, p = 0.0860) 

(Figure 3.48). Sidak's multiple comparisons test revealed a significant increase in time spent 

during the loading phase for plain gelatin (p < 0.0001 ), 5% ethanol gelatin (p = 0.0474) and 10% 

ethanol gelatin (p = 0.0021 ). Figure 3.4C shows box and whisker plots (whiskers at min and 

max values) for the distribution of inter-response times during a FR1 session responding for 

plain gelatin, 2.5%, 5%, and 10% ethanol gelatin for one representative rat. Under saline 

conditions, mean time between responses across doses was no greater than 10 seconds, but 

under CNO conditions, mean time in between responses increased to as high as about 1 min 

across doses. 

Rate of responding was slower in the first 15 minutes of responding, but stayed 

consistent over the 6 hour session. Mean rate of responding over the six hour session after 

saline pre-treatment was 2.1 ± 0.2, 1.8 ± 0.2, 1.7 ± 0.2, and 0.7 ± 0.1 responses per minute for 

plain gelatin, 2.5%, 5%, and 10% ethanol gelatin, respectively, while the mean rate of 

responding was 1.5 ± 0.1, 1.5 ± 0.1, 1.2 ± 0.2, and 0.5 ± 0.1 responses per minute for plain, 

2.5%, 5%, and 10% after CNO pre-treatment. A repeated measures two way ANOVA of 

responding during FR1 sessions revealed a significant effect of ethanol-gelatin dose (F (3,36) = 

30.39, p <0.0001) and DREADD treatment (F(1 ,12) = 26.39, p = 0.0002) and no significant 

interaction of ethanol-gelatin dose X DREADD treatment (F(3,36) = 2.359, p = 0.0878). A Sidak's 

multiple comparison's test revealed a significant decrease in response rate when rats 

responded for plain gelatin (p=0.0001) and 5% ethanol-gelatin (p=0.0015) (Figure 3.5). 
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Figure 3.4 Response pattern under CNO resulted in more inter-bout intervals, longer time 
spent during the loading phase, and longer time in between responses. Mean number of 
inter-bout intervals are defined as points in the session with no responses within 20 minutes or 
more. The mean number of IBls are significantly lower after VTA GABA activation compared to 
saline pre-treatment for the plain gelatin and 2.5 ethanol-gelatin dose (A). Loading phase time is 
defined as the time from session start to the first inter-response interval of 10 minutes or greater. 
Under saline conditions, rats usually have a short initial bout of responding before taking a break, 
while after VTA GABA activation, the initial bout of responding continued for a longer amount of 
time. Mean loading phase time was significantly increased after VTA GABA activation when rats 
responded for plain gelatin, and 5% and 10% ethanol gelatin (B). Box and whisker plots of all inter
response intervals for one representative rats during a session of responding for plain gelatin, 
2.5%, 5%, and 10% ethanol gelatin after saline and CNO pre-treatment reveal mean ITls under 
saline were all less than 1Os across doses, but almost a minute under CNO (C). Whiskers 
represent min and max values. Data shown for graphs and (A) and (B) are means± SEM, N = 7, 
* p :s; 0.05, ** p :s; 0.01, *** p :s; 0.001, **** p :s; 0.0001. 
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Figure 3.5 Mean response rate is slower in the first 15 minutes of a 6 hour session 
after VTA GABA activation, Rates were significantly decreased when rats were responding 
for plain gelatin and 5% ethanol-gelatin. Data shown are means ± SEMs, N = 13, ** p :s; 0.01, 
**** p :s; 0.0001. 

3.3 Extinction 

We also observed that rats administered CNO often, but not always, had an 

accumulation of uneaten gelatin in their cages at the end of the six hour session. Local VTA 

GABA interneurons synapse onto VTA DA neurons and inhibit them (Tan, Yvon et al. 2012, van 

Zessen, Phillips et al. 2012). Therefore we predicted that VTA GABA activation may lead to a 

transient inactivation of the VTA, allowing for motivational processes governed by other brain 

regions to predominate, including the dorsal striatum, which is known to mediate habitual 

responding in well trained animals (Yin, Knowlton et al. 2006, Hilario and Costa 2008, Corbit, 

Nie et al. 2012). Previous work has shown that habitual responding for ethanol in rats develops 

after approximately 4-8 weeks of daily training (Corbit, Nie et al. 2012). The rats in our study 

had been training for more than eight weeks. We therefore hypothesized that chemogenetic 

inactivation of the VTA, via activation of VTA GABA neurons, "unmasks" or amplifies habitual 
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responding, in which the rat continues to respond for the reinforcer even when they should be 

less motivated. 

A common way to test for habit formation is to devalue the reinforcer prior to testing, 

often by providing ample amounts of it just prior to the start of the session (Corbit, Nie et al. 

2012). Devaluation tests are often performed under extinction conditions, so we first tested the 

rats for extinction to determine if CNO had an effect prior to devaluation testing. For this 

experimental design we counterbalanced the saline and CNO pre-treatments prior to 

extinctions/devaluation tests, and allowed the rats several days of standard FR1 self

administration trials until responding returned to baseline levels. We initially examined extinction 

for just the first 15 minutes of the extinction session, as this is a common length of an extinction 

trial, and compared their responding to 15 min of an FR1 session reinforced with 5% ethanol

gelatin (Figure 3.6A). We normalized the responding as a percent of the group responses for 

5% ethanol-gelatin for the first 15 minutes of an FR1 session after saline pre-treatment. We 

found that under non-extinguished, reinforced conditions, the mean % responding was 100 ± 

12.3% for saline and 60 ± 10.6% for CNO. Under extinguished conditions, the average % of 

normalized responding decreased to 32.7 ± 5.2% after saline pre-treatment and 42.5 ± 7.7% 

after CNO. A repeated measures two-way ANOVA revealed a significant effect of extinction 

(F(1,12) = 24.36, p=0.0003), but not DREADD treatment (F(1,2) = 3.25, p = 0.096), and a significant 

interaction of extinction X DREADD treatment (F(1 ,12) = 11.52, p=0.0053). A Sida k's multiple 

comparison's test revealed that VTA GABA activation led to a significant decrease in normalized 

responses compared to saline pre-treatment in the 5% ethanol-gelatin reinforced condition (left 

red bar, p=0.0139). However, under extinction conditions there was no difference between 

saline and CNO pre-treatment (right two bars, p =0.9306), and rats responded at the same 

reduced rate compared to the saline, non-extinguished condition (p=0.0002, p=0.0007 for saline 

and CNO pre-treatment, respectively). However, compared to their respective treatments under 
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Figure 3.6 Rats take longer to extinguish after VTA GABA activation. Total responses 
after 15 min (A) and 6 hours (B) of an extinction session were analyzed. In panel A, total 
responses made in the first 15 minutes of the session were divided by the average responses 
made in the first 15 minutes when rats were responding for 5% ethanol-gelatin after saline pre
treatment. Significant decreases in responses are compared to responding for 5% ethanol 
gelatin after saline pre-treatment. In panel B, responses made in each hour of a 6 hour 
extinction test after saline or CNO pre-treatment were divided by total responses made in the 
first hour of a session when rats were responding for 5% ethanol gelatin after saline pre
treatment. Data shown are means ± SEMs, N = 13, * p :s; 0.05, ** p :s; 0.01, *** p :s; 0.001, **** p 
:s; 0.0001 and indicate significance compared to reinforced, saline conditions. 

non-extinction conditions, only the saline pre-treatments met the extinction criteria of a reduction 

in responding to 25% or less of baseline. This can largely be attributed to the reduction in 

overall responding under the reinforced conditions after CNO rather than a true lack of 

extinction, however the results are difficult to interpret. 

To explore the extinction behavior further, we analyzed the response patterns of the rats 

under extinction conditions more closely. Since these animals lived in their self-administration 

chambers, the extinction sessions were conducted for a full 6 hours, the length of time of a 

standard FR1 or PR session. Responses were again normalized to the first hour of responding 

when rats received 5% ethanol-gelatin after saline pre-treatment (Figure 3.68). As mentioned 

earlier, the rate of responding during the very beginning of FR1 or PR sessions (i.e. in the first 

15 min) was lower overall after CNO compared to saline. However, when analyzing the rest of 
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the session, it is apparent that the rats "rebound" in the first hour when given CNO and actually 

begin responding at much higher hourly rates under extinction conditions. The mean % of 

baseline responses in the first hour after saline was 46.7 ± 13.6%, while CNO treatment 

resulted in a mean of 96.8 ± 23.7%. After saline responses decreased to 12.2 ± 3.6%, 9.6 ± 

4.1 %, 14.6 ± 5.4%, 5.3 ± 1.6%, and 5.6 ± 2.1 % after 2, 3, 4, 5 and 6 hours into the session, 

while after CNO the % of normalized responding fell more slowly, with rats responding at 73 ± 

22.9%, 80 ± 26.4%, 55.6 ± 19.6%, 32.5 ± 9.1 %, and 15.6 ± 6.4% after 2, 3, 4, 5 and 6 hours into 

the session. Thus, after CNO pre-treatment the rats did not meet the pre-defined extinction 

criteria until the sixth hour. 

A repeated measures two way ANOVA revealed a significant effect of session time 

(F(5,60) = 9.222, p<0.0001 ), a significant effect of DREADD treatment (F(1,12) = 7.139, p=0.0203), 

and a significant interaction of time X DREADD treatment (F(5,60) = 2.97, p=0.0184). A Sidak's 

multiple comparison's test revealed % responding in each hour was significantly higher after 

VTA GABA activation compared to saline pre-treatment until the 5th hour of the session (1-hr, p 

= 0.0016, 2-hr, p< 0.0001, 3-hr, p<0.0001, 4-hr, p=0.0139 5-hr, p = 0.2151, and 6-hr, p = 

0.9704). This suggests responding extinguishes much more slowly after VTA GABA activation, 

and responding if virtually unchanged within an hour of extinction conditions, but begins to fall 

after 4 hrs (CNO in hr-1 vs. hr-2, p =0.3040, hr-1 vs hr-3, p = 0.6722, hr-1 vs hr-4, p = 0.0111 ). 

3.4 Devaluation 

Despite the above mentioned we continued with a traditional devaluation test. Again, we 

examined the first 15 minutes as many protocols use this relatively short time for devaluation 

protocols (Corbit, Nie et al. 2012). In this task the rats are pre-fed the reinforcer for 1-hr prior to 

the start of the session. To account for the possibility that ethanol is affecting the outcome, such 

as producing a lack of coordination, we devalued the rats in two different sessions, one with 
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Figure 3.7 Rats can be devalued after VTA GABA activation. Responding after a 15 
minute extinction session after rats were given free access to plain gelatin was significantly 
lower after saline pre-treatment compared to non-devalued, baseline conditions but not after 
CNO per-treatment (A). Responding was significantly decreased in the first 15 minutes of an 
extinction session when rats were given free access to 5% ethanol-gelatin after both saline 
and CNO pre-treatment compared to non-devalued, baseline conditions (B). Data shown are 
means± SEM, N = 7, * p :s; 0.05. 

plain gelatin, and the other with gelatin containing 5% ethanol. Responses for both plain gelatin 

and 5% ethanol-gelatin pre-feeding were compared to responses when animals were 

responding under baseline extinction conditions (i.e. the baseline responding under extinction 

with no pre-treatments or pre-feeding). Mean baseline responses were 12.4 ± 2.0. Mean plain 

gelatin devalued responses after saline were 4.7 ± 1.1, and 6.6 ± 2.5 after CNO, while mean 5% 

ethanol-gelatin devalued responses after saline was 3.6 ± 1.1, and 5.4 ± 1.7 after CNO. A 

repeated measures one way ANOVA revealed a significant difference in responding (F(1.a65, 11.19J 

= 4.689, p=0.0350) after plain gelatin pre-feeding, and a Dunnett's multiple comparison test 

revealed a significant decrease in responses after saline pre-treatment compared to baseline 

extinction responding (p = 0.0273), however VTA GABA activation was not significantly different 

(p = 0.1140 , Figure 3.7 A). An analysis of responding after devaluation with 5% ethanol-gelatin 

using a repeated measures one way ANOVA revealed a significant difference between non-
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devalued and devalued conditions (F(1 .366,a.197) =11.96, p =0.058). In this case, a Dunnett's 

multiple comparison test revealed that responses were significantly decreased after both saline 

(p =0.0102) and CNO pre-treatment (p =0.0397) compared to control, non-devalued responses 

(Figure 3.78). 

3.5 Fixed Interval 30s 

Looking at the overall effect of VTA GABA activation on the rats' sense of timing in a 

fixed interval (Fl) 30s schedule of reinforcement, cumulative event records show a large 

disruption in the pattern of responding (Figure 3.8). In this case we tested both 0.3 mg/kg, and 1 

mg/kg, i.p. doses of CNO, as some reports indicate that the 0.3 mg/kg dose is not the highest 

maximally ineffective CNO dose in control animals. Under normal conditions, rats produce a 

scallop patterning in each trial as they respond in anticipation of the end of the interval. 

Scalloping was greatly disrupted after pre-treatment with both doses of CNO. 

Individual raster plots for the entire session are presented in Figure 3.9. Each row is an 

individual trial, and the trial time is across the y-axis with a vertical line representing the end of 

the 30s Fl, and the following 60 seconds after the end of the trial. Under saline conditions, rats 

begin a majority of their responding 15-20 seconds into the 30 second interval, and a majority of 

rewards are earned within 5 seconds after the 30s interval has passed, indicating precise 

temporal control (Figure 3.9A and B, top panels). However, after CNO pre-treatment, fewer 

responses were made during the 30s interval, and rewards were earned much later after the 

30s interval ended, up to even a minute or more. Representative individual and group response 

time histograms (Figure 3.1 QA and B, respectively) revealed that responding during the 30s 

interval was still greatest in the last 2 seconds of the interval after VTA GABA activation, 

suggesting while responding was disrupted, temporal control was still conserved. However, 

when the total area under the curve (AUC, entire time from Fl to rewarded nose poke) after 

34 



Representative Cumulative Event Records on Fl30 

A 2 Hours First 15 Minutes 

2000 

:c.,
5 1500 
C.., 
a,

! 1000 

200., 
a,.,
5 150 
C. 

:c 
a: 100 

-

-

-

Saline 

CNO 0.3 mg/kg 

CNO 1 mg/kg 

> 
i 

~ 
i 

:i
E 
:::, 

500 :i 
E 
:::, 

50 

CJ CJ 

30 60 90 120 5 10 15 

Session Time (Min) Session Time (Min) 

B 
2000 ., 

a,.,
5 1500 
C.., 
a,

! 1000 

200 ., 
a,.,
5 150 
C.., 
a, 

a: 100 
>
i 

~ :; 
:i
E 

500 ~ 50 
:::, 

CJ 
:::, 

CJ 

30 60 90 120 5 10 15 

Session Time (Min) Session Time (Min) 

Figure 3.8 Cumulative event records reveal VTA GABA activation disrupts overall 
responding in a non-cued fixed interval task. An individual cumulative event record after 
saline and 0.3 mg/kg CNO reveal overall responding is drastically different after VTA 
GABA activation (A) Comparison of saline and 1 mg/kg CNO reveal the same (B). 
Cumulative event records for the entire session (left), and the first 15 min of the session 
(right) reveal overall rate was slower, and scalloping was disrupted. Black boxes in lower 
left corner of the left panels of A and B have been blown up in the right panels to better see 
the individual responses. 

saline pre-treatment was compared to 0.3 mg/kg CNO, a paired t-test revealed they were 

significantly different (p = 0.0053). The same finding held when comparing saline and 1 mg/kg 

CNO pre-treatments (p = 0.0103). When examining only the AUC during the 30s Fl, saline pre

treatment resulted in a significantly lower AUC compared to 0.3 mg/kg CNO (p = 0.0159, Table 

3.1 ). Yet, saline did not differ from 1 mg/kg CNO pre-treatment (p = 0.1341 ). However, the AUC 

of the end of the Fl to the rewarded nose poke (the additional 60s analyzed) significantly 

increased from saline after both 0.3 mg/kg CNO (p = 0.0074) and 1 mg/kg CNO (p = 0.0025). 
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Figure 3.9 Raster plots reveal VTA GABA activation results in rats responding less 
during the 30s interval, and taking longer to obtain the reward. Representative raster 
plot for saline and 0.3 mg/kg CNO (A) and saline and 1 mg/kg CNO (B). Same representative 
rat as in Figure 3.8. Each row down the y-axis represents a single trial in the session. The x
axis represents responses during the 30s interval, and 60s after the interval ended. 
Responses made within the 60 additional seconds after the interval ended represent 
rewarded nose pokes. While under saline, a majority of rewarded responses fall within 5 
seconds after the 30s interval ends, rewarded nose pokes after VTA GABA activation are 
more dispersed between trials, and occur much later. 

Table 3.1: Non-Cued Fl30 AUC Means ± SEMs 

DREADD Saline I 0.3 mg/kg CNO 1 mg/kg CNO 
I Treatment I I 

Total AUC GABA-hM3d 11.3 ± 0.8 17.0±1.7 15.7±2.0 
10±0.7 

I GABA-tdTomato 111.5 ± 1.2 110.7±0.8 110.9 ± 0.8 

30s in the GABA-hM3d 8.5 ± 0.4 10.1±0.7 8.9 ± 1.1 
Fl 7.4 ± 0.4 

I GABA-tdTomato 17.6±0.7 17.0±0.6 17.9±0.7 

60 After GABA-hM3d 1.3 ± 0.4 5.4 ± 1.2 5.4 ± 1.0 
Interval 0.3 ± 1.1 

I GABA-tdTomato 12.5 ± 0.6 12.2 ± 0.3 11.6 ± 0.2 

Since CNO was recently shown to metabolize to clozapine after injection and cause 

secondary behavioral effects (Maclaren, Browne et al. 2016, Gomez, Bonaventura et al. 2017), 
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Response Time Histograms 
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Figure 3.10 Response time histograms reveal VTA GABA activation disrupts temporal 
control. Individual (A) and group response time histograms (B) reveal responding is still 
greatest in last two seconds of the interval after VTA GABA activation, but responding during 
the interval occurs earlier, and rewarded responses occur later, compared to saline, N = 8. 
Group response time histograms for tdTomato controls (C) show no disruption in responding. 
X-axis represents 30s interval in addition to rewarded responses occurring as late as 60s 
after the 30s interval ended, and is plotted in 2s bins. Line represents when interval ended, 
and is plotted at bin center 29 to encompass the last 2 seconds of the interval (28-30s). N = 
8, * p :s; 0.05, ** p :s; 0.01. Asterisks in (B) indicate overall area under the curve for saline 
compared to CNO was significantly different. Data was analyzed using a paired t-test by 
comparing the mean AUC of each group. 
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we added a cohort of control rats that received a control virus combination (GAD1-iCre-AA V2/10 

+ FLEX-td-tomato-AA V2/10) infused into the VTA. A paired t-test for the AUC for saline 

compared to 0.3 mg/kg and 1 mg/kg CNO revealed no statistical significance between the 

groups (p = 0.3894, and p = 0.6831, respectively) (Figure 3.1 0C). This indicates the disruption 

in timing seen after CNO pre-treatment was most likely due to the primary effects of CNO on 

DREADD activation in VTA GABA neurons. 

Post-Reinforcement Pause on Fl 

8 * 
* 

.......... End of End of 
Interval Interval 

Saline 0.3 mg/kg CNO Saline 1 mg/kg CNO 

Overall Rate of Responding 

C D 
e20 ** e20 

_g;

f5 
.,
r! 10 

.§: 

f.,
r! 10 

0 
Q.,,, 
~ 5 &.,,, 

~ 
C:..., 
:E 0 

C: 

m 
:E 0 

Saline 0.3 mg/kg CNO Saline 1 mg/kg CNO 

Figure 3.11 VTA GABA activation increased the time to first response after a reward 
and decreased the overall rate of responding. Under saline, rats begin responding on 
average about 20s into the 30s interval as they anticipate reward availability (A). After VTA 
GABA activation, rats on average made their first response in the following trial after the 30s 
interval had already ended (B). Rats also respond at a slower rate throughout the session 
after VTA GABA activation. Data shown are means± SEMs, N = 8. * p :s; 0.05, ** p :s; 0.01, *** 
p :s; 0.001, **** p :s; 0.0001. 

To give an indication of when scalloping began in each trial, an analysis of the post

reinforcement pause, a measure of the first response made in a trial after the last earned 

reward, was performed using a paired t-test. Under saline conditions, the first response in a trial 

was made on average about 20s into the 30s interval (mean= 21.7 ± 1.3s). This was 
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significantly increased after 0.3 mg/kg CNO (p = 0.0398, mean= 34.06 ±4.9s, Figure 3.11A). 

1 mg/kg CNO increased the post-reinforcement pause from 22.84 ± 0.6s after saline to 37.22 ± 

5.8s (p = 0.0403, Figure 3.11 B). The overall rate of responding throughout the session was 

also significantly decreased, as shown though a paired t-test, for 0.3 mg/kg CNO (p = 0.0023) 

and 1 mg/kg CNO (p = 0.0075, Figure 3.11 C and 3.11 D, respectively). The mean rate of 

responding after saline was 13.25 ± 2.1 responses/min and dropped to 4 ± 1.0 responses/min 

after 0.3 mg/kg. The mean rate of responding after 1 mg/kg CNO dropped to 3.7 ± 0.8 

responses/min compared to 14.0 ± 2.9 responses/min after saline pre-treatment. 

3.6 Cued Fl30 

Previous data in the lab showed VTA GABA activation disrupted responding to reward 

predictive cues (Wakabayashi, Feja et al. 2018). Therefore, to test how cues might impact the 

temporal disruption from VTA GABA activation, we trained rats in a commonly used fixed 

interval 30s schedule of reinforcement where the start of the Fl30 was cued by the onset of a 

tone, which continued until a reward was obtained. While overall responding was disrupted after 

VTA GABA activation with both 0.3 and 1 mg/kg CNO, as seen by a representative individual 

cumulative event records (Figure 3.12A), responding was not as disrupted as when rats were 

tested under the non-cued task. However, a closer look at individual responses in event records 

(Figure 3.128) showed that responding after VTA GABA activation occurred more during the 

inter-trial interval compared to saline pre-treatment, and rats took longer after the 30s interval 

had passed to respond for a reward. 

Group response time histograms revealed that scalloping during the 30s interval was 

flattened, and more rewards were earned at later time points after the 30s interval had passed 

compared to saline conditions (Figure 3.13A). A paired t-test comparing AUCs for saline and 

CNO showed a significant difference for saline compared to 0.3 mg/kg CNO (p = 0.0062), and 
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Figure 3.12 Cumulative event records reveal overall responding in a cued Fl30s 
schedule of reinforcement is disrupted after VT A GABA activation. Representative 
cumulative event records for sessions after saline, and 0.3 and 1 mg/kg CNO pre-treatment 
(A). Black box in lower left corner of cumulative event record for the entire session 
represents portion of session in graph shown on right. Scalloping is eliminated after VTA 
GABA activation. Red, blue, and green numbers next to cumulative responses represent 
total rewards earned. Representative event records (B) of data shown in the right panel of A. 
Horizontal black lines above active nose poke ticks represent when the tone is playing, and 
horizontal black lines that dissect them represent when the 30s interval has ended. Under 
saline conditions, few responses are made during the ITI, and the tone stops (rewarded nose 
pokes are made) shortly after interval has ended. Responses are unregulated after VTA 
GABA activation (B). 
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Figure 3.13 Scalloping during the 30s interval is eliminated after VT A GABA activation, 
while total responses made and total rewards earned are not different after CNO compared 
to saline. Group response time histograms for 0.3 mg/kg CNO (left) and 1 mg/kg CNO (right) in 
GABA- hM3d subjects reveal scalloping during the 30s interval is flattened (A). Group response 
time histograms for tdTomato controls show no disruption in responding (B). Total rewards 
earned and total active nose pokes made in a session in GABA-hM3d subjects were not 
significantly different with CNO pre-treatment, while the number of responses made per ITI that 
occurred was significantly greater at the 0.3 mg/kg CNO dose (C). Data shown are means± 
SEMs, N = 8. * p ::::; 0.05, **p ::::; 0.01, *** p ::::; 0.001. Asterisks in (a) indicate overall area under the 
curve for saline compared to CNO was significantly different. X-axis represents 30s interval in 
addition to rewarded responses occurring as late as 60s after the 30s interval ended, and is 
plotted as 6s bins. Line represents when interval ended, and is plotted at bin center 27 to 
encompass the last 6 seconds of the interval. Data was analyzed in a paired t-test by comparing 
the AUC for each subject as a group. 
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Table 3.2: Cued-Fl30 AUC Means± SEMs 

DREADD Saline I 0.3 mg/kg CNO 1 mg/kg CNO 
I Treatment I I 

Total AUC GABA-hM3d 22.8 ± 1.4 33.0 ± 2.7 33.1 ± 1.4 

I GABA-tdTomato 121.1 ± 1.9 128.1 ± 1.4 I 27.4 ± 1.6 

30s in the GABA-hM3d 15.8 ± 0.8 18.0 ± 0.9 20.8 ± 2.4 
Fl 

I GABA-tdTomato 117.3±0.8 118.3 ± 0.6 117.5±0.8 

60 After GABA-hM3d 2.6 ± 0.6 10.5 ± 2.3 9.9 ± 1.2 
Interval 

I GABA-tdTomato 15.2 ± 1.5 15.2 ± o.9 I 5.4 ± 1.5 

saline compared to 1 mg/kg CNO (p = 0.0005, Table 3.2). When examining only the AUC 

during the 30s Fl, saline pre-treatment was not significantly lower compared to 0.3 mg/kg CNO 

(p =0.1032). Yet, saline did differ from 1 mg/kg CNO pre-treatment (p =0.0086). However, the 

AUC of the end of the Fl to the rewarded nose poke (the additional 60s analyzed) significantly 

increased from saline after both 0.3 mg/kg CNO (p = 0.0112) and 1 mg/kg CNO (p = 0.0015). 

For tdTomato controls (Figure 3.13B), a paired t-test for the AUC for saline compared to 0.3 

mg/kg and 1 mg/kg CNO revealed no statistical significance (p =0.2751 and p =0.7723, 

respectively). A one way ANOVA comparing the total number of rewards earned in a session 

did not reveal any significance differences between saline and either dose of CNO (p = 0.0517), 

or when comparing the total number of active nose pokes made (p = 0.0674, Figure 3.13C). 

However, there was a trend towards significance with both metrics. Mean responses made 

under saline was 474.1 ± 50.7, while 0.3 mg/kg of CNO produced 348.1 ± 54.9 responses, and 

293.6 ± 42.9 for 1 mg/kg CNO. Mean rewards earned for saline was 58.4 ± 1.1, while CNO 

produced 52.4 ± 2.5 for 0.3 mg/kg, and 51.1 ± 1.9 for 1 mg/kg. 

A one way ANOVA for a measure of responses per ITI, calculated as the total number 

of responses during the ITI divided by the total number of ITls that occurred during the session, 
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revealed a significantly greater number of responses during the ITI after CNO pre-treatment 

compared to saline (p = 0.0212). A Dunnett's multiple comparisons test revealed a significant 

difference for the 0.3 mg/kg CNO dose (p = 0.0443) but not for the 1 mg/kg CNO dose (p = 

0.0907) compared to saline pre-treatment. Mean responses per ITI for saline was 1.4 ± 0.2, 3.0 

± 0.5 for 0.3 mg/kg CNO, and 2.6 ± 0.5 for 1 mg/kg CNO (figure 3.13C). 

3. 7 Locomotion 

To see if VTA GABA activation had an effect on locomotion, we tested rats in an open field 

chamber. A repeated measures two way ANOVA for a 60 minute locomotion session using 

GABA-hM3d rats revealed a significant effect of session time (F(11 ,154) = 31.46, p<0.0001 ), no 

effect of DREADD treatment (F(1 ,14) = 1.077, p = 0.3170), and a significant interaction of session 

time X DREADD treatment (F(11,154)= 2.406, p = 0.0088) (Figure 3.14A). A repeated measures 

two way ANOVA for a 95 min locomotion session revealed no significant effect of session time 

(F(11 ,154) = 1.151, p = 0.3259), no effect of DREADD treatment (F(1 ,14) = 0.1347, p = 0.7191 ), and 

a no significant interaction of session time X DREADD treatment (F(11, 154) = 1.084, p = 0.377 4) 

(Figure 3.14B). A repeated measures two way ANOVA for a 60 minute locomotion session of 

control rats revealed a significant effect of session time (F(11 ,165) = 58.51, p<0.0001 ), but not 

DREADD treatment (F(1 ,15) = 3.376, p = 0.0860), or significant interaction of session time X 

DREADD treatment (F(11 ,165) = 0.5983, p = 0.8284) (Figure 3.14C). A repeated measures two 

way ANOVA for a 95 min locomotion session revealed a significant effect of session time (F(11 , 

165)= 2.517, p = 0.0059), but not DREADD treatment(F(1 ,15)= 0.1082, p = 0.7468), ora 

significant interaction of session time X DREADD treatment (F(11 ,165) = 0.853, p = 0.5875) 

(Figure 3.14D). Only the last hour of the session that occurred after saline or CNO injection was 

analyzed for the 95 min session. 
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Figure 3.14 The effect of VTA GABA activation on locomotor activity. VTA GABA 
activation had no effect on locomotion during a 60 minute session in which saline or CNO 
was administered 30 minutes before placement in an open field chamber (A) or a 95 
minute session in which saline or CNO was administered 30 minutes after being placed in 
an open field chamber (B) in GABA-hM3d rats. CNO also did not have an effect on 
locomotion in a 60 minute session (C), or a 95 minute session (D) for GABA-tdTomato 
controls. For GABA-hM3d rats, N = 15, and for GABA - hM3d subjects, N = 16. 
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3.8 Fecal Boli 

To see if VTA GABA activation had an effect on anxiety, we compared fecal boli under 

saline and CNO pre-treatment. For GABA-hM3d rats, in the non-ice condition, mean fecal boli 

for saline was 1.2 ± 0.6, and 2.3 ± 0.7 after CNO pre-treatment. In the ice condition, mean fecal 

boli was 4 ± 0.7 for saline, and 3.1 ± 0.7 after CNO pre-treatment. A repeated measures two 

way ANOVA revealed a significant effect of testing condition (no ice vs. ice condition) (F(1 ,14)= 

7.785, p = 0.0145), but no effect of DREADD treatment or significant testing condition X 

DREADD treatment interaction (Figure 3.15A). When compared to the standard no ice, saline 

condition, a Holm Sidak's multiple comparisons test revealed a significant increase in fecal boli 

in the ice, saline condition (p = 0.0066) and a trending increase in the ice, CNO condition (p = 

0.0512). This indicates CNO itself does not increase anxiety in a simple fecal boli test, but rather 

the stress inducing ice conditions. For GABA-tdTomato rats, in the non-ice condition, mean 

fecal boli for saline was 3.8 ± 1.3, and 2.1 ± 1.5 after CNO pre-treatment. In the ice condition, 

mean fecal boli for saline was 6.1 ± 1.1, and 5.9 ± 1.0 after CNO pre-treatment. A repeated 

measures two way ANOVA revealed no significant effect of testing condition (F(1 ,?) = 4.194, p = 

0.0798) or DREADD treatment (F(1,?) = 1.322, p = 0.2879) and no significant testing condition X 

DREADD treatment interaction (F(1 ,?) = 1.433, p = 0.2702) (Figure 3.158). 
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Figure 3.15 VTA GABA activation does not increase anxiety in a fecal boli test. Fecal boli 
were counted after rats spent 20 minutes in an empty cage that was placed on top of either a 
room temperature table (no ice condition) or a bin of crushed ice (ice condition). Each open circle 
represents an individual data point. A two way repeated ANOVA revealed no effect of CNO, but a 
significant effect of testing condition for GABA-DREADD rats. When compared to the standard 
no-ice, saline condition, a Holm Sidak's post hoc test revealed a significant increase in fecal boli 
in the ice, saline condition, and a trending increase in the ice, CNO condition (A). A two way 
repeated ANOVA revealed no effect of CNO or testing condition in control rats control rats (B). 
Data shown are means ± SEMs, N =15 for GABA-hM3d rats, and N =8 for controls, * p :s; 0.05, # 
indicates trending toward significance. 

Chapter 4: Discussion 

The VTA plays a large role in motivated, reward seeking behaviors. About 75% of VTA 

neurons are dopaminergic, and while much research has focused on their role in addiction and 

the processing of salient stimuli and their cues (Ikemoto and Bonci 2014), about 35% VTA 

neurons are GABAergic, sending both local and long range projections to various other brain 

regions (Carr and Sesack 2000, Taylor, Badurek et al. 2014). Research findings that VTA GABA 

neurons can silence VTA DA neurons (Tan, Yvon et al. 2012), or pause neurons in distant brain 

regions in response to stress or reward (Brown, Tan et al. 2012) suggest that they also have a 

strong role in motivation and reward processing (Polter, Barcomb et al. 2018). 
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Our data show that activation of GAD1 + GABA neurons in the VTA in both low (FR1) 

and high effort (PR) operant tasks induces rats to "linearize" their responding, producing a 

pattern where rats respond at a slower rate, but continuously throughout the 6 hour session for 

various doses of ethanol-gelatin. Interestingly, other studies using the GABAA agonist 

muscimol, or the GABAs agonist baclofen saw similar results with the pattern of responding for 

either ethanol or sucrose solutions (Hodge, Haraguchi et al. 1996, Anstrom, Cromwell et al. 

2003). While reward seeking was maintained with activation, and there was no change in the 

mean number of rewards obtained between saline and CNO at each dose under both FR1 and 

PR schedules of reinforcement, extinction sessions revealed the same "linear" pattern of 

responding by VTA GABA activation even in the absence of reinforcement, and the level of 

responding during the first hour of extinction was almost the same as rats reinforced by 5% 

ethanol-gelatin. We hypothesized that "inactivating" the VTA by increasing GABA resulted in 

inhibition of the dopaminergic mesolimbic circuit from the VTA to the ventral striatum, which 

regulates goal oriented behaviors, shifting influence to the nigrostriatal circuit, which has a 

strong role in stimulus-response (S-R) outcome independent behavior (Yin, Knowlton et al. 

2004, Corbit, Nie et al. 2012). In a devaluation test to see if rats were responding in a habitual 

fashion after VTA GABA activation, rats significantly decreased responding compared to non

devalued baseline conditions when they were pre-exposed to ad lib 5% ethanol-gelatin, and had 

reduced responding with ad lib plain gelatin. Together this seems to indicate that the rats were 

not responding in a habitual fashion (Figure 3.7). However, the rats also responded at a slower 

rate after VTA GABA activation compared to saline. Further, if longer periods of extinction are 

assessed (Figure 3.6B) the rate of responding with VTA GABA activation is even greater than 

saline, and the rats "extinguish" very slowly over time. These latter results may be indicative of 

habitual responding that is spread over a longer period. Nonetheless, it is difficult to 

quantitatively assess the effect of VTA GABA activation on reward or goal-oriented behavior 

with these confounds on rate of responding. What is clear is that while some component of 
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reward seeking was maintained during VTA GABA activation, overall the behavioral output was 

disrupted, however, the nature of the disruption is difficult to assess. For example, in addition to 

the change in responding pattern, we regularly observed rats responding to the receive the 

reward, but ignoring it when it was delivered, only to consume it at a later time. 

Given the apparent effects of VTA GABA activation on the rate of responding, we 

hypothesized that VTA GABA disrupts the rats' sense of timing, producing the steady but slow 

rate of responding we observed across the six hour sessions. Dopamine has been shown to 

influence the pace of an animal's internal clock (Amalric and Koob 1987, Meck 1996, Drew, 

Fairhurst et al. 2003), and a disruption of dopamine can consequently lead to alterations in the 

perception of time, often defined by how long an animal perceives an interval of time to be, with 

many studies focusing on intervals from seconds to minutes, which are relevant to operant 

models. Previous work has shown that neurological disorders and drugs that result in a 

disruption of dopamine (e.g. Parkinson's disease, dopamine antagonists) slow the internal 

clock, resulting in the animal perceiving time as passing more quickly, and an "overestimation" 

of the interval time (see Cheer, 2014 frontiers for review). Likewise conditions that enhance 

dopamine (e.g. schizophrenia, dopamine agonists) speeds up the internal clock, resulting in an 

animals perceiving time as passing more slowly, and an underestimation of interval time. Within 

the context of operant reward seeking models, a disruption of NAc dopamine during Fl 

schedules would lead to deceleration or delay in responding, while enhancement of NAc 

dopamine would result in premature or accelerated responding. Elegant work done by Cheer 

and colleagues demonstrate that NAc dopamine encodes time in a Fl task in mice, in which 

dopamine decreases as the end of the interval approaches, resulting in a concomitant 

acceleration of responding and the traditional scalloping pattern observed with Fl schedules 

(Oleson, Cachope et al. 2014). Further, increasing dopamine in the NAc using a potent 

cannabinoid resulted in premature responding during a Fl30s schedule. 
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Given the above data, we hypothesized that activation of VTA GABA would disrupt 

dopamine output to the NAc resulting in delayed responding in a fixed interval 30s schedule of 

reinforcement. Previous studies, and our own recent results indicate that VTA GABA activation, 

inhibits local VTA DA activity (Tan, Yvon et al. 2012, van Zessen, Phillips et al. 2012, Edwards, 

Tejeda et al. 2017, Wakabayashi, Feja et al. 2018). Since previous work in the lab showed VTA 

GABA activation reduced responding to incentive cues (Wakabayashi, Feja et al. 2018), we 

decided to test two variations of the fixed interval schedule of reinforcement - one in which the 

timing is only indicated by the start of the session and the delivery of the reward (with the 

associated sound of the pump turning on), and a second where the start of a Fl is marked by a 

continuous auditory cue that sounds until the reward is achieved. We predicted that VTA GABA 

activation would disrupt responding during the cued Fl more than the Fl without a cue. Indeed, 

our data indicate that in the non-cued Fl task, after saline pre-treatment, nose poking 

accelerated after 15s into the interval and peaked at the 30s time point (Figure 3.1 0C). 

Activation of VTA GABA neurons produced a similar response distribution, with the highest 

amount of responding during the 30s Fl occurring in the last 2 second, demonstrating the end of 

the interval and reward availability could be anticipated. Nonetheless, the responses were more 

spread over the 30s Fl compared to saline, and beyond the Fl through the period between the 

end of the interval and when a rewarded nose poke was emitted (Table 3.1 and Figure 3.1 OB). 

Thus, while the rate of responding decreased with VTA GABA activation (Figure 3.8, 3.11 C, D), 

the rats also often delayed their responding past the next 30s Fl (Figure 3.9, 3.11 A, B). This 

change in the distribution of responses was evident in their cumulative event records, where 

saline pre-treatment resulted in more total responses than CNO pre-treatment, and very evident 

scalloping patterns (Figure 3.8, right panels). CNO pre-treated animals would often obtain the 

same total number of rewards but did so more slowly, often overshooting the Fl entirely, and 

when responding during the Fl did occur, the scalloping was less pronounced and elongated. 
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Yet the normalized histogram still showed anticipatory responding towards the end of the 30s 

Fl. 

When examining the cued Fl task, an entirely different pattern of responding emerged. In 

this task, the start of the Fl is cued with a tone, which continues until a rewarded nose poke is 

emitted. There is also a random inter-trial interval between Fis of roughly 60-90 seconds. Again, 

after saline the rats demonstrated a fairly typical distribution of responses and the standard 

"scallop" or acceleration of responding towards the end of the Fl (Figure 3.12A, right panel, blue 

line). Additionally, when looking at a non-cumulative event record, in which the cues and 30s 

intervals are marked, it's apparent that the rewarded responses happened shortly after the end 

of the Fl (Figure 3.12B, top panel, notice the "T" pattern). Yet, CNO produced an almost 

complete flattening (i.e. no scallop, Figure 3.12A, right panel), and rewarded nose pokes were 

emitted after a much longer time had elapsed at the end of the Fl (Figure 3.12B, middle and 

bottom panels, "crosses" pattern). Additionally, responses emitted in the ITI increased after 

CNO compared to saline. Together, these results support our hypothesis that VTA GABA 

activation disrupts interval timing, characterized by a shallower or absent scallop, and increased 

time to obtain the reward after the end of the Fl. This effect resulted in a slower overall rate of 

responding, even though the total number of rewards did not change. All rats reached the 100 

reward cutoff in the non-cued Fl30 task, indicating they were motivated to obtain the reward. 

The number of rewards were not significantly decreased in the cued Fl schedule, though there 

was a trend towards less rewards obtained (Figure 3.13C). However, if, as our data suggests, 

the rats are perceiving time as passing more quickly, and therefore the end of their perceived 

Fis are delayed, this would result in less total Fis to respond to within a 2 hour session, as each 

interval resets upon a rewarded nose poke. Therefore it seems likely that any decrease in total 

reinforcers in the cued Fl is a function of task allowing for less Fis per 2 hour session rather 

than a decrease in overall motivation. 
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Our results also show that the cued Fl30 task was more disrupted by VTA GABA 

activation, as evidenced by the nearly flat distribution of responses during the cued Fl session 

(Figure 3.13A), while rats still retained a scalloped pattern in the non-cued Fl task (Figure 

3.1 OB). Since reward seeking is a multivariate process (Meyer, King et al. 2016), with dopamine 

influencing many aspects, it is important to recognize that manipulating VTA GABA neurons 

likely produces a complex phenotype, as multiple aspects of reward and cue processing are 

likely affected. The more pronounced disruption in the cued task may speak to the 

mechanism(s) by which VTA GABA activation are affecting operant responding in general. 

Previous results in the lab have demonstrated that VTA GABA activation disrupts responding to 

reward predictive incentive cues (Wakabayashi, Feja et al. 2018). It seems likely that rats 

trained with a cue indicating the start of an Fl are reliant on dopamine based attention and 

incentive salience processes associated with the ability of this external factor to drive their 

responses. The non-cued Fl30 schedule does not require this, and thus our results with this 

schedule would rely more on GABA's effects on the internal clock of the animal. It is important 

to note that our chemogenetic approach affects both local and long range VTA GABA 

projections, thus CNO may not only produce inhibition of local VTA DA activity, as we have 

previously shown (Wakabayashi, Feja et al. 2018), but potentially inhibited neuronal subtypes in 

other brain regions, most notably pyramidal and GABAergic neurons of the PFC (Carr and 

Sesack 2000), a region of the brain thought to have a role in the top down processing needed 

for executive control in interval timing (Narayanan, Land et al. 2012). Thus VTA GABA 

activation may impact the cued Fl30 responding more due to activity in cortical regions, which 

also influence cue processing and the perception of time. 

While conducting the experiments in this thesis, it became apparent that CNO could 

have effects on its own, most notably in studies using higher doses (3 mg/kg, i.p. and greater, 

Maclaren et al., 2016). Given that the dose used in the ethanol experiments is 10-fold less than 

this (0.3 mg/kg, i.p.), our extensive experiments showing no effect of CNO in other operant 
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behaviors (Wakabayashi, Feja et al. 2018), and neurophysiological studies (Anaclet, De Luca et 

al. 2018) where we used extensive viral sham controls, we were very comfortable that the 

effects in our study were due to activity at the hM3d. However, after we completed the ethanol 

study and began the Fl experiments, it was discovered that CNO is actively converted to 

clozapine, a D2/5-HT2A receptor antagonist that has reported activity at both NMDA and GABAs 

receptors (Gomez et al., 2017, Wu, Blichowski et al. 2011, Tanahashi, Yamamura et al. 2012). 

To control for possible off-target CNO effects, we included VTA GABA targeted tdTomato as an 

expression control (i.e. Gad 1-iCre-AA V2/10 + FLEX-tdTomato-AA V2/10). Since it is possible 

that 0.3 mg/kg is subthreshold in the absence of DREADDs, but interactions occur in some 

fashion between the D2/5-HT2A-hM3D receptors, we also included a 1.0 mg/kg, i.p. dose to help 

provide context to our results. In both non-cued and cued Fl schedules, we observed no 

differences between the tdTomato controls with saline or CNO, indicating that the 0.3 mg/kg 

dose was indeed behaviorally inactive outside of hM3D expression. Furthermore, 1.0 mg/kg did 

not produce any additional effects in either hM3D or tdTomato controls, indicating that the 0.3 

mg/kg dose is sufficient for our studies. Nonetheless it will be necessary to conduct similar 

experiments control experiments for the ethanol self-administration study in the future. 

Our studies here and elsewhere have shown that rats will continue to engage in reward 

seeking behaviors when VTA GABA neurons are activated and will actively consume the 

reinforcers they obtain. However, it is possible that other potential confounds result from a 

suppression of dopamine related behaviors that impact operant responding, most notably 

locomotor changes or anxiety. To explore this we conducted initial pilot studies to determine 

how VTA GABA activation influences general locomotor activity and anxiety as measured by 

stress induced defecation. After the Fl experiments were finished, the rats were tested in an 

open field chamber, however, there were no significant difference between saline and CNO in 

rats expressing either hM3D ortdTomato in VTA GABA neurons (Figure 3.14). This suggests 

that the slower, disrupted responding in the Fl tasks was not due to an overall disruption in 
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locomotion itself. However, this test cannot completely rule out more subtle effects such as fine 

motor control. 

To examine anxiety we employed a simple assay previously used in the laboratory 

(Green, Alibhai et al. 2010) based on the notion that stressed rats produce more fecal boli 

(Enck, Merlin et al. 1989). In this assay, the rats are placed in an empty shoebox cage that is 

either at room temperature or cooled by placing on ice. We observed a significant increase in 

the number of fecal boli in the stressed (i.e. "ice") condition, but there were no effect of VTA 

GABA activation in the GABA-hM3d rats. There was also no significant effect of VTA GABA 

activation, or testing condition in GABA-tdTomato rats. While these results suggest VTA GABA 

activation does not increase anxiety in rats, other anxiety tests such as the elevated plus maze 

should be conducted to further confirm these results. The lack of a significant effect for testing 

condition in control rats may have resulted from a low N in that group. Eight rats were excluded 

from analysis in the control group, as loud construction in the building at the time of testing 

confounded results. 

Conclusion 

VTA GABA plays a role in reward consumption and seeking behaviors, and the 

processing of cues and their rewards. In our initial study, VTA GABA activation had no effect on 

either the total number of reinforcers consumed during FR1 or breakpoints in PR schedules. 

However, in the low effort (FR1) and high effort (PR) operant tasks, for either gelatin or ethanol

gelatin, the pattern of responding was greatly disrupted, characterized by rats responding at a 

slower pace, but continuously throughout the 6 hour session. Using two variations of a Fl30 

schedule of reinforcement, we demonstrate that VTA GABA activation disrupts the perception of 

time, which may contribute to the "linearized" response pattern we observed under FR1 and PR. 

The cued Fl30 schedule of reinforcement was more sensitive to disruption by VTA GABA 

activation, and rats no longer correctly predicted the end of the fixed interval in the presence of 
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a cue. VTA GABA may therefore have a larger role in cue processing and overall timing rather 

than motivation for the reward itself. 
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