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ABSTRACT 

The central nervous system comprises the necessary components for converting 

sensation into behavior, a phenomenon fundamental to mammalian survival. One way 

that sensation can be converted into behavior is via a reflex: an automatic motoric 

response to an external stimulus. Unconditioned reflexes like startle response are 

mediated by the spinal cord and brainstem. However, responses may be modified by 

descending cortical and subcortical pathways, the mechanism of which remains poorly 

understood particularly across species. This dissertation summarizes a three-pronged 

approach to rendering clearer the nature of midbrain modulation of reflexes and related 

defensive behaviors.  

First, I investigated midbrain structure contributions to modulation of the auditory 

startle response, in rats and macaques. Here, I show a species-specific divergence in 

functional contributions of the substantia nigra pars reticulata (SNpr) to prepulse inhibition 

(PPI) of the auditory startle reflex (ASR). I explain this divergent behavior by consolidating 

what is known about anatomical projections of involved structures in both rats and 

macaques. Following this, I explored contributions of basolateral amygdala (BLA) and 

accessory basal nucleus of the amygdala (AB) to PPI in both species. 

Next, I observed how genetically inherited changes in midbrain structures may 

influence unconditioned anxiety-like behavior in the genetically epileptic prone rat (GEPR-
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3). The behavioral studies presented here demonstrate a rich anxiety-like phenotype. I 

conclude that the emergence of these behaviors prior to onset of seizures suggests a 

common etiology underlying both behavioral changes and seizure susceptibility. 

Finally, I piloted use of designer receptors exclusively activated by designer drugs 

(DREADDs) in intermediate and deep layers of the superior colliculus (DLSC) in an 

attempt to alter threat response in monkeys. No behavioral changes were observed, but 

progress was made in methodological development of DREADD use in macaques. 

In addition to the divergent anatomy underlying PPI results, an understanding of 

species specificity was crucial for development of the looming threat test in rats and 

interpretation of the elaborate responses elicited during the Human Intruder test in 

macaques (a behavior not reported in rodents). I therefore demonstrate the importance 

of cross-species studies in understanding basic structural contributions to behavior. 
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Introduction 

Every waking moment, we are flooded with a continuous stream of sensory information. 

Our bodies are sensitive to minute alterations in the environment both around us and 

within us 1,2; this information helps to guide our behavior. For example, consider you are 

in the wilderness, hiking on a sunny day. While hiking, you may hear a falcon call and 

look to the sky, searching for the bird. Or you might smell strong citrus, and hunt for an 

orange tree, choosing to pick the fruit as a snack. Complex behaviors such as these may 

be made of many different building blocks, including memory and experience (i.e., has 

this happened before and what were the results?) 3, current body state (e.g., are you tired 

or stressed?) 4,5, and automatic responses (i.e., hardwired behaviors resulting from 

sensory stimulation) 6–9.  

A reflex is an example of an automatic response: a flashing light in the distance 

draws your gaze uncontrollably 10, stepping on a sharp rock triggers a protective 

extension of the opposing leg 11. Evolutionarily, many of the response behaviors that are 

conserved across species are critical for survival. However, while these automatic 

response behaviors may appear simple, many exist within a web of influential factors. 

Elucidating the underlying neural circuitry supporting automatic responses is necessary 

to fully understand these innate behaviors 12. In order to understand the underlying neural 

circuitry, the following questions must be addressed: (1) How does sensory information 

trigger a particular reaction, and what are the underlying neural correlates? (2) What 

components modulate this behavior? (3) Does controlling those components result in 

controlling the behavior?  

 Here, I attempt to answer these questions by using investigations of multiple 
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models and behaviors to render clearer the nature of midbrain and brainstem modulation 

of reflexes and related defensive behaviors. 

 

0.1 The auditory startle response 

A well-studied example of an automatic response is the auditory startle response (ASR): 

a well-defined whole-body reflexive contraction of skeletal and facial muscles in response 

to a sudden, intense acoustic stimulus 7,13–16. This constellation of responses is present 

across multiple species and has been characterized behaviorally in rats, mice, guinea 

pigs, hamsters, non-human primates, and humans 17. The extraordinarily short latency to 

behavior (time between startling stimulus and startle response, ~8 ms in rodents) 

suggests a simple neural circuitry 18,19. In fact, the primary auditory startle pathway (Figure 

0.1) has been revealed to be a trisynaptic pathway, wherein auditory information from the 

cochlea (contained in the auditory nerve) synapses on the posteroventral cochlear 

nucleus (in rodents specifically, the cochlear root neurons), which then project to the 

nucleus reticularis pontis caudalis (PnC), which in turn synapses on motor neurons in the 

spinal cord as well as the facial motor nucleus 19,20. Specific features of a startling stimulus 

may have effects on the elicited startle response, including intensity rise time (faster = 

greater startle), peak intensity (higher = greater startle), duration and bandwidth (these 

interact to create variation: a short, pure tone = greater startle, whereas a longer, white 

noise = greater startle) 18.  

 

0.2 Prepulse inhibition of auditory startle response 

An auditory startle response can be modified (either facilitated or inhibited) by a number 
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of behavioral paradigms, including fear-potentiation, pleasure-attenuation, and prepulse 

inhibition (PPI). PPI is operationally defined as the reduction in magnitude of the auditory 

startle response when a high-intensity startling stimulus (“pulse”) is preceded by a low-

intensity stimulus (“prepulse”) 21. Originally described by Russian physiologist Ivan 

Sechenov in 1863, startle modification using “prepulses” was rediscovered in 1965 by 

Howard S. Hoffman at Pennsylvania State University 22,23. While piloting studies 

investigating mechanisms of fear-potentiated startle, Hoffman and colleagues created a 

sound-attenuated chamber containing a speaker for administration of startling stimuli. 

During experiments, animals were placed into the apparatus and “pulsed” noise was 

introduced to the chamber to mask extraneous environmental sounds (i.e., background 

noise). The result was a profound inhibition of animal response to the startling stimulus 

21.  

Similar to the behavioral flexibility elicited by changes to the startling stimulus itself, 

PPI also has a number of parameters whose modulation may have effects on startle 

magnitude: inter-stimulus interval (onset of prepulse to onset of pulse), intensity of 

prepulse (decibels, dB, above background), and the intensity of the startling stimulus (dB 

above background). 

Within the cognitive sciences, PPI is an accepted measure of sensorimotor gating, 

conceptualized as the "ability to process selectively a continuous stream of sensory and 

cognitive information and to allocate selectively attentional resources to salient stimuli" 

17,21. Investigations using the PPI paradigm primarily study the behavioral effects of 

timing, stimulus selection, and sequence processing manipulations. Together, these 
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investigations of sensorimotor gating inform cognitive and emotional processing in 

humans and non-human animals 24.  

 

0.3 Sensorimotor gating deficits in neuropsychiatric disorders 

PPI is of particular interest clinically, as patients with schizophrenia 25–28, Parkinson’s 

disease 29, obsessive compulsive disorder 29–31, Huntington’s disease 32–34 and Tourette 

syndrome 35,36 all display deficits in this form of gating. As the primary goal of clinical 

science is elucidating mechanisms underlying pathology, a full understanding of PPI may 

be essential for the development of therapies and advancements in diagnosis of 

neuropsychiatric disorders as well as for investigating the etiology of psychopathologies 

37.  

 

0.4 Initial findings in rodent prepulse inhibition circuitry 

Following findings that PPI was disrupted in patients with schizophrenia, pharmacological 

and lesion studies were implemented that targeted relevant neurotransmitter systems in 

rodents. What emerged was a complex circuit map of frontal and limbic structures that 

project to brainstem nuclei, which in turn exert influence on startle response via efferent 

projections to nuclei in the primary auditory startle pathway (PnC in Figures i and iii).  

Initial studies showed disruption of PPI with no change to startle following lesions 

to pedunculopontine tegmental nucleus (PPN), a brainstem nucleus with direct 

projections to PnC. Further studies determined that the critical efferents from PPN were 

cholinergic projections 38–40. Upstream from and projecting to PPN, the ventral striatum 

(VS) and ventral pallidum (VP) emerged as structures of interest after studies showed 
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deficits in PPI following nucleus accumbens (NAcc) and VP lesions 41–43. In addition to 

lesions, both systemic and intracranial (intra-accumbens) drug interventions targeting 

dopamine resulted in disrupted PPI 42,44–47. Systemic drug administration studies are of 

particular historical and scientific interest, as drug effects on PPI became valued as 

antipsychotic predictors: many drugs discovered to have a normalizing effect on PPI (e.g. 

dopamine-targeting D2 antagonist haloperidol) are used clinically as antipsychotics 48,49.  

Concurrent with brainstem and pallidal studies, limbic structures were also 

identified as playing a role in modulation of startle 50–52. Specifically, the basolateral 

amygdala (BLA, a structure with direct projections to NAcc) was shown to play a role in 

modulating PPI; both lesion and pharmacological inactivation studies targeting BLA 

resulted in a disruption of PPI 53–56. A follow up study performed by previous members of 

my lab showed that effects of BLA were mediated through VP; here, Forcelli et al. 

employed a dual drug inactivation paradigm, with which they showed a disruption of PPI 

following treatment of BLA with GABAA agonist muscimol and a normalization of PPI 

following pre-treatment of VP with muscimol and treatment of BLA with muscimol 

57.Following the first wave of PPI circuit-elucidating studies performed in rodents, 

research began to expand into other model organisms. Not only were differences found 

in the influence of dopamine on PPI between rats and mice 58,59, but between mice of 

different strains 60 and rats of different strains 61,62. Thus, extrapolation of findings from 

rats or mice to humans must be done with caution. Going forward, expansion of 

sensorimotor gating studies into primates may be essential for both a full understanding 

of PPI effects across species and also to more accurately predict mechanisms and drug 

effects in humans. 
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0.5 Prepulse inhibition findings in monkeys 

Following the examination of PPI substrates relevant to schizophrenia in rodents, several 

systemic drug studies were performed in primates targeting similar neurotransmitter 

systems. Abolishment of PPI was seen in capuchins 63 and macaques 64 treated with PCP 

(a drug known to induce schizophrenia-like symptoms in humans by blocking NMDA-type 

glutamate receptors). In the latter study, Javitt et al. indicated shared features between 

PCP-induced deficits in macaques and human patients with schizophrenia (e.g., 

significant alterations in amplitude and latency of response) that are not present in rodent 

models of disrupted PPI, further supporting the need for primate studies. Following these 

PPI-disrupting studies, PPI-normalization was reported in capuchins treated with the 

atypical antipsychotic clozapine 65.  

So far, only one study has investigated mechanisms underlying PPI in monkeys 

using either drug or lesion methodologies. Saletti et al. showed that lesions of the 

intermediate and deep layers of superior colliculus (combined, DLSC) were found to 

disrupt PPI in capuchins 66. This finding extended a similar finding (DLSC lesions disrupt 

PPI) from rodents into primates 67. Expanding upon the research performed by Saletti et 

al. by further investigating DLSC and its afferent pathways is where I decided to start my 

studies. 

 

0.6 Intermediate and deep layers of the superior colliculus anatomy and function 

The superior colliculi (or optic tectum), are a pair of layered structures on the dorsal aspect 

of the midbrain, posterior to the periaqueductal gray. Each colliculus consists of 

superficial (visual modality only), intermediate (multimodal), and deep (multimodal) 
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zones. The intermediate and deep layers (DLSC) comprise a subregion of the tectum to 

which substantia nigra pars reticulata (SNpr) projections constitute strong inhibitory input 

(see below), and some excitatory drive comes from deep cerebellar neurons 68–70. Among 

other targets, DLSC sends excitatory projections to both PPN and PnC 71,72 (Figure 0.3). 

Behaviors elicited by stimulation of this subregion have been described in both 

rodents and primates. In rats, functional organization revealed by electrical stimulation of 

DLSC is topographic: activation of the medial region results in avoidance responses 

(cringe-like movements away from contralateral side, running, jumping, or escape 

behaviors), and activation of the lateral region results in orienting/approach responses 

(orienting head movements toward contralateral side, approach-like locomotion) 73,74. 

Previous members from my lab have functionally characterized of DLSC in primates: 

pharmacological disinhibition of DLSC (using GABAA receptor antagonist bicuculline 

methiodide) results in stereotyped defense-like behaviors including cowering, defensive 

vocalizations, and escape 75.  

 

0.7 Substantia nigra pars reticulata anatomical output 

A major source of inhibitory tone (GABAergic neurons) projecting onto the DLSC comes 

from the primary basal ganglia output structure substantia nigra pars reticulata (SNpr). 

The basal ganglia are a shared feature of all vertebrate brains and receive cortical input 

terminating in the dorsal (caudate nucleus, putamen) and ventral (nucleus accumbens) 

striatum. Also included in striatum are globus pallidus (external and internal, referred to 

as entopeduncular nucleus in rats), ventral pallidum, substantia nigra, and the 

subthalamic nucleus 76,77.  
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While the basic architecture of basal ganglia circuitry has been conserved across 

millennia of evolution, there is evidence to suggest that some connections have diverged 

across species 78,79. In particular, while output neurons of the rat SNpr are highly 

collateralized 80–82 and target multiple structures, neurons in the primate SNpr are 

segregated (with sparse collaterals reported) and typically project to only one target 

structure 79,83–85. In a species comparison projection study, Beckstead et al. investigated 

co-labeling in SNpr after injection with retrograde tracers into DLSC and PPN 84. They 

reported 17% collateralization in cats and ~8% in monkeys, in contrast to the ~75% 

collateralization in rats reported by Cebrián et al., who reported that 12 neurons out of 16 

projecting to DLSC also projected to PPN 82. Notably, many of the critical anatomical 

findings were reported in New World monkeys (capuchin) 78,83, although several groups 

have shown similar results in Old World monkeys 79,86. (See to Figure 0.2 for a schematic 

of anatomical comparison between rat and macaque.) 

 

0.8 Substantia nigra pars reticulata functional output 

Comparative functional studies of this structure remain sparse; in fact, despite decades 

of study in rodents, the functional topography of the SNpr has only recently been 

thoroughly evaluated in the non-human primate 87. In rodents and cats, circling is the 

almost exclusively reported behavior following pharmacological manipulation of SNpr 

8,68,88–94. Additionally, robust evidence supports that rotational and hyperoral behaviors 

induced by pharmacological manipulation of SNpr in rat are mediated by projections to 

superior colliculus (for more, see DLSC section below) 95,96. In contrast to rats, primates 

display a rich diversity of motor behaviors following transient inactivation of SNpr 87. 
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Members of my lab have shown previously that inactivation of SNpr with muscimol results 

in choreiform leg and arm dyskinesias, cervical dystonia (head tilt), and quadrupedal 

contraversive rotations (circling behavior) 87. The presence of the divergent behavioral 

profiles emerging from inactivation of SNpr may be due to the different motor 

requirements and adaptations of each of these species and may be mediated by 

divergence in projections from SNpr 78–80,83. In a follow up study, my lab also determined 

DLSC to be a mediator of the SNpr-evoked behaviors in monkey 97. To determine this, a 

dual inactivation infusion approach was used where DLSC was pretreated with muscimol, 

followed by treatment of SNpr with muscimol. Whereas SNpr inactivation alone resulted 

in stereotyped motor behaviors (cervical dystonia, circling behavior), when both structures 

were inactivated simultaneously there was a normalization (no evoked behaviors were 

recorded). The degree to which the role of the SNpr is conserved across species in other 

evolutionarily conserved behaviors (e.g., PPI) remains to be examined. 

 

0.9 Intermediate and deep layers of superior colliculus in seizure disorders 

The DLSC is a component of the brainstem-localized audiogenic seizure network (AGS); 

also included are inferior colliculus, substantia nigra, periaqueductal gray and reticular 

formation 98. In this network, excessive firing results in generalized convulsive seizures 

similar to the tonic-clonic seizures seen in humans 98,99. The genetically epilepsy-prone 

rat (GEPR-3) has been developed as an animal model of inherited epilepsy that exhibits 

generalized tonic-clonic seizures 100. In the GEPR-3 model, exposure to a high intensity 

auditory stimulus results in the abrupt onset of firing in DLSC neurons above the normal 

threshold 98. GEPR-3s have recently been shown to have inherited volumetric differences 
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relative to Sprague-Dawley rats (the background strain) in superior colliculus bilaterally 

as shown in a voxel-based morphometry and diffusion tensor imaging study performed 

by members of my lab 101. What effects, if any, these structural changes may have on 

both seizure manifestation and normal expression of the behaviors described above 

(orienting or avoidance) are unknown. However, affective changes, including heightened 

anxiety and depression, are reported amongst the population of humans with epilepsy. 

Despite this, little is known about the etiology of these comorbidities. Whether these 

comorbidities are a result of recurrent seizures or are indicative of a shared underlying 

pathology (responsible for both affective changes and seizure emergence) is unknown. 

The GEPR-3 model provides a unique opportunity to investigate how alterations in 

structural integrity of midbrain tectum and tegmentum may influence function in vivo. 

 
0.10 Designer receptors exclusively activated by designer drugs  

The term “chemogenetic” describes a macromolecule (such as a G-protein coupled 

receptor, GPCR) that has been engineered to respond to small molecules  that are not 

endogenous ligands. DREADDs, a specific chemogenetic tool, are a family of mutated 

muscarinic receptors that have previously been shown to increase (Gs-coupled 

DREADD; Gq-coupled DREADD) or decrease (Gi/o-coupled DREADD) neuronal activity 

following administration of an otherwise inert synthetic ligand, clozapine-n-oxide (CNO) 

102–104. For expression in brain cells, a viral vector may be packaged and delivered via 

intracranial microinfusion during aseptic surgery. Once delivered, expression can be 

controlled using promotor-specific methods (e.g., human synapsin 1 promoter, which is 

highly neuron-specific) 105. Following protein expression, remote activation may occur in 

vivo using intraperitoneal (i.p.) or intramuscular (i.m.) CNO injections. Site- or circuit-
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based control of expression allows for spatial specificity, whereas timing of drug 

administration allows for relative temporal control. As such, DREADDs constitute a 

powerful tool for circuit-based investigation of behavior and have been employed widely 

in rodent studies.  

Therapeutic use of DREADDs in human disorders such as Parkinson’s disease 

has enormous potential; thus, translation of this technology into non-human primate 

models is a crucial next step towards this reality.  

 

The studies in this dissertation are aimed at furthering an understanding of midbrain-

supported innate behaviors across species. Using prepulse inhibition of the acoustic 

startle response as a model, we investigate the midbrain structures that modulate this 

behavior and ask whether they are the same across species. Further, in the GEPR-3 

model, we ask whether a volumetric increase in midbrain size alters midbrain-mediated 

reflexive and defensive behaviors. And finally, using midbrain structures as a target, we 

explore whether chemogenetic control of midbrain structures results in altered defensive 

reactivity. 
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Figure 0.1. Schematic diagram of primary auditory startle pathway. Auditory 

information carried via auditory nerve fiber tract synpase on cochlear root neurons, which 

in turn sends projections to the nucleus reticularis pontis caudalis (PnC). PnC projections 

(the reticulospinal tract) then synapse in the spinal cord and facial motor nucleus. (from 

Lee et al., 1996) 19  
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Figure 0.2. Species comparison of substantia nigra pars reticulata output circuitry. 

Projections from rodent SNpr (left) are collateralized and target both DLSC and PPN. 

Projections from macaque SNpr (right) are not collateralized. SNpr, substantia nigra pars 

reticulata; DLSC, intermediate and deep layers of the superior colliculus; PPN, 

pedunculopontine nucleus.  
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Figure 0.3. Schematic of anatomical projection pathways of midbrain structures 

and experimental manipulations included in this work. Targeted interventions are 

indicated with black lines and chapter labels. Divergent pathways are listed with species 

specific labels. Excitatory pathways labeled green with open terminal; inhibitory pathways 

labeled red with flat terminal. AB, accessory basal nucleus of the amygdala; BLA, 

basolateral amygdala; DLSC, intermediate and deep layers of superior colliculus; PnC, 

caudal pontine reticular nucleus; PPN, pedunculopontine nucleus; SNpr, substantia nigra 

pars reticulata; VS/NAcc, ventral striatum/ nucleus accumbens; VP, ventral pallidum. 
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Chapter I. Inhibition of the substantia nigra pars reticulata 

produces divergent effects on sensorimotor gating in rats 

and macaques. 

 

1.1 Introduction  

The auditory startle response (ASR) is present across multiple species and may be 

modified through habituation, fear potentiation, pleasure attenuation, and prepulse 

inhibition (PPI) 13,18,21. PPI is the reduction in magnitude of ASR when a startling stimulus 

(“pulse”) is preceded by a low-intensity stimulus (“prepulse”) and is an accepted measure 

of sensorimotor gating 17,22. PPI is of particular interest, as patients with schizophrenia, 

Parkinson’s disease, obsessive compulsive disorder, and Tourette syndrome all display 

deficits in this form of gating 29,35. The stimuli and behavioral measures used across 

species are similar, making this behavior particularly amenable to comparative studies. 

While a great deal is known about the circuitry mediating PPI in rodents, little is known in 

primates. Moreover, while there have been reports of differing sensitivity to systemically 

administered drugs across strain and species 60,61,106, circuit level manipulations have not 

been similarly evaluated. 

An abundance of evidence from rodent studies suggests that the basal ganglia 

play a pivotal role in PPI. Both drug and lesion studies targeting nucleus accumbens and 

ventral pallidum have resulted in PPI deficits 41,43,57,107–111. Primary output nuclei of the 

basal ganglia include the internal segment of the globus pallidus and substantia nigra 

pars reticulata (SNpr). Of these structures, the least is known regarding the role of the 
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SNpr in PPI. One prior study reported deficits following lesions of the substantia nigra in 

rodents, however, the lesions employed damaged both the SNpr and the adjacent 

substantia nigra pars compacta (SNc);112 no similar studies have been conducted in 

primates. 

To determine the role of the primate SNpr, and directly compare it to the role of the 

rodent SNpr I microinjected the GABAA receptor agonist muscimol into the SNpr of each 

species and evaluated PPI using equivalent task parameters. I observed that, in rodents, 

inactivation of SNpr resulted in a disruption of PPI, and in primates, inactivation of SNpr 

resulted in a facilitation of PPI. This finding, though surprising in the context of PPI 

conservation across species, may be explained though established anatomical 

differences in basal ganglia architecture. 

 

1.2 Materials and methods 

All experiments were conducted in accordance with the Georgetown Animal Care and 

Use Committee guidelines. 

 

Non-human primate studies 

Subjects. Five male rhesus macaques (Macaca mulatta) were used in this study (TH, 

NO, AB, YO, SL). At the age of 2-3 years, they were procured from AlphaGenesis and 

transferred to Georgetown University, where all experimental procedures were 

conducted. Monkeys were pair-housed within two joined individual cages (size, 61 x 74 x 

76 cm). They were raised in groups of three or four monkeys of the same age and were 

rotated through combinations of pairs within and across these three or four monkey 
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groups over days and weeks. The monkeys were housed in a room with a regulated 12h 

light/dark cycle and maintained on primate lab diet (Purina Mills, catalog #5049) 

supplemented with fresh fruit. Water was available ad libitum in the home cage.  

Care and housing of the monkeys at the Georgetown University Research 

Resource Animal Facility exceeded the standards as stated in the Guide for Care and 

Use of Laboratory Animals (National Research Council (U.S.) Institute for Laboratory 

Animal Research, 2011), Institute for Laboratory Animal Research recommendations, 

and AAALAC International accreditation standards. The study was conducted under a 

protocol approved by the Institutional Animal Care and Use Committee at Georgetown 

University.  

The present experiments began after the animals were extensively socialized and 

behaviorally trained (including chair training), and typically continued until the age of 

about 4 years. In addition to the experimental procedures described here, all subjects 

were trained on various cognitive tasks administered at the Wisconsin General Testing 

Apparatus; the tasks included the Hamilton Search task and an unconditioned fear task 

113,114. As part of those experiments, some animals received drug infusions in the BLA (all 

animals), deep and intermediate layers of the superior colliculus (DLSC; NO), 

parahippocampal cortex (PHC; SL, YO), and pulvinar (SL, YO, AB, TH). 

 

Implantation of drug infusion platform and site verification. The monkeys were 

implanted with a stereotaxically positioned chronic infusion platform (Figure 1.1A), which 

enabled us to target specific sites within the SNpr based on the coordinates assessed by 

structural magnetic resonance imaging (MRI) scans. For the preoperative and 
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postoperative MRI and surgery, I followed the procedures as described in detail in 

previous studies 115–117. Briefly, before the surgery, each monkey received a T1- weighted 

MRI structural brain scan to calculate stereotaxic coordinates for the platform implantation 

(0.75 mm x 0.75 mm in-plane resolution, 1mm slice thickness). The infusion platform was 

implanted under anesthesia and aseptic conditions 115,118 followed by a postoperative 

regimen of analgesics and antibiotics determined in consultation with the facility 

veterinarian. Postoperatively, each monkey received at least one T1-weighted scan to 

obtain coordinates for infusions in the SNpr; tungsten micro-electrodes (FHC; Bowdoin, 

ME), which were visible on the scan, were used to determine the precise coordinates as 

described previously 97. Figure 1.1D shows the placement of a tungsten microelectrode 

at the dorsal border of the SNpr in three subjects.  

  

Intracerebral drug infusions. To transiently inactivate the SNpr (for infusion sites, see 

Fig. 1.1C), 9 nmol of the GABAA receptor agonist muscimol in a volume of 1 µl (MUS, 9 

mM solution; Sigma-Aldrich) was infused at rate of 0.2 µl/min under aseptic conditions as 

previously described 119. This dose proved to be effective to achieve rapid onset of both 

torticollis and quadrupedal rotational behavior in a prior study from my lab 87. The entire 

infusion procedure lasted 10–15 min. At least 48 h elapsed between drug treatments in 

an individual subject. Each animal received at least 3 infusions of muscimol, and 3 control 

infusions. Control infusions consisted of either microinjection of an equivalent volume of 

sterile saline or a "sham" infusion. For sham infusions, all procedures were followed, but 

no cannula was lowered into place; sham infusions were included to minimize the number 

of brain penetrations.  



	 20	

I found no appreciable difference between sham and control infusions on a within-subject 

basis, thus I collapsed these control infusions for further analyses. Sham infusions were 

performed in all animals; saline infusions were performed in YO, AB, and SL. 

 

MRI verification of tissue volume reached by infusion. To verify the volume of 

diffusion of the infused solution, I infused 1 µl (5 nmol) of an MRI contrast agent, 

gadolinium (5mM solution in sterile saline; Magnevist; Fig. 1.1B). The range of diffusion 

visualized in MRI sections was limited to a diameter of 3 mm at 60 min after infusion, in 

agreement with previous gadolinium imaging in my laboratory and others 114,120. 

 

Control behaviors. Prior to initiating PPI experiments, each injection site within the SNpr 

was examined for effects on motor behavior, as a positive control. Each animal was 

microinjected with muscimol (9 nmol, 1 µl) unilaterally into SNpr, videotaped, and scored 

for behavior. Each session was evaluated by a treatment-blind observer trained to detect 

each of the behavioral events using event-logging software (Noldus; Observer XT). The 

presence of the following events was recorded in freely moving animals: head tilt 

(torticollis, dystonia); quadrupedal rotations; body lean; and choreiform leg movements 

(dyskinesia). Descriptions of the behavioral events have been previously published 87. 

Each behavior was scored for latency to onset of behavior and is presented in Table 1.1. 

 

Prepulse inhibition task set-up. PPI testing was conducted using an apparatus modified 

from that described by Winslow et al., 2002. Tests were conducted in a behavior room 

located next to the home cage room, in a sound attenuated chamber containing a primate 
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chair (Crist Instruments Co.), which was attached to a platform sitting on a load cell (Med 

Associates, Figure 1.2A). The chamber (60 x 114 x 80cm) also contained a speaker (25 

cm above the head) for administration of noise stimuli. The primates’ whole-body startle 

movements were detected via 50 kg load cell (Sentran LLC; YG6-B) located between the 

chamber floor and the primate chair platform. The load cell was connected to an amplifier 

which transmitted a signal to a Windows XP computer running the Startle Response 

software (Med Associates). 

 

Optimization of prepulse and startle parameters. Optimizations were performed on 3 

macaques (NO, YO, and LO) and PPI tests were run on all animals. Two separate 

categories of startle response test were employed to optimize the startle response system 

prior to administration of the prepulse inhibition protocol. First, startle amplitude was 

measured in response to varying auditory stimuli intensities. Second, PPI protocols were 

optimized for ideal inter-stimulus interval (ISI). For these trials, ISI was manipulated (50-

1040 ms) with other parameters held constant and tested using prepulses of 4 and 8 dB 

above background noise. A 50 ms (onset-to-onset) ISI was chosen for subsequent PPI 

studies as it produced the least variability between animals (Figure 1.2C).  

 Startle amplitude and optimized inter-stimulus interval (ISI) were measured in two 

separate sessions. Startle amplitude measurement sessions contained 10 consecutive 

trial blocks, each containing one “no pulse” blank (0 dB) and three “pulse” white noise 

stimuli (90, 100, 105 dB) presented in a pseudorandom order. Inter-trial interval was a 

randomly selected value between 60-90 s and the duration of each stimulus was 40 ms. 

Background broadband noise with 70 dB intensity was administered for the duration of 
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the testing period. Startle response was defined as the maximum peak-to-peak voltage 

amplitude of the load cell within the first 175 ms after stimulus presentation. Blank trials, 

during which no stimulus was presented but movement was recorded, were used as 

controls. Sound pressure levels were calibrated and verified using an SPL meter set to 

dB(A) weighting and with the microphone positioned at the level of the animals’ ear.  

 Once the optimal startle and prepulse parameters were determined, the 

pharmacological inactivation studies commenced. 

 

Prepulse inhibition protocol. Five animals were used in this experiment. 50 minute 

sessions consisted of a 3-min acclimation period with background noise (70 dB), 6 blocks 

of 3 randomized startling stimuli (90, 105, 110 dB; 40 ms pulse), 15 blocks of 4 

randomized trials containing pulse-alone (105 dB; 40 ms) and prepulse-pulse (prepulses: 

4, 8, and 12 dB above background noise; 20 ms) trials, and 10 blocks of 3 randomized 

startling stimuli (90, 105, 110 dB; 40 ms pulse). Pulse alone trials across the whole 

session were used as a control for maintenance of startle amplitude (Figure 1.2B) and 

blocks containing startling stimuli at the beginning and end were used to calculate 

habituation to startle. There was no significant change in startle response over the 

duration of the 15 trial blocks (one-way ANOVA, Greenhouse-Geisser corrected resulting 

in fractional df values, F1.2, 3.7=0.56, P=0.5).  

During the prepulse-pulse trials an inter-stimulus interval (onset to onset) of 50 ms was 

used. The inter-trial interval ranged from 15-30 s, randomly selected for each trial. Startle 

amplitude was defined as the peak-to-peak load cell output voltage over a 175 ms period 
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beginning at the onset of the pulse stimulus. Average startle response data are shown in 

Figure 1.3. 

 

Post-mortem MRI and histology. Animals were perfused and, post-fixation, MR images 

were taken. For post-mortem MRI analysis, all available animals (TH, YO, AB, NO) were 

examined at high field strength (7 Tesla) on a Brucker Biospin Magnet using a Turbo-

RARE pulse sequence, as previously described 114,115. Following MR imaging, brains 

were processed for localization of infusion sites, as has been previously described 

87,114,118. Two animals (SL, NO) were unavailable for histological processing, but 

histological analysis was performed on animals TH, YO, and AB. Representative 

photomicrographs and MR images are presented in Figure 1.1D.  

 

Experimental design and statistical analysis. To evaluate the role of SNpr in 

sensorimotor gating in macaques, I measured prepulse inhibition of the whole-body 

auditory startle response of monkeys seated in a primate chair (Figure 1.2A). 

Manipulations were performed on a within-subject basis, with each animal receiving both 

saline and muscimol infusions. GraphPad Prism was used for data analysis and figure 

preparation. PPI was defined as [1–(startle amplitude on prepulse trials/startle amplitude 

on pulse alone trials)] × 100 as calculated in previously published PPI studies 121,122. 

Outliers were removed from data by performing a robust regression and outlier removal 

(ROUT) test (Q=10%) individually on each session 123. Data were analyzed via a two-way 

analysis of variance (ANOVA) with prepulse intensity and drug treatments as within-

subject factors. The Greenhouse-Geisser correction for violations of sphericity was 
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applied. Holm-Šidák corrections were applied to all planned comparisons to examine 

individual main and interaction effects. In addition to PPI analyses, I compared changes 

in ASR as a result of drug treatment. Mean ASR during pulse-alone trials was calculated 

for each animal during both saline and muscimol experiments and compared using a 

paired, two-tailed Student’s t-test. 

 

Rodent studies 

Subjects. Cannula implantation surgery was conducted with 20 male Long Evans rats 

(Charles River) weighing approximately 180-200 g at the start of the study. Animals were 

housed in a temperature-controlled vivarium (22 °C) at Georgetown University Medical 

Center and maintained on a standard 12 h light-dark cycle (lights on 0600–1800 h). All 

manipulations were performed in the light phase. All procedures were completed with 

approval from the Georgetown University Animal Care and Use Committee and in 

accordance with AALAC recommendations and the Guide for Care and Use of Laboratory 

Animals. 

 

Implantation of drug infusion platform. Rats were anesthetized with equithesin (a 

combination of sodium pentobarbital, chloral hydrate, magnesium sulfate, ethanol, and 

propylene glycol) (2.5 ml/kg, i.p.). Animals were placed in a stereotaxic frame (Kopf, 

Tujunga, CA) for implantation of two cannulae as previously described 57,124. After shaving 

fur from the scalp, bupivicaine was injected at the site of incision (1.25 mg/kg, s.c.). 

Coordinates for the SNpr were derived from the atlas of Paxinos and Watson with animals 

positioned in the skull-flat plane 125. Guide cannulae (22 gauge; Plastics One, Roanoke, 
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VA) were fitted with 28-gauge internal cannulae that extended 1 mm beyond the tip of the 

guide, and implanted 4.92 mm posterior to bregma, +/- 2.5 mm lateral to the midline, and 

7.6 mm ventral to the dura. Each of the two cannulae were fixed to the skull with four 

jeweler’s screws using dental acrylic. 28-gauge dummy cannulae were inserted to 

maintain patency. Following surgery, rats were given carprofen (5 mg/kg, s.c.) as an 

analgesic, 1 ml warm normal saline (s.c.) to maintain hydration and placed on a heating 

pad to maintain body temperature until they fully recovered from anesthesia. 

 

Intracerebral drug infusions. Muscimol (MUS, 9 mM solution; Sigma-Aldrich) was 

dissolved in saline to make a 2 mM solution, and infused at a dose of 1 nmol in 0.5 µl per 

site; infusion procedure was as previously described 57. In short, rats were infused (either 

unilaterally or bilaterally) with muscimol at a rate of 0.2 µl/min; cannulae were left in place 

for 1 minute after infusion to prevent spread of drug up into the cannula tract. Within the 

experiment the drug/saline infusions were counterbalanced, as were unilateral/bilateral 

injections. Animals received 3-4 infusions. 

 

Prepulse inhibition task. Testing occurred within three sound attenuated startle 

chambers (SR-Lab Startle Reflex System; San Diego Instruments, San Diego, CA) as 

previously described (schematic shown in Figure 1.6A) 57. 10 min following intracerebral 

infusion, animals were placed into the startle chamber for behavior testing. 

 

Prepulse inhibition protocol. The PPI protocol was adapted from Forcelli et al., 2012 to 

match the primate protocol described in this paper. The 15-min sessions consisted of a 



	 26	

5-min acclimation period with background noise (70 dB), 5 habituating startling stimuli 

(105 dB; 40 ms pulse), 6 blocks of 4 randomized trials containing pulse-alone (105 dB; 

40 ms) and prepulse-pulse (prepulses: 4, 8, and 12 dB above background noise; 20 ms). 

During the prepulse-pulse trials an inter-stimulus interval of 50 ms (onset to onset) was 

used. The inter-trial interval ranged from 15-30 s, randomly selected for each trial. Startle 

amplitude was defined as the peak-to-peak piezoelectric accelerometer output over a 175 

ms period beginning at the onset of the pulse stimulus. Sound pressure levels were 

calibrated and verified using an SPL meter set to dB(A) weighting and with the 

microphone positioned at the level of the animals’ ear. 

 

Histology. Following the completion of behavioral testing, rats were overdosed with deep 

equithesin (4 ml/kg) anesthesia, perfused with ice-cold PBS and 4% paraformaldehyde, 

and decapitated. Brains were fixed in 4% paraformaldehyde for 24 h to ensure complete 

penetrance, cryoprotected in 30% sucrose solution and frozen. Coronal brain sections 

(40 μm thick) were cut on a cryostat (Reichert Model 975 C) and stained with cresyl violet 

acetate. Microscopic examination was performed to verify the location of cannula injection 

sites in the SNpr according the atlas of Paxinos and Watson 125. Data from Figure 1.6B 

are plotted on open source Swanson Brain Atlas coronal slices 126. A representative 

photomicrograph presented in Figure 1.6C. Cannula localization was determined by two 

observers (BA and PAF), while blinded to the behavioral results for each animal. Infusion 

site verification resulted in the exclusion of the data from 10 of the 20 originally implanted 

animals, with cannula tips falling outside of the boundaries of the SNpr. This higher than 

typical attrition rate was due primarily to “misses” early in the project, while the first author 
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was still mastering stereotaxic surgery. Rather than exclude the first cohort of animals 

(the first 10 surgerized out of 20 total), I report the full group sizes for the sake of full 

transparency. 

 

Experimental design and statistical analysis. To evaluate the role of SNpr in 

sensorimotor gating in rats, I measured prepulse inhibition of the whole body auditory 

startle response of rats placed in a standard startle enclosure (Figure 1.6A). 

Manipulations were performed on a within-subject basis, with each animal receiving both 

saline and muscimol infusions. GraphPad Prism was used for data analysis and figure 

preparation. PPI was defined as [1–(startle amplitude on prepulse trials/startle amplitude 

on pulse alone trials)] × 100. Data were analyzed via a two-way analysis of variance 

(ANOVA) with prepulse intensity and drug treatments as within-subject factors. Holm-

Šidák corrections were applied to all planned comparisons. Eta-squared (η2
p) was 

calculated as a measure of effect size in ANOVA. In addition to PPI analyses, I compared 

changes in ASR as a result of drug treatment. Mean ASR during pulse-alone trials was 

calculated for each animal during both saline and muscimol experiments and compared 

using a paired, two-tailed Student’s t-test. 

 

1.3 Results 

Unilateral infusion of muscimol into substantia nigra pars reticulata impairs 

prepulse inhibition in macaques. To determine if unilateral pharmacological inhibition 

of SNpr would be sufficient to impair PPI in monkeys, I performed focal infusions of 

muscimol or saline into the SNpr of 5 macaques. The number of infusions per animal is 
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shown in Table 1.1. Under control (saline-infused) conditions, animals displayed 

increasing PPI as prepulse magnitude increased (Fig 1.4A). Muscimol (9 nmol) infused 

unilaterally into the SNpr resulted in a significant increase in PPI when compared within-

subject to a saline-infused baseline. A two-way ANOVA showed a main effect of drug 

treatment (F1,4=27.2, P=0.006, η2
p=0.947), while a trend toward effect of prepulse 

intensity accounted for 89.9% of variability (F2,8=2.9, P=0.1, η2
p=0.899). No interaction 

was found between drug treatment and prepulse intensity (F2,8=1.1, P=0.4, η2
p=0.215). 

Holm-Šidák corrected planned comparisons revealed a significant increase in PPI 

following muscimol infusion at each of the tested prepulse intensities (Figure 1.4A, PP4, 

P=0.005; PP8, P=0.0009; PP12, P=0.005).  

Baseline auditory startle response (ASR), measured as the average response on 

pulse-alone trials, was not altered following muscimol infusion into SNpr (Figure 1.4B, 

paired Student’s t-test, t=0.051, df=4, P=0.96, Cohen’s d= 0.023). 

I also conducted bilateral infusions of MUS into the SNpr of 3 macaques (AB, YO, 

TH; 1-5 infusions per subject). One subject displayed severe motor incapacitation after 

bilateral injection and was not tested further (AB). Another subject (YO) displayed self-

directed behavioral stereotypies and was thus injected only twice. Of note, when the two 

animals with repeated injections were analyzed (TH and YO) a similar profile of enhanced 

PPI was found under MUS-injected conditions (Figure 1.5); although it was not powered 

for statistical analysis. 

 

Histological verification of infusion sites in rodents. The position of cannula tips is 

indicated in Figure 1.6B with representative photomicrographs showing localization of an 
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injection site within SNpr (1.6C, see Methods for further details). Data from Figure 1.6B 

are plotted on open source Swanson Brain Atlas coronal slices 126. Histological 

assessment was performed blinded to behavioral data.  

 

Unilateral and bilateral infusion of muscimol into substantia nigra pars reticulata 

impairs prepulse inhibition in rodent. Of the 10 animals with correct cannula 

placement, 2 animals were excluded because they displayed no or negative prepulse 

values under control conditions (i.e., no drug present). The decision to remove these 

animals was made blind with respect to their performance under muscimol-infused 

conditions and was an a priori planned exclusion criterion that we have previously utilized 

in prepulse inhibition studies 57. The data from the remaining 8 animals were used for 

further analyses. The effects of both unilateral and bilateral muscimol infusion into SNpr 

(1 nmol muscimol) on PPI are shown in Figure 1.7A. Under control (saline-infused) 

conditions, PPI increased as a function of increasing prepulse intensity; this is consistent 

with prior reports 57,127. Muscimol (1 nmol) infused unilaterally into the SNpr resulted in a 

significant decrease in prepulse inhibition at all prepulse intensities when compared 

within-subject to a saline-infused baseline. Muscimol (1 nmol) infused bilaterally into the 

SNpr resulted in a significant decrease in prepulse inhibition at prepulse intensities of 8 

and 12 above background when compared within-subject to saline-infused baseline. A 

two-way ANOVA with drug and prepulse intensity as within-subject variables yielded a 

main effect of drug (F2,14=5.7, P=0.015, η2
p=0.609), a main effect of prepulse intensity 

(F2,14=15.7, P=0.0003, η2
p=0.474) but no drug by prepulse intensity interaction (F4,28=1.6, 

P=0.2, η2
p=0.185). Pair-wise comparisons (Holm-Šidák adjusted) showed a significant 
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difference between saline and muscimol infusion at each of the tested prepulse intensities 

for unilateral injection (PP4, P=0.0183; PP8, P=0.0087; PP12, P=0.0156). Pair-wise 

comparisons (Holm-Šidák adjusted) of bilateral infusions showed a significant difference 

between saline and muscimol at two of three prepulse intensities (PP4, P=0.9786; PP8, 

P=0.0230; PP12, P=0.0156).  

The effects of muscimol infusion in SNpr on baseline auditory startle response (ASR) are 

shown in Figure 1.7B. The pattern of response was equivalent to the monkey experiment. 

There was no significant change in baseline ASR under muscimol-infused conditions in 

either unilateral or bilateral infusions, however this trended toward statistical significance 

and infusion status accounted for 33.8% of the variability (one-way ANOVA comparing 

each group to saline, F1.4,9.6=3.6, P=0.08, η2
p=0.338). 

 

1.4 Discussion 

Here, I report a striking difference in PPI responses following pharmacological inhibition 

of SNpr in rhesus macaques as compared to rats (Fig 1.4 and 1.7). Microinfusion of the 

GABAA receptor agonist, muscimol, into the rodent SNpr resulted in a significant decrease 

in PPI of the auditory startle response. By contrast, microinjection of muscimol 

significantly enhanced PPI in the monkey. These data underscore that despite the high 

degree of conservation of both this behavior and overall basal ganglia architecture, 

significant functional divergence also exists between these species.  

My findings in rats are consistent with a prior report using lesions,112 despite two 

notable methodological differences from the present study. First, the excitotoxic lesions 

used by Koch and colleagues damaged both SN reticulata and compacta. In the present 
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study, site targeting was restricted to SNpr as confirmed by both behavioral changes 

induced by drug administration and post-mortem histology. Second, I transiently 

suppressed activity in SNpr through focal drug infusion rather than permanent excitotoxic 

lesions. Transient inactivation offers the advantage of each subject acting as its own 

control and circumvents post-lesion neuronal plasticity. Given that my present findings 

are congruent with previously published data, I suggest that damage to SNpr was likely 

sufficient to account for the deficits Koch et al. observed. 

It should be noted that several rodent studies have shown differences in drug 

effects on PPI between mice and rats, for example divergent effects of D1/D2 agonists 

across these species 60 and strain- and dose-dependent effects of these drugs 128. 

Additionally, one cross-species comparative study failed to translate ketamine-induced 

PPI deficits from rats to humans 129. However, the present study is, to my knowledge, the 

first circuit-level species difference reported for prepulse inhibition.  

Few studies have been published investigating PPI in monkeys; of those, most 

used systemic drug administration and were not focused on circuit-level manipulations 

63,65,121,122,130. The only prior study to investigate PPI circuitry in primates used excitotoxic 

lesions in capuchin monkeys to evaluate the contribution of the superior colliculus 66. 

Capuchin monkeys are a New World monkey species, whereas the rhesus monkeys used 

in the present study are Old World species. In their experiment, Saletti et al. subjected 2 

male capuchin monkeys to ibotenic acid lesions of the superior colliculus; post-lesion 

sensorimotor gating experiments showed a significant decrease in PPI. They found that 

while there was no significant change in startle amplitude between the sham and lesioned 

animals, there was a significant reduction in PPI. In a pilot test (n=1, animal NO), I also 
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showed a trend towards a decrease of PPI following a bilateral microinfusion of muscimol 

into DLSC (Appendix A.1). 

Similar to the findings in capuchin monkeys, lesions of superior colliculus in rats 

reduces prepulse inhibition 67. Activation of the superior colliculus, by contrast, produces 

the opposite response. Electrical stimulation of superior colliculus can serve as a prepulse 

to reduce auditory startle responses 131; similarly, focal blockade of GABAA receptors in 

superior colliculus facilitates PPI 132. Thus, prepulse inhibition of the auditory startle 

response can be bidirectionally modified by activity within the superior colliculus. These 

findings may be of particular relevance to the present study as the major source of 

inhibitory input to the superior colliculus is the nigrotectal pathway, originating in 

substantia nigra pars reticulata 78,79,133,134. Neurons in the SNpr display high tonic firing 

rates and pauses in the firing of SNpr neurons are associated with disinhibition of neurons 

in the superior colliculus 135,136. 

In isolation, one might expect that inhibition of the SNpr, which disinhibits superior 

colliculus, would result in a facilitation of PPI. However, both the prior lesion study in SNpr 

and my present findings using drug inactivation methods in rodents resulted in decreased 

PPI. Again, this differs from the primate, where inhibition of SNpr facilitated PPI. However, 

the nigrotectal pathway does not exist in isolation. Indeed, neurons in the SNpr also 

project to many targets, including parafascicular complex, globus pallidus internus (in rats 

the entopeduncular nucleus, EPN), pedunculopontine nucleus (PPN), and the superior 

colliculus 78,79,83,137.  

Focal manipulation of brain regions that receive inhibitory input from the SNpr 

produces variable effects on PPI. For example, high frequency electrical stimulation of 
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centromedian parafasicular complex results in enhanced PPI, as does deep brain 

stimulation (DBS) of EPN 138. However, these studies were performed in rats selected for 

low PPI expression and the degree to which stimulation produced activation or 

depolarization block is unknown. The PPN, due to neurochemical heterogeneity, has 

been a difficult target for study. Non-selective lesions or focal injection of GABA agonist 

impair PPI 110,139,140. Destruction of cholinergic neurons, which project to the caudal 

aspect of the pontine reticular nucleus (PnC), a well described obligatory relay station in 

the primary startle pathway, has produced either impairments or no effects depending on 

test parameters 38. Interestingly, focal blockade of GABAB receptors in PPN resulted in 

impaired PPI 140. Thus, either excess inhibition or disinhibition of PPN can disrupt PPI. In 

contrast to the effects observed in other nigral target regions, increased activity within the 

deep and intermediate layers of the superior colliculus (DLSC) is associated with 

increased PPI, and decreased activity is associated with decreased PPI. Activation of 

DLSC may facilitate PPI through direct projections to raphe nucleus; activation of 

serotonin receptors within raphe nucleus has been shown to reverse amphetamine-

induced PPI deficits 141. Additionally, DLSC has direct projections to PnC 72,142,143. 

In rodents, inhibition of the SNpr is expected to modulate activity in all of nigral 

target regions, as neurons in SNpr are collateralized with projections from a single neuron 

terminating in thalamus, PPN, and DLSC (Figure 0.2 from Introduction) 80. Given the 

divergent effects each of these target regions has on PPI, the net result of inhibition of 

SNpr is unlikely to mirror the effects of activation of any individual efferent structure. This 

differs from the organization of SNpr in monkeys. In the non-human primate, segregated 

populations of cells within the SNpr project independently to each of these downstream 
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targets, with minimal collateralization 78,79,83,144. Thus, there is a clear functional 

topography within the macaque SNpr that is not observed in non-primate species. A 

previous study from my lab demonstrated that inhibition of restricted sites within the SNpr 

produced cervical dystonia, an effect that was normalized by inhibition of DLSC 97. Other 

sites within SNpr produced either quadrupedal rotations or limb dyskinesias 87. Of note, 

rotational behavior and dyskinesias, but not cervical dystonia, can also be evoked by 

inhibition of the internal segment of the globus pallidus (GPi) 145. While GPi and SNpr 

share the majority of their projection targets, GPi does not project to the DLSC. Thus, my 

monkey injection sites targeting SNpr contain putative DLSC-projecting neurons. 

Microinfusion of muscimol into this population of SNpr neurons is expected to disinhibit 

DLSC but not PPN, which remains tonically inhibited by GABAergic projections from other 

regions of SNpr 83. Consistent with this hypothesis, the animals in my study that showed 

short latency to cervical dystonia also displayed the greatest enhancement in PPI. A way 

of testing the necessity of SNpràDLSC projecting neurons during PPI in the monkey 

would be to employ a dual-infusion paradigm, wherein GABA agonist muscimol is 

microinfused into both the SNpr and DLSC. A normalization of the PPI behavior would 

indicate that the effect of SNpr inactivation is occurring via the DLSC projecting neurons. 

Similarly, this hypothesis may be tested in rodents using another advanced approach, 

chemogenetics (ex. designer receptors exclusively activated by designer drugs, 

DREADDs). Following implantation of DREADDs into the SNpr and a cannula into the 

DLSC, administration of the DREADD-activating drug clozapine-n-oxide (CNO) directly 

to the SNpr projections terminating in DLSC will selectively inhibit the effects of SNpr on 

DLSC but not on structures receiving collaterals (i.e. PPN).  
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While speculative, differences in functional anatomy shown here may provide an 

explanation for the opposing effects of SNpr inhibition on PPI across species. These data 

provide the first direct comparison of circuit-level contributions to PPI across species. 

Despite the conservation of this reflex between rodents and monkeys, I observed a 

striking difference in the role of SNpr. These data underscore the importance of cross-

species circuit characterization and caution against simple extrapolation from the rat to 

the primate, even for highly conserved behaviors. 
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Sensorimotor gating deficit after lesions of the superior colliculus.
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Figure 1.1 Localization of substantia nigra pars reticulata infusion sites in monkey. 

A, Schematic of cranial implant placement on macaque. B, MR image (animal YO) 

following infusion of gadolinium (5 mM, 1 µl) into the medial SNpr. White area shows 

hypersignal (3 mm in diameter) indicating diffusion of the 1 µl volume 60 min after infusion. 

The dashed area outlines an area surrounding the effective gadolinium infusion site. MUS 

infused in this site in SNpr evoked motor response indicated in Table 1.1. C, Coronal 

planes from the Rhesus Macaque “Red” Symmetrical Brain Atlas (Laboratory of 

Neuropsychology, NIMH) showing SNpr (ventral dashed ellipses) as measured by 

distance from the interaural plane: anterior (+9.0mm), central (+8.0mm), and posterior 

(+7.0mm). Solid symbols indicate infusion sites for each animal; dose of MUS 

administered was 9 nmol in 1 µl for all animals. The sites were reconstructed from in vivo 

MRI, postmortem MRI, or histology for all animals (SL, AB, TH, NO, and YO). D, Three 

representative images (animals YO, TH, and AB) showing tungsten electrodes placed in 

SNpr during in vivo MRI, needle tracts indicating infusion sites in postmortem high-

resolution MRI, and Nissl-stained histology. In the in vivo images, electrodes were placed 

dorsal to the SNpr and coordinates were adjusted prior to experimental drug infusions. 

Images correspond to their respective planes in C. The red arrows point to the tips of 

cannula tracts in both postmortem and histological images. LGN, lateral geniculate 

nucleus; SNpr, substantia nigra pars reticulata; III, third ventricle. 
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Figure 1.2 Psychophysics of startle and prepulse inhibition in monkey. A, 

Schematic of testing box used for primate studies. The animal sits in a primate chair which 

is attached at the base to a 50 kg load cell (in red). A speaker attached to the ceiling of 

the chamber produces the noise stimuli (in blue). B, “Pulse Alone” was analyzed from 

Sham and Saline trials to determine stability of startle reflex over time. Data are from all 
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monkeys included in PPI drug infusion studies. C, PPI was measured at prepulse 

intensities of 4 and 8 above background noise to determine optimal inter-stimulus interval 

(ISI). 50 ms onset-to-onset was chosen for PPI studies as it produced the least variability 

between animals. The individual values for each animal are plotted as symbols that 

correspond to those plotted in Figure 1.1. Hexagonal marker represents animal LO, a 

pilot animal that was not included in subsequent PPI studies. Error bars = +/- SEM. 
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Figure 1.3 Average pulse response in monkey. Startle response to the noise stimuli 

when they were delivered by themselves (Pulse), or following a prepulse (4, 8, 12 dB). 

Data are from all monkeys included in PPI drug infusion studies. Error bars = +/- SEM.  
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Figure 1.4 Prepulse inhibition is augmented by muscimol in substantia nigra pars 

reticulata (A) with no change to auditory startle response (B) in monkey. A, Increase 

in percent inhibition (+/- SEM) across prepulse intensities. The individual values for each 

animal are plotted as symbols that correspond to those plotted in Figure 1.1. B, Average 

of startle alone responses during PPI testing, data are same as Fig 1.3. * = PP4, 

P=0.0046; PP8, P=0.0009; PP12, P=0.0046 (Holm-Šidák adjusted) compared with 

baseline. 
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Figure 1.5 Prepulse inhibition is augmented by bilateral muscimol in substantia 

nigra pars reticulata in monkey. Increase in percent inhibition (+/- SEM) across 

prepulse intensities. The individual values for each animal are plotted as symbols that 

correspond to those plotted in Figure 1.1.  
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Figure 1.6 Localization of substantia nigra pars reticulata infusion sites in rat. A, 

Schematic of testing box used for rodent studies. The animal is placed in a narrow tube 

which is attached at the base to accelerometer (in red). A speaker attached to the ceiling 

of the chamber produces the noise stimuli (in blue). B, SNpr cannula placement. “X” 

indicates location of cannulae from animals used for data analysis. Data are plotted on 

open source Swanson Brain Atlas 126. C, Representative photomicrograph showing 

cannula placement in SNpr. Outline (dotted lines) shows anatomical boundaries of SNpr. 

Arrowhead indicates cannula tract. 
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Figure 1.7 Unilateral infusion of muscimol in substantia nigra pars reticulata 

impairs prepulse inhibition in rat. A, Prepulse inhibition as a function of prepulse 

intensity after infusion of saline (grey) or MUS unilaterally (blue) and bilaterally (dark blue) 

in SNpr. * = significantly different than saline-infused control, Unilateral: PP4, P=0.0183; 

PP8, P=0.0087; PP12, P=0.0156; Bilateral: PP4, P=0.9786; PP8, P=0.0230; PP12, 

P=0.0156 (Holm-Šidák adjusted). B, ASR after infusion of saline (grey) or MUS 

unilaterally (blue) and bilaterally (dark blue) in SNpr. Error bars = +/- SEM. 
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Table 1.1. Motor behaviors observed during unilateral substantia nigra pars  

reticulata inactivation with muscimol in monkey. 

Short latency = within 1 min of entering testing cage. Number of infusions is given in 

parenthesis under “Injected Hemisphere” column. 

  

++, behavior observed with short latency; +, behavior observed; -, behavior not observed; nd, not determined

Table 1.1

Monkey Injected 
Hemisphere (#)

Contraversive 
Rotation

Body
Lean

Leg
Dyskinesia

TH

NO

YO

AB

SL

L(3) + + +

L(3) + - -

L(3) ++ + -

L(3) ++ nd nd

L(4) ++ - -

Head 
Tilt
+

-

++

++

+

Table 1.1  Motor behaviors observed during unilateral SNpr inactivation with MUS in monkey.
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Chapter II. Inhibition of the amygdala produces divergent 

effects on sensorimotor gating in rats and monkeys. 

 

2.1 Introduction  

In the previous chapter, I described the behavioral phenomenon of prepulse inhibition 

(PPI) of the auditory startle response. This reflex-like behavior occurs as a result of 

network dynamics in the brain and may be influenced by functional changes in many 

different structures. In Chapter 1, I focused on a basal ganglia output nucleus, the 

substantia nigra pars reticulata (SNpr), its contribution to PPI, and species-specific 

differences between rodents and primates. However, there are many compelling 

structures within PPI circuitry whose roles have yet to be elucidated; in fact, PPI is likely 

mediated by multiple pathways. After observing facilitation of PPI from inactivation of 

primate SNpr in Chapter 1, I decided to extend my studies into another structure 

associated with PPI modulation, the amygdala.  

The amygdala, or amygdala complex, are a group of nuclei within the temporal 

lobe associated with autonomic, olfactory, and frontotemporal processing, in addition to 

memory and emotional processing 146. The lateral, basal and accessory basal (AB) nuclei 

are referred to as the "basolateral complex of the amygdala" (BLA). The amygdala 

contains input (central, CeA) and output (basolateral, BLA) nuclei, each functioning both 

discretely and also as a part of the amygdala complex as a single structural entity 147. 

While contributions of BLA to PPI have yet to be studied in monkeys, circuit modulation 

of BLA in rats has been studied extensively (Figure 0.3). The amygdala has been shown 

to play a crucial role in PPI in rodents, with both lesions 53,54 and pharmacological 
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manipulations 54,55,57 reporting disrupted PPI. Of these studies, investigators have zeroed 

in on the BLA as a key nucleus in rat 54,56,148. In rats, projections from BLA to the ventral 

pallidum (VP) have been identified as important in the mediation of BLA-dependent PPI 

regulation 41,43,57,149. In a study from my lab in 2012, Forcelli et al. reported that inactivation 

of BLA with muscimol in rats disrupted PPI; however, when BLA is inactivated concurrent 

with VP inactivation, PPI behavior is normalized 57. These data suggest that function of 

both BLA and VP are crucial to normal PPI behavior. Additionally, the role of rodent 

nucleus accumbens (NAcc) has been studied extensively in PPI, as it is the source of 

dopaminergic projections that are sensitive to PPI disruption 42,45. In their paper, Forcelli 

et al. hypothesize that the nucleus accumbens (NAcc) is a critical structure within this 

circuitry, as it receives major excitatory input from BLA, sends strong inhibitory projections 

to VP 150, and has been established independently as a modifier of PPI.  

Here, I used multiple methods to extend knowledge of the role of BLA in PPI from rats 

into monkeys, and to build upon current knowledge in rats. In the primate, I hypothesized 

that inactivation of BLA would result in disrupted PPI, as had been illustrated in rats 57. I 

microinjected the GABAA receptor agonist muscimol bilaterally into the amygdala and 

evaluated PPI. I show that inactivation of amygdala resulted in a facilitation of PPI, similar 

to my findings in Chapter 1. In the discussion, I hypothesize that this finding may be 

attributed to cannula placement, which was localized to AB rather than BLA during post-

mortem tissue analysis. In the rat, I hypothesized that the disruption of PPI seen in 

previous BLA experiments was mediated by NAcc. Here, I performed circuit dissection by 

employing chemogenetics in two different approaches: Experiment 1: expressing pan-

neuronal Gi-DREADDs (inhibiting) in BLA and Experiment 2: expressing BLAàNAcc 
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pathway-specific kappa-opooid receptor DREADDs (KORDs, inhibiting), each followed 

by PPI assessment in the presence of activating drugs. Here, I observed that inactivation 

of BLA using Gi-coupled DREADDs in Experiment 1 resulted in a trend toward disruption 

of PPI. However, restricting the DREADD expression to the BLAàNAcc direct pathway 

in Experiment 2 resulted in a significantly stronger disruption.  

 

2.2 Materials and methods 

All experiments were conducted in accordance with the Georgetown Animal Care and 

Use Committee guidelines. 

 

Non-human primate studies 

All non-human primate methodology details are described in Chapter 1. 

 

Subjects. Four male rhesus macaques (Macaca mulatta) were used in this study (TH, 

NO, AB, YO).  

 

Control behaviors. Prior to initiating PPI experiments, each injection site within the 

amygdala was examined for effects on social behavior, as a positive control. Each animal 

was microinjected with muscimol (9 nmol, 1 µl) bilaterally into amygdala and observed for 

changes to social behavior, specifically increased contact with conspecific and solicitation 

of grooming. Only animals that exhibited this change in behavior were used for 

inactivation studies.  
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Experimental design and statistical analysis. To evaluate the role of amygdala in 

sensorimotor gating in macaques, I measured PPI as described in Chapter 1 (Figure 

1.2A). Manipulations were performed on a within-subject basis, with each animal 

receiving both saline and muscimol infusions. GraphPad Prism was used for data analysis 

and figure preparation. PPI was calculated as described in Chapter 1. Outliers were 

removed from data by performing a ROUT test (Q=10%) individually on each session. 

Data were analyzed via a two-way analysis of variance (ANOVA) with prepulse intensity 

and drug treatments as within subject factors. The Greenhouse-Geisser correction for 

violations of sphericity was applied. Holm-Šidák corrections were applied to all planned 

comparisons to examine individual main and interaction effects. In addition to PPI 

analyses, I compared changes in ASR as a result of drug treatment. Mean ASR during 

pulse-alone trials was calculated for each animal during both saline and muscimol 

experiments and compared using a paired, two-tailed Student’s t-test. 

 

Rodent studies 

ASR and PPI set-up, protocol, and analysis described in Chapter 1. All methodology is 

the same, except for prepulse intensity (whereas I used 4, 8, 12 dB above background in 

Chapter 1, here I use 3, 6, 9, 12 dB above background). Below, I will report differences in 

experimental design including surgical infusion of viruses containing DREADDs. 

 

Subjects. Behavioral testing was conducted with 20 male Long Evans rats (Charles 

River) weighing approximately 180-200 g at the start of the study. Animals were housed 

in a temperature-controlled vivarium (22 °C) at Georgetown University Medical Center 
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and maintained on a standard 12 h light-dark cycle (lights on 0600–1800 h). All 

manipulations were performed in the light phase. All procedures were completed with 

approval from the Georgetown University Animal Care and Use Committee and in 

accordance with AALAC recommendations and the Guide for Care and Use of Laboratory 

Animals. 

 

Stereotaxic surgery. Rats were anesthetized, placed in the stereotaxic frame, and 

prepared for surgery as described in Chapter 1. Coordinates for the basolateral amygdala 

(BLA) and nucleus accumbens (NAcc) were derived from the atlas of Paxinos and Watson 

with animals positioned in the skull-flat plane 125. Viral injections took place according to 

previously published methodology from my lab 124. 

For the Experiment 1 (schematic in Fig 2.4A), rats were injected unilaterally with 

1.0 µl of adenoassociated virus [rAAV8-hSyn-hM4D(Gi)-mCherry from the UNC Vector 

Core, Chapel Hill, NC]. Virus was injected into the BLA [AP -2.7, ML ±5.0, DV -7.0 below 

dura, skull plane flat]. 

For Experiment 2, (schematic in Fig 2.6A), rats were injected unilaterally with 1.0 

µl of adenoassociated virus [rAAV2-hSyn-dF-HA-KORD-IRES-mCitrine from the UNC 

Vector Core, Chapel Hill, NC] in BLA and 1.0 µl of adenoassociated virus [rAAV8-Ef1a-

mCherry-IRES-WGA-Cre from the UNC Vector Core, Chapel Hill, NC] in NAcc. Virus was 

injected into BLA [AP -2.8, ML ±5.0, DV -7.5 below dura, skull plane flat] and NAcc [AP 

+1.8, ML ±-1.6, DV -6.8 below dura, skull plane flat] 125. Unlike in Experiment 1, the KORD 

used in Experiment 2 is cre-dependent; thus, the WGA-Cre delivered to NAcc limits 

expression of KORD to cell bodies within BLA that have terminals in NAcc. Viruses was 
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delivered using a 30-gauge dental needle connected via tubing to a Hamilton syringe 

(Sigma Aldrich). Infusions were controlled by a syringe pump (New Era, Farmingdale, 

NY) set to deliver virus at a rate of 0.2 µl/min. The injection needle was left in place for at 

least 5 minutes after the completion of infusion to allow for viral diffusion and avoid reflux 

up the needle tract. Following surgery, rats were given carprofen (5 mg/kg, s.c.) as an 

analgesic, 1 ml warm normal saline (s.c.) to maintain hydration and placed on a heating 

pad to maintain body temperature until they fully recovered from anesthesia. 

 

Intraperitoneal drug injections. For Experiment 1, Clozapine-N-Oxide (CNO) (RTI; 

NIMH Chemical Synthesis Program, Washington, DC) was dissolved at a concentration 

of 5 mg/ml in 5% Dimethyl Sulfoxide (DMSO) in normal saline (Sigma-Aldrich). CNO was 

administered at a dose of 5 mg/kg, i.p. An equal (matched) volume of vehicle (saline with 

5% DMSO) was given for each dose of CNO on a separate test day. For Experiment 2, 

Salvinorin B (Sal B) (RTI; NIMH Chemical Synthesis Program, Washington, DC) was 

dissolved at a concentration of both 30 and 15 mg/ml in 100% DMSO in normal saline 

(Sigma-Aldrich). Sal B was administered at doses of 30 and 15 mg/kg, i.p. An equal 

(matched) volume of 100% DMSO was given for each dose of Sal B on a separate test 

day. 

 

Histology. Perfusion occurred as described in Chapter 1. Following cryoprotection, 

microscopic examination was performed to verify viral expression in the BLA and NAcc 

according the atlas of Paxinos and Watson 125. Data in Figure 2.5 show representative 

expression in an animal from Experiment 1. Viral expression site verification resulted in 
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the exclusion of the data from 1 animal in Experiment 1, with either no expression or 

expression falling outside of the boundaries of the BLA. Histological verification of viral 

expression was unsuccessful in Experiment 2; details discussed in Results section. 

 

Experimental design and statistical analysis. To evaluate the role of BLA in 

sensorimotor gating in rats and primates, I measured prepulse inhibition of the whole-

body auditory startle response as described in Chapter 1. Manipulations were performed 

on a within-subject basis, with each animal receiving both saline and drug infusions (in 

Experiment 1, CNO; in Experiment 2, Sal B). GraphPad Prism was used for data analysis 

and figure preparation. Prepulse inhibition was defined as [1–(startle amplitude on 

prepulse trials/startle amplitude on pulse alone trials)] × 100. Data were analyzed via a 

two-way analysis of variance (ANOVA) with prepulse intensity and drug treatments as 

within subject factors. Holm-Šidák corrections were applied to all planned comparisons. 

In addition to PPI analyses, I compared changes in ASR as a result of drug treatment. 

Mean ASR during pulse-alone trials was calculated for each animal during both saline 

and muscimol experiments and compared using a paired, two-tailed student’s t-test. 

 

2.3 Results 

Non-human primate studies 

Verification of infusion sites in non-human primate. Infusion site verification is shown 

in Figure 2.1. The position of electrodes from the in vivo scans closely correspond to the 

localization of the cannulae tracts from postmortem MRI scans and histological 

reconstruction. Histological analysis confirmed localization of infusion cannulae to the 
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accessory basal (YO, NO, TH) and lateral (AB) nuclei. Representative MR images and 

photomicrographs are shown in Figure 2.1B.  

 

Bilateral infusion of muscimol into amygdala impairs prepulse inhibition in 

macaques. To determine if bilateral pharmacological inhibition of BLA would be sufficient 

to impair PPI in monkeys, I performed focal infusions of muscimol or saline into the 

amygdala of 4 macaques. Each animal received at least 3 drug infusions, with NO 

receiving 6 infusions. No significant differences in startle amplitude were seen between 

sham/saline and muscimol conditions (Fig 2.2). Under control (saline-infused) conditions, 

animals displayed increasing PPI as prepulse magnitude increased (Fig 2.3A). Muscimol 

(9 nmol) infused bilaterally into the amygdala resulted in a significant increase in prepulse 

inhibition when compared within-subject to a saline-infused baseline. A two-way ANOVA 

showed a main effect of drug treatment (F1,3=33.06, P=0.01), but not of prepulse intensity 

(F2,6=1.337, P=0.33), and no interaction between drug treatment and prepulse intensity 

(F26=1.1416, P=0.31). Holm-Šidák corrected planned comparisons revealed a significant 

increase in PPI following muscimol infusion at each of the tested prepulse intensities 

(Figure 2.3A, PP4, P=0.0360; PP8, P=0.2155; PP12, P=0.0360).  

Baseline auditory startle response (ASR), measured as the average response on 

pulse-alone trials, was not altered following muscimol infusion into amygdala (Figure 

2.3B, paired Student’s t-test, t=0.7610, df=3, P=0.50). 
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Rodent studies 

Histological verification of DREADD expression in rodents. For Experiment 1, 

representative expression of virus within BLA and BLA terminals within NAcc is shown in 

representative photomicrograph (Fig 2.5). In Experiment 1, for endogenous mCherry 

visualization, slides were washed 3 × 5 min in tris buffered saline followed by 

counterstaining with DAPI (200 ng/ml in tris buffered saline). Slides were coverslipped 

with FluoroGel and sealed with clear coat nail polish. Histological assessment was 

performed blinded to behavioral data. Histological verification of viral expression was 

unsuccessful in Experiment 2; both detection of endogenous expression of mCitrine tag 

on KORD receptor and immunohistochemistry targeted at mCitrine tag (1º Anti-Alexafluor 

488, Rb IgG, 1:1000 Life Technologies) were unsuccessful. 

 

Unilateral activation of hM4Di in basolateral amygdala does not affect prepulse 

inhibition in rodents. In Experiment 1, of the 9 animals with correct virus placement, 2 

animals were excluded because they displayed no or negative prepulse values under 

control conditions (i.e., no drug present). The decision to remove these animals was made 

blind with respect to their performance under CNO conditions and was an a priori planned 

exclusion criterion that I have previously utilized in prepulse inhibition studies 57. The data 

from the remaining 7 animals were used for further analyses. The effects of i.p. injection 

of 5 mg/kg CNO on PPI are shown in Figure 2.4A. Under control (saline-infused) 

conditions, PPI increased as a function of increasing prepulse intensity; this is consistent 

with prior reports 57,127. CNO injection resulted in a trend toward decreased PPI at all 

prepulse intensities when compared within-subject to a saline-infused baseline. A two-
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way ANOVA with drug and prepulse intensity as within-subject variables yielded a main 

effect of prepulse intensity (F3,18=6.953, P=0.0026), but not of drug (F1,6=2.150, 

P=0.1929) and no drug by prepulse intensity interaction (F3,18=0.0598, P=0.9802). Pair-

wise comparisons (Holm-Šidák adjusted) showed no significant difference between saline 

and muscimol infusion at each of the tested prepulse intensities for CNO injection. 

However, differences were seen when both groups were collapsed across prepulse 

intensities (paired Student’s t-test, t=10.87, df=3, P=0.0017). 

The effects of CNO injection on baseline auditory startle response (ASR) are 

shown in Figure 2.4C. There was no significant change in baseline ASR under CNO 

injected conditions (paired Student’s t-test, t=0.1321, df=6, P=0.8992). 

 

Unilateral activation of basolateral amygdala to nucleus accumbens pathway-

specific kappa opioid receptor DREADD disrupts prepulse inhibition in rodent. In 

Experiment 2, the effects of i.p. injection of 15 and 30 mg/kg Sal B on PPI are shown in 

Figure 2.6B. Under control (DMSO-infused) conditions, PPI increased as a function of 

increasing prepulse intensity; this is consistent with prior reports 57,127. Sal B injection 

resulted in decreased PPI at prepulse intensities of 3, 6, and 12 when compared within-

subject to a DMSO-infused baseline. A two-way ANOVA with drug and prepulse intensity 

as within-subject variables yielded a main effect of prepulse intensity (F3,27=21.43, 

P<0.0001) with a strong trend toward effect of drug (F2,18=3.367, P=0.0573) and no drug 

by prepulse intensity interaction (F6,54=0.8646, P=0.5268). Pair-wise comparisons (Holm-

Šidák adjusted) showed a significant difference between DMSO and Sal B 15 mg/kg at 
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prepulse intensities of 3, 6, and 12, however no significant differences between DMSO 

and Sal B 30 mg/kg were observed. 

The effects of Sal B injection on baseline auditory startle response (ASR) are 

shown in Figure 2.6C. There was a change in baseline ASR under Sal B 15 mg/kg injected 

conditions (paired Student’s t-test, t=4.181, df=8, P=0.0031), but not between DMSO and 

Sal B 30 mg/kg (paired Student’s t-test, t=0.0063, df=8, P=0.9951). 

 

2.4 Discussion 

Here, I report a difference in PPI responses following pharmacological inhibition of 

amygdala in rhesus macaques as compared to rats. Surprisingly, bilateral microinjection 

of muscimol into amygdala significantly enhanced PPI in the monkey. In contrast, rodent 

studies revealed that unilateral manipulation of the BLAàNAcc pathway using DREADDs 

resulted in a significant decrease in PPI, however general manipulation of BLA using pan-

neuronal DREADDs showed no effect.  

Following transient amygdala inactivation studies in macaques, I present no 

change to baseline startle amplitude and a facilitation of PPI. My results showing no 

change to baseline startle amplitude are in contrast with rodent studies, where others 

have shown both enhanced and attenuated startle amplitude following manipulation of 

BLA 54,57,151. Effects of increased startle magnitude reported by Fendt et al. were both 

neurotransmitter-dependent (they used non-competitive GABAA channel blocker 

picrotoxin) and dose-dependent (5 ng of picrotoxin significantly disrupted PPI, but not 

baseline startle amplitude) 55. Additionally, I report a facilitation of PPI by amygdala 

inactivation, a finding that differs from published rodent data. However, output anatomy 
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of the specific subregion targeted within the amygdala may account for these effects. 

Here, it appears as though the basal accessory nucleus (AB) of the amygdala is being 

targeted in three of the four cases (AB is targeted to lateral nucleus). Although the BLA 

is a complex of many nuclei, the specific subregion critical for normal PPI function has 

not been determined. 

Anatomically, the BLA is a complex containing lateral, basal, and basal accessory 

subregions. The lateral nucleus receives input from temporal, entorhinal, orbitofrontal 

cortices, and posterior thalamus and primarily projects to other amygdala nuclei; it does 

not contain significant projections from other amygdaloid nuclei 146. The basal nucleus 

receives a major projection from the lateral nucleus of the amygdala 152, with light input 

from AB, and projects to other nuclei within the amygdala as well as hypothalamus and 

nucleus basalis of Meynert 153. The AB receives many inputs from nuclei within amygdala, 

parabrachial nucleus, and thalamic relays; AB projects to many cortical and subcortical 

structures, including frontal cortex, hippocampus, and hypothalamus. Importantly, while 

the AB projects to VS in rodents, it does not contain these projections in macaque 153–155. 

As previously stated, there is strong evidence to suggest that BLA influence on PPI is 

NAcc-dependent in rodents. Here, it is likely that NAcc (potentially a critical relay for BLA 

modulation of PPI) was unaffected because AB projections do not target ventral striatum, 

thus no disruption in PPI was detected.  

In rodent Experiment 1, my findings that BLA inactivation using hM4Di disrupt PPI 

trend similarly to prior reports using lesions and intracerebral drug microinfusions 53–55,57, 

however they failed to reach significance. This could be due to a number of factors, 

including BLA site-specificity. The injection sites were large and exceeded the boundaries 
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of BLA, in some cases spilling over into cortical areas including piriform cortex, layer 2 

and layer 3 of cortex. Activation of these adjacent areas could account for the non-specific 

response. Additionally, intrinsic strength of DREADD inhibition must be taken into 

account; whereas a unilateral microinfusion of drug may be sufficient to disrupt PPI, as 

was evoked in the Forcelli et al. 2012 paper, the unilateral DREADD approach may be 

insufficient to disrupt the behavior. Supporting this interpretation, expression of the 

DREADDs does not appear to be homogenous throughout the BLA, and in fact large 

areas within BLA lack expression of DREADD.  

In rodent Experiment 2, the pathway specific strategy designed to impact only 

BLAàNAcc projections showed a more robust disruption of PPI. At a dose of 15 mg/kg, 

Sal B, the KORD activating drug disrupted PPI at 3, 6, and 12 dB above baseline. This 

effect appears to be trending toward significance with the higher dose (30 mg/kg) of Sal 

B, although it does not reach significance. Additionally, the baseline startle amplitude 

significantly increased in magnitude following injection with 15 mg/kg Sal B. This result is 

similar to findings reported in amygdala lesions 54 and following BLA-targeted infusion of 

dizocilpine (MK-801, NMDA antagonist) 151 or picrotoxin (GABAA antagonist) 55. An 

additional report shows a decrease to startle response following muscimol infusions into 

BLA 57. Histological results from these studies would greatly clarify my findings, as I’d 

used histological verification in Experiment 1 to eliminate animals with misplaced or no 

DREADD expression. Unfortunately, I was unable to optimize histological analysis as it 

appears the fluorescent tag attached to these proteins, mCitrine, is a difficult antigen to 

for targeted immunohistochemistry. With a concerted effort towards optimization, I believe 
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this tool would be a powerful approach to circuit dissection in behavioral neuroscience, 

however it’s use in this case remains inconclusive. 
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Figure 2.1 Localization of amygdala infusion sites in monkey. A, Images from all 

animals used showing tungsten electrodes placed in BLA during in vivo MRI, needle tracts 

indicating infusion sites in postmortem high-resolution MRI, and Nissl-stained histology. 

In the in vivo images, electrodes were placed dorsal to the BLA and coordinates were 

adjusted prior to experimental drug infusions. Images correspond to their respective 

planes in B. The red arrows point to the tips of cannula tracts in both postmortem and 

histological images. Pu, putamen; GP, globus pallidus; OT, optic tract; BLA, basolateral 

amygdala; AB, accessory basal nucleus of amygdala. B, Coronal planes from the Rhesus 

Macaque “Red” Symmetrical Brain Atlas (Laboratory of Neuropsychology, NIMH) 

showing amygdala nuclei (ventral dashed ellipses) as measured by distance from the 

interaural plane: anterior (+16.0mm) and posterior (+14.0mm). Solid symbols indicate 

infusion sites for each animal; dose of MUS administered was 9 nmol per 1 µl for all 

animals. The sites were reconstructed from in vivo MRI, postmortem MRI, or histology for 

all animals (NO, YO, AB, TH). 
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Figure 2.2 Average pulse response in monkey. Startle response to the pulse stimuli 

when they were delivered by themselves (Pulse), or following a prepulse (4, 8, 12). Data 

are from all monkeys included in PPI drug infusion studies. 
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Figure 2.3 Prepulse inhibition is augmented by muscimol in amygdala (A) with no 

change to auditory startle response (B) in monkey. A, Muscimol infusion resulted in 

an increase in percent inhibition (+/- SEM) in prepulse intensities 4 and 12. The individual 

values for each animal are plotted as symbols that correspond to those plotted in Figure 

2.1. B, Average of startle alone responses during PPI testing, data are the same as Fig 

2.2. * = PP4, P=0.0360; PP12, P=0.0360 (Holm-Šidák adjusted) compared with baseline. 
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Figure 2.4 Experiment 1: Effects of unilateral inhibition of basolateral amygdala 

using DREADDs on prepulse inhibition in rat. A, Schematic of DREADD injection site. 

B, PPI as a function of prepulse intensity after intraperitoneal injection of vehicle (grey) 

or CNO (yellow stripe). Although trending, no significant differences were reported 

between CNO and vehicle. However, an effect was found when collapsed across 

prepulse intensities (P=0.0017). C, ASR after injection of vehicle (grey) or CNO (yellow 

stripe).   
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Figure 2.5 Experiment 1: Basolateral amygdala projection to nucleus accumbens 

schematic with representative images. Fluorescent images show endogenous 

DREADD-induced mCherry expression in neuronal cell bodies (BLA, 4x and 20x) and 

BLA-projecting processes and terminals (NAcc, 20x and 40x). White dashed line indicates 

outline of anterior commissure (AC).  
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Figure 2.6 Experiment 2: Effects of unilateral inhibition of basolateral amygdala 

projection to nucleus accumbens using kappa opioid receptor DREADDs on 

prepulse inhibition in rat. A, Schematic of cre-dependent KORD plasmid and injection 

sites. B, PPI as a function of prepulse intensity after intraperitoneal injection of DMSO 

(grey), Sal B 15 mg/kg (blue), or Sal B 30 mg/kg (blue stripe). Pair-wise comparisons 

(Holm- Šidák adjusted) showed a significant difference between DMSO and Sal B 

15mg/kg at prepulse intensities of 3, 6, and 12, however no significant differences 

between DMSO and Sal B 30mg/kg were observed. C, Auditory startle response after 

injection of either vehicle or drug. There was a change in baseline ASR under Sal B 

15mg/kg injected conditions (P=0.0031), but not between DMSO and Sal B 30mg/kg 

(P=0.9951).  
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Chapter III. Genetically epilepsy-prone rats display premorbid 

anxiety-like behaviors and neuropsychiatric comorbidities of 

epilepsy.  

 

3.1 Introduction 

Epilepsy is associated with a variety of neuropsychiatric comorbidities, including both 

anxiety and depression 156,157. Despite the presence of both comorbidities in epilepsy, 

most studies have focused solely on the depression phenotype, resulting in reference to 

anxiety as the “forgotten psychiatric comorbidity” 158. In fact, persons with epilepsy have 

an approximately two-fold increase in prevalence of generalized anxiety disorder 

compared to non-epileptic population 157, which may contribute to reduced quality of life 

159. This underscores the need for further examination of anxiety in epilepsy and 

accentuates the importance of investigating common pathophysiology of both anxiety and 

epilepsy.  

 The etiology of anxiety in epilepsy remains unresolved. I suggest that at least two 

hypotheses can explain the high rate of comorbidity, (1) the pathology and circuit 

disruptions that lead to seizures also lead to the emergence of anxiety, and (2) recurrent 

seizures lead to the emergence of anxiety (for further discussion of the "chicken or egg" 

problem with respect to epilepsy and comorbidities, see Kanner, 2009 160). In the clinic, 

the contributions of these factors are difficult to dissociate, necessitating preclinical 

models in which these features are separable. Here, rodent models of epilepsy provide a 

method for this assessment. In several strains of rats with inherited epilepsies, behavioral 
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comorbidities (most notably depressive-like symptoms) have been reported; these 

include the genetic absence epilepsy rats from Strasbourg (GAERS) 161 and Wistar Albino 

Glaxo/Rijswijk (WAG/Rij) rats 162, all strains that display spontaneous absence seizures. 

However, in these studies, behavior was assessed after the onset of spontaneous 

seizures (i.e., on the background of repeated seizure history), making it impossible to 

dissociate the contribution of ongoing seizure activity and that of underlying genetics. 

Thus, while these data support the hypothesis that seizure activity per se can modulate 

the expression of anxiety-like and depression-like behaviors, they do not directly address 

the role of underlying pathology or genetic predisposition.  

  Acoustically evoked seizure (or audiogenic seizure, AGS) susceptible strains offer 

an opportunity to evaluate the contribution of genetic predisposition to seizures. In these 

models, behaviors can be assessed in animals that have no or minimal seizure history 

100. One strain of interest is the genetically epilepsy-prone rat (GEPR-3) that exhibits 

inherited susceptibility to generalized tonic-clonic seizures. The seizure susceptibility in 

GEPR-3s is associated with a deficit in both noradrenergic and serotonergic signaling, a 

profile similar to humans with depression 163,164. Moreover, I have recently reported 

volumetric alterations in midbrain networks associated with defense and anxiety in GEPR-

3s 101. Finally, casual observations across independent laboratories using the GEPR-3s 

have reported increased aggression and anxiety-like responses to human handling. 

However, no experimental data have been published to confirm or characterize anxiety 

or depression-like comorbidities in this strain.  

 To address these gaps in knowledge, I evaluated the profile of anxiety- and 

depression-like behaviors both in female and male, adult GEPR-3s, as compared to 
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female and male Sprague-Dawley (SD) rats. Despite the prevalence of sex-specific 

differences in neuropsychiatric disorders and the relationship they may have to incidence 

of epilepsy 158,165,166, sex has not been evaluated as a factor in prior studies of epilepsy 

comorbidity in animal models.  

 

3.2 Materials and methods 

Rodent studies 

Subjects. Three-month-old male and female SD rats and GEPR-3s were used (10-12 

per group). These animals were tested on a within-subject basis on the tasks described 

below. SD rats were obtained from Harlan Labs and GEPR-3s were obtained from an 

animal colony maintained at Georgetown University. All animals were housed in a 

temperature/ humidity-controlled room on a 12h/12h light/dark cycle with free access to 

food and water. All efforts were made to minimize the number of animals used in these 

experiments. All experimental procedures were approved by the Georgetown University 

Animal Care and Use Committee and were performed in accordance with the NIH Guide 

for the Care and Use of Laboratory Animals. A caveat of the experimental design is that 

SD animals were acquired externally, whereas GEPR-3s were procured from an internal 

colony. Once they were placed in our animal facilities, every effort was made to treat the 

groups similarly, including frequency of human handling. 

 
Confirmation of audiogenic seizure susceptibility. To ensure penetrance of 

audiogenic seizure (AGS) phenotype, GEPR-3s were tested once for seizures at 

postnatal day 21. GEPR-3s are exposed to an acoustic stimulus (100-110 dB, SPL pure 

tones) that was presented until seizure was elicited (or 60 s if no seizure was observed) 
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167. All GEPR-3s exhibited wild running that evolved into bouncing tonic-clonic seizures. 

A caveat of this methodology is that GEPR-3s are not seizure-naïve; however, they are 

naïve to recurrent seizure activity. Although the animals have been exposed to one 

seizure as a screening test for future susceptibility, it is unlikely that a single seizure can 

account for all subsequent phenotypes. 

 

Behavioral testing 

All behavioral tests were performed consecutively, in the order described below. No more 

than 48 h interval passed between the end of one test and onset of the next. Prior to each 

test day, animals were transported from the vivarium to the testing room. Animals were 

allowed a minimum of 30 min to acclimate to the testing environment prior to initiating 

testing. The test apparatuses were wiped with 70% ethanol solution between consecutive 

animals. Following behavioral testing, male GEPR-3s (n=10) and SDs (n=10) were 

implanted with a single electrode targeted to medial DLSC to evaluate defense responses 

caused by midbrain activation (details below). 

 

Open field test. Open field testing was performed to measure spontaneous activity in 

rodents 168,169. In this test, the desire to explore the novel arena is pitted against the 

species-typical response to avoid open spaces (Fig 3.1A). Animals were placed into a 

Plexiglass enclosure (16” × 16” × 16”, TruScan Arena, Coulbourn Instruments, Whitehall, 

PA) with 775 lux illumination over the center of the arena. A square (8.5” × 8.5”) was 

drawn in the floor of the arena, forming the “inner” portion of the open field. Animals were 

allowed to explore for 10 min, during which total distance traveled and inner/outer entries 
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were recorded using ANYmaze software (Stoelting Co., Wood Dale, IL), as previously 

described 170.  

 

Elevated plus maze. Elevated plus maze (EPM) testing was performed and scored as 

previously described 171,172 using a standard grey rat elevated plus maze (Fig 3.2A, 50 

cm arms, elevated 40 cm off the ground, Stoelting Co., Wood Dale, IL). This test pits the 

desire to explore the novel maze against the species-typical preference to avoid open, 

elevated spaces as compared to enclosed spaces, and has been established as a tool 

for assessment of anxiety in rats 173,174. Testing was conducted under 20 lux red light. 

The test lasted 300 s. The number of arm entries, time spent in open and closed arms, 

head pokes from the closed to open arms, and head dips off the maze from the open 

arms were recorded using ANYmaze software. Head pokes and dips were included as 

an ethological measure, as they have previously been examined in other models of 

epilepsy in the EPM 175,176. 

 

Light-dark transition test. Light-dark transition testing was conducted as I have 

previously described 177,178. As with the EPM, this test pits rats' innate aversion to bright 

areas against their natural drive to explore in response to mild stressors such as a novel 

environment 179. While originally described as a test of anxiolytic sensitivity in mice, this 

task has also been validated in rats 179,180. Rats were placed into a 2-chamber testing 

apparatus (Coulbourn Instruments) with one half exposed to light and the other half 

covered by a black box with an opening in between for animals to transition from light to 

dark (Fig 3.3A). Ambient illumination of the room was 775 lux. Animals are initially placed 
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in the light side of the apparatus facing the door to the “dark” chamber and filmed for 5 

min. Latency to initially cross into the dark side of the apparatus, total time spent in the 

light part of the box, and total crossovers between the light and dark sides were scored. 

Video was recorded via ANY-maze and hand-scored by an observer blinded to sex and 

strain of the animals. 

 

Looming threat test. The looming threat test is modified from prior reports looking at the 

circuitry underlying unconditioned defense responses 181,182. This test measures the 

species-typical reflex response to looming stimuli, i.e., freezing responses. In rodents, 

predators often strike from above, and an expanding visual stimulus thus triggers reflexive 

defense responses. Animals were placed into a transparent chamber (43.5cm high x 18.5 

cm diameter) with a computer screen placed above and a video camera placed beside to 

record changes in behavior (Fig 3.4A). After a 2 min baseline period (solid grey screen, 

23 lux) stimulus presentation was initiated. The stimulus consisted of a black dot which 

expanded from 2 to 20 degrees of visual angle over 250 ms, a stimulus set adopted from 

previous publications 183. After reaching maximum size, the dot remained stable in size 

for 250 ms, and then disappeared. This stimulus was repeated 15 times over a 22 s period 

with a 500 ms inter-stimulus interval. After the stimuli, the grey screen was presented until 

the experiment ends at 3 min; testing was conducted under 20 lux red light. Following 

behavioral testing, the videos were truncated into equivalent length periods (22s each, 

immediately prior to and following administration of the looming stimulus) and manually 

scored for freezing behavior by a blinded observer using the ANYMaze software. 

Freezing was defined as “ceasing” all activity, maintaining an attentive attitude at first, 
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with head raised, eyes open, and body in the same position” 184. See Appendix B for 

further characterization of the Looming Threat Test. 

 

Auditory startle response, startle habituation, and prepulse inhibition. The auditory 

startle (ASR), startle habituation, and prepulse inhibition (PPI) protocols were adapted 

from previous studies (Forcelli et al., 2012). All testing occurred within three sound 

attenuated startle chambers (Fig 1.6A, SR-Lab Startle Reflex System; San Diego 

Instruments, San Diego, CA). The 15 min sessions consisted of a 5-min acclimation 

period with background noise (70 dB SPL), 5 habituating startling stimuli (105 dB SPL; 

40 ms pulse), 2 blocks startling stimuli (93-123 dB SPL, 40 ms pulse), 6 blocks of 

pseudorandom trials containing pulse-alone (105 dB SPL; 40 ms) and prepulse-pulse 

(prepulses: 4, 8, and 12 dB SPL above background noise; 20 ms), and 5-min post-test 

startling stimuli (105 dB SPL; 40 ms pulse). During the prepulse-pulse trials an inter-

stimulus interval of 50 ms (onset to onset) was used. The inter-trial interval ranged from 

15-30 s, randomly selected for each trial. Startle amplitude was defined as the peak 

piezoelectric accelerometer output over a 175 ms period beginning at the onset of the 

pulse stimulus. 

 

Sucrose preference test. The sucrose preference test used in this study was a modified 

version of the test previously described 168. Sucrose preference was measured over 5 

days as followed: 4 consecutive days of 2 h exposure (water ad libitum before and after 

test) and 1 day of 2 h water restriction prior to the 2 h sucrose test. Two bottles were 

available in each cage, one with 200 ml of 1% sucrose (w/v) and the other with 200 ml of 
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tap water (Fig 3.7A). At the end of the 2 h exposure, the bottles were removed; 

consumption was noted, and the animals were returned to their previous housing 

conditions. Preference was measured as follows: total sucrose consumption (ml) / (total 

sucrose consumption (ml) + total water consumption (ml)). 

 

Novel object recognition test. The novel object recognition test (NORT) was a modified 

version of the test previously described by Ennaceur et al., 1988 185,186. Novel object 

recognition test was performed in parallel in 4 enclosures (Fig 3.8A, 16”×16”×16”, 

TruScan Arena, Coulbourn Instruments, Whitehall, PA). In order to standardize the 

salience of the objects, 2 options were printed on a commercial 3D printer (TAZ 6, 

Lulzbot): red cylinder (3.8 cm diameter, 3.5 cm height, untextured) or blue cube (3.5 cm 

base length, 3.5 cm height, textured). Additionally, a set of grey objects were printed for 

test habituation: a half-egg (3.5 cm diameter, 3.5 cm height) and a pyramid (3.5 cm base 

length, 3.5 cm height). The test consisted of habituation, acquisition of novel object, and 

object memory testing. For all testing, objects were placed 20 cm apart, in the center of 

the cage. Rats were placed into the center of the box equidistant from both objects and 

preferences for object were determined. The habituation and acquisition phases of the 

novel-object recognition test were each 5 min long, with a 5 min interval between the 

phases. The memory testing phase was conducted 2 h after acquisition phase and also 

lasted 5 min. The three objects were randomly selected for each animal (habituation 

object: either egg or pyramid; acquisition object: either cube or cylinder; novel object 

during memory test: the object complementary to that not used in acquisition), and the 

cage placement of objects was randomized (left vs right). After each run, objects and 
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boxes were cleaned with 70% (v/v) ethanol to prevent odor cues. Automatic tracking of 

rats was performed with the detection of multiple body points (nose, middle, and tail) of 

the rat using the ANYMaze software. The time when the rat’s nose was 2 cm from the 

object was defined as object exploration. The preference ratio (PR) for each animal was 

calculated from the time spent exploring the novel object (N) and the familiar object (F) 

during the object memory test phase: PR = 100 X (N)/(N + F). Animals that failed to 

explore the objects for at least ten seconds during the initial study phase were excluded 

from subsequent analyses, as is standard practice 187. If an animal fails to explore, it is 

impossible to draw conclusions regarding memory performance in that subject.   

 

Surgery. One day after completion of all behavioral tests, 20 male rats (10 SD rats, 10 

GEPR-3s from the groups used throughout the duration of these studies) were implanted 

with a bipolar (twisted pair of stainless steel) electrodes (PlasticsOne) unilaterally 

targeting the DLSC. Rats were anesthetized with equithesin (a combination of sodium 

pentobarbital, chloral hydrate, magnesium sulfate, ethanol, and propylene glycol) (2.5 

ml/kg, i.p.). Animals were placed in a stereotaxic frame for implantation of electrodes. 

Coordinates were determined using the atlas of Paxinos and Watson 125 with animals 

positioned in the skull-flat plane. Electrodes were positioned 6.24 mm posterior to 

bregma, 1.0 mm lateral to the midline, and 3.7 mm ventral to the dura. Electrodes were 

fixed to the skull with three jeweler’s screws using dental acrylic (Kooliner, GC America, 

Alsip, IL). Following surgery, rats were given carprofen (5 mg/kg, s.c.) as an analgesic 

and 1 ml warm normal saline (s.c.) to maintain hydration. 
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Electrical stimulation of intermediate and deep layers of superior colliculus. One 

week after surgery, electrical stimulation of DLSC was conducted as described in 

Sahibzada et al., 1986 74. Animals were placed into a circular acrylic chamber (30 cm 

diameter) and the implanted electrode was connected via a commutator (PlasticsOne) to 

a constant current stimulus isolation unit (AM Systems) triggered by a pulse generator 

(PulsePal). The testing session was comprised of a series of stimulations of ascending 

current amplitude, spaced a minimum of 15 s apart. The stimulation consisted of a 1 s 

train of negative monopolar square-wave pulses (0.2 ms) at a frequency of 100 Hz 

ranging in amplitude from 10 uA to 200 uA. After stimulation, the behavioral response 

was recorded, and the stimulating current was increased by 10 uA for the subsequent 

trial. A testing session was terminated either when the stimulating current reached 200 

uA or when the animal displayed an escape behavior. Behaviors scored were binned into 

3 categories: orienting, locomotion, and escape. Orienting was defined as a contralateral 

turning of the head, sometimes including turning of the body or circling behavior. 

Locomotion was defined as walking forward or “scooting”, a behavior that appeared as a 

walk with a small jump included. Escape behavior was defined as cringing or flinching 

movements, running, and jumping. 

 

Histology. Following the completion of all testing, rats were deeply anesthetized with 

[overdose of] equithesin (4 ml/kg) anesthesia and decapitated. Brains were fixed in 4% 

paraformaldehyde for a minimum of 72 h. After fixation, brains were cryoprotected in 

sucrose solution (30%) and frozen. Coronal brain sections (40 μm thick) were cut on a 

cryostat (Reichert Model 975C) and stained with cresyl violet acetate. Microscopic 
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examination was performed to verify the location of electrode placement in DLSC 

according the Swanson Brain Atlas 126. Electrode placement was performed blind to other 

data (behaviors evoked, stimulation thresholds).  

 

Experimental design and statistical analysis. Statistical analyses were performed in 

GraphPad Prism (GraphPad Software, Inc, La Jolla, CA) and SPSS (Ver 25, IBM Corp). 

Open field, EPM, light-dark transition test, and sucrose preference test data were 

analyzed by two-way analysis of variance (ANOVA) with sex and strain as between 

subject factors. PPI and startle amplitude data were analyzed by three-way ANOVA with 

sex and strain as between subject factors and prepulse (or pulse) intensity as a repeated 

measure. Looming threat data were analyzed by three-way ANOVA with sex and strain 

as between subject factors and test phase (baseline, looming stimulus, and post-stimulus 

periods) as a repeated measure. Startle habituation was analyzed by two-way ANOVA 

and by one-sample t-test against a test value of 1 (indicating no habituation). NORT data 

were analyzed by unpaired t-test (comparing SD rats and GEPR-3s) and by a one-sample 

t-test comparing performance to chance levels (test value 0.5). The proportion of animals 

that failed to explore objects during the test were analyzed by Fisher's Exact Test. DLSC 

stimulation-evoked behaviors were analyzed by Student’s t-test with strain as a between 

subject variable and behavioral category as a repeated measure. Correlation analyses 

were analyzed using Spearman's correlation, followed by the Benjamini-Krieger-

Yukutieli's correction for false discovery rate (Q = 5%). Pairwise comparisons following 

all ANOVAs were analyzed using the Holm-Šidák correction for familywise error rate. P 

values of <0.05 were considered to be statistically significant.  
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3.3 Results 

Open field test. Total locomotor activity in the open field did not differ as a function of 

strain (no main effect of strain, P=0.97; Fig 3.1B). However, in both SD and GEPR-3 

strains, males explored the arena to a lesser degree than did females (F1,39=9.0, P=0.005; 

Fig 3.1B Holm-Šidák post-tests, Ps<0.05). As a measure of anxiety-like behavior, I also 

measured the time spent exploring the center of the open field. There was a significant 

main effect of strain (F1,39=9.2, P=0.004; Fig 3.1C), a significant main effect of sex 

(F1,39=6.7, P=0.01; Fig 3.1C), but no sex-by-strain interaction (P=0.1). Post-tests revealed 

a significant decrease in exploration of the center of the arena in female GEPR-3s as 

compared to female SDs (Holm-Šidák corrected, P<0.05). This did not reach the level of 

significance for males, likely due to a floor effect, as male SDs explored the center of the 

arena for only a third of the time of females.  

 

Elevated plus maze. In the elevated plus maze, I detected a borderline-significant main 

effect of strain on total maze exploration (F1,40=3.9, P=0.055; Fig 3.2B), but neither a main 

effect of sex, nor a strain-by-sex interaction (P>0.4 and P>0.8, respectively). Time spent 

in the open arms of the EPM did not differ by either strain or sex (Ps=0.18 and 0.23, 

respectively; Fig 3.2C). As a second measure of anxiety-like behavior, I examined the 

number of head pokes into the open arms and found a main effect of strain (F1,40=5.2, 

P=0.03; Fig 3.2D) but neither a main effect of sex, nor a strain-by-sex interaction (Ps=0.9 

and 0.8, respectively). Total arm entries did not differ by either strain or sex (Ps=0.50 and 

0.46, respectively; Fig 2E). Open arm entries relative to total arm entries (% open arm 

entries; Fig 2F) differed by sex (F1,40=7.0, P=0.01) but showed no effects of strain or 
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strain-by-sex interaction (Ps=0.56 and 0.63, respectively). Average duration of open arm 

visit differed by strain (F1,24=7.04, P=0.01) and showed a significant interaction of sex-by-

strain (F1,24=5.499, P=0.03), driven by males (P=0.009; Fig 2G). Finally, I assessed head 

dips off the open arms (Fig 1H). I found a main effect of sex (F1,40=7.04, P=0.01) and 

strain (F1,40=13.7, P=0.0006), and a borderline significant interaction (F1, 40=3.6, P=0.06). 

Strain differed significantly only in females (P=0.003) but not males (P=0.24), and sex 

differences were only evident in SD rats (P=0.0009) but not GEPR-3s (P=0.29). 

Accordingly, female GEPRs displayed fewer head dips than did female SDs (P=0.008), 

consistent with increased anxiety-like behavior.  

 

Light-dark transition test. Figure 3.3B shows time spent in the light compartment in the 

light-dark transition test. Consistent with the plus maze and open field, GEPR-3s spent 

reduced time in the light compartment (main effect of strain: F1,40=10.1, P=0.003). In 

addition to the main effect of strain, I found a main effect of sex (F1,40=22.8, P<0.0001), 

with male animals spending less time in the light than female animals. I did not find a 

strain-by-sex interaction (P=0.3). Pairwise comparisons indicated that this sex difference 

reached the level of significance for both strains (Ps<0.05, Holm-Šidák corrected), and 

that the strain difference reached the level of significance for females, but not male 

animals (P<0.05, Holm-Šidák corrected). As with the open field, the lack of strain effect 

in male animals may be due to a floor effect.  

 

Looming threat test. In the looming threat test (Fig 3.4A), I observed freezing as a 

measure of anxiety-like behavior during the: baseline period, presentation of looming 
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stimulus, and in the post-stimulus period. I found a main effect of test period 

(F1.6,63.8=113.1, P=1x10-19), a main effect of strain (F1,40=11.7, P=0.001), but no main 

effect of sex (P=0.12). In addition, I observed significant stage-by-sex (F1.6,63.8=4.2, 

P=0.03) and stage-by-strain (F1.6,63.8=24.2, P=0.00000003) interactions, but no other 

significant two or three-way interactions (Ps>0.1). Pairwise comparisons revealed no 

strain differences during the baseline and stimulus presentation period, but a significant 

increase in freezing in GEPR-3s as compared to SD rats during the post-stimulus period 

(Holm-Šidák adjusted, females: P=0.0004 and males: P=0.0007).  

 

Auditory startle response, startle habituation, and prepulse inhibition. As shown in 

Fig 3.5A, with increasing intensity of white-noise pulse, startle amplitude increased. The 

amplitude of the startle response was normalized to the maximum startle response within 

each subject to control for chamber-to-chamber variability in startle amplitude. I found a 

main effect of pulse intensity (F1.6,64.6=23.4, P=0.0000001), but no effect of either strain 

or sex (Ps=0.5 and 0.9, respectively), nor any two- or three-way interactions (Ps>0.2). As 

a second measure, I examined habituation of startle within a session (Fig 3.5B). I found 

that all groups showed the normal profile of habituation to the startling stimulus (P<0.01, 

one sample t test when compared to theoretical mean of 1.0), except for the female 

GEPR-3s. The main effect of strain approached but did not reach statistical significance 

(F1,40= 3.2, P=0.085); there was not a main effect of sex (F1,40=2.513, P=0.1208), nor an 

interaction (F1,40=0.0089, P=0.9). The magnitude of startle response did not differ as a 

function of either sex or strain (Sex: F1,40=0.05, P=0.9, Strain: F1,40=0.4, P= 0.5). 
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 I next assessed PPI (Fig 3.6), which measures a decrease in whole-body startle 

response when a startling stimulus is preceded by a low-intensity noise pulse. Analysis 

of PPI revealed the expected main effect of prepulse intensity (F2.3,93.1=82.2, P=5x10-23), 

as well as a main effect of strain (F1,40=43.5, P=0.00000007). However, I found neither a 

main effect of sex, nor any significant two- or three-way interactions (Ps>0.08). Collapsed 

across prepulse intensity, there were significant differences between the strains within 

each sex (Female: F1,40=13.0, P=0.001, Male: F1,40=31.7, P=0.000002). Pairwise 

comparisons across strain for each sex revealed significant impairment in PPI at each 

prepulse intensity for male GEPR-3s as compared to male SD rats (Ps<0.002, Holm-

Šidák adjusted). For female GEPR-3s as compared to female SD rats, this effect was 

evident at lower prepulse intensities (PP3: P=0.005; PP6 P=0.02), but not higher prepulse 

intensities (PP9 and PP12 Ps=0.1).  

 

Sucrose preference test. To determine if comorbidities in the GEPR-3s extend beyond 

anxiety-like behavior and into symptoms related to depression, I next assessed hedonic 

response in the sucrose preference test. I calculated a sucrose preference ratio (vol 

sucrose consumed / vol water consumed) with total volume cumulated over the 5-day 

period of testing. I found a main effect of strain, with GEPR-3s displaying a significantly 

lower sucrose preference than SD rats (F1,40=29.3, P<0.0001; Fig 3.7B), but neither a 

main effect of sex, nor a sex-by-strain interaction (Ps = 0.96 and 0.5, respectively). 

Pairwise comparisons revealed that the decreased sucrose preference in GEPR-3s was 

significant in both sexes (female: P=0.001, male: P=0.003, Holm-Šidák corrected). Total 

volume consumed across days differed between strains (F1,40=9.768, P = 0.0033; Fig 
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3.7C), with GEPR-3s consuming significantly less than SD rats, but not by sex 

(F1,40=0.4239, P=0.5187; Fig 3.7C). 

 

Novel object recognition test. Because cognitive impairment has also been reported as 

a comorbidity of epilepsy, I next examined the performance of GEPR-3s as compared to 

SD rats in the NORT (Fig 3.8B). Only a small proportion of GEPR-3s explored the objects 

(Fig 3.8C and D). The proportion of animals that failed to explore the objects was 

significantly greater in the GEPR-3 strain as compared to the SD rat strain (P=0.006, 

Fisher's Exact Test). Because of this attrition, I collapsed across sex for the recognition 

memory trial (Fig 3.8B). While SD rats showed the expected preference for the novel 

objects (one sample t test, t=4.1, df=17, P=0.0008), GEPR-3s did not (preference ratio 

did not differ significantly from chance, P=0.9). Preference ratio trended toward but did 

not reach the level of statistical significance between these two groups, likely due to the 

low statistical power due to attrition in the GEPR group (t=1.7, df=23, P=0.09).  

 

Electrical stimulation of intermediate and deep layers of superior colliculus. 

Activation of components of the midbrain tectum result in species-specific defense 

responses 71,75,188,189. With increasing stimulation intensities, progressively more severe 

responses are evoked. For these studies, only male animals were available for use. Of 

these, 1 GEPR-3 rat was not tested due to loss of headcap and 1 SD exhibited no change 

in behavior during stimulation up to 200 µA. Additionally, 1 GEPR-3 rat died during the 

post-surgical recovery period and 1 SD brain was cryoprotected incorrectly. Electrode 

placement across groups is shown in Fig 3.9A; 1 GEPR-3 rat was excluded due to 
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misplacement of the electrode in the superficial SC or the PAG (black “^” in Fig 9A). A 

representative photomicrograph of electrode placement is shown in Fig 9A. When I 

measured the threshold current required to evoke orienting, locomotor responses, or 

escape behaviors, I found no differences between strain (Orient: t=1.026, df=10, P=0.33 

Locomotion: t=0.488, df=5, P=0.65 Escape: t=0.765, df=13, P=0.46).  

 

Correlation of behaviors. To summarize my findings across tests, and to determine the 

degree to which behaviors may be considered "trait-anxious" (i.e., independent of the 

particular context), I correlated dependent measures across the tests in which I detected 

an effect of strain. Table 3.1 shows the Spearman's correlation coefficients for these 

comparisons. Correlations indicated in red were considered discoveries using the 

Benjamini-Krieger-Yukutieli correction for false discovery rate (Q = 5%). Of the measures 

I examined, the post-stimulus freezing time in the looming threat test was best correlated 

with other measures.  

  

3.4 Discussion 

Here, I report that the GEPR-3 strain exhibits anxiety-like behaviors in both sexes and 

across an array of standard behavioral assays (open field, EPM, and light-dark transition 

test). Moreover, when tested in a novel implementation of a looming threat test, GEPR-

3s demonstrated heightened anxiety-like responses. In addition, GEPR-3s displayed 

disrupted PPI of the auditory startle response in the absence of changes in startle 

reactivity, reduced preference for sucrose, and impaired novel object recognition.  
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Altered behavioral responses in tasks thought to reflect affective state have been 

previously reported in animal models of epilepsy, although results have varied. For 

instance, following status epilepticus, both increased and decreased anxiety- and 

depression-like behaviors have been reported 190–193. Electrical and chemical kindling 

epileptogenesis are also associated with affective comorbidities including increased 

defensive, anxious-, or depressive-like phenotypes 194–199. However, similar to status 

epilepticus models, some kindling epileptogenesis studies have failed to find effects on 

comorbidities 200–202. Anxious- and depressive-like comorbidities have also been reported 

in GAERS 203; however, these comorbidities differ between sub-colonies of the strain 204, 

and are evident only when GAERS are compared to non-epileptic, inbred control rats but 

not when compared to the outbred strain from which they were derived, the Wistar rat 205. 

WAG/Rij rats, which also display absence-like seizures, have a co-morbid depressive-

like phenotype, but not an anxiety-like phenotype 162,206,207.  

While the above studies address the effects of acute seizures and/or a history of 

recurrent seizures on comorbidities, AGS models of inherited epilepsy allow for the 

assessment of phenotypes, i.e., those associated with underlying pathology or genetics 

in the absence of recurrent seizure activity. AGS models such as the GEPR, the Wistar 

audiogenic rat (WAR), and Kurshinsky-Molodkina (KM) rat display increased 

susceptibility to acoustically-evoked generalized seizures, which are common in models 

of inherited epilepsy across species 207–209. Of these strains, the WAR and KM strains 

have been evaluated for comorbidities 210,211. While there has been some suggestion that 

the GEPR-3 strain may also display affective comorbidities 212,213, this has not previously 

been reported or evaluated in a systematic manner. My data demonstrate that a clear 



	 86	

comorbidity in GEPR-3s is an anxiety-like phenotype. Across standard tests of conflict-

exploratory activity, GEPR-3s consistently displayed reduced exploration of aversive 

maze components. In the open field test, this was manifest as a reduced exploration of 

the center of the arena, in contrast with the increased exploration reported in WARs 210. 

In the EPM test, anxiety-like behavior was evident in fewer exploratory head pokes into 

the open arms of the maze, which is consistent with reports in KM rats 211. In the light-

dark test, GEPR-3s had reduced time spent in the light chamber of the apparatus. This 

phenotype extends beyond conflict-exploratory tests into unconditioned fear: when 

challenged with a looming visual stimulus, GEPR-3s displayed increased freezing in the 

post-stimulus period.  

The anxiety-like phenotype observed in GEPR-3s may be in part explained by 

neurochemical abnormalities; these animals display deficits in brainstem serotonin, which 

is a well-known regulator of affective function 214–217. Consistent with the reduced 

serotonin levels reported in the GEPR-3s, I have previously reported volumetric 

alterations in the region of the dorsal raphe nucleus 101. Serotonin is also a regulator of 

seizure susceptibility in GEPR-3s 212,218, and accordingly, treatment with fluoxetine, a 

selective serotonin reuptake inhibitor that is primarily used for the treatment of depression 

and generalized anxiety, results in a decrease in AGS severity 163. In KM rats, fluoxetine, 

reduced immobility in the forced swim task 211, although it had no effect on EPM behavior. 

The degree to which serotonin-based pharmacotherapy would normalize behavioral co-

morbidities in the GEPR-3 remains to be explored. 

Anxiety-like responses were also observed in the NORT, where a large proportion 

of GEPR-3s failed to explore novel objects. This phenotype was at least as striking as the 
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memory impairment evident in the subset of GEPRs that did explore objects. While a 

subset of GEPR-3s explored the objects to an extent sufficient to perform the test, the 

impairment seen in object recognition memory should be interpreted with caution because 

the anxiety phenotype may have impaired memory consolidation in GEPR-3s. While the 

mechanism(s) underlying impaired learning/memory in the GEPR-3 is unknown, it is 

worth noting that heightened levels of corticosterone have been associated with impaired 

learning/memory, including NORT performance 219. Interestingly, GEPR-3s and WARs 

have elevated corticosterone levels 220,221. These same caveats must be considered when 

interpreting the decreased sucrose preference in GEPR-3s. While these data are 

consistent with a decreased hedonic drive, they may also have  resulted from anxiety-

induced suppression of feeding 222. In fact, a recent study shows that administration of 

anxiolytic drug fluoxetine results in a recovery of feeding behavior in a corticosterone-

induced rodent model of anxiety 223. Future studies of GEPR-3s investigating changes in 

reward and learning behaviors under conditions of similarly reduced anxiety and/or in the 

presence of anxiolytic drugs may help to parse these effects. 

The DLSC plays a key role in the generation of the wild running component of AGS 

in the GEPR 98. Both functional and anatomical evidence suggests that the DLSC is 

abnormal in the GEPR; GEPR-3s display an increase in DLSC volume as compared to 

SD rats 101, and neurons within the DLSC of the GEPR-9 (a substrain of the GEPR that 

exhibit tonic seizures) display reduced sensitivity to acoustic stimulation relative to SD 

rats 98. On the basis of these findings, I hypothesized that GEPR-3s would display altered 

thresholds for DLSC-evoked behavioral responses; however, stimulation thresholds did 

not differ between strains. This was also surprising given the pronounced increase in 
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freezing seen in the looming threat task, which critically relies upon the DLSC 71,182,224,225. 

However, the DLSC is only one component of a midbrain network mediating both 

defensive responses and AGS; other loci include the inferior colliculi and periaqueductal 

grey 74,99,226–228. Other nodes may be relevant for epilepsy-associated anxiety responses; 

for example, electrical kindling of the amygdala coincident with PAG stimulation 

exacerbates panic-like behaviors evoked from the PAG 198. Evaluation of thresholds for 

defense responses from these other sites may be merited in the GEPR.  

The midbrain network mediating both defensive and AGS also play an important 

role in the control of auditory startle and PPI. Lesions to either the inferior colliculus (IC) 

or superior colliculus (SC) disrupt PPI, whereas electrical or chemical stimulation of the 

IC or SC increases PPI 132,229–232. Importantly, the duration of tone burst intensity required 

to elicit AGS (10-60 s) is far longer than the noise burst used to induce auditory startle 

(40 ms pulse) 167, thus it seems unlikely that seizure activity during the task could account 

for the deficits in PPI seen in GEPR-3s. The PPI deficits in GEPR-3s may be related to 

the same underlying pathology as the anxiety-like behaviors as serotonin modulates PPI 

in rodents 233,234, and human studies report disrupted PPI in patients with panic disorder 

235,236. However, while kindling epileptogenesis disrupts PPI 237,238, GAERs display either 

normal or facilitated PPI depending on the age tested 239, suggesting that PPI deficits are 

not a universal comorbidity of seizures in animal models. 

There were some notable cases in which GEPR-3s did not display heightened 

anxiety responses: open arm exploration in the EPM, auditory startle, and electrical 

stimulation of the DLSC. Open arm exploration in the EPM is impacted by a variety of 

variables, including prior test experience 240 and history of handling 241. Prior exposure to 
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novel environments may reduce subsequent exploratory drive in the EPM, diminishing 

ability to distinguish anxiety-like responses. However, it is worth noting that despite the 

lack of difference in open arm exploration, other measures of ethological activity in the 

EPM revealed a consistent anxiety-like phenotype in the EPM. Acoustic startle and 

electrical stimulation both differ from the conflict-based tasks (exploration vs. safety): 

these are unconditioned or evoked responses. In the cases in which anxiety-like 

responses were detected, animals were typically presented with a novel environment (or 

object) to explore, suggesting that at least part of the anxiety phenotype in GEPR-3s may 

be related to neophobia, and does not generalize to anxiety-like responses that may be 

more related to panic or acute fear. 

There is an abundance of clinical evidence supporting sex differences in 

acquisition and expression of seizure disorders 242–244. Proposed etiologies of these sex-

based differences include developmental mutations (as in the case of protocadherin 19 

mutations, an X-linked gene), neuroendocrine fluctuations (e.g. perimenstrual catamenial 

epilepsy), and changes in neuroinflammatory response 242,245. Some of these same 

mechanisms underlying sex differences in epilepsy may also contribute to divergent rates 

of comorbidities in males and females 166. Although women in the general population are 

more likely to show signs of anxiety and depression, sex appears to have a protective 

effect in patients with epilepsy – as they age, men become more susceptible to 

depression and women become less susceptible 246. The penetrance of the GEPR-3 

seizure’s phenotype is significantly greater in females as compared to males 247, although 

in the present study I found no notable sex-by-genotype interactions: anxiety-like 

responses were equally present in both female and male GEPR-3s. However, the effect 



	 90	

of repeated seizures on these comorbidities remains unknown – future studies examining 

effects of repeated seizures on behavioral phenotype and potential influences of sex are 

clearly needed. 

 Here I demonstrate for the first time an elaborated anxiety phenotype in adult 

GEPR-3s; this phenotype was present in animals that experienced only a single AGS, 

conducted months prior to testing. In the GEPR-3, anxiety-like responses were evident 

across a variety of tasks and conditions. Given the minimal seizure history (a single AGS 

at P21 to test for sensitivity), neuropsychiatric phenotypes in the GEPR-3 are likely 

premorbid rather than comorbid; this feature strongly suggests a genetic component of 

etiology of anxiety that provides a novel approach for future investigations of the 

pathogenesis of anxiety in epilepsy.  
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Figure 3.1 Open field test. A, Schematic of open field apparatus with the center area 

(8.5” x 8.5”) highlighted in yellow. B, Total distance traveled (meters) for the duration of 

the test (10 min); males of both strains explored the arena less than females (F1,39=9.0, 

P=0.005; Holm-Šidák post-tests, Ps<0.05). C, Total time spent exploring the center (8.5” 

× 8.5”) of the open field. GEPR-3s explored less than SD rats (F1,39=9.2, P=0.004), and 

males explored less than females (F1,39=6.7, P=0.01). Post-tests also showed a decrease 

in exploration of the center of the arena in female GEPR-3s relative to SD rats (Holm-

Šidák corrected, P<0.05). 
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Figure 3.2 Elevated plus maze. A, Schematic of elevated plus maze with the open arms 

highlighted in yellow. B, Total distance traveled in the maze for the duration of the test 

(300 s); GEPR-3s trending toward traveling less (F1,40=3.9, P=0.055). C, Time spent in 

the open arms of the EPM did not differ by either strain or sex (Ps=0.18 and 0.23, 

respectively). D, GEPR-3s displayed a decrease in number of head pokes into the open 

arms (F1,40=5.2, P=0.03), but there was not an effect of sex. E, Total arm entries 

throughout the duration of the test did not differ significantly by either strain or sex 

(Ps=0.50 and 0.46, respectively). F, Percent open arm entries differed by sex (F1,40=7.0, 

P=0.01) but showed no effects of strain or strain-by-sex interaction (Ps=0.56 and 0.63, 

respectively). G, Average duration of open arm visit differed by strain (F1,24=7.04, P=0.01) 

and showed a significant interaction of sex-by-strain (F1,24=5.499, P=0.03), driven by 

males (P=0.009). H, Number of head dips off the open arms differed by sex (F1,40=7.04, 

P=0.01) and strain (F1,40=13.7, P=0.0006). Strain effect was driven by females (P=0.003). 

Accordingly, female GEPRs displayed fewer head dips than did female SDs (P=0.008). 
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Figure 3.3 Light-dark transition test. A, Schematic of light-dark apparatus with the open 

area highlighted in yellow. B, GEPR-3s displayed reduced time spent in the light 

compartment (F1,40=10.1, P=0.003) and males spend less time in the light than females 

(F1,40=22.8, P<0.0001). Animals were initially placed in the light side of the apparatus; 

total test time was 5 min. Pairwise comparisons indicated a sex effect in both strains 

(Ps<0.05, Holm-Šidák corrected), and the strain difference was significant for females, 

but not males (P<0.05, Holm-Šidák corrected). 
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Figure 3.4 Looming threat test. A, Schematic of looming threat apparatus. B, Time 

spent freezing during: baseline period (22 s prior to stimulus presentation), presentation 

of looming stimulus (22 s), and in the post-stimulus period (22 s immediately after stimulus 

presentation). Overall, GEPR-3s spent more time frozen (F1,40=11.7, P=0.001), but there 

was no effect of sex (P=0.12). During the post-stimulus period, there was a significant 

increase in freezing in GEPR-3s as compared to SD rats (Holm-Šidák adjusted, females: 

P=0.0004 and males: P=0.0007).  
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Figure 3.5 Auditory startle response and habituation. A, Startle amplitude (normalized 

A.U.) as a result of increasing noise burst intensity (dB). I found a main effect of pulse 

intensity (F1.6,64.6=23.4, P=0.0000001), but no effect of either strain or sex (Ps=0.5 and 

0.9, respectively). B, Startle habituation to the startling stimulus was normal in all groups, 

except for the female GEPR-3s (P<0.01, one sample t test when compared to theoretical 

mean of 1.0).  
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Figure 3.6 Prepulse inhibition of the auditory startle response. All rats showed an 

expected increase in inhibition by prepulse intensity (F2.3,93.1=82.2, P=5x10-23), however 

GEPR-3s displayed a significant PPI deficit relative to SD rats (F1,40=43.5, 

P=0.00000007). Comparisons across strain for each sex revealed significant impairment 

in PPI at each prepulse intensity for male GEPR-3s as compared to male SD rats 

(Ps<0.002, Holm-Šidák adjusted). For female GEPR-3s as compared to female SD rats, 

this effect was evident at lower prepulse intensities (PP3: P=0.005; PP6 P=0.02), but not 

higher prepulse intensities (PP9 and PP12 Ps=0.1).  
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Figure 3.7 Sucrose preference test. A, Schematic of preference test set-up. B, Sucrose 

preference ratio showed that GEPR-3s displayed a significantly lower sucrose preference 

than SD rats (F1,40=29.3, P<0.0001). Pairwise comparisons showed that decreased 

sucrose preference in GEPR-3s was significant in both sexes (female: P=0.001, male: 

P=0.003, Holm-Šidák corrected C, Total volume of both bottles consumed during the task 

across days differed between strains (F1,40=9.768, P = 0.0033), with GEPR-3s consuming 

significantly less than SD rats.  
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Figure 3.8 Novel object recognition test. A, Schematic of NORT set-up. B, SD rats 

showed the expected preference for the novel objects (one sample t-test, t=4.1, df=17, 

P=0.0008), GEPR-3s did not (preference ratio did not differ significantly from chance, 

P=0.9). Test consisted of 5 min habituation, 5 min object acquisition, 2 h latency, 5 min 

object memory. The difference between group preference ratios trended toward but did 

not reach the level of statistical significance between these two groups (t=1.7, df=23, 

P=0.09). C-D, Proportion of animals that failed to explore the objects; GEPR-3s (D) 

explored less than SD rats (C, P=0.006, Fisher's Exact Test).   

Failed to Explore
Explored Objects

23%
(n=5)

77%
(n=17)

Failed to Explore
Explored Objects

31%
(n=7)

68%
(n=15)

*
D

SD GEPR

SD
GEPR

0.0

0.2

0.4

0.6

0.8

1.0

P
re

fe
re

nc
e 

R
at

io
 

[N
ov

el
 / 

(N
ov

el
+F

am
ili

ar
) ] * n.s.

B

717

A

C



	 100	

 

Figure 3.9 Stimulation thresholds of behavior in intermediate and deep layers of 

superior colliculus in male rats. A, Electrode placement; O = SD rats, X = GEPR-3s, ^ 

= misplaced electrode. Black arrow points to electrode tip in representative 

photomicrograph. Electrode tips are plotted on open source Swanson Brain Atlas 126. B, 

Threshold current required to evoke orienting, locomotor responses, or escape behaviors. 

No differences between strain (Orient: t=1.026, df=10, P=0.33 Locomotion: t=0.488, df=5, 

P=0.65 Escape: t=0.765, df=13, P=0.46).  
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Table 3.1 Spearman's correlation coefficients for characterizing “trait-anxious” 

behaviors. 

Correlations indicated in red were considered discoveries using the Benjamini-Krieger-

Yukutieli correction for false discovery rate (Q = 5%). The post-stimulus freezing time in 

the looming threat test was best correlated with other measures.  

EPM: Head 
Pokes

Looming Threat: 
Post-Stimulus 
Freeze Time

Light/Dark: 
Light Time

OF: Inner 
Time

Sucrose Pref 
Ratio

PPI: 
Average

EPM: Head Pokes

Loomer: Post-
Stimulus Freeze 

Time
-0.288

Light/Dark: Light 
Time 0.189 -0.483

OF: Inner Time 0.150 -0.482 0.210

Sucrose Pref Ratio 0.130 -0.535 0.426 0.175

PPI: Average 0.259 -0.375 0.127 0.348 0.336
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Chapter IV. Control of intermediate and deep layers of 

superior colliculus using chemogenetic tools. 

 

4.1 Introduction  

Throughout this text, the deep and intermediate layers of the superior colliculus (DLSC) 

have been referenced as a critical structure mediating behavior in both rodents and 

monkeys. Within the circuitry underlying PPI, I have hypothesized its role is as a mediator 

between limbic (e.g. BLA) or midbrain (e.g. SNpr) structures and descending brainstem 

nuclei (e.g. PPN, PnC) controlling motor response. Its particular function in PPI may, in 

fact, constitute the “gate” in sensorimotor gating. It is also an important player in seizure 

manifestation and spread, and as such was a structure of interest in the genetically 

epilepsy-prone rat model (GEPR-3), a strain in which it shows volumetric enlargement. In 

Chapter 3, I detailed trait-anxious behaviors that manifest in naïve GEPR-3s and 

hypothesized that DLSC alterations may account for these changes. Given the role that 

DLSC appears to play in these threat-detecting and threat-responsive behaviors, 

investigation of putative downstream circuits and structures is the essential next step. 

With the advent of chemogenetics, researchers may be able to begin manipulating brain 

structures in a projection-specific way that is non-invasive and has long-lasting effects. 

 Although it is used extensively in rodent research, application of this technology in 

non-human primates remains sparse; in fact, only three primary research articles have 

ever been published in this area 248–251. Across these few studies, protocol for 

chemogenetics use has varied widely – there are major differences in implantation 

procedure, injection volume, and viral genus and serotype used 249–251. Adding to the 



	 103	

difficulty in interpretation of data collected from DREADD use in primates are 

immunoresistance, differences in drug kinetics and metabolism, blood brain barrier 

stability, and structure/function time course recommendations that don’t quite translate 

from use in rodent to monkey 252,253. Despite these challenges, DREADDs maintain 

several advantages over other techniques in the field of behavioral manipulation: 

electrolytic and aspirational lesions are permanent, allowing for adaptation and 

neuroplasticity, and pharmacological inactivations (such as those used in Chapter 1 and 

2 of this text) may potentially damage passing fibers as well as mechanically disrupt the 

region of interest. Although surgical implantation of DREADDs may mechanically damage 

the tissue, the risk is far less in a single surgical infusion then in a repeated drug injection 

paradigm such as would be present during pharmacological inactvations. 

 Here, I describe a methodology for controlling neurons within the DLSC using 

surgically delivered virus containing activating DREADDs. 

 

4.2 Materials and methods 

All experiments were conducted in accordance with the Georgetown Animal Care and 

Use Committee guidelines. 

 

Non-human primate studies 

Subjects. Four female rhesus macaques (Macaca mulatta) were used in this study (RE, 

GR, BL, VI). At the age of 5-8 years, they were procured from Walter Reed Army Institute 

of Research and transferred to Georgetown University, where all experimental 

procedures were conducted. Monkeys were pair-housed within two joined individual 
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cages (size, 61 x 74 x 76 cm). The monkeys were housed in a room with a regulated 12h 

light/dark cycle and maintained on primate lab diet (Purina Mills, catalog #5049) 

supplemented with fresh fruit. Water was available ad libitum in the home cage.  

Care and housing of the monkeys at the Georgetown University Research 

Resource Animal Facility met or exceeded the standards as stated in the Guide for Care 

and Use of Laboratory Animals (National Research Council (U.S.) Institute for Laboratory 

Animal Research, 2011), Institute for Laboratory Animal Research recommendations, 

and AAALAC International accreditation standards. The study was conducted under a 

protocol approved by the Institutional Animal Care and Use Committee at Georgetown 

University.  

The present experiments began after the animals were released from quarantine, 

post-transfer. Prior to the experimental procedures described here, all subjects 

participated in vaccination research studies at Walter Reed. As part of those experiments, 

all animals received vaccinations against Dengue, and were also exposed to Dengue 

virus.  

 

Injection of DREADD-containing viruses. A preoperative MRI was performed to 

determine DLSC site coordinates; I followed the procedures as described in detail in 

previous studies 115–117. Briefly, before the surgery, each monkey received a T1- weighted 

MRI structural brain scan to calculate stereotaxic coordinates for the virus injection (0.75 

mm x 0.75 mm in-plane resolution, 1mm slice thickness). Following skin retraction, a 3 x 

8 mm craniotomy was placed above the superior sagittal sinus and shifted toward either 

the left or right superior colliculus. Dura was incised and retracted above the injection site. 
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The virus infusion was performed under anesthesia and aseptic conditions 115,118 followed 

by a postoperative regimen of analgesics and antibiotics determined in consultation with 

the facility veterinarian. Virus was injected unilaterally into the DLSC (coordinates and 

procedure variability in Table 4.1. Virus was kept on ice until immediately prior to injection, 

at which point it was thawed and drawn up into the infusion cannula. The infusion cannula 

was a 27-gauge tube with a sanded flat tip connected via polyethylene tubing (Small 

Parts) to a 10 μl Hamilton syringe (Sigma Aldrich) 119. Infusions were controlled by a 

syringe pump (New Era, Farmingdale, NY) set to deliver virus at a rate of 0.2 μl/min (12 

μl/h). The injection needle was left in place for 15 minutes after the completion of infusion 

to allow for viral diffusion and avoid reflux up the needle tract. Following surgery, monkeys 

were given sustained release buprenorphine (0.4 ml, i.m.) as an analgesic and 

cefazolin/ceftriaxone as antibiotic. 

 

Viral packaging and DNA constructs. Monkeys were injected unilaterally with 4.0-6.0 

μl of adenoassociated virus [rAAV8-hSyn-hM3D(Gq)-mCherry from the UNC Vector 

Core, Chapel Hill, NC] during aseptic surgery. 

 

DREADD-activating drug and passive behavioral analysis. Clozapine-n-oxide (CNO) 

was administered i.m. to activate the DREADDs, at a dose of 5 mg/kg [CNO 

dihydrochloride (water soluble) from Hello Bio]. Observation of changes in behavior were 

recorded in the animal’s home cage for 1 h post-injection. The cage was surrounded on 

all sides by black curtains to block the monkey’s view of other animals in the room and a 
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video camera was placed 4 feet away. Each animal received 1-3 control injections (saline 

or CNO administered pre-surgically) and 2-4 CNO injections.  

 

Human intruder test. Animals were injected with either saline (1 ml) or CNO (5 mg/kg 

into 1 ml saline); testing began 45 minutes after injection. Task was performed was a 

modified version of the Human Intruder paradigm from Raper et al. 2013 254. In short, 

animals were transferred to a stainless-steel cage (60 cm x 60 cm x 60 cm) and 

transported to a testing room adjacent to their housing room. The cage was positioned 4 

feet away from a chair, on which the intruder would sit so that the animal was at the same 

level as the intruders’ face. The Human Intruder test lasted 30 min and consisted of 4 

testing periods [Alone 1 (intruder in adjacent room, 9 min), Profile (intruder in front of 

animal, 9 min), Alone 2 (intruder in adjacent room, 3 min), Stare (intruder in front of 

animal, 9 min)]. Animals were tested twice (one saline injection and one CNO injection), 

with a two-week interval between Human Intruder exposure #1 and #2 (injection order in 

Table 4.2). Additionally, two different intruders were used, each wore a different rubber 

mask depicting a different person (day 1, intruder A: Bill Clinton mask; day 2, intruder B: 

George H. W. Bush), and a colored curtain was hung behind the seated intruder to 

emphasize context change (day 1, orange; day 2, grey). The animal’s behavioral reactivity 

during all conditions was videotaped and later coded using a detailed ethogram derived 

from Raper et al. 255 (Table 4.3) and the Observer 5 software (Noldus Inc.). A trained 

experimenter, blinded to the treatment group, coded the videotapes.  
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Post-mortem MRI and histology. Animals were perfused, fixed with 4% 

paraformaldehyde, and cryosectioned (40 μm thick slices) as was described in Chapter 

1. Following this, tissue was processed for localization of DREADD expression. Tissue 

was rinsed three times with 0.3% Triton X-100 in PBS solution (PBS-T), quenched with 

10% peroxide in methanol for 10 minutes, washed again with PBS-T, and blocked for 1 h 

(2% BSA, 0.2% milk, 0.3% Triton X-100, 10% normal goat serum in PBS). Following 

blocking, tissue was incubated in primary antibody overnight (1:2500, Living Colors 

DsRed Monoclonal). The following day tissue was rinsed five times with PBS-T and 

incubated with secondary antibody biotinylated goat anti-Rb (1:200, Jackson 

ImmunoResearch) for 90 min. Following this incubation, DAB staining procedure was 

carried out according to package protocol (VectaShield). Histological staining presented 

in Figure 4.1C.  

 

Experimental design and statistical analysis. To evaluate the ability of DREADDs 

implanted into DLSC to influence behavior, I measured both resting state behaviors of 

monkeys restricted to a single quadrant of their home cage and defensive reactivity during 

the Human Intruder test. Manipulations were performed on a within-subject basis, with 

each animal receiving both saline and CNO injections. GraphPad Prism was used for 

analysis and figure preparation. Data are presented for qualitative purposes only and 

were not powered for statistical analysis.  
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4.3 Results 

Analysis of home cage behaviors. To determine if i.m. injection of DREADD-activating 

drug CNO would be sufficient to alter resting behavior, I performed injections both prior 

to and after surgical infusion of DREADD-expressing virus in 4 monkeys. Post-surgical 

injections began two weeks after surgery to provide sufficient time for viral expression. 

The number of infusions per animal is shown in Table 4.2. Relative to control (saline and 

pre-surgical CNO) conditions, animals injected with CNO displayed a trend toward 

increased hyperorality and scratching behavior, although the groups are not sufficiently 

powered for analysis (Figure 4.2). Individual animal identifiers are indicated in Figure 4.1. 

 

Human intruder test. To determine if IM injection of DREADD-activating drug CNO 

would be sufficient to alter behavioral reactivity to a human intruder, I performed injections 

in 4 monkeys. Data shown is taken from 2 animals (GR, RE) with similar expression profile 

in DLSC. The order of drug injections in each animal is shown in Table 4.2. Under control 

(saline-injected) conditions, both animals displayed minimal reactivity to the human 

intruder, however, CNO injection elicited a robust response in animal GR during the 

“stare” period (Fig 4.3). The first Alone period, Profile period, and Stare period were used 

for analysis.  

 

Verification of viral expression in monkey. DREADD-expression is shown in Figure 

4.1B-C. The spread of expression staining is indicated on coronal slices in panel B and a 

histological reconstruction is shown in panel C. Histological analysis confirmed 

expression of DREADDs in the lateral region of the intermediate and deep layers of the 
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superior colliculus of 2 animals (GR, RE), expression in posterior thalamus and habenula 

(anterior relative to DLSC) in 1 animal (VI), and a non-expressing animal (BL).  

 

4.4 Discussion 

Here, I report an increase in anxious and hostile behavior elicited from activation of 

DREADDs in one of four female non-human primates, all unilaterally injected with 

DREADD into DLSC. Two weeks after injection of virus containing hM3Dq (activating) 

DREADD, passive behaviors were observed in the animal’s home cage following injection 

with either saline or CNO 5 mg/kg. No discernable changes in behavior occurred following 

injection of the drug. Next, animals were confronted with an active threat, an unfamiliar 

human, during the Human Intruder test. Again, behaviors differed across animals, with 

individual variation in response to the intruder both in saline and CNO treatments. 

Histologically, the injection sites were accurately placed in DLSC for two (GR, RE) out of 

the four monkeys, anterior to DLSC for one (VI, closer to habenula and thalamus), with 

one animal (BL) showing no signs of DREADD expression.  

When the DREADDs were activated in the animal’s home cage, no significant 

changes were seen in behavioral response, including no emergence of non-baseline 

behaviors (i.e. vocalizations or open mouth threat). Even stranger, when looked at on a 

case by case basis, the two DLSC-localized animals display contradictory behavior, with 

animal GR increasing orality, scratching, and shivering after CNO injection and animal 

RE decreasing in these behaviors. Activation of DLSC was expected to have a robust 

effect on behavior, as my lab has previously published on changes to defensive and 

emotional reactivity following infusion of GABAA receptor antagonist (bicuculline 
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methiodide) in DLSC 75. Desjardin et al. 75 observed that disinhibition of DLSC evoked 

cowering, escape, and defensive vocalizations (screams, high-pitched barks, and 

shrieks). Additional studies have observed similar defensive behaviors evoked from 

DLSC through electrical stimulation in rodents; these studies are discussed in further 

detail in Chapter 3 74,226. Two factors may be contributing to the lack of behavioral 

changes observed in the DREADD experiments presented here. First, DLSC maintains a 

state of tonic inhibition from upstream structures such as SNpr (discussed in Chapter 1). 

The strength of that inhibition may be such that functionally disinhibiting is a much more 

powerful mechanism for altering output then electrical stimulation, pharmacological 

activation, or hM3Dq activation with CNO. Thus, using DREADDs to disinhibit rather than 

activate DLSC may be a way to circumvent this problem. A potential method to 

accomplish this would be to employ the use of retro-DREADDs, as was described in 

Chapter 2, rodent Experiment 2. Using retro-DREADDs, the projection pathway from 

SNpràDLSC could be specifically disrupted, disinhibiting the DLSC. Another possible 

factor contributing to lack of behavioral changes is density of DREADD expression. 

Although no high-resolution imaging has been performed in the study presented here, 

others have commented on the sparsity of DREADD expression following large injection 

volumes (Eldridge et al. 251 and personal correspondence). Finally, localization of 

DREADD receptors within the cell may also be at issue; there is evidence to suggest that, 

in the monkey, receptors are not trafficked appropriately to the cell surface and remain 

internalized (electron microscopy data from Adriana Galvan, Society for Neuroscience 

Meeting, 2017) 256. What effect this may have on receptor activity profile and on behavior 

is unknown. 
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Following observation of these passive home cage behaviors, the Human Intruder 

test was performed. The Human Intruder test was selected because it is a behavioral 

paradigm useful for observing changes to affective state of the animals, and has been 

used for this purpose previously 113,255,257,258. The test was originally designed to assess 

affective state in infant animals, and as such has been employed most extensively in 

infants or adult animals that had received neonatal lesion or intervention 113,254,255,258–261. 

Here, I show the reaction of two adult female monkeys when confronted with a human 

intruder. Following saline injections, their behavior appeared unchanged between periods 

A, P, and S. This differed drastically from reported behaviors (reports show increased 

approach, increased vocalizations, increased threat during all periods). Following IM 

injection of CNO, animal GR showed an increase in all behaviors during period S (hostility, 

anxiety, grooming, licking, and touching of the front of the cage) while animal RE showed 

no change to behavior. Vocalizations, the most widely reported behavior in the literature, 

wasn’t observed at all. In fact, animals presented here very rarely vocalized, even in their 

home environment. The difference in behavior seen in my study may be better interpreted 

in the context of caveats to the Human Intruder paradigm. Some disadvantages of this 

test are the strong influence of individual animals’ historical interaction with humans 

(frequency and nature of contact), housing arrangement (social vs. individual), and the 

intruder sex and stature (small woman vs. large man) 257. In this case, these animals were 

previously participants in long-term vaccination studies – they interacted with many 

different humans and were habituated to close contact for high frequency blood draws.  

 While preliminary, here I show feasible implantation and expression of hM3Dq 

receptors into DLSC. These data provide the first experimental trial for targeting this 
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structure and provide histological evidence of high expression in a restricted region. 

Despite the lack of behavioral alterations elicited by CNO injection, I observed baseline 

behaviors in both home environment and Human Intruder test that may be useful in future 

studies. These data underscore the importance of continued optimization of novel 

technologies in non-human primates for translation into humans. 
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Figure 4.1 Experimental design and localization of DREADD-expression sites in 

monkey. A, Flow chart of procedures in experiment. B, Coronal planes from the Rhesus 

Macaque “Red” Symmetrical Brain Atlas (Laboratory of Neuropsychology, NIMH) 

showing viral expression spread across the interaural plane: anterior (+5.0 mm) to 

posterior (-2.0 mm). Solid colors indicate expression for each animal; color corresponds 

to animals indicated in panel C. The sites were reconstructed from histology for all animals 
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(VI, GR, RE, BL). C, Images from all animals used showing DAB staining targeted to 

mCherry tag expressed on DREADD. Images correspond to their respective planes in B. 

Symbols indicated next to animal identifier correspond to graphs in Figures 4.2 and 4.3. 

Images are aligned at the same coronal plane to indicate relative anterior-posterior 

positioning of the spread. Distance between each representative slice is 400 μm. 
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Figure 4.2 Behavioral responses recorded in home cage for one hour after 

CNO/saline injection. Hyperorality duration (A) and frequency (B), frequency of 

scratching (C), and shivering (D). Symbols on graph correspond to symbols expressed in 

Figure 4.1B. 
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Figure 4.3 Behavioral responses in the Human Intruder test 45 minutes after 

CNO/saline injection. A, Hostility frequency includes cage bite, cage shake, fear 

grimace, and open mouth threats. B, Anxiety includes yawning and self-injurious 

grooming. Other behavior assessed include open mouth threat (C), grooming (D), licking 

(E), and time spent touching the cage front (F). Symbols on graph correspond to symbols 

expressed in Figure 4.1B and behavior details are described on the ethogram (Table 4.3). 

Data shown is taken from 2 animals (GR, RE) with similar DREADD expression profile in 

DLSC, statistics were not analyzed due to n=2. A=alone, P=profile (no eye contact), 

S=stare  
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Table 4.1 DREADD injection details including hemisphere, individual coordinates, 

volume and injection procedure. 

 

  

Animal Injx 
Hemisphere

Coordinates (mm 
relative to EBZ)

Volume 
Injected (ul) Surgical Notes

VI R
A/P: 14.2  
M/L: 5.25 

D/V (from dura): 26
6 Injx 3ul, raised bar 

0.5mm, injx 3ul

GR L
A/P: 1.0 
M/L: 3.0 

D/V (from dura): 26
6 Injx 3ul, raised bar 

0.5mm, injx 3ul

RE L
A/P: 15.6 
M/L: 41.1 

D/V (from dura): 21.55
6 Injx 3ul, raised bar 

0.5mm, injx 3ul

BL R
A/P: 1.0 

M/L: 2.25 
D/V (from dura): 27

4.7 Injx 3ul, raised bar 
0.5mm, injx 1.7ul
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Table 4.2 Number of pre-DREADD CNO, post-DREADD saline, and post-DREADD 

CNO injections during home cage recordings, and injection order for human 

intruder test. 

 

  

Animal
Cage 

Behavior 
(CNO #)

Cage Behavior 
(Control #)

Human 
Intruder 

#1

Human 
Intruder 

#2

VI 4
2 (CNO pre-

DREADD injx) 
1 (saline)

CNO Saline

GR 3 1 (CNO pre-
DREADD injx) CNO Saline

RE 2 2 (CNO pre-
DREADD injx) Saline CNO

BL 2 1 (saline) Saline CNO
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Table 4.3 Behavioral ethogram. 

 

List of all behaviors scored, how they were measured, and a brief definition. 

Behavior Measurement Description

Cage Bite Frequency Vigorously bites cage

Cage Shake Frequency Vigorously slaps, shakes or slams 
body against cage

Fear Grimace Frequency Facial expression, mouth closed, teeth 
exposed

Open Mouth 
Threat

Frequency/
Duration Facial expression, no teeth exposed

Yawn Frequency Open mouth widely, exposing teeth

Self-Injurious 
Grooming Duration Self-biting, pulling at skin or fingernails

Freezing Duration Rigid, tense, motionless posture 
except slight head movement

Grooming Duration Normal self-grooming behavior

Licking Frequency Licking of any part of the cage

Cage Touch Duration Subdivided into Front, Side, and Back

Hostile

Anxious
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Discussion 

 

This dissertation provides data supporting species-specific contributions that midbrain 

and associated structures (BLA, SNpr, DLSC) make to reflexive and defensive behaviors 

and provides insights into the nature of these differences.  

 

5.1 Prepulse inhibition behavior following inactivation of substantia nigra pars 

reticulata diverges across species  

The first section (Chapter I) of this work characterizes the role that SNpr plays in prepulse 

inhibition of the auditory startle response, a form of auditory startle modification. 

Specifically, I directly compared behavioral output between two species (rats and 

macaques) by using both an identical experimental paradigm (i.e., a structure-targeted 

pharmacological inactivation) and identical stimulus protocols (an adaptation of protocols 

previously published). In using this approach, I was able to avoid the caveat of lesion 

induced-plasticity that may have accounted for results seen previously (Koch et al. 2000 

studies of SNpr in PPI).  

Here, I show that pharmacological inactivation of SNpr both unilaterally and 

bilaterally results in a disruption of PPI in rats with no change to baseline auditory startle 

response (ASR). In contrast, macaques showed a facilitation of PPI following 

pharmacological inactivation of SNpr unilaterally. Given that the only previously published 

study investigating PPI circuits in monkeys (Saletti et al. 2014) had shown behavioral 

congruence with rat studies targeting the same structure (DLSC), I anticipated similar 

trends in the present study. However, upon concluding my studies, it became apparent 
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that SNpr contribution to PPI modulation of startle was functionally different in rats versus 

macaques. I determined that the opposite behavioral effects seen in my study may be 

explained by a species-specific divergence in efferent projections from SNpr to brainstem 

structures DLSC and PPN, both contributors to PPI modulation. In rats, a majority of 

efferent projections are highly collateralized; that is, a single neuron branches, targeting 

multiple downstream structures (e.g., DLSC and PPN). In the case of rodent PPI circuitry, 

these SNpr neurons are targeting both DLSC and PPN. In contrast, projections from SNpr 

in macaques have minimal collateralization; most neurons appear to have one target 

(e.g., either DLSC or PPN). Adding to this, the anatomical organization within SNpr is 

divergent between these species. In rats, neurons targeted to DLSC and PPN are 

scattered throughout SNpr along both the dorsal-ventral and medial-lateral planes. In 

macaques, however, SNpr contains heterogeneous populations of neurons wherein 

similarly targeted groups are clustered together. Thus, in the present study 

pharmacological inactivation of SNpr was impacting different downstream targets in each 

species. In rats, inactivation of SNpr resulted in disinhibition of both DLSC and PPN; in 

macaques, inactivation of SNpr resulted in disinhibition of DLSC only. At the level of PPN, 

both excessive excitation and inhibition have resulted in disrupted PPI 38,140.  

PPN is a heterogeneous structure consisting of GABAergic, glutamatergic, and 

cholinergic output neurons 270. PPN lesions have resulted in disruption of PPI 38, 

cholinergic inhibition of PPN has resulted in disrupted startle response but no change to 

PPI 39, and GABA has shown bi-directional effects on PPI 140,271. What specific sub-

population SNpr projection neurons are targeting has yet to be determined and may shed 
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further light on SNpr mediation in PPI. Taken together, these results describe a specific 

example of divergent behavior resulting from circuit-level changes in anatomy. 

 In future studies, dissociation between the SNpràDLSC and SNpràPPN 

pathways may be useful in evaluating the role of primate SNpr in PPI. Additionally, SNpr 

projections to specific subpopulations of PPN neurons may also be useful in this 

evaluation. Strategically, targeting this circuitry could be done a few different ways. First, 

a dual inactivation experiment targeting both SNpr populations putatively projecting to 

DLSC and DLSC with muscimol would isolate this effect to the SNpràDLSC projection 

path. Similar studies may be run in PPN using a neurotransmitter-dependent 

methodology.  

 Following investigations into SNpr contributions to PPI, I targeted amygdala, a 

critical structure in parallel PPI pathways. Amygdala circuitry mediating PPI is similarly 

upstream of PPN and DLSC; effect of amygdala lesions on PPI are thought to be ventral-

pallidum- dependent. No studies have been performed investigating the role of amygdala 

in PPI in non-human primates. 

 

5.2 Macaques display disruption of prepulse inhibition behavior following 

inactivation of amygdala  

The second section (Chapter II) of this thesis describes the role that the amygdala plays 

in PPI across species. First, I performed pharmacological microinfusion studies where I 

targeted BLA for inactivation using muscimol, followed by PPI testing in macaques. 

Surprisingly, I reported a facilitation of PPI. After perfusion of the animals, I performed 

histological analysis on the brain tissue and, using a combination high resolution post-
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mortem structural MRIs and Nissl stained need tract analysis, determined that the 

accessory basal nucleus of the amygdala (AB) had indeed been the targeted in three out 

of four monkeys, rather than the basal or lateral nuclei.  

Previously published studies in rats have not attempted to manipulate this 

subregion; in rats, it is approximately it is 0.5-1.0 mm in diameter making it difficult to 

target with either lesion or drug microinfusion studies. Thus, size of the targeted structure 

and the technical ability to target it add additional caveats to rodent studies. Indeed, in 

their BLA lesion study, Wan et al. show lesions not only of all nuclei within the amygdala, 

but of surrounding tissue including piriform cortex 54.  

Anatomically, macaque and rat AB projections diverge in their post-synaptic 

targets, with ventral striatum showing a key difference: while an ABàVS projection is 

reported in rats, this anatomical projection does not exist in macaques 146,154,155. Given 

this anatomical difference in target structures, it is possible that AB targeting in macaques 

resulted in a facilitation of PPI through either intra-amygdala connectivity (via projections 

to central or medial nuclei) or through extrinsic connections (via projections to olfactory, 

caudate, or putamen projections). Influences of intra-amygdala connectivity has not been 

explored in PPI, however there is evidence to support a dual role for amygdala in PPI: 

studies have shown both a dopaminergic (and NAcc-dependent) effect on disruption (55 

and Forcelli et al. 2012, unpublished), as well as a dopamine-independent effect 54.  

Future studies targeting AB efferents as well as afferents may elucidate 

mechanisms of facilitation induced by AB inactivation. For instance, work in primates has 

shown posterior thalamic projections ending in AB 272. These thalamic areas receive 

auditory input from inferior colliculus (IC), a component of startle circuitry known to 
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modulate response threshold 273,274. What effects manipulation of AB may have on IC 

contributions to startle are unknown.  

Additionally, thalamoamygdaloid relays have been implicated in auditory-based 

conditioned emotional responses 275. Given that both AB and acoustically-responsive 

thalamic neuronal populations converge on the lateral nucleus of the amygdala, it is 

possible that inadvertent behavioral conditioning took place during my PPI experiments 

and resulted in disrupted baseline PPI response. Amygdala inactivations may have had 

a “normalizing” effect on this response, statistically appearing as “facilitation”. It is difficult 

to determine this, however, as AB-specific effects on PPI, ASR, and behavioral 

conditioning have not been thoroughly described. 

 

5.3 Projection-specific inactivation of basolateral amygdala using DREADDs 

disrupts prepulse inhibition in rats 

Next, in rats I attempted to expand upon prior studies investigating BLA and VP. Prior 

studies have shown effects of both lesion and pharmacological intervention on PPI 

behavior in BLA, NAcc (a structure with input from BLA and output to VP), and VP; and 

one prior study has shown that the effect of BLA on PPI is VP-dependent. Here I 

attempted to dissect this circuit by introducing a projection-specific method of controlling 

cellular activity, designer receptors exclusively activated by designer drugs (DREADDs). 

Using DREADDs, I targeted BLA in two different ways: first, using a pan-neuronal 

DREADD to target all neurons within BLA, and second, targeting BLAàNAcc projections 

exclusively by using a retro-DREADD approach (kappa opioid receptor DREADD, 

KORD). While trending toward an effect, DREADD control of BLA did not disrupt PPI 
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significantly, as had previously published lesion and drug studies. This could be due to a 

number of factors: formulation and dose of CNO, exact targeting of virus to BLA (it 

appeared within other amygdala nuclei and also along the piriform cortex in several 

cases), and number of cells expressing DREADD. The retro-KORD approach yielded a 

significant disruption of PPI, lending support to the hypothesis that the BLA to VP effect 

on PPI is a mediated in a NAcc-dependent manner. However, while the animals showed 

changes to startle response behavior, immunohistochemical analysis of their brain tissue 

did not yield any results, even following antigen retrieval protocols. This may simply a 

difficult antigen to target (i.e. commercial antibodies are not optimal), as the low number 

of publications using KORDs may suggest, or another as yet unidentified problem. Future 

studies replicating the pathway specific BLAàNAcc chemogenetic approach are 

necessary to determine if this projection is sufficient to disrupt PPI.  

 Given that both pathways studied in Chapter 1 and 2 converge onto the brainstem 

and target DLSC, I next wanted to look at how structural changes of DLSC might affect 

startle and other associated defensive behaviors. 

 

5.4 Anxiety-like behavior in genetically epilepsy prone rat is premorbid 

The third portion of this work (Chapter III) describes heightened defensive and anxiety-

like responses manifested in a genetically epilepsy prone rat model (GEPR-3); etiology 

of these changes is attributed to volumetric differences in midbrain tegmentum, a region 

which includes DLSC.  

Behaviorally, activity in DLSC is associated with threat-response and anxiety-like 

behaviors in both rats and primates 71,75,115,188,226,276,277. In epilepsy, DLSC is a component 
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of seizure networks, and is specifically implicated in manifestation of audiogenic seizures 

(AGS) 98,101,228,278. Here, I tested the hypothesis that genetically inherited volumetric 

changes in DLSC may result in affective changes prior to onset of recurrent seizures in 

the GEPR-3s. The behaviors assessed include standard anxiety tests for rodents (open 

field test, elevated plus maze, light-dark transition test, and auditory startle reactivity). 

Importantly, many behaviors assessed through these standardized tests are mediated by 

midbrain circuitry. In addition to standard anxiety tests, GEPR-3s were also tested for 

memory (novel object recognition test) and hedonic (sucrose preference test) disruptions, 

as well as automatic response behaviors (auditory startle response and prepulse 

inhibition).  

Subsequent to standard anxiety paradigm testing, two additional tests were 

implemented to target DLSC-mediated behaviors. First, the animals were exposed to a 

forced looming threat stimulus (Forced Loom test, an expanding black dot on a screen 

above their heads with no escape route) and observed for freezing behavior. The freezing 

behavior elicited during the looming period has been previously reported in several mice 

studies 9,183,267, and an unconditioned response to loom appears to exist in many species 

225,265,266,279–281. In fact, neural substrates underlying freezing response to predator have 

been narrowed to parvalbumin-positive projection pathways originating in DLSC 224. In 

my experiment, I show a freezing behavior of equivalent magnitude in both SD and 

GEPR-3s. However, during the post-stimulus period, GEPR-3s continued to freeze, a 

behavior unseen in the control group. This behavior may be indicative of a generalization 

of the stimulus-response reaction into a non-stimulus period. What component of the 

shared AGS and threat-detection circuitry is underlying this behavioral generalization is 
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unknown. However, given that DLSC appears critical for predator-related freezing 

behavior, future studies targeting DLSC efferent pathways would help elucidate the 

specific circuitry. Additionally, this generalization may be interpreted as an anxiety-like 

behavior; if the predator stimulus is fear-inducing, then a generalization of the freezing-

response may be akin to “generalized anxiety” in the GEPR-3s. Studies to determine the 

nature of this generalization in the GEPR-3s are ongoing, as is a pharmacological 

characterization of the Looming Threat test (for preliminary data see Appendix B). 

In addition to the Forced Loom test, a subgroup of male rats had surgical 

implantation of electrodes into DLSC. Behavioral thresholds elicited by stimulation of the 

electrodes were indicative of the functional output of DLSC and did not differ between 

groups. This, however, was following stimulation protocols; future studies focused on in 

vivo electrode recordings may shed more light on intrinsic activity of this structure during 

the Forced Loom test and ways in which this activity might differ in animal models of 

epilepsy. 

 

5.5 Chemogenetic control of intermediate and deep layers of superior colliculus 

in non-human primate 

Finally, in the last section (Chapter IV), I attempted to elicit defensive behaviors from 

macaques following surgical injection of DREADD-containing viruses into DLSC. I 

surgically implanted virus into 4 monkeys and, following a period of protein expression, 

exposed them to a novel human stimulus as described in the Human Intruder paradigm 

255,257,258. Defensive behaviors mediated by DLSC have been described by previous 

members of my lab and include vocalizations, cowering, and threat-related facial 
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expressions and posturing. These same defensive behaviors are elicited in macaques 

during exposure to a novel human intruder. I hypothesized that chemogenetically-

augmented activity in DLSC would influence the latency, frequency, or intensity of 

defensive responses in monkeys during the Human Intruder test.  

 Here, I report inconclusive results of DREADD-mediated changes to behavioral 

reactivity in the Human Intruder paradigm. Expression was absent from one animal (BL), 

misplaced in one animal (VI, injection site appears near periaqueductal gray), and 

appeared to be accurately targeted to DLSC is two animals (GR and RE). The lack of 

expression in monkey BL may have been due to effects of neutralizing antibodies, 

although this remained unassessed in our group, as we did not assay blood samples of 

these animals as others have 249, although the importance of this factor in expression 

profiles is debated. However, even within the pair of DLSC-targeted DREADD expressing 

animals, behavior was variable. One animal (RE) maintained no response across all 

experimental conditions, and the other animal (GR) showed minimal responsiveness to 

the intruder during the saline exposure. This was surprising, given the robust effects 

induced by a human intruder in other studies 255,258,282–284. One major difference, and a 

commentary that has been made elsewhere, is that large variability in behavior is 

experience-dependent. Animals who have extensive exposure to humans, especially 

those who have been raised in a laboratory setting and have been handled or 

manipulated regularly, habituate to humans. In the case of animals used in this study, all 

4 of them had been previously included in vaccine studies resulting in frequent blood 

draws and human handling. The degree to which their previous experience with humans 

influenced their reactivity (they were all essentially showing a floor-effect) is difficult to 
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assess. Most studies implementing the Human Intruder paradigm are performed either in 

infant monkeys or in adults who had experienced brain lesions during critical 

developmental periods. As a result, both the low reactivity exhibited in adulthood and a 

general habituation to humans may have contributed to lack of behavior elicited form this 

test.  

 Another variable contributing to effectiveness of DREADD use in neuroscience 

research is the activating drug, CNO. In 2017, a study was published interrogating the 

role that the blood brain barrier plays in CNO diffusion; this paper claimed that reverse 

metabolism of CNO back into clozapine could account for physiological changes induced 

by DREADD activation 253. Subsequently, pharmacodynamics have been explored in 

macaques, with a focus on the distribution and metabolism of CNO 252. In their study, 

Raper et al. show detection of both CNO and clozapine in cerebral spinal fluid, indicating 

the presence of back metabolism in their animals. The degree to which administration of 

clozapine (an atypical antipsychotic and anesthetic) influences the expression of threat-

related behaviors in the Human Intruder test is unknown. However, the primary use for 

clozapine in neuropsychiatric disorders is as an affective regulator, so it is likely that a 

high enough dose of back-metabolized clozapine would influence expression of anxiety-

and defensive-related behavior in my animals 285,286. 
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Appendix A. Effects of inhibition of the deep and intermediate 

layers of superior colliculus on sensorimotor gating in rats 

and monkeys. 

 

A.1 Introduction 

In Chapter 1, I observed that pharmacological inactivation of SNpr resulted in disrupted 

PPI in rats; this was congruent with previous published findings. However, my primate 

data differed from the rat data; here, I observed a facilitation of PPI following SNpr 

inactivation in monkeys. I believe this is due to a divergence in anatomical projections, as 

described in the discussion section of Chapter 1. Given the anatomical projections 

described in Figure 0.1, I hypothesized that SNpr mediates changes to PPI via projections 

to DLSC. Saletti et al. has published results showing that lesions of DLSC result in 

disrupted PPI in capuchin monkeys 66. I sought to begin reproducing these findings with 

the long-term goal of eventually completing dual-inactivation studies of both DLSC and 

SNpr.  

A normalization of PPI with a dual inactivation of DLSC and SNpr would suggest 

SNpr is mediating its effects on PPI via projections to DLSC. Additionally, I wished to 

reproduce DLSC findings in rat 67,132 using chemogenetics. I hypothesized that use of this 

technology in sensorimotor gating would result in similar behavioral outcomes to 

inactivation via pharmacological drug microinfusion. 
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A.2 Results 

Here I describe inactivation studies of DLSC in two different species (rat and macaque, 

Fig A.1 and A.2). My preliminary data in one monkey (animal NO) show disruption effects 

of bilateral inactivation of DLSC, although it is not powered for analysis. This is congruent 

with data published from Saletti et al., where they show DLSC lesions resulting in 

disrupted PPI. Going forward, this experiment needs to be replicated in more monkeys 

prior to initiation of the dual infusion studies.  

Rat data show PPI effects of DREADD activation using 2 different drugs (CNO and 

Clozapine), as well as systemic administration of D-amphetamine (positive control, known 

to cause disruption of PPI). While D-amphetamine showed significant disruption of PPI at 

3 prepulse intensities (3, P<0.01; 6, P<0.01; 9, P<0.01), CNO and clozapine failed to 

reach this level of significance (except for one pairwise comparison, saline vs. CNO at 

PP of 3 above background P<0.01).  

 

A.3 Conclusions 

Although results from monkey were obtained from 1 animal, the data are promising. 

Additional studies will be necessary to replicate these findings. The rat study was 

performed in a small pilot group (n=3), which must be expanded to power the study. 

However, despite the low n, a large effect was seen in the chemogenetics group. The 

efficacy of CNO has been under scrutiny recently, and it has been suggested that it does 

not cross the blood brain barrier in rats 253. Although not widely accepted, these data have 

encouraged us to try alternative DREADD activators; clozapine is one such activator. I 

saw no statistical differences between CNO and clozapine when compared to the saline 
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control group. Ultimately, although this method may have experimental design benefits, I 

see an effect similar to the DREADD experiment in Chapter 2 (Fig 2.4), where the 

DREADD effect appears to be trending in the direction of a full pharmacological 

inactivation but is weaker in intensity. 
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Figure A.1 Bilateral infusion of muscimol in intermediate and deep layers of 

superior colliculus impairs prepulse inhibition in macaque. PPI as a function of 

prepulse intensity after infusion of saline (3 injections, grey) or MUS bilaterally (1 injection, 

striped yellow) in DLSC. MUS in DLSC, performed in animal NO, was not sufficiently 

powered for statistical analysis.  
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Figure A.2 Effects of unilateral DREADD inhibition of intermediate and deep layers 

of superior colliculus on prepulse inhibition in rat. Prepulse inhibition as a function of 

prepulse intensity after intraperitoneal injection of saline (grey), 5 mg/kg CNO (yellow), 

0.1 mg/kg clozapine (yellow stripe), or 3 mg/kg D-amphetamine (positive control, red). 

Main effects of prepulse were reported (F3,6=35.88, P<0.01) and drug effects were 

trending (F3,6=4.102, P=0.06). Paired comparisons revealed differences between saline 

and drug at prepulse intensities of 3 (vs. CNO, P<0.01; vs. D-amp, P<0.01), 6 (vs. D-amp, 

P<0.01), 9 (vs. D-amp, P<0.01), but not at prepulse of 12 dB. n = 3 rats.   
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Appendix B: Characterization of looming threat task for use in 

anxiety studies. 

 

B.1 Introduction 

Rapidly approaching visual stimuli (looming objects) are known to evoke unconditioned 

defense responses across species. From lampreys to monkeys, such responses to 

predator approach are important for species survival and appear to be highly 

evolutionarily conserved 9,181,225,262–265. A subcortical visual threat processing pathway 

containing the superior colliculus (SC) has recently been described in rodents as a 

structure important for visual loom response 182,266,267. The SC receives multimodal 

sensory information, including visual information via retinal relays 268, and mediates 

reflex-like behaviors, including sensorimotor gating 66,67, orienting and avoidance 73,74,269, 

and defensive cowering, escape, and vocalizations 75. Response to visual loom falls 

under the umbrella of threat reactivity in which the SC appears to play a critical role.  

In Chapter 3, I described a genetically-epilepsy prone rat model (GEPR-3) and 

illustrated the strain’s predisposition for anxiety- and depressive-like behaviors via a 

battery of standard tests. In addition to the classic anxiety tests (open field, elevated plus 

maze, light-dark transition), I proposed use of a novel looming threat task as a measure 

of generalized anxiety. I hypothesized that the GEPR-3s would show changes in SC-

mediated looming threat response due to genetically-inherited volumetric changes in SC 

101. Following these studies, I wished to further characterize the looming threat response 

behavior in rats. Although components of the circuitry underlying unconditioned response 

to a looming stimulus have been elucidated 182,224,266,267, pharmacological studies showing 
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modification of the behavior itself have yet to be completed. Similarly, aside from a single 

study investigating an autism-like mouse model 267, no behavioral outcomes from disease 

or disorder models have been described. 

 

B.2 Results 

Here I describe looming threat behavioral modifications: loom-specificity, habituation, 

context-dependence, and pharmacological interventions in male SD rats. Prior to 

exposure to the Looming Threat stimulus, rats were scored for avoidance of the center 

area of an open field (Figure B.1); one day open field test, rats were exposure to looming 

threat. Rats spent more time exploring the outer zone during both the first and second 

halves of the testing period (paired Student’s t-test, t=87.14, df=23, P<0.0001). 

A full description of the stimulus protocol is described in the methods section of Chapter 

3. In short, rats were placed into a transparent chamber with a computer screen placed 

above and a video camera placed beside to record changes in behavior. After a 2-min 

baseline period, stimulus was presented for 22 s. Following stimulus presentation, a post-

stimulus period lasted for 1-min. Following behavioral testing, the videos were manually 

scored for freezing behavior by a blinded observer using the ANYMaze software. 

Freezing was defined as “ceasing” all activity, maintaining an attentive attitude at first, 

with head raised, eyes open, and body in the same position” 184. First, I determined 

stimulus-specific behavior using a comparison between the “Loom”, a rapidly expanding 

stimulus, “Reverse Loom”, a rapidly shrinking stimulus, and “Blank”, a solid grey screen. 

Here, I report a main effect of test period (F2,66=33.07, P<0.0001) and of stimulus type 

(F2,33=31.90, P<0.0001), as well as a stimulus type by period interaction (F 44,66=17.88, 
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P<0.0001). Pairwise comparisons revealed loom period specific differences between 

freezing Loom and Reverse Loom (P<0.0001) and Blank (P<0.0001); additionally, 

Reverse Loom elicited more freezing than Blank (P=0.0394). During the post-stimulus 

period, there was a significant increase in freezing in the Loom group as compared to 

both Reverse Loom (P=0.0019) and Blank (P=0.0005), but not between Reverse Loom 

and Blank (P=0.0394).  

Next, I assessed rate of habituation and context-dependence by repeatedly 

looming the same group (n=12) of rats. On day 4, I changed the context of the chamber 

to assess freezing reinstatement. Here, I report a main effect of test period (F2,22=21.51, 

P<0.0001) and of loom exposure (F3,33=3.540, P=0.0251), as well as a loom exposure by 

period interaction (F6,66=4.024, P=0.0017).  Pairwise comparisons revealed loom period 

specific differences in freezing between 1st vs. 2nd Loom (P<0.0001), 1st vs. 3rd Loom 

(P=0.0003), and 1st vs. 4th Context Changed Loom (P,0.0001). 

 

B.3 Conclusions 

In the looming threat paradigm, there is a period following administration of the anxiety-

inducing stimulus (loom period) during which the threat is no longer present (post-loom 

period). I initially interpreted augmented freezing behavior during this period as 

“generalized anxiety” and showed a significant increase in freezing behavior of GEPRs 

relative to SD control animals (Fig 3.4B). I hypothesized that if this was an anxiety-like 

behavior, I would be able to recapitulate it with an anxiogenic drug (GABA inverse agonist, 

FG7124).  
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Using SD animals, I show that while the anxiogenic (FG7124) appears to be 

moderately effective during the initial looming stimulus exposure (Diazepam vs. FG7124 

in Fig Appendix B.5B), they have no effect on freezing during the post-loom period; 

however, a dose-response study may be necessary to determine the most efficacious 

drug doses. This also indicates that the freezing behavior during the post-loom period 

may not be a measure of generalized anxiety, but instead of a hardwired motor response 

which is possibly altered in the GEPR model. Further investigations into structural and 

circuit changes in the GEPR model are necessary to elucidate these effects, including 

administration of anxiolytics. 

Interestingly, I also show a recapitulation of response to the looming stimulus in 

habituated animals (Fig Appendix B.5A). Here, again, I observed an opportunity to further 

investigate drug effects using a dose-response study, as this shows a degree of 

behavioral malleability, similar to that of extinction.  
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Figure B.1 Open field test. A, Schematic of open field apparatus with the center area 

(8.5” x 8.5”) highlighted in yellow. B, Total time spent exploring the of the open field. Rats 

spent more time exploring the outer zone during both the first and second halves of the 

testing period (paired Student’s t-test, t=87.14, df=23, P<0.0001). 
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Figure B.2 Looming threat discrimination. Time spent freezing (%) during: baseline 

period (2-min), presentation of looming stimulus (22 s), and in the post-stimulus period 

(1-min). Stimuli presented were either Loom (expanding dot, red), Reverse Loom 

(shrinking dot, black stripe), or blank (solid grey screen, grey). I report a main effect of 

test period (F2,66=33.07, P<0.0001) and of stimulus type (F2,33=31.90, P<0.0001), as well 

as a stimulus type by period interaction (F 44,66=17.88, P<0.0001).  Pairwise comparisons 

revealed loom period-specific differences between freezing Loom and Reverse Loom 

(P<0.0001) and Blank (P<0.0001); additionally, Reverse Loom elicited more freezing than 

Blank (P=0.0394). During the post-stimulus period, there was a significant increase in 

freezing in the Loom group as compared to both Reverse Loom (P=0.0019) and Blank 

(P=0.0005), but not between Reverse Loom and Blank (P=0.0394)  
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Figure B.3 Correlation of freezing behavior and time in outer zone of open field. To 

determine the degree to which freezing behavior may be considered "anxiety-like" (i.e., 

similar trend to “inner zone avoidance”), I correlated dependent measures across Loom 

and Post-Loom periods. Spearman coefficients for both Outer Zone Time (%) vs. Loom 

Freeze (r=0.2238, P=0.4851) and Post-Loom Freeze (r=0.09091, P=0.7830) were 

insignificant. Shaded areas indicate confidence intervals (95%).  

96 97 98 99 100
0

20

40

60

80

100

Time Spent in Open Field Outer Zone (%)

Ti
m

e 
Sp

en
t F

re
ez

in
g 

(%
)

% Freezing (Post Stim)
% Freezing (Loom)



	 142	

 

 

Figure B.4 Change in context does not affect response to looming threat in 

habituated rats. A, I report a main effect of test period (F2,22=21.51, P<0.0001) and of 

loom exposure (F3,33=3.540, P=0.0251), as well as a loom exposure by period interaction 

(F6,66=4.024, P=0.0017).  Pairwise comparisons revealed loom period specific differences 

in freezing between 1st vs. 2nd Loom (P<0.0001), 1st vs. 3rd Loom (P=0.0003), and 1st vs. 

4th Context Changed Loom (P<0.0001). B, Schematic of context-altered apparatus 

(circular container replaced by square (8”x8”) lined with red and yellow striped walls).  
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Figure B.5 Drug reinstatement and drug-induced alterations of initial response to 

looming threat. Drugs were administered 15 min prior to testing at 1 mg/kg (Diazepam) 

and 8 mg/kg (FG7142). A, FG7142 reinstates freezing behavior during looming stimulus 

exposure following habituation of rats to the stimulus. I report a main effect of test period 

(F2,99=12.78, P<0.0001) and of drug exposure (F2,99=8.126, P=0.0005), although no 

interaction was found between drug by period (F4,99=1.554, P=0.1926). Pairwise 

comparisons revealed loom period specific differences in freezing between habituated vs. 

FG7142 (P<0.0001) and FG7142 vs. saline (P=0.0087). No differences were found 

between habituated and saline groups (P=0.1070). B, Diazepam significant reduces 

freezing behavior in naïve rats during first looming exposure. I report a main effect of test 

period (F2,22=33.33, P<0.0001), but not drug exposure (F2,22=2.559, P=0.1002); However, 

I do report a drug by period interaction (F4,44=6.962, P=0.0002). Pairwise comparisons 

revealed loom period specific differences in freezing between saline vs. diazepam 

(P=0.0009) and diazepam vs. FG7142 (P<0.0001).  
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